


























5.2 Measures on Compact Spaces 83

Proposition 5.9. Let 0 < u € M(K). Then
supp(p) = {x € K : p(U) > 0 for each open neighborhood U ofx}. (5.3)

Proof. Let M := supp(u) and let L denote the right-hand side of (5.3). Let x € M
and U be an open neighborhood of x. By Urysohn’s lemma there is f € C(K) such
thatx € [ f # 0] € U. Sincex € M, f ¢ Iy and hence [, | f| di # 0. It follows
that i (U) > 0 and, consequently, that x € L.

Conversely, suppose that x ¢ M. Then by Urysohn’s lemma there is f € C(K)
suchthatx € [ f # 0]and f = 0 on M. Hence, f € I and therefore [, | | du =
0. It follows that u[ f # 0] = 0, and hence x ¢ L. O

A positive measure € M(K) has full support or is called strictly positive if
supp(p) = K, or equivalently, if the canonical map C(K) — L*°(K, u) is isometric
(see Exercise 11).

For a topological system (K;¢), each @-invariant probability Baire measure
€ M(K) gives rise to a measure-preserving system (K, Ba(K), u; ¢), which for
convenience we abbreviate by

(K, 9).

The following classical theorem says that such measures can always be found.

Theorem 5.10 (Krylov—Bogoljubov). Let (K; @) be a topological system. Then
there is at least one @-invariant Baire probability measure on K.

Proof. We postpone the proof of this theorem to Chapter 10, see Theorem 10.2. Note
however that under the identification M(K) = C(K)' from above, the ¢-invariance
of 1 just means that T; (n) = p,i.e., uis afixed point of the adjoint of the Koopman
operator T, on C(K). Hence, fixed point theorems or similar techniques can be
applied. O

The following example shows that there may be many different invariant
Baire probability measures, and hence many different measure-preserving systems
(K, ;@) associated with a topological system (K ¢).

Example 5.11. Consider the rotation topological system (T;a) for some a € T.
Obviously, the normalized arc-length measure is invariant. If a is an n™ root of
unity, then the convex combination of point measures

1 n
Hi= Z;S“j

is another invariant probability measure, see also Exercise 5.
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Example 5.12. Fix k € N, consider the shift (#,"; 7). Then each of the Markov
measures in Section 5.1 is an invariant measure for T on Ba(%*’) (by Exercise 8
the product o-algebra is ¥ = Ba(#,")).

Topological dynamical systems with unique invariant probability measures will be
studied in Section 10.2.

5.3 Haar Measures and Rotations

Let G be a compact topological group. A nontrivial finite Baire measure on G that
is invariant under all left rotations g +— a - g, a € G, is called a Haar measure.

Any Haar measure on a compact group is automatically right invariant, i.e.,
invariant under right rotations, and inversion invariant, i.e., invariant under the
inversion mapping g > g~ of the group. Moreover, it has full support (cf. Proposi-
tion 5.9 and the definition immediately thereafter). Finally, a Haar measure is unique
up to a multiplicative constant. (We accept these facts for the moment without proof
and return to them in Chapter 14, see Theorem 14.2.)

It is a fundamental fact that on each compact group G there is a Haar measure,
and hence a unique Haar probability measure. We denote this measure by mg
(or simply by m when there is no danger of confusion), and sometimes speak of
it as the Haar measure on G.

A proof for the existence of the Haar measure can be found in Section 14.1
for compact Abelian and in Appendix G.4 for general compact groups. In many
concrete cases, however, one need not rely on this abstract existence result, since
the Haar measure can be described explicitly.

Example 5.13. 1) The Haar measure dz on T is given by

/T f()dz:= /0 1 fe)dr

for integrable f : T — C.

2) The Haar measure on a finite discrete group is the counting measure. In
particular, the Haar probability measure on the cyclic group Z, = Z/nZ =
{0,1,...,n— 1} is given by

ZLn

n—1
f@dz= 3" f0)
=0

forevery f : 7, — C.

3) For the Haar measure on the dyadic integers A, see Exercise 6.
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If G, H are compact groups with Haar measures u, v, respectively, then the
product measure ;¢ ® v is a Haar measure on the product group G x H. The same
holds for infinite products: Let (G,),en be a family of compact groups, and let w,
denote the unique Haar probability measure on G,, n € N. Then the product measure
), in is the unique Haar probability measure on the product group [, G,.

With the Haar measure at hand, we can prolong the list of examples from the
previous section.

Example 5.14 (Rotation Systems). Let G be a compact group and a € G. Recall
that the rotation system (G;a) is the topological system with state space G and
dynamics g +— ag. Since, by definition, the Haar measure m is invariant under
left rotations, we obtain a measure-preserving system (G, m; a), also called (group)
rotation system.

Analogously, since the Haar measure is also right invariant, each topological
right rotation system (G; p,) gives rise to a measure-preserving system (G, m; p,)
with respect to the Haar measure.

The trivial system {0} is an (of course trivial) example of a group rotation system.

Example 5.15 (Skew Rotation Systems). Let G be a compact group with Haar
measure m, and a € G. Then the skew rotation map

Ve: G —> G, Y(x,y) = (ax,xy),

cf. Example 2.22, preserves the product measure m®@m. The system (G?, m®@m; y,)
is called the skew rotation with ¢ € G. (This is a special case of Example 7 from
Section 5.1 above.)

A special instance of a skew rotation system is the skew shift ([0, 1), A; v,) for
a €[0,1) and

Y,(x,y) = x4+« (modl), x+y (modl)),

and A is the two-dimensional Lebesgue measure. Cf. Example 2.23.

Let G be a compact group with Haar probability measure m, and let I" be a closed
subgroup of G. Then the quotient map

q:G— G/T, g gl

maps m to a probability measure g,m on the homogeneous space G/ I". By abuse of
language, we write again m instead of g.m and call it the Haar measure on G/I".

It is easy to see that m is invariant under all rotations gI" +— agl’, see
Exercise 13. (Moreover, one can prove that m is the unique probability measure
on G/I" with this property, see Theorem 5.18.) As a result, for a € G one can
pass from the topological homogeneous system (G/I"; a) to the measure-preserving
homogeneous system (G/ ", m; a).
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Finally, let us consider a general homogeneous space G/I" as in Example 2.11,
ie., G is a topological group and I" is a closed and cocompact subgroup of
G. By virtue of the Krylov—Bogoljubov theorem, for any given element a € G
the topological homogeneous system (G/H;a) admits (usually many) invariant
measures. However, like in the situation above, it is of interest whether a probability
measure can be found that is invariant under every rotation by elements of G. We
first look at the special case of the Heisenberg system from Example 2.13.

Example 5.16 (Heisenberg System). Consider the Heisenberg group G. When we
identify elements [x, y, z] € G with vectors (x,y, z)’ € R? then left multiplication by
[, B, y] € G corresponds to the affine mapping

X o+ x 100 X o
y|+— B+y =010 |y|+|AB
Z Yy +z+ay Oal z Y

Since the determinant of the involved matrix is one, the mapping preserves the three-
dimensional Lebesgue measure A on R3. (Similarly, A is also invariant under right
rotations.)

Let I" be the discrete subgroup of G whose elements have integer entries, let
q : G — G/T be the natural quotient map, and let A, B C R3 be two (Borel)
measurable complete sets of representatives of the left cosets in G/ I". (For instance,
A = [0, 1) as in Example 2.13.) We claim that for every Borel set M € G/I”

AMANgT' M) = 2(BNg ' (M)).
Indeed, by the invariance of A and since ¢~ (M)h = g~ (M) forall h € I

MANG'(M) = A(AN g (M) NRY) = A(A ng'ann | Bh)

hel’
=Y MAng '(M)nBh) =Y A(AhT' ng ' (M)A N B)
hel’ herl”
=S AMan ng 'y B) = A(U A ng M) N B)
hel’ hel’

= A(g~"(M) N B).

Now keep A fixed, e.g., A = [0, 1)>. For g € G the set g7'A is again a measurable
complete set of representatives. Hence, by the invariance of A and by what was
proved above,

AMANg (gM) =A(ANgg ' (M) =g 'ANg (M) = 1(AN g ' (M)).
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It follows that
m(M) :=A(ANg '(M)) (M < G/T Borel)

is a probability measure on H = G/ I, invariant under all left rotations by elements
of G. This measure is again called the Haar measure. For any a € G the measure-
preserving system (H, m; @) is a measure-preserving homogeneous system, called a
Heisenberg system.

The previous example can be put into a more abstract perspective.

Example 5.17 (Homogeneous Systems). Let G be a locally compact group, and
let I be a discrete and cocompact subgroup of G. Then there is a unique Baire
probability measure m on G/ I, called the Haar measure, which is invariant under
all left rotations gI" +— agl’ by elements a € G. As a consequence, each a € G
gives rise to a measure-preserving homogeneous system (G/I", m; a).

We shall not need the abstract result stated in Example 5.17 in the rest of this
book. However, for the interested reader, a proof (even of a slightly more general
result) is included in the following supplement.

Supplement: Haar Measures on Homogeneous Spaces

Let G be a locally compact topological group and let I" be a closed compact
subgroup of G. Any nontrivial positive Baire measure on the homogeneous space
G/T thatis invariant under all (necessarily left) rotations by elements of G is called
a Haar measure on G/I". Under certain conditions existence and uniqueness of
a Haar measure can be guaranteed. In order to establish this, we start with listing
some facts about Haar integrals on locally compact groups. For proofs we refer to
Deitmar and Echterhoff (2009, Ch. 1), Folland (1995, Ch. 2), Nachbin (1976, Ch. II)
or Hewitt and Ross (1979, §1V.15).

Given a locally compact (Hausdorff) topological space X, we denote by C.(X)
the space of all continuous functions f on X with compact support supp(f) :=
cl{x : f(x) # 0} . To see that the space C.(X) is nontrivial, we note that X can be
regarded as an open subset of a compact space and employ Urysohn’s lemma (see
Exercise 14). The Riesz representation theorem asserts that every positive linear
functional on C.(X) (i.e., a functional mapping positive functions to [0, c0), cf.
Appendix E) can be represented as integration against a positive Borel measure,
see Rudin (1987, Thm. 2.14) or Lang (1993, Thms. 2.3 and 2.7).

Let G be a locally compact group. For a € G we denote by L, the Koopman
operator of the corresponding left rotation, i.e., (L, f)(x) = f(ax) forx € Gand f :
G — C. Clearly L, f € C.(G) whenever f € C.(G). A (left) Haar integral on G
is any nonzero linear functional / : C.(G) — C which is positive and left invariant,
i.e., satisfies I(L, f) = I(f) forall f € C.(G) and a € G. It is straightforward
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to prove that each Haar integral must be strictly positive, i.e., one has I(f) > 0
whenever 0 < f € C.(G) and f # 0 (Exercise 15). It is a fundamental fact, first
established in full generality by Weil (1940), that each locally compact group admits
a Haar integral.

For the rest of this section let us fix for each occurring locally compact group G
one Haar integral, say I, together with a representing Borel measure mg, called a
(left) Haar measure. (We do not need more information since in the following we
shall integrate exclusively over continuous functions with compact support.) Any
other Haar integral is of the form c - I for some real number ¢ > 0. It follows that
for given a € G there is a unique number Ag(a) > 0 such that

Ac(@) /G f(va) dmg(x) = /G £ dmg () = /G Flax) dmg(x)

for all f € C.(G). The function A : G — (0, 00) is called the modular function
of G. It is a continuous homomorphism and independent of the chosen left Haar
measure. The modular function links m¢ with the associated right Haar measure via
the formula

/ FOY) dmg () = / FW At A (f € Co(G)).
G G

A locally compact group is called unimodular if A = 1, i.e., any left Haar integral
is also right invariant. Examples for unimodular groups are: compact groups (as
already mentioned, see Theorem 14.2), discrete groups (the counting measure is
left and right invariant) and Abelian groups (trivial). Less obviously, also nilpotent
groups are unimodular (Nachbin 1976, Ch. 2, Prop. 25).

Now, we can state the main result of this supplement. Note that since a discrete
group is unimodular, the next theorem implies the result stated in Example 5.17.

Theorem 5.18. Let G be a locally compact group, and let I" be an unimodular,
closed and cocompact subgroup of G. Then G is unimodular and there is a unique
Baire probability measure m on G/I that is invariant under all rotations by
elements of G.

For the proof we need some auxiliary results. Integration against the measures
mg and mp on G and I is denoted by dx and dy, respectively. The modular
function on G is abbreviated by A. We identify continuous functions on G/I"
with continuous functions on G that are constant on each coset gI", g € G (cf.
Appendix A.4). For f € C.(G) define @f € C(G/I") by

(@F)() = /F fondy (e G).

Then L,®@f = ®@L, f foreacha € Gand ®(hf) =h-®f forh € C(G/T).
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Lemma 5.19. In the situation described above, the following assertions hold:

a) @ : C.G) — C(G/I) is linear and surjective. More precisely, there is a
positive linear operator ¥ : C(G/I") — C.(G) (i.e., one that maps positive
functions to positive functions) such that ® oV =L

b) /g(cpf) dmg = / D(Ag) A™ fdmg  forall f, g € C(G).
G G
) If f € C(G) with @f = 0then [, A~' f dmg = 0.

Proof. a) Linearity is clear. By Exercise 2.16 there is a compact subset K € G
with KI' = G. By Exercise 14.b we can find a function 0 < h € C.(G) with
K C [h=1]. Then (®h)(x) > 0 forall x € G. (Indeed, given x € G thereisy € I
with xy € K, whence h(x-)| # 0.) Next, let e := h/@h. Then 0 < e € C.(G)
satisfies ®e = 1. Let ¥ : C(G/I") — C.(G) be defined by ¥g := eg. Then
PYUg = P(eg) = (Pe)g = gforall g € C(G/I'), and ¥ is certainly positive.

For the proof of b) we compute

/G 6 [ Fanavar= /G ¢ [ o hwa= [ a0 /G £() £ (x) dedy
=[] somaem ] am reas

¢) follows from b) with g := A~!¥1. ]

Proof of Theorem 5.18. We first show that G is unimodular. Let e := ¥1 € C.(G).
Then @®e = 1 and hence, foreacha € G, ®(e — L,e) = Pe —L,Pe =1—-1=0.
By Lemma 5.19.c,

0:/A_l(e—Lae)de:/A_ledmg—A(a)/A_ledmg,
G G G

and consequently A(a) = 1 foralla € G.
For uniqueness, let m be any G-invariant probability measure on G/I". Then v,
defined by

(fiv) o= (@f.m) =[ ®f dm,

G/I

is a positive left invariant functional with (e, v) = 1. By uniqueness of the left Haar
integral, v = (e, mg) ™' mg. Since @ is surjective by Lemma 5.19.b, it follows that
m is uniquely determined, and in fact must be given by

(lI/h, mg)

thm) = (e, mg)

(h € C(G/T)).
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For the existence, we take this formula as a definition of m as a functional on
C(G/I'). Thenm > 0 and (1,m) = (e,mg) - (e.mg)”"" = 1. To see that m is
invariant under left rotations, fix a € G. Then

QW (Lyh) — LWh) = Loh — L, @Wh = L,h — L,h = 0.
By Lemma 5.19.c, ¥(L,h) — L,¥ has mg-integral zero, which means that

(q/Lah, mG) B (Lalph, mG) B (lI/h,rnG)

(e, mg) B (e, mg) B (e, mg)

(Lyh, m) = = (h,m).

O

Remarks 5.20. 1) It follows from the proof that—with the right choice of the
Haar integral on I'—one has Weil’s formula

/ £ dmg = / / Fly)dmpr()dmGD)  (f € Co(G)).
G G/r Jr

2) The proof of Theorem 5.18 follows the lines of the proof of the classical

theorem of Weil, see Deitmar and Echterhoff (2009, Thm. 1.5.2) or Nachbin
(1976, Ch. III, Thm. 1). That result states that for a locally compact group
G and a closed subgroup I” a G-invariant integral on C.(G/I") exists if and
only if Ap is the restriction of Ag to I' (and in this case the G-invariant
integral is unique up to a constant).
Therefore, Theorem 5.18 would be a corollary of Weil’s theorem if one could
prove the unimodularity of G independently. It seems, however, that the proof
of the unimodularity of G requires essentially the same techniques as the
proof of Weil’s theorem.

Exercises

1. Show that the Lebesgue measure is invariant under the tent map (Example 5.1.3).
Consider the continuous mapping ¢ : [0, 1] — [0, 1], ¢(x) := 4x(1 — x). Show that
the (finite!) measure p := (4x(1 — x))~"/2dx on [0, 1] is invariant under ¢.

2. Consider the Gau3 map (Example 5.1.4)
o(x) = )l-c— L)—ch O<x<1), ¢0):=0,

on [0, 1) and show that the measure y := is invariant under ¢.

_dx
1+x
3 (Boole Transformation). Show that the Lebesgue measure on R is invariant
under the map ¢ : R — R, p(x) = x — % This map is called the Boole

transformation. Define the modified Boole transformation ¥ : R — R by
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Y i=tom =11  @#£0)

Show that the (finite!) measure p := % is invariant under .

4. Consider the locally compact Abelian group G := (0,00) with respect to
multiplication. Show that p := d;’( is invariant with respect to all mappings x — a-x,

a > 0. (Hence, p is “the” Haar measure on G.) Find an isomorphism @ : R — G
that is also a homeomorphism (on R we consider the additive structure).

5. Describe all invariant measures for (T; a) where a € T is a root of unity.

6. Consider the compact Abelian group A, of dyadic integers (Example 2.10)
together with the map

{0, 130 — A,

described in Exercise 2.10. Furthermore, let & be the Bernoulli (%, %)-measure
on K := {0,1}"o, Show that the push-forward measure m := W,u is the Haar
probability measure on A,. (Hint: For n € N consider the projection

Ty . Az — Zzn

onto the n™ coordinate. This is a homomorphism, and let H, := ker(xw,) be its
kernel. Show that m(a + H,) = 2% foreverya € A.)

7. Let G be a compact Abelian group, and fix k € N. Consider the map ¢; : G — G,
¢i(g) = g*, g € G. This is a continuous group homomorphism since G is Abelian.
Show that if ¢y is surjective, then the Haar measure is invariant under ¢. (Hint: Use
the uniqueness of the Haar measure.)

8. Let K be a compact space with its Baire algebra Ba(K).
a) Show that Ba(K) is generated by the compact Gs-sets.
b) Show that Ba(K) = Bo(K) if K is metrizable.

c¢) Show thatif A € O with A C K closed and O C K open, there exists
ACA CO COwithA’, O € Ba(K), A’ closed and O’ open.

d) Let (K,)en be a sequence of nonempty compact spaces and let K := [ [, K,
be their product space. Show that Ba(K) = ), Ba(K,).

9 (Perron’s Theorem). Let A be a column-stochastic d X d-matrix, i.e., all a; > 0

and Zi’i=1 a; = 1forallj = 1,...,d. In this exercise we show Perron’s theorem:
There is a nonzero vector p > 0 such that Ap = p.
a) Letl=(1,1,---,1)" and show that 1’A = 1. Conclude that there is a vector

0 # v € R? such that Av = v.
b) Show that [|Ax|l; < [lx|,, where ||x]|, := >, |x;| for x € R%.
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¢) Show that for A > 1 the matrix AI — A is invertible and

o0 n
_ X

A=A x=)" T (x € RY).

n=0
d) Lety:=|v| = (Jui],...,|vq|), where v is the vector from a). Employing c),
show that
]l _
A_ll <|la-47", @=>n.

e) Fix asequence A, N\ 1 and consider

—1 -1t -

o= || =AD"y, A=Ay
By compactness one may suppose that y, — p as n — co. Show that p > 0,
lpll; = 1and Ap = p.

10. Let X be an uncountable set, take p ¢ X and let X* := XU {p}. Aset O C X* is
defined to be open if O C X, orif p € O and X \ O is finite (cf. Exercise 14 below).

a) Show that this defines a compact topology on X*.
b) Show thatif f € C(X*), then f(x) = f(p) for all but countably many x € X.

c) Prove that the singleton {p} is a Borel, but not a Baire set in X*.

11. Let K be a compact space and 0 < u € M(K). Show that the following asser-
tions are equivalent:

a) supp(p) =K.

b) [ |f| di = 0implies that f = 0 forevery f € C(K).

&) 1/ lhsoqgp = I/ lloo for every f € C(K).

12. Let K be a compact space, and let © € M(K) be a regular Borel probability
measure on K. Show that

supp(p) = ﬂ{A : A C Kclosed, u(A) = 1}

and that p(supp(i)) = 1. So supp(p) is the smallest closed subset of K with full
measure.

13. Let @ : (K;¢) — (L;¥) be a homomorphism of topological dynamical
systems. Suppose that p is a g-invariant Baire probability measure on K. Show
that v := @, u is a ¥-invariant Baire probability measure on L. Show that if & has
full support and @ is a factor map, then v has full support, too.
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14 (One-Point Compactification). Let X be a locally compact space with topology
7, let p ¢ X and define

X :=XU{p}, " =tU{0U{p}: O€r, X\ O compact}.
a) Show that t* is a compact topology on X* and (X, t) is a dense open subset
of (X*,t%).

b) Let K € O € X with K compact and O open. Show that there is f €
CcX) with0 < f <1, f = 1 on K and supp(f) < O. (Hint: By local
compactness find U C X open and relatively compact with K € U € U C
O. Then apply Urysohn’s Lemma 4.2 to K and (X \ U) U {p} in X*.)

The topological space (X*, t*) is called the one-point compactification of (X, 7).

15. Let G be alocally compact group, and let / : C.(G) — C be a left Haar integral,
i.e., I satisfies

1. 1#0.
2. If >0foreach0 < f € C.(G).
3. I(L,f)=1f foreach f € C.(G)anda € G.
Show that [ is strictly positive, i.e., one has [ f > 0 whenever 0 < f € C.(G) and

I/ #0.
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Chapter 6
Recurrence and Ergodicity

Siehe, wir wissen, was Du lehrst: dass alle Dinge ewig wiederkehren und wir selber mit,
und dass wir schon ewige Male dagewesen sind, und alle Dinge mit uns.'

Friedrich Nietzsche?

In the previous chapter we have introduced the notion of a measure-preserving
system and seen a number of examples. We now begin with their systematic study.
In particular we shall define invertibility of a measure-preserving system, prove the
classical recurrence theorem of Poincaré, and introduce the central notion of an
ergodic system.

6.1 The Measure Algebra and Invertible Systems

In a measure space (X, X, ) we consider null-sets to be negligible. This means
that we identify sets A, B € X that are (u-)essentially equal, i.e., which satisfy
WAAB) =0 (here AAB = (A\ B) U (B\ A) is the symmetric difference of A and
B). To be more precise, we define the relation ~ on X' by

A~B <& WAAB)=0 <= 14 =1 p-almost everywhere.

Then ~ is an equivalence relation on X' and the set X¥'(X) := ¥/~ of equivalence
classes is called the corresponding measure algebra. For a set A € X let us

IBehold, we know what thou teachest: that all things eternally return, and ourselves with them, and
that we have already existed times without number, and all things with us.

2 Also sprach Zarathustra, Teil III, Der Genesende. From: Werke II, hrsg. v. Karl Schlechta,

Darmstadt, 1997 - Translation from: Thus Spake Zarathustra, Part III, The Convalescent, translated
by Thomas Common, Wilder Publications, 2008.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 95
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_6



96 6 Recurrence and Ergodicity

temporarily write [A] for its equivalence class. It is an easy but tedious exercise
to show that the set theoretic relations and (countable) operations on X induce
corresponding operations on the measure algebra via

[A]S[B] <= ux(A\B)=0. [A]N[B]:=[ANB]. [A]U[B]:=[AUB]
and so on. Moreover, the measure p induces a (o-additive) map
Y(X) = [0.00],  [A]> p(A).

As for equivalence classes of functions, we normally do not distinguish notationally
between a set A in X' and its equivalence class [A ] in X'(X).

If the measure is finite, the measure algebra can be turned into a complete metric
space with metric given by

dx(4.B) = A8 = L= Tall = [ =Tl A Be Z(X)

The set theoretic operations as well as the measure p itself are continuous with
respect to this metric. (See also Exercise 1 and Appendix B.) Frequently, the
o-algebra X is generated by an algebra &, i.e., ¥ = 0(€) (cf. Appendix B.1).
This property has an important topological implication.

Lemma 6.1 (Approximation). Let (X, X, ) be a finite measure space and let & C
X be an algebra of subsets such that 6(€) = X. Then & is dense in the measure
algebra, i.e., for every A € X and ¢ > 0 there is E € & such that dx(A,E) < e.

Proof. This is just Lemma B.17 from Appendix B. Its proof is standard measure
theory using Dynkin systems. O

Suppose that X = (X, Xx, ux) and Y = (Y, Xy, iy) are measure spaces and
¢ : X — Y is a measurable mapping, and consider the push-forward measure @ jtx
on Y. If ¢ preserves null-sets, i.e., if

py(A) =0 = pux(e'A) = (pspx)(A) =0  forallA € Ty,
then the mapping ¢ induces a mapping ¢* between the measure algebras defined by

P Z(Y) > X(X), [A]lm[e'A].

Note that ¢* commutes with all the set theoretic operations, i.e.,

0*ANB) =¢*ANg*B. ¢*| JA, = Je*A, et
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All this is, in particular, applicable when ¢ is measure-preserving. In this case and
when both px and py are probability measures, the induced mapping ¢* : X (Y) —
Y (X) is an isometry, since

dx(¢*A,¢"B) = ux(lp € A]Alp € B])
= pxly € (AAB)] = uy(AAB) = dy(A. B)
forA, B e Xy.
We are now able to define invertibility of a measure-preserving system.

Definition 6.2. A measure-preserving system (X;¢) is called invertible if the
induced map ¢* on ¥ (X) is bijective.

Let us relate this notion of invertibility to a possibly more intuitive one, based on
the following definition.

Definition 6.3. Let X and Y be measure spaces, and let ¢ : X — Y be measure-
preserving. A measurable map vy : ¥ — X is called an essential inverse of ¢ if

poy =idy juy-ae. and Yo =idxy ux-a.e.

The mapping ¢ is called essentially invertible if it has an essential inverse.

The properties stated in Exercise 2 help with computations with essential
inverses. In particular, it follows that if X = Y and i is an essential inverse of
@, then ¥" is an essential inverse of ¢” for every n € N. See also Exercise 3 for an
equivalent characterization of essential invertibility.

Lemma 6.4. An essential inverse W : Y — X of a measure-preserving map
¢ : X — Y is unique up to equality almost everywhere. Moreover,  is measure-
preserving as well, and the induced map ¢* : X(Y) — X(X) is bijective with
inverse (p*)~! = yr*.

Proof. Suppose that ¥ is an essential inverse of the measure-preserving map ¢.
Then, since [ty = @xux,

ny(WH(A) = px(@ 'Y (A) = px (¥ 0 9)'A) = ux(A),

because (¥ o ¢)~'A = A modulo a ux-null set. The assertions about the induced
map are straightforward to show.

Finally, let ¥, v, be essential inverses of ¢. By definition we can find
measurable null sets N € Y and M C X such that [id# ¢oy;] € N and
[id # Y2 0¢] € M. Then

(Vi # 2] S [Y1 #Yropoy JUN
Cyr'[id# Y20p] UNC Y (M) UN.

Since ¥, is measure-preserving, it follows that ¥r; = i, almost everywhere. O
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A direct consequence of Lemma 6.4 is the following.

Corollary 6.5. A measure-preserving system (X; @) is invertible if ¢ is essentially
invertible.

Example 6.6. The baker’s transformation and every group rotation is invertible
(use Corollary 6.5). The tent map and the doubling map systems are not invert-
ible (Exercise 4). A two-sided Bernoulli system is but a one-sided is not invertible
(Exercise 5).

By construction, in passing from ¢ to ¢* all information contained in null sets is
lost. However, even if one considers ¢ to be determined only almost everywhere,
the mapping ¢ — @™ may still not be injective.

Example 6.7. Let X := {0, 1} with the trivial o-algebra ¥ := {0, X} and the
unique probability measure thereon. Consider the measure-preserving mappings ¢
and ¥ on X defined by

1 ifx=0,
= O = O, 1 y =
¢ (x) (x ). ¥ 0 il

Then ¢* = y¥* = id*, but neither ¢ = ¥ nor ¢ = id nor ¥ = id holds almost
everywhere.

We also note that the map ¢ in Example 6.7 does not have an essential inverse
although its induced map ¢* is invertible. Hence, the converse of Corollary 6.5 does
not hold in general.

We shall see that such pathologies can be avoided when one restricts oneself to a
subclass of all probability spaces.

Definition 6.8. A probability space X = (X, X, ) is a Borel probability space if
X can be endowed with a Polish topology and X' is the associated Borel o-algebra
generated by all open sets. Furthermore, a probability space Y is called a standard
probability space if there is a Borel probability space X and a measurable, measure-
preserving, and essentially invertible mapping v : ¥ — X. A measure-preserving
system (X; ¢) is called standard if X is a standard probability space.

See Appendix F.1 and, in particular, Remark 7.22 for more information about
these notions. We shall prove that on standard probability spaces, the state space
dynamics ¢ is essentially determined by its associated measure algebra map ¢*. In
order to achieve this, we need the following lemma.

Lemma 6.9. Let ¢, Y : X — Y be measure-preserving mappings between proba-
bility spaces X, Y such that ¢* = y*. If there is a countable set & C Xy such
that the set of characteristic functions {14 : A € &} separates the points of Y, then
¢ = ¥ almost everywhere.
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Proof. By enlarging €& we may suppose that € is closed under forming complements.
Then for x € X we have ¢(x) # ¥ (x) if and only if there is A € € such that ¢(x) € A
and ¥ (x) € A°. This means that

lo#v]=]e '@ ny @)

A€t

But by hypothesis we have 1~ (A¢) = ¢ ~'(A°) up to a null set and hence [¢ # V]
is a null set. O

We can now state the promised result.

Proposition 6.10. Let ¢, : X — Y be measure-preserving maps between proba-
bility spaces X and Y such that ¢* = *. If Y is a standard probability space, then
¢ = Y almost everywhere.

Proof. Note that if Y is a Borel probability space then the hypotheses of Lemma 6.9
are satisfied since there is countable collection of open balls separating the points.
In the general case we can find a Borel probability space Y’ and an essentially
invertible measure-preservingmap 7 : Y — Y’. Then (1 0 9)* = ¢*t* = ¢*¢* =
(toy)*, and therefore, by what we just have seen, To¢ = 7o almost everywhere.
Applying the essential inverse of t then yields ¢ = ¥ almost everywhere. O

It turns out that for a measure-preserving map ¢ on a standard probability
space the invertibility of ¢* is equivalent with the essential invertibility of ¢ (see
Corollary 7.21 below). So the pathologies displayed in Example 6.7 are avoided if
one restricts to standard probability spaces. See also the discussions at the end of
Sections 7.3, 12.2 and 12.3.

6.2 Recurrence

Recall that a point x in a topological system is recurrent if it returns eventually
to each of its neighborhoods. In the measure theoretic setting pointwise notions are
meaningless due to the presence of null-sets. So, given a measure-preserving system
(X; ¢) in place of points of X we have to use sets of positive measure, i.e., “points”
of the measure algebra X' (X). We adopt that view with the following definition.

Definition 6.11. Let (X; ¢) be a measure-preserving system.

a) AsetA € Xy is called recurrent if almost every point of A returns to A
after some time, or equivalently,

AC| Jo™A (6.1)

in the measure algebra X' (X).
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b) AsetA € Y is infinitely recurrent if almost every point of A returns to A
infinitely often, or equivalently,

Ac(Ue™a (6.2)

k>1n>k

in the measure algebra X' (X).
Here is an important characterization.

Lemma 6.12. Let (X;¢@) be a measure-preserving system. Then the following
statements are equivalent:

(i) EveryA € Xx is recurrent.
(i) Every A € Xx is infinitely recurrent.
(iii) Forevery @ # A € X (X) there exists n € N such that AN ¢*"A # 0.

Proof. The implication (ii) = (i) is evident. For the converse take A € X'x and apply
@™ to (6.1) to obtain *A C | J,-, ¢*"A. Inserting this back into (6.1) yields

n>1 n>2 n>2

Continuing in this manner, we see that | J,.., ¢*"A is independent of k > 1 and this
leads to (ii). -

(i) = (iii): To obtain a contradiction suppose that A N ¢*"A = @ for all n > 1. Then
intersecting with A in (6.1) yields

A=An|Je"a=|J@ANg*A4) =0.

n>1 n>1

(iii) = (i): Let A € Xx and consider the set B := (), ¢*"A) NA. Then for every
n € N we obtain

Bm(p*nB g (p*nAcﬂ@*nA — @
in the measure algebra. Now (iii) implies that B = @, i.e., (6.1). O

As a consequence of this lemma we obtain the famous recurrence theorem of
Poincaré.

Theorem 6.13 (Poincaré). Every measure-preserving system (X; @) is (infinitely)
recurrent, i.e., every set A € Xx is infinitely recurrent.

Proof. Let A € ¥ (X) be such that A N ¢*"A = @ foralln > 1. Thus forn > m > 0
we have
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Fig. 6.1 What happens after removing the wall?

(p*mA n (p*"A — (p*m(A n ¢*(n—m)A) = 0.

This means that the sets (¢*"A),en, are (essentially) disjoint. (Such a set A is
called wandering.) On the other hand, all sets ¢*"A have the same measure, and

since ux is finite, this measure must be zero. Hence A = @, and the measure-
preserving system (X;¢) is infinitely recurrent by the implication (iii) = (i) of
Lemma 6.12. O

Remark 6.14. Poincaré’s theorem is false for measure-preserving transformations
on infinite measure spaces. Just consider X = R, the shift ¢(x) = x+ 1 (x € R) and
A =10,1].

Poincaré’s recurrence theorem has caused some irritation among scholars since
its consequences may seem to be counterintuitive. To explain this, consider once
again our example from Chapter 1, the ideal gas in a container. Suppose that we
start observing the system after having collected all gas molecules in the left half
of the box (e.g., by introducing a wall first, pumping all the gas to the left and then
removing the wall), we expect that the gas diffuses in the whole box and eventually
is distributed uniformly within it. It seems implausible to expect that after some
time the gas molecules again return by their own motion entirely to the left half of
the box. However, since the initial state (all molecules in the left half) has (quite
small but nevertheless) positive probability, the Poincaré theorem states that this
will happen almost surely, see Figure 6.1.

Let us consider a more mathematical example which goes back to the Ehren-
fests (1912), quoted from Petersen (1989, p. 35). Suppose that we have n balls,
numbered from 1 to n, distributed somehow over two urns I and II. In each step, we
pick a number k randomly between 1 and n, take the ball with number k out of the
urn where it is at that moment, and put it into the other one. Initially we start with
all n balls contained in urn L.

The mathematical model of this experiment is that of a Markov shift over L :=
{0,...,n}. The “state sequence” (jo,ji,j2 - ..) records the number j,, € L of balls
in urn I after the m™ step. To determine the transition matrix P note that if there are
i > 1 balls in urn I, then the probability to decrease its number to i — 1 is ﬁ; and if
i < n, then the probability to increase the number fromitoi+ 1is 1 — ﬁ Hence,
we have P = (pzj)Osi,jfn with
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0 if |i—jl# 1,
if j=i—1,
nmif =4 1.

n

S I~

The a priori probability to have j balls in urn I is certainly
pi=27"(5).

and it is easy to see that p = (po,...,p,) is indeed a fixed probability row vector,
i.e., that pP = p (Exercise 6). (Since P is irreducible, Perron’s theorem implies that
p is actually the unique fixed probability vector, see Section 8.3.)

Now, starting with all balls contained in urn I is exactly the event A :=
{(Gm)mzo € LN : jo = n}. Clearly u(A) = zln > 0, hence Poincaré’s theorem
tells us that in almost all sequences x € A the number n occurs infinitely often.

If the number of balls n is large, this result may look again counterintuitive.
However, we shall show that we will have to wait a very long time until the system
comes back to A for the first time. To make this precise, we return to the general
setting.

Let (X; ¢) be a measure-preserving system, fix A € Yx and define

n—1

Bo:=(\¢™A, Bi:=¢*A. B,:=¢"AN()e¥A°  (n=2).

n>1 k=1

The sequence (B,)en is the “disjointification” of (¢*"A)uen, and (By)yen, is a
disjoint decomposition of X: The points from By never reach A and the points
from B, reach A for the first time after n steps. Recurrence of A just means that
AC Un>l B,,i.e., By € A® (in the measure algebra). If we let

Ay:=B,NA  (neN), (6.3)

then (A,).en is an essentially disjoint decomposition of A. We note the following
technical lemma for later use.

Lemma 6.15. Let (X; @) be a measure-preserving system, X = (X, X, i), and let
A, Be€ X. Then, forn > 1,

n k=1 n—1
w(B) = Z u(A N ﬂ @A N w*kB) + u (ﬂ P**A° N (p*”B) . (6.4)

k=1 j=1 k=0
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Proof. Using the g-invariance of (&t we write

w(B) = u(@*B) = n(AN @*B) + (A N¢*B),

and this is (6.4) when n = 1 and with X := ﬂj(.)=1<p*jA°. Doing the same again with
the second summand yields

1(B) = pu(¢*B) = (AN ¢*B) + n(A° N ¢*B)
= (AN @*B) + ju(p*A° N ¢**B)
= u(AN@*B) + (A N @*A° N @*’B) + w(A° N @*A° N ¢*’B)
and this is (6.4) for n = 2. An induction argument concludes the proof. O

Suppose that £(A) > 0. On the set A we consider the induced o-algebra
Zy:={BCA:BeX}CPA,
and thereon the induced probability measure (14 defined by

e Za— (010w =B Bex,.

p(A)

Then w4 (B) is the conditional probability for B given A. Define the function
nyA—->N, mx)=n if xeA, n>1),

where A, is defined in (6.3). The function n,4 is called the time of first return to A.
Clearly, ny is X4-measurable. The following theorem describes its expected value
(with respect to p4).

Theorem 6.16. Let (X; @) be a measure-preserving system, X = (X, X, u), and let
A € X with (A) > 0. Then

1 (U0 9*"A)
dyy = ——————~. 6.5
/AnA A ) (6.5)

Proof. We specialize B = X in Lemma 6.15. Note that

k—1 o]
An(e¥a = Ja  *k=D)
j=1 j=k

since A is recurrent by Poincaré’s theorem. Hence, by (6.4) in Lemma 6.15 for
B = X we obtain
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1(X) = Z Z 1(A) + (ﬂ <p*"AC)

k=1 j=k

Letting n — oo yields

1= p(X) = Z Z (A + 1 (ﬂ <p*"AC)

k=1 j=k

and by interchanging the order of summation we arrive at

(U (p*kA) wX)— (m (p*kAC) Zm(A,) = M(A)/nAduA

j=1
Dividing by . (A) proves the claim. O

Let us return to our ball experiment. If we start with 100 balls, all contained in
urn I, the probability of A is 1(A) = 271 If we knew that

U A = X, (6.6)

then we could conclude from (6.5) in Theorem 6.16 that the expected waiting time

for returning to A is M( 4y = 2'% steps. Clearly, our lifetimes and that of the universe

would not suffice for the waiting, even if we do one step every millisecond.
However, this reasoning builds on (6.6), a property not yet established. This will

be done in the next section.

6.3 Ergodicity

Ergodicity is the analogue of minimality in measurable dynamics. Let (X; ¢) be a
measure-preserving system and let A € Yx. As in the topological case, we call A
invariant if A C [¢ € A]. Since A and [¢ € A] have the same measure and p is
finite, A ~ [p € A], i.e., A = ¢*A in the measure algebra. The same reasoning
applies if [¢ € A] € A, and hence we have established the following lemma.

Lemma 6.17. Let (X; @) be a measure-preserving system and A € Xx. Then the
following assertions are equivalent:

(1) A isinvariant, i.e., A C p*A.
(ii) A is strictly invariant, i.e., A = @*A.
(iii)) ¢*A C A.

(iv) ACis (strictly) invariant.
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The following notion is analogous to minimality in the topological case.

Definition 6.18. A measure-preserving system (X;¢) is called ergodic if every
invariant set is essentially equal either to @ or to X.

Since invariant sets are the fixed points of ¢™* in the measure algebra, a system is
ergodic if and only if ¢* on X' (X) has only the trivial fixed points # and X.

In contrast to minimality in the topological case (Theorem 3.5), a measure-
preserving system need not have ergodic subsystems: Just consider X = [0, 1]
with the Lebesgue measure and ¢ = idy, the identity. Another difference to the
topological situation is that the presence of a nontrivial invariant set A does not only
lead to a restriction of the system (to A), but to a decomposition X = A U A®. So
ergodicity could also be termed indecomposability or irreducibility.

The following result characterizes ergodicity.

Lemma 6.19. For a measure-preserving system (X; @) the following statements are
equivalent:

(i) The measure-preserving system (X; @) is ergodic.
(ii) Forevery® # A € X (X) one has

e =x.

n>0k>n

(iii) Forevery @ # A € X (X) one has

| Je™a=x.

n>0
(iv) Forevery® # A, B € X(X) there is n > 1 such that
¢*"ANB # 0.

Proof. (1) = (ii): Foraset A € XYx and n > 0 the set

A = oA

k>n

satisfies *A®™ C A®™ and hence is an invariant set. If A # @ in the measure
algebra, then A" £ @, too, and by ergodicity, A" = X for every n > 0. Taking the
intersection yields (ii).

(i1) = (iii): This follows from

x=Je*ac|Je*acx

n>0k>n k>0
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(iii) = (iv): By hypothesis, we have A®) = X, and hence AV = ¢*A© = p*X =
X. Now suppose that BN ¢*"A = @ forall n > 1. Then

0= JBne"a=Bn|Je"A=BnAY =BNX =B.

n>1 n>1

(iv) = (i): Let A € Xx be an invariant set. Then ¢*"A = A for every n € N and
hence for B := A° we have

BNe""A=BNA=ANA=10

for every n > 1. By hypothesis (iv) we obtainA = JorA° =B =0 in ¥ (X). O

The implication (i) = (ii) of Lemma 6.19 says that in an ergodic system each
set of positive measure is visited infinitely often by almost every point. Note
also that (iv) is an analogue for measure-preserving systems of condition (ii) in
Proposition 2.33.

Let us now look at some examples. The implication (iv) = (i) of Lemma 6.19
combined with the following result shows that a Bernoulli shift is ergodic.

Proposition 6.20. Let (V/k+, X, ;1) = B(po, ..., pi—1) be a Bernoulli shift. Then
lim p(c*A N B) = ju(A)u(B)
n—o0

forall A, B e X.

Proof. We use the notation of Example 5.1.5. Let € denote the algebra of cylinder
setson #; " = L. If B € &, then B = By x [ i, L for some ng € Nand By C L.
Then 7*"A = L" x A and

pn(z™A N B) = ju(By x A) = u(B)p(A)
for n > ng since p = ®HGN0 v is a product measure. For general B € X one
can find, by Lemma 6.1, a sequence (B,,)nen < € of cylinder sets such that
dx (B, B) — 0 as m — o0. Since

|[u(z*"ANB) — u(z*ANB,)| < dx(B,By)

(Exercise 1), one has u(t*"ANB,,) — u(t*"ANB) as m — oo uniformly inn € N.
Hence, one can interchange limits to obtain

lim p(t*ANB) = lim lim u(z*ANB,) = lim w(A)u(B,) = nA)u(B).
n—>00 m—>00 n—>00 m—>00

O
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Of course, the same result remains valid for Bernoulli shifts on general state spaces
(one-sided or two-sided), the argumentation being essentially the same.

Proposition 6.20 actually says that the Bernoulli shift is strongly mixing, a
property that will be studied in Chapter 9. Here are other examples of ergodic
systems.

Examples 6.21. 1) A Markov shift with an irreducible transition matrix is
ergodic. This is Theorem 8.14 below.

2) Every minimal rotation on a compact group is ergodic. For the special case
of T, this is Proposition 7.16, the general case is treated in Theorem 10.13.

3) The Gaufs map (see page 75) is ergodic. A proof can be found in Einsiedler
and Ward (2011, Sec. 3.2).

The next result tells that in an ergodic system the average time of first return to a
(nontrivial) set is inverse proportional to its measure.

Corollary 6.22 (Kac). Let (X;¢) be an ergodic measure-preserving system,
X=X,2,n), and A € X with u(A) > 0. Then for the expected return time
to A one has

1
nadps = ——.
/AA AT Ay

Proof. Since the system is ergodic, the implication (i) = (iii) of Lemma 6.19 shows
that X = |, ¢*"A. Hence, the claim follows from Theorem 6.16. O

Let us return to our ball experiment. The transition matrix P described on page
102 is indeed irreducible, whence by Example 6.21.1 the corresponding Markov
shift is ergodic. Therefore we can apply Kac’s theorem concluding that the expected
return time to our initial state A is 2!% for our choice n = 100.

Supplement: Induced Transformation
and the Kakutani—-Rokhlin Lemma

We conclude with two additional results of importance in ergodic theory.

The Induced Transformation

Let (X;¢) be a measure-preserving system, X = (X, X, u), and let A € X with
(A) > 0. Define the induced transformation ¢, by

QatA = A a0 ="V (xeA).

This means that 4 = ¢" on A, n € N, where A, is as in (6.3).
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Theorem 6.23. Let (X; @) be a measure-preserving system, X = (X, X, u), and
let A € X be a set of positive measure. Then the induced transformation ¢, is
measurable with respect to X4 and preserves the induced measure ji4.

Proof. Take Be€ X, B C A. Then

[eaeBl=[JA.,N[¢" €B].

n>1

showing that ¢4 is indeed X4-measurable. To see that ¢4 preserves p, we use
Lemma 6.15. Note that since B C A,

k—1
AN(eYA Ne*B=ANg™B (k=1
j=1

and
(e™A°Ne*™B C A°NB,.
k=0

Since p is finite, ), u(B,) < oo and hence (A° N B,) — 0 as n — oo. Letting
n — oo in (6.4) we obtain

(B =Y (AN @*™B) =Y (AN [ga € B]) = ju[ga € B],
k=1 k=1

and that was to be proved. O

By Exercise 7, if the original measure-preserving system is ergodic, then the
system (A, X, (La; @a) is ergodic, too.

The Kakutani—-Rokhlin Lemma
The following theorem is due to Kakutani (1943) and Rokhlin (1948). Our
presentation is based on Rosenthal (1988).

Theorem 6.24 (Kakutani-Rokhlin). Let (X;¢) be an ergodic measure-pre-
serving system, X = (X, X, u) let A € X with t(A) > 0 and n € N. Then there is
a set B € X such that B,¢*B, ..., ¢*" VB are pairwise disjoint and

M(U;:WB) > 1 - nu(A).
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Before giving the proof, let us think about the meaning of Theorem 6.24.
A Rokhlin tower of height n € N is a finite sequence of pairwise disjoint sets
of the form

B, ¢*B, ¢**B, ..., ¢*"" VB,
and B is called the ceiling of the tower. Since
¢*BNYB=¢"(¢**?BNB) (1<j<k<n-1),
in order to have a Rokhlin tower it suffices to show that *B N B = @ for j =
1,...,n—1.

Since the sets in a Rokhlin tower all have the same measure and p is a probability
measure, one has the upper bound

1(B) < 3

for the ceiling B of a Rokhlin tower of height n. On the other hand, the second
condition in the Kakutani—Rokhlin result is equivalent to

n(B) = L - pu(a).

So if (A) is small, then w(B) is close to its maximal value %

Corollary 6.25. Let (X; @) be an ergodic measure-preserving system such that
there are sets with arbitrarily small positive measure. Then for each ¢ > 0 and
n € N there is a Rokhlin tower B, ¢*B, ¢*?B, ..., ¢*"~VB such that

,u( ;:;qo*jB) >1—c¢.
Proof of Theorem 6.24. Define
Agi=A,  Agpr =@ A NAS (k> 0).
Then A, = ¢*"A N ﬂ]'.:é @*A° is the set of points in A° that hit A for the first time

in the n™ step. The sets Aj,A,,...,A,,... are pairwise disjoint, and we note that
(U, 1An = A°. This follows from

— KA —
AgU UnzlAn =, pa=x
by ergodicity. Now, define the set

BjZ: Ank.l,_j (ij,...,n—l).

k>1
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Then the B; are pairwise disjoint and By U --- U B,,—; = A°. We claim that
¢* By =B;UC; forsome C;CAU@*AU---Ug*i7VA (6.7)
forj =0,...,n— 1. This is an easy induction argument, the induction step being
@* VB = ¢*(B;U ) = UkZI(P*AnkH e
= kZlAnk+j+l U Ukzl(ﬁﬂ*Ankﬂ NA)U@*C; = Bj+1 U Cjt

with

G =G U, @ ausna) o (U ea)ua=J_e™a
From (6.7) it follows immediately that

BoN¢*By =0 G=1,....n=1)

and hence By is the ceiling of a Rokhlin tower of height n. Finally, (6.7) implies that

n—1

. -1
By D | |" — | |
i=0? Bo 2 j=oBf kznAk’

whence

n—1 e c n—1 n—1
] C C *k
( j=0(p BO) - Uk:OAk - Uk=0('0 A.

Hence, we obtain

n—1 . n—1
H(Uj:()(/)*/Bo) > I—M( k=0§0’”‘A) > 1—nu(A). O

Exercises

1. Let (X, X, ) be a finite measure space. Show that
dx(A,B) := u(AAB) = |14 — 1]l (A, B € X(X))
defines a complete metric on the measure algebra X' (X). Show further that
a) dx(ANB,CND)<dx(A,C)+dx(B,D),
b) dx(A%,B%) = dx(A,B),
¢) dx(A\B,C\D) =dx(A,C) +dx(B.D),
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d) dx(AUB,CUD) < dx(A,C) + dx(B,D),
e) |u(A) —u(B)| < dx(A,B).

In particular, the mappings
(A,B)—>ANB,A\B,AUB and A A°, u(A)
are continuous with respect to dx. Show also that
(Annen € 2 (X), Ay /A = dx(An,A) 0.
2. Let Xy, X;, X, be measure spaces. Let
Jo. go:Xo— X1 and  fi, g1: X1 > X»

be measurable such that fy = go and fj = g; almost everywhere and f preserves
null sets. Prove the following assertions:

a) go preserves null sets, too.
b) fio fo =g10g0 almosteverywhere.
¢) fof = g§ as mappings X'(X;) = X(Xo).
3. Let X and Y be probability spaces, and let ¢ : X — Y be measure-preserving.
Show that the following assertions are equivalent:
(1) ¢ is essentially invertible.
(ii) There are sets A € Yx, A’ € Xy such that ux(A) = 1 = uy(A’), and ¢
maps A bijectively onto A’ with measurable inverse.

4. Show that the tent map and the doubling map are not invertible.

5. Show that if kK > 2, the one-sided Bernoulli shift B(po, ..., px—1) on V/,f is not
invertible.

6. Show that pP = p, where P, p are the transition matrix and the probability vector
defined above in connection with the ball experiment (see page 102).

7. Let (X;¢) be an ergodic measure-preserving system, X = (X, X, ), and let
A € X with u(A) > 0. Show that the induced transformation ¢, is ergodic, too.
(Hint: Let the sets (A,),en be defined as in (6.3) and let B € A with B = B.
Show by induction over n € N that ¢*"BNA C B;e.g., use the identity p*"BNA; =
(™ BN A) N A, forj < n.)

8. Let K be a compact metric space and let (K, ;@) be a measure-preserving
system. Prove that for p-almost every x € K there is a subsequence (n;)ren in
N such that ™ (x) — x as k — oo.

9. Prove that an essentially invertible system (X;¢) is ergodic if and only if
(X: 97" is ergodic.
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10. Prove that a rational rotation (T, m; @) is not ergodic.

11. Consider a Bernoulli shift (7/"’, X, u;t) = B(po,...,pk—1)- Denote form € N
by " = 7 o --- o t the m" iterate of 7. Prove that (Vﬂk"’, X, ;™) is ergodic.

12. Give an example of an ergodic measure-preserving system (X;¢) such that
(X; ™) is not ergodic for some m € N (where ¢” = ¢ o ---0 ¢ is the m"™ iterate).

13. Let (K; ¢) be a topological system with finite state space K := {0,...,d — 1}.
Prove that (K; ¢) is minimal if and only if there is a unique probability measure u
on K such that (K, u; ¢) is ergodic and p({j}) > 0 for eachj € K.

14 (Recurrence in Random Literature). The book “Also sprach Zarathustra” by
F. Nietzsche consists of roughly 680 000 characters, including blanks. Suppose that
we are typing randomly on a typewriter having 90 symbols. Show that we will
almost surely type Nietzsche’s book (just as this book you are holding in your hand)
infinitely often. Show further that if we had been typing since eternity, we almost
surely already would have typed the book infinitely often. (This proves correct
one of Nietzsche’s most mysterious theories, see the quote at the beginning of this
chapter.)
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Chapter 7
The Banach Lattice I/ and the Koopman
Operator

...Mi sono comportato da ostinato, inseguendo una parvenza di ordine, quando dovevo
sapere bene che non vi & ordine, nell’universo. [...] L’ordine che la nostra mente immagina
& come una rete, o una scala, che si costruisce per raggiungere qualcosa. ... !

Umberto Eco?

Let X and Y be two measure spaces and suppose that we are given a measurable
map ¢ : Y — X. The Koopman operator 7 := T, defined by

T,f = fog,

then maps a measurable function f* on X to a measurable function 7, f/ on Y. If, in
addition, ¢ respects null sets, i.e., we have

uxA) =0 = juy[p€eA]l=0 (A€ Xx),
then

f =g px-almosteverywhere =— T,f =T,g [ty-almosteverywhere

for every pair f, g of scalar-valued functions. Hence, T, acts actually on equiva-
lence classes of measurable functions (modulo equality wx-almost everywhere) via

T, f1:=[T,f]=1fo9].

'T behaved stubbornly, pursuing a semblance of order, when I should have known well that there is
no order in the universe. [...] The order that our mind imagines is like a net, or like a ladder, built
to attain something. .. .- Actually, the text continues: “... But afterward you must throw the ladder
away, because you discover that, even if it was useful, it was meaningless [... ] The only truths that
are useful are instruments to be thrown away. ...”

211 Nome Della Rosa, Bompiani, 2004, page 495 - Translation from: The Name of the Rose,
translated by William Weaver, Random House, 2012.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 115
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_7
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It is an easy but tedious exercise to show that all the common operations for
functions induce corresponding operations on equivalence classes, so we usually
do not distinguish between functions and their equivalence classes. Moreover, the
Koopman operator T, commutes with all these operations:

T¢(f+g):T¢f+T<pgv Tw(kf):/\Tgofv |T¢f‘ :T<p|f|
Note that
Todly =g 09 = 1jyea) = 1y*a (A e Xx).

So T, acts on equivalence classes of characteristic functions as ¢* acts on the
measure algebra ¥ (X) (cf. Chapter 6.1).

Suppose now in addition that ¢ is measure-preserving, i.e., pxly = px. Then
for any measurable function f on X and 1 < p < oo we obtain (by Appendix B.5)

Hani=1£|fo¢Wqu=1LIfwdmuuY)=nLLdeux=nfﬂi
This shows that
T, : I'(X) — I (Y) (1<p<o)

is a linear isometry. The same is true for p = oo (Exercise 1). Moreover, by a similar
computation

[1r=[r (etoo. .1
Y X

In Chapter 4 we associated with a topological system (K; ¢) the commutative
C*-algebra C(K) and the Koopman operator T := T, acting on it. In the case
of a measure-preserving system (X;¢) it is natural to investigate the associated
Koopman operator T, on each of the spaces I(X), 1 < p < oo.

For the case p = oo we note that L*°(X) is, like C(K) in Chapter 4, a commu-
tative C*-algebra, and Koopman operators are algebra homomorphisms. (This fact
will play an important role in Chapter 12.) For p # oo, however, the space L is in
general not closed under multiplication of functions, so we have to look for a new
structural element preserved by the operator T,. This will be the lattice structure.

Since we do not expect order theoretic notions to be common knowledge, we
shall introduce the main abstract concepts in the next section and then proceed
with some more specific facts for [7-spaces. (The reader familiar with Banach
lattices may skip these parts and proceed directly to Section 7.3.) Our intention
here, however, is mostly terminological. This means that Banach lattice theory
provides a convenient framework to address certain features common to [/—as
well as C(K)—spaces, but no deep results from the theory are actually needed.
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The unexperienced reader may without harm stick to these examples whenever we
use abstract terminology. For a more detailed account, we refer to the monograph
Schaefer (1974).

7.1 Banach Lattices and Positive Operators

A lattice is a partially ordered set (V, <) such that
xVvy:=supf{x, y} and xAy:=inf{x, y}

exist for all x, y € V. Here supA denotes the least upper bound or supremum of
the set A C V, if it exists. Likewise, infA is the greatest lower bound, or infimum
of A. A lattice is called complete if every nonempty subset has a supremum and an
infimum.

A subset D C V of a lattice (V, <) is called Vv-stable (A-stable) if a, b € D
impliesaVb € D (aAb € D). A subset that is V-stable and A-stable is a sublattice.
If V is a lattice and A C V is a nonempty set, then A has a supremum if and only if
the V-stable set

{al\/azv---\/an :n €N, al,...,anGA}

has a supremum, and in this case these suprema coincide. If (V, <) and (W, <) are
lattices, then a map ® : V — W such that for all x,y € V

O Vy) =(Ox) Vv (By) and O Ay) = (Ox) A (Oy)

is called a homomorphism of lattices. If ® is bijective, then also O !is a
homomorphism, and O is called a lattice isomorphism.

Examples 7.1. 1) The prototype of a complete lattice is the extended real line
R := [—o00, co] with the usual order. It is lattice isomorphic to the closed
unit interval [0, 1] via the isomorphism x > % + % arctan(x).

2) For a measure space X = (X, X, u) we denote by
L :=1°X:R)

the set of all equivalence classes of measurable functions f : X — [—o0, o0],
and define a partial order by

[f]=1g] é f <g ux-almost everywhere.
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The ordered set 1V is a lattice, since for each two elements f, g € 1 the
supremum and infimum is given by

(fvg) () = max{f(x).g(0)}, (fAg)(x) =min{f(x).g(0)}  (x€X).

(To be very precise, this means that the supremum 'V g is represented by the
pointwise supremum of representatives of the equivalence classes f and g.)
Analogously we see that in I the supremum (infimum) of every sequence
exists and is represented by the pointwise supremum of representatives. In
addition, it is even true that the lattice L°(X; R) is complete (Exercise 11).

3) The subsets EO(X;R) and IZ(X;R) for 1 < p < oo are sublattices of the
lattice L°(X; R).

4) If X is a finite measure space, then the measure algebra X (X) is a lattice
(with respect to the obvious order) and

IX) > L2X)., Al (AeXx)

is an injective lattice homomorphism. By Exercise 14, the lattice X' (X) is
complete.

The name “measure algebra” derives from the fact that X' (X) is not just a
(complete) lattice, but a Boolean algebra, cf. Section 12.2 below.

The lattice L°(X; R) does not show any reasonable algebraic structure since the
presence of the values oo prevents a global definition of a sum. This problem
vanishes when one restricts to the sublattices I”(X;R) forp = Oor1 < p <
00, being real vector spaces. Moreover, the lattice and vector space structures are
connected by the rules

f<g = [f+h=<g+h c-f=<cg —g=-f (7.2)

forall f, g, h € I(X;R) and ¢ > 0. A partially ordered set V which is also a
real vector space such that (7.2) holds is called a (real) ordered vector space. If, in
addition, V is a lattice, it is called a (real) vector lattice. In any vector lattice one
can define

lfli=fv=f) fT=fvo, fTi=(=f)Vvo0,

which—in our space [/ (X; R)—all coincide with the respective pointwise opera-
tions. In any real vector lattice X the following formulae hold:

1] =11, (7.3a)
lf +el=|fI+1gl, lefl=lel-[f] (7.3b)
fl=lgl| = 1f —gl. (7.3¢)
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f=rr=r Ifl=r"+r, (7.3d)
fve=3(f+eg+If—gh). freg=3(f+g—If—¢gl. (7.3e)
(fve+h=((+hVvg+h, (fArg+h=(+DAE+h, (73D
I(fve) —(hve)l =|f— fil +1g—ail, (7.3g)
I(frhg)—(hiAag)l <If = fil +1g—ail, (7.3h)

forall f, fi, g, g1, h € V and ¢ € R. (Note that these are easy to establish for the
special case V = R and hence carry over immediately to the spaces I7(X; R).)

In a real vector lattice V an element f € V is called positive if f > 0. The
positive cone is the set V4 := {f € V : f > 0} of positive elements. If f € V,
then £+ and f~ are positive, and hence (7.3d) yields that V = V. — V.

So far, we dealt with real vector spaces. However, for the purpose of spectral
theory (which plays an important role in the study of Koopman operators) it is
essential to work with the complex Banach spaces IV (X) = I/ (X; C). Any function
f € I7(X; C) can be uniquely written as

f=Ref +ilmf
with real-valued functions Re f, Im f € I7(X; R). Hence, [ (X) decomposes as
IX) =I(X;R) @ il’(X;R).
Furthermore, the absolute value mapping | - | has an extension to [7(X) satisfying

| /| =sup{Re(cf) : c€C, || =1},

cf. Exercise 2. Finally, the norm on I (X) satisfies

fl=lel = IS, = llgll,-
This gives a key for the general definition of a complex Banach lattice (Schaefer
1974, p. 133).

Definition 7.2. A complex Banach lattice is a complex Banach space E such that
there is a real-linear subspace ERr together with an ordering < of it, and a mapping
|| : E — E, called absolute value or modulus, such that the following holds:

1) E = Eg @ iER as real vector spaces.

The projection onto the first component is denoted by Re : E — Epr and called
the real part; and Im f := —Re(if) is called the imaginary part; hence f =
Re f 4 ilm f is the canonical decomposition of f.

2) (Er, <) is areal ordered vector space.



120 7 The Banach Lattice I and the Koopman Operator

3) |f]=sup{Ree’f : teQ}= supreQ((cos yt)Re [ — (sinyr) Im f).
4 [fl=lel = ISl =gl

The set Ex = {f € Er : f > 0} is called the positive cone of E. If we write
f < g with f, g € E, we tacitly suppose that f, ¢ € Er. For f € E we call

f :=Re f —ilm f its conjugate.

Examples 7.3. 1) If X is a measure space, then [”(X) is a complex Banach
lattice foreach 1 < p < oo.

2) If K is a compact space, then C(K) is a complex Banach lattice (Exercise 3).

The following lemma lists some properties of Banach lattices, immediate for our
standard examples. The proof for general Banach lattices is left as Exercise 4.

Lemma 7.4. Let E be a complex Banach lattice, let f, g € E and let o € C. Then
the following assertions hold:

a) f+g=7+§ and W:E-?.
b) |f +gl<I|fl+lgl and ||f|—1gl|<|f—gl and |af|=|al|f].
o) | fI=1fl=IRef] [Imf]|>0.

d) ER is a real vector lattice with
fve=3(f+g+If—gl) and frg=3(f+g—I|f—gD

if f, g € Er. Inparticular, | f| = f Vv (—f) for f € Eg.
) [0 < |[fl=/.
b =17l and 1 1=lel] < [/ —el-
Moreover, (7.3d)—(7.3h) hold for f, fi, g, g1, h € Eg.

Part d) shows that the modulus mapping defined on E is compatible with the
modulus on Er coming from the lattice structure there. Part f) implies that the
modulus mapping f > | f| is continuous on E. Hence, by (7.3e) the mappings

Er x Er — ER, (o= fVveg frg

are continuous. Furthermore, from c) it follows that ||[Re f||, [Im f|| < || f ||, hence
the projection onto Ep is bounded and Ep is closed. Finally, by e), also the positive
cone E is closed.

A closed linear subspace F of a Banach lattice E is called a Banach sublattice
of E if it satisfies

feF = f,|f|eF.

It is easy to see that F is again a Banach lattice satisfying Fr = Er N F.
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Positive Operators
Let E, F be Banach lattices. A (linear) operator S : E — F is called positive if
feE, f>0 = Sf=0.

We write § > 0 to indicate that S is positive. The following lemma collects the basic
properties of positive operators.

Lemma 7.5. Let E, F be Banach lattices and let S : E — F be a positive operator.
Then the following assertions hold:

a) f<g = Sf<Sg forall f, g € Eg.

b) feEg = Sf €Fg

c) SRef)=ReSf and S(Am f)=ImSf forall f €E.
d) Sf=Sf foralf €E.

e) |SfI<S|f| forall f €E.

f) S is bounded.

Proof. a) follows from linearity of S. b) holds since S is linear, S(E4+) C F4 and
Er = E4 — E4. c) and d) are immediate consequences of b).

e) For every 1 € Q we have Re(e¥") f < | f| and applying S yields
Re(e")Sf <S|f].

Taking the supremum with respect to t € QQ we obtain |S f| < S| f| as claimed.

f) Suppose that S is not bounded. Then there is a sequence ( f;),en such that f, — 0
in norm but ||S f,, || = oo. Since |S f,| < S| f,| one has also ||S| f,||| = oo. Hence,
we may suppose that f, > 0 for all n € N. By passing to a subsequence we may
also suppose that Y, || || < co. But since E is a Banach space, ), f, converges
to some f € E. This yields 0 < f, < f and hence 0 < S f, < S f, implying that
IS £l < IISf|l- This is a contradiction. O

A linear operator S : E — F between two complex Banach lattices E, F is
called a lattice homomorphism if |Sf| = S|f| for all f € E. Every lattice
homomorphism is positive and bounded and satisfies

S(fvg)=SfvSg and S(fAg) =SfASg

for f, g € Er. We note that the Koopman operator T, associated with a topological
system (K; ¢) or a measure-preserving system (X; ¢) is a lattice homomorphism.
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7.2 The Space I7(X) as a Banach Lattice

Having introduced the abstract concept of a Banach lattice, we turn to some specific
properties of the concrete Banach lattices [7(X) for 1 < p < oo. To begin with,
we note that these spaces have order continuous norm, which means that for each
decreasing sequence ( fy)nen in I, (X), f, > fut1, one has

inff, =0 = ”fn“p_)()

This is a direct consequence of the monotone convergence theorem (see Ap-
pendix B.5) by considering the sequence (f — f7),en. Actually, the monotone
convergence theorem accounts also for the following statement.

Theorem 7.6. Let X be a measure space and let 1 < p < co. Let F C Lf’+ (X) be
a V-stable set such that

s:=sup{|l fl, : f €F}<o0.

Then f := sup.% exists in the Banach lattice 17 (X;R) and there exists an incre-
asing sequence (fy)nen in .F such that sup, f, = f and | f, — fll, = 0. In
particular, sup F € F if F is closed.

Proof. Take a sequence ( f,)qen in % with || f,]|, — s. By passing to the sequence
(iVv foV---V fi)uen We may suppose that ( f,),en is increasing. Define f :=
lim, f, pointwise almost everywhere. By the monotone convergence theorem we
obtain || ||, = s, hence f e LY. Since inf, (/' — f,) = 0, by order continuity of the
norm it follows that || /' — ful, — 0. If & is any upper bound for .7, then f, < h
for each n, and then f < h. Hence, it remains to show that f is an upper bound of
% . Take an arbitrary g € .%. Then f, Vg /" f Vv g.Since f, vV g € %, it follows
that || f, v gl|, < s foreach n € N. The monotone convergence theorem implies that
I/ v gll, =1lim, || f, v gll, <s.But f vV g=> f and hence

ICF Vel =l =S Vel —IfI <5 =" =0.
This shows that f = f Vv g > g, as desired. O

Remark 7.7. In the previous proof we have used that | f| < |g|, | f| # |g| implies
I £Ili < llgl,ie., that L' has strictly monotone norm. Each I17-space (1 < p <
00) has strictly monotone norm, cf. Exercise 7.

A Banach lattice E is called order complete if any nonempty subset having
an upper bound has even a least upper bound. Equivalently (Exercise 6), for all
f. g € Er the order interval

[figl:={heEr: f<h<g}

is a complete lattice (as defined in Section 7.1).
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Corollary 7.8. Let X be a measure space and let 1 < p < oco. Then the Banach
lattice 17 (X; R) is order complete.

Proof. Let #' C I?(X;R) and suppose that there exists F € I?(X;R) with /' < F
for all /' € #'. We may suppose without loss of generality that .7’ is Vv-stable.
Pick g € %’ and consider the set g vV F' := {gV f : f € %'}, which is again
v-stable and has the same set of upper bounds as .%’. Now .#% = (g Vv F') — g
is V-stable by (7.3f), consists of positive elements and is dominated by F — g > 0.
In particular it satisfies the conditions of Theorem 7.6. Hence it has a supremum #.
It is then obvious that i + g is the supremum of .#’. By passing to —%' the same
arguments show that a nonempty family .%” in ¥ that is bounded from below has an
infimum in 7. O

Recall that algebra ideals play an important role in the study of C(K). In the
Banach lattice setting there is an analogous notion.

Definition 7.9. Let E be a Banach lattice. A linear subspace / C E is called a
(vector) lattice ideal if

fg€E |fI<l|¢gl. gel = fel

If I is a lattice ideal, then f € I if and only if | /| € I if and only if Re f,Im f € I.
It follows from (7.3e) that the real part Ir := I N ER of a lattice ideal I is a vector
sublattice of Ep.

Immediate examples of closed lattice ideals in [ (X) are obtained from measur-
able sets A € Y'x by a construction similar to the topological case (cf. page 52):

Lo={f |fInly=0} ={f  [fIN1<Iu}={f : AC[f =0]}.

Then 1, is indeed a closed lattice ideal, and for A = @ and A = X we recover
[7(X) and {0}, the two trivial lattice ideals. The following characterization tells that
actually all closed lattice ideals in I (X) arise by this construction.

Theorem 7.10. Let X be a finite measure space and 1 < p < oo. Then each closed
lattice ideal I C 17 (X) has the form I, for some A € Xx.

Proof. Let I C I7’(X) be a closed lattice ideal. The set
J={fel:0=f <1}

is nonempty, closed, V-stable and has upper bound 1 € I7(X) (since ux is finite).
Therefore, by Corollary 7.8 it has even a least upper bound g € J. It follows that
0 <g=<1landthush = gA(1—g) > 0.Since0 < h < gandg € I, the
ideal property yields 4 € I. Since [ is a subspace, g +h € I. Buth < 1 — g, so
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g+h <1 ,andthisyieldsh+g € J. Thush+ g < g,i.e., h < 0. All in all we obtain
gA(1—g) =h =0, hence g must be a characteristic function 14c for some A € X.

We claim that I = I4. To prove the inclusion “C” take f € I. Then |f| A1 € J
and therefore | f| A1 < g = 14c. This means that /' € I4. To prove the converse
inclusion take f € I4. It suffices to show that | /| € I, hence we may suppose that
f >0.Then f, := f A(nl) = n(n~' f A1) < nlye = ng. Since g € J C I, we
have ng € I, whence f, € 1. Now (f,).en is increasing and converges pointwise,
hence in norm to its supremum f. Since [ is closed, f € I and this concludes the
proof. O

Remarks 7.11. 1) In most of the results of this section we required p < oo for
good reasons. The space L*°(X) is a Banach lattice, but its norm is not order
continuous in general (Exercise 7). If the measure is finite, [°°(X) is still
order complete (Exercise 11), but this is not true for general measure spaces.
Moreover, if L*° is not finite dimensional, then there are always closed lattice
ideals not of the form 4.

2) For a finite measure space X we have
LX) cPX) LX) (I1<p=o0).

Particularly important in this scale will be the Hilbert lattice 1?(X).
3) Let K be a compact space. Then the closed lattice ideals in the Banach lattice
C(K) coincide with the closed algebra ideals, i.e., with the sets
Iy = {f eCK): f=0 onA} (A C K, closed),

see Exercise 8.

7.3 The Koopman Operator and Ergodicity

We now study measure-preserving systems (X; ¢) and the Koopman operator 7 :=
T, on I7(X). We know that, for every 1 < p < oo,

1) T is an isometry on I7(X);

2) T is a Banach lattice homomorphism on 17(X) (see page 117);
3) T(fg)=Tf - -Tgforall f € I7(X), g € L*°(X);

4) T isa C*-algebra homomorphism on L (X).

As in the topological case, properties of the dynamical system are reflected in
properties of the Koopman operator. Here is a first example (cf. Lemma 4.14 for
the topological analogue).

Proposition 7.12. A measure-preserving system (X; @) is invertible if and only if
its Koopman operator T, is invertible on 17 (X) for one/each 1 < p < oo.
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Proof. Fix 1 < p < oo and abbreviate T := T,. Let (X;¢) be invertible, i.e.,
@™ is surjective (Definition 6.2). Since T14 = 1,+4 for any A € ¥(X), it follows
that ran(7) contains all characteristic functions of measurable sets. Since 7 is an
isometry, its range is closed, and since simple functions are dense, 7T is surjective.
Conversely, suppose that T is surjective, and let B € X'(X). Then there is f €
I/(X) with Tf = 15. Then Tf = 13 = 13 = (Tf)(Tf) = T(f?). Since T is
injective, it follows that f = f2. Butthen f = 1, for A = [ f # 0] and hence
¢*A = B. O

In the following we shall see that ergodicity of (X; ¢) can be characterized by a
lattice theoretic property of the associated Koopman operator, namely irreducibility.

Definition 7.13. A positive operator T € Z(E) on a Banach lattice E is called
irreducible if the only 7T-invariant closed lattice ideals of E are the trivial ones, i.e.,

I C E closed lattice ideal, T(/) €1 — [={0} or [ =E.

If T is not irreducible, it is called reducible.
Let us first discuss this notion in the finite-dimensional setting.

Example 7.14. Consider the space L' ({0, ...,n—1}) = R" and a positive operator
T on it, identified with its n x n-matrix. Then the irreducibility of T according to
Definition 7.13 coincides with that notion introduced in Section 2.4 on page 27.
Namely, if T is reducible, then there exists a nontrivial 7-invariant ideal I4 in R” for
some @ #A € {0,1,...,n— 1}. After a permutation of the points we may suppose
that A = {k,...,n — 1} for 0 < k < n, and this means that the representing matrix
(with respect to the canonical basis) has the form:

Let us return to the situation of a measure-preserving system (X; ¢). We consider
the associated Koopman operator T := T,, on the space L' (X), but note that T leaves
each space IV invariant. The following result shows that the ergodicity of a measure-
preserving system is characterized by the irreducibility of the Koopman operator T
or the one-dimensionality of its fixed space

fix(7) ;= {f e L'(X) : Tf = f} = ker(— 7).

(Note that always 1 € fix(7") whence dim fix(7)) > 1.) This is reminiscent (cf. Corol-
lary 4.19) of but also contrary to the topological system case, where minimality
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could not be characterized by the one-dimensionality of the fixed space of the
Koopman operator, but by the irreducibility of the Koopman operator.

Proposition 7.15. Let (X; @) be a measure-preserving system with Koopman oper-
ator T := T, on L'(X). Then for 1 < p < oo the space fix(T) N 1¥ is a Banach
sublattice of 17 (X) and dense in fix(T). Furthermore, with 1 < p < oo the following
statements are equivalent:

(1) (X; @) is ergodic.

(1) dimfix(T) = 1, i.e., 1 is a simple eigenvalue of T.

(i) dim(fix(T) NI?) = 1.

(iv) dim(fix(T) NL>®) = 1.

(v) T as an operator on 12(X) is irreducible.

Proof. That fix(T) NI is a Banach sublattice of I is clear from the identities

T(f)=Tf=f and T|f|=ITf|=|f]

for f € fix(T). That fix(T) N ¥ is dense in fix(7T) follows from Exercise 5. This
establishes the equivalences (ii) <> (iii) < (iv).

For the remaining part notice that, by Lemma 6.17, A is g-invariant if and only if
¢*[A] = [A] if and only if 14 € fix(T). In particular, this establishes the implication
@1v) = (1).

(1) = (iv): Take 0 < f € fix(T) N L. Then for every ¢ < || f| o the set [ f < c]
is g-invariant. Since f < c almost everywhere is impossible, it follows that f > ¢
almost everywhere. As ¢ < || f||,, Was arbitrary, it follows that f = c1. Since
fix(T) N L*> is a Banach sublattice of L*°, it follows that fix(7) N L>° = C1.

(i1) = (iii) = (iv) is trivial.
(i) < (v): By Theorem 7.10 it suffices to show that A € X is essentially ¢-invariant

if and only if I, N 17 is invariant under T. In order to prove this, note that for f € L!
andA € ¥

T(fIA1a) =T[fIAT1s = |Tf| A T1y.

So if A is essentially ¢-invariant, we have T1y, = 14, and f € I, implies that
Tf € I, as well. For the converse suppose that 7(I4) € I4. Then, since 14c € Iy,
we must have 1,+4c € I4, which amounts to ¢*A° N A = @ in ¥ (X). Consequently
A C ¢*A, which means that A is ¢-invariant. O

We apply Proposition 7.15 to the rotations on the torus (see Section 5.3).

Proposition 7.16. For a € T the rotation measure-preserving system (T, m;a) is
ergodic if and only if a is not a root of unity.
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Proof. Let T := L, be the Koopman operator on [*(T) (cf. Example 4.22) and
suppose that f € fix(T). The functions y, : x — x", n € Z, form a complete
orthonormal system in I?(T). Note that Ty,, = a" x,, i.e., y, is an eigenvector of T
with corresponding eigenvalue a”. With appropriate Fourier coefficients b, we have

an)(n =f=Tf = anTXn = Zanbn)(n-

nez nez nez

By the uniqueness of the Fourier coefficients, b,(a" — 1) = 0 for all n € Z. This
implies that either b, = 0 for all n € Z \ {0} (hence f is constant), or there is
n € 7\ {0} with " = 1 (hence a is a root of unity). O

Remark 7.17. If (T;a) is a rational rotation, i.e., @ is a root of unity, then a
nonconstant fixed point of L, is easy to find: Suppose that a" = 1 for some n € N,
and divide T into n arcs: [; := {z €T : argz € [ZW%I,Zl//*%)},j =1,....n
Take any integrable function on /; and “copy it over” to the other segments. The so
arising function is a fixed point of L,,.

Proposition 7.16 together with Example 2.37 says that a rotation on the torus is
ergodic if and only if it is minimal. Exercise 9 generalizes this to rotations on T".
Actually, the result is true for any rotation on a compact group as we shall prove in
Chapter 14.

Similar to the case of minimal topological systems, the peripheral point spectrum
of the Koopman operator has a nice structure.

Proposition 7.18. Let (X; @) be a measure-preserving system with Koopman oper-
ator Ty := T, on L1(X) (1 < q < 00). Then the following assertions hold:

a) ker(Al — Too) is dense inker(A — T,) for each A € T.

b) T, has only peripheral eigenvalues, i.e., o,(T,) = 0p(T,) N'T, and o,(T,) is
a union of subgroups of T, and it is independent of g € [1, o<].

c) The system (X; @) is ergodic if and only if each eigenvalue of T, is simple
and each corresponding eigenfunction is unimodular (up to a multiplicative
constant). In this case, o,(T,;) = op(T,) N T is a subgroup of T.

Proof. a)Fix A € Tand f e Y withTf = Af . Then | f| = |Af| = |Tf| =T|f]|,
whence | /| € fix(T). Hence, for any n > 0, g, := 1jj7|<a) € fix(T) as well. Let
Joi=f-gn€l>® . ThenTf, = Tf -Tg, = Afgn = Af,. Since we may suppose
that ¢ < 0o, we have f, — f, and a) is established.

b) The g-independence of the (unimodular) point spectrum follows from a). Since
T, is isometric, each eigenvalue of T, is unimodular. Moreover, o,(7,) N'T is a union
of subgroups of T by literally the same arguments as in the proof of Theorem 4.21.
This also applies to part c). O
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The Correspondence Between Koopman Operators and State Space Maps

Contrary to the case of topological systems (cf. Section 4.2), the correspondence
between the underlying dynamics ¢ and its Koopman operator T, is not so straight-
forward. Of course, one would hope for a result that states that ¢ is “essentially
determined” by T,. This is false in general; moreover for given two measure-
preserving maps ¢ and ¥ the set [¢ = 1] may not be (essentially) measurable
(Example 6.7).

As seen in Section 6.1, such pathologies can be avoided by restricting to the class
of standard probability spaces (Definition 6.8).

Proposition 7.19. Let ¢, ¥ : X — Y be measure-preserving mappings between
standard probability spaces X, Y, and let T, Ty : L(Y) — LY(X) be the induced
Koopman operators. Then T, = Ty, if and only if ¢ =  almost everywhere.

Proof. Only one implicationis not trivial. If Ty = Ty, then 1yx4 = T,14 = Ty 1y =
1,+4 almost everywhere for every A € Yy, i.e., ¢* = y™*. By Proposition 6.10,
¢ = Y almost everywhere. O

A second, related, question is, which operators between L!-spaces (say) arise
as Koopman operators. Again, the topological analogue—Theorem 4.13—is un-
ambiguous, but the measure theoretic situation is more complicated. And again,
restricting to standard probability spaces saves the day, by a famous theorem of von
Neumann.

Theorem 7.20 (Von Neumann). Let X and Y be standard probability spaces and
let T : LN(Y) — LX) be a linear operator. Then T = T, for some measure-
preserving measurable map ¢ : X — Y ifand only if T has the following properties:

1) Tl=1and [(Tf = [, f forall f € L(Y).
2) T is a lattice homomorphism.

Theorem 7.20 goes back to von Neumann (1932a, Satz 1) where the result is
established for Borel probability spaces. (The extension to standard probability
spaces is straightforward.) It is the central “interface” between a functional analytic
and a measure theoretic approach to ergodic theory. However, it will not be used
in an essential way in the rest of the book (cf., however, Theorem 12.14). For the
interested reader, the proof is included in Appendix F, see Theorem F.9.

The following consequence of Theorem 7.20 has already been mentioned at the
end of Section 6.1.

Corollary 7.21. Let (X; @) be a measure-preserving system over a standard prob-
ability space X. Then the system (X; @) is invertible if and only if ¢ is essentially
invertible.

Proof. One implication is Corollary 6.5. For the converse, suppose that (X; ¢) is
invertible. Then its Koopman operator 7' := T, is invertible, by Proposition 7.12.
The inverse T~ satisfies properties 1) and 2) from Theorem 7.20, hence by that
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very result there is a measure-preserving map ¥ : ¥ — X with 7, = T-!. But then
Tyo, = TTy = 1= T,q. Now Proposition 7.19 implies that 1 o ¢ = id almost
everywhere. Analogously, ¢ o ¥ = id almost everywhere, thus 1 is an essential
inverse of ¢. O

Remark 7.22. Standard probability spaces are also called Lebesgue—Rokhlin prob-
ability spaces or standard Lebesgue spaces or simply Lebesgue spaces in the
literature. Lebesgue spaces as such were introduced by Rokhlin in (1949) (English
translation in Rokhlin (1952)), with a definition different from ours (but including
the Borel probability spaces). In this work, Rokhlin gives an alternative proof of von
Neumann’s theorem, see Rokhlin (1952, p. 22).

The name “Lebesgue space” derives from the fact that a probability space is a
Lebesgue space if and only if there is a measure-preserving and essentially invertible
map from it to the disjoint union of a discrete space and the unit interval [0, 1] with
Lebesgue measure (appropriately scaled). This result is included in Rokhlin (1949),
but according to Rokhlin (1952, p. 2) it is already contained in an unpublished
work from 1940. Independently, a similar representation theorem was established
by Halmos and von Neumann (1942). The theorem shows that standard probability
spaces in our definition are the same as Rokhlin’s Lebesgue spaces.

Mappings with the properties 1) and 2) as in Theorem 7.20 are also called Markov
embeddings (see Definition 12.9 below). The analogy between Theorems 7.20 and
4.13 becomes more striking when one realizes the close connection between lattice
and algebra homomorphisms. This is the topic of the following supplement and
Exercise 18.

Supplement: Interplay Between Lattice and
Algebra Structure

The space C(K) for a compact space K and L*°(X) for some probability space
X = (X, X, ) are simultaneously commutative C*-algebras and complex Banach
lattices. In this section we shall show that both structures, the *-algebraic and the
Banach lattice structure, essentially determine each other, in the sense that either
one can be reconstructed from the other, and that mappings that preserve one of
them also preserve the other.

For the following we suppose that E = C(K) or E = L*°(X). To begin with, note
that

A= (-a=1/P) = (F) nta-

k=0
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which is valid for f € E with || f|| < 1; for general f, we use a rescaling. This
shows that the modulus mapping can be recovered from the C*-algebraic structure
(algebra + conjugation + unit element + norm approximation).

Conversely, the multiplication can be recovered from the lattice structure in the
following way. Since multiplication is bilinear and since conjugation is present in
the lattice structure, it suffices to know the products f - g where f, g are real valued.
By the polarization identity

2-fg=(f+8 - f g (7.4)

the product of the real elements is determined by taking squares; and since for a real
element 4> = |h|2, it suffices to cover squares of positive elements.

Now, let 0 < p < oo. Writing the (continuous and convex/concave) mapping
x — x” on Ry as the supremum/infimum over tangent lines, we obtain for x > 0

sup,o ptlx — (p — D) if 1 <p < oo,
infoo p/~lx — (p — 1) if0<p<1.

W = (7.5)

In the case p > 1 define

n

hax) == \/pt 'x—(p—DE (=0, neN),

k=1

where (#;)ren 18 any enumeration of Q4. Then, by (7.5) and continuity, 4,(x)
x” pointwise, and hence uniformly on bounded subsets of R, by Dini’s theorem
(Exercise 15). Soif 0 < f € E, then h, 0o f — f? innorm, and &, o f is contained
in any vector sublattice of E that contains f and 1. In particular, for p = 2, it
follows that the multiplication can be recovered from the Banach lattice structure
and the constant function 1. More precisely, we have the following result.

Theorem 7.23. Let E = C(K) or E = 1°(X), and let A C E be a closed,
conjugation invariant linear subspace with 1 € A. Then the following assertions
are equivalent:

(i) Aisasubalgebra of E.
(i) A is a vector sublattice of E.
(i) If f €A, then|f|’ €A forall0 < p < co.

Now suppose that A satisfies (1)—(iii), and let @ : A — L*°(Y) be a conjugation-
preserving linear operator such that ®1 = 1. Then the following statements are
equivalent for 1 < p < oo:

(iv) @ is a homomorphism of C*-algebras.
(v) @ is a lattice homomorphism.

i) D|f)F =|Df | forevery f € A.
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Proof. The proof of the first part is left as Exercise 16. In the second part, suppose
that (iv) holds. Then it follows from

(@1£1)" = @I = &(f ) = (@f)(@]) = |&f

that @ is a lattice homomorphism, i.e., (v). Now suppose that (v) is true. Then @ is
positive and hence bounded. Let f > Oand 1 < p < co. We have f? = lim, h,0 f,
where 5, is as above. Then

PfF =lim @(hy o f) = limhy, o (f) = (D)

because @ is a lattice homomorphism. Hence, (vi) is established.

Finally, suppose that (vi) holds. Then @ is positive. Indeed, if 0 < f € A, then
by (iii), g := f'/7 € A and thus @f = Pg’ = |Pg|’ > 0. Now let f € A and
suppose that p > 1. Then by the Holder inequality (Theorem 7.24) below,

DIf| < (@If)P (@11 = (@ |f]P)/P = |of| < D |f]

by (vi) and the positivity of @. Hence, (v) follows, and this implies (vi) also for
p = 2 as already shown. The polarization identity (7.4) yields @( fg) = @(f)P(g)
for real elements f, g € A. Since @ preserves conjugation, @ is multiplicative on
the whole of A, and (iv) follows. |

The following fact was used in the proof, but is also of independent interest.

Theorem 7.24 (Holder’s Inequality for Positive Operators). Let E = C(K) or
L>*(X), and let A C E be a C*-subalgebra of E. Furthermore, let Y be any measure
space, and let T : A — 1°(Y) be a positive linear operator. Then

7/ < (TIfIN)"" - (T |g]) (7.6)
whenever f, g € Awith f, g > 0.
Proof. We start with the representation
XM = inf L Vay 4 Lelle
>0 P q
which is (7.5) with p replaced by 117 For fixed y > 0, multiply this identity with y!/¢
and arrive at

Upyla — spf Lv )14 LA/pylag — jpf Lg—1/a Ll/p
x/Py —glgp(yt ) x+otPy —iggps x+ s /Py
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by a change of parameter s = fy. Replace now x by x” and y by y? to obtain
xy = inf Ls7VaxP 4 Lgl/pya, (7.7)
5>0 P a

Note that this holds true even for y = 0, and by a continuity argument we may
restrict the range of the parameter s to positive rational numbers. Then, for a fixed
0 <seQ(7.7)yields

| gl < LTV £+ Lste fgpe
Applying T we obtain
IT(f - =TI/ -8l < 357 VTIfP + Ls"7T gl
and, taking the infimum over 0 < s € QQ, by (7.7) again we arrive at (7.6). O

Remarks 7.25. 1) Theorem 7.23 remains true if one replaces L>°(Y) by a
space C(K’). (Fix an arbitrary x € K’ and apply Theorem 7.23 with Y =
(K,Bo(K), 6y).)

2) Theorem 7.23 can be generalized by means of approximation arguments, see
Exercise 17.

Exercises

1. Show thatif ¢ : Y — X is measurable with ¢.uy = ux, then the associated
Koopman operator T, : L°(X) — L*°(Y) is an isometry.

2. Let X be a measure space and let 1 < p < co. Show that

| f1 = sup{Re(cf) : c € T}

with the supremum being taken with respect to the order of I (X; R).
3. Prove that C(K), K compact, is a complex Banach lattice.
4. Prove Lemma 7.4.

5. Let X be a finite measure space, let | < p < g < oo, and let E C [7(X) be a
Banach sublattice containing 1. Show that £ N L is a Banach sublattice of L, dense
in E.

Remark. One can show that for 1 < p < oo each Banach sublattice of 17(X)
containing 1 is of the form I7(X, ¥, ux), where ¥ C X is a sub-o-algebra, cf.
Proposition 13.19 below.
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6. Show that a Banach lattice E is order complete if and only if every order interval
[f.gl. f- & € Er, is a complete lattice.

7. Show that if [>°(X, X, u) is infinite dimensional, its norm is neither strictly
monotone nor order continuous.

8. Prove that for a space C(K) the closed lattice ideals coincide with the closed
algebra ideals. (Hint: Adapt the proof of Theorem 4.8.)

9. Show that the rotation on the torus T” is ergodic if and only if it is minimal. (Hint:
Copy the proof of Proposition 7.16 using n-dimensional Fourier coefficients.)

10. Let @ € [0, 1) be an irrational number and consider the shift ¢, : x > x +
a (mod1) on [0, 1]. Show that for the point spectrum of the Koopman operator L,
on L2[0, 1] we have 0,(L,) = {€?/"* : m € Z}. (Hint: Use a Fourier expansion as
in the proof of Proposition 7.16.)

11. Let X be a finite measure space. Show that the lattice
V=LX[0,1)={fel'!X) :0<f <1}
is complete. (Hint: Use Corollary 7.8.) Show that the lattices
L°(X;R) and L°(X;:[0,0c0])

are lattice isomorphic to V and conclude that they are complete. Finally, prove that
L*°(X;R) is an order complete Banach lattice, but its norm is not order continuous
in general.

12. Let X = (X, X, ) be a probability space, and let and .# < L'(X) be A-stable
such that inf .# = 0. Show (e.g., by using Theorem 7.6) that inf rc & || ||, = 0.

13. Let X be a finite measure space and 0 < f € 19(X; R). Show that sup,c (1n.f A
1) = 1;r-0). Show that /' = 14 forsome A € Y if andonly if ¢ f A1 = f for
every ¢ > 1.

14. Let X = (X, X, u) be a finite measure space. Show that {1, : A € Y} isa
complete sublattice of L! (X). Conclude that the measure algebra X (X) is a complete
lattice.

15 (Dini’s Theorem). Let K be a compact space and suppose that ( f,)qen is a
sequence in C(K) with 0 < f, < f,4+; for all n € N. Suppose further that there is
f € C(K) such that f,, — f pointwise. Then the convergence is uniform. Prove
this fact.

16. Prove the first part of Theorem 7.23.
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17 (Holder’s Inequality for Positive Operators). Let X and Y be measure spaces,
and let T : L' (X) — L°(Y) be a positive linear operator. Show that

IT(f-9)| < (T|fI)"7-(T|g|)"

whenever 1 < p < o0, [17 + é = land f € I?(X), g € L/(X).

18 (L*°-Version of Von Neumann’s Theorem). Let X and Y be standard proba-
bility spaces and let T : L>°(Y) — L>(X) be a linear operator. Prove that T = T,,
for some measure-preserving measurable map ¢ : X — Y if and only if 7 has the
following properties:

1) T1=1and [( Tf = [, f forall f € L*(Y).
2) T isa C*-algebra homomorphism.
(Hint: Combine Theorem 7.20 with Theorem 7.23.)



Chapter 8
The Mean Ergodic Theorem

One of the endlessly alluring aspects of mathematics is that its thorniest paradoxes have a
way of blooming into beautiful theories.

Philip J. Davis!

As said at the beginning of Chapter 5, the reason for introducing measure-preserving
dynamical systems is the intuition of a statistical equilibrium emergent from (very
rapid) deterministic interactions of a multitude of particles. A measurement of the
system can be considered as a random experiment, where repeated measurements
appear to be independent since the time scale of measurements is far larger than the
time scale of the internal dynamics.

In such a perspective, one expects that the (arithmetic) averages over the
outcomes of these measurements (“time averages”) should converge—in some sense
or another—to a sort of “expected value.” In mathematical terms, given a measure-
preserving system (X; ¢) and an “observable” f : X — R, the time averages take
the form

Anf(x) == % (@) + f@@) + -+ fle" () (8.1)

if x € X is the initial state of the system; and the expected value is the “space mean”

| s

of f.Inhis original approach, Boltzmann assumed the so-called Ergodenhypothese,
which allowed him to prove the convergence A, f(x) — fx f (“time mean equals
space mean,” cf. Chapter 1). However, the Ehrenfests (1912) doubted that this

!Scientific American, 211, (Sept. 1964), pp. 51-59.
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“Ergodenhypothese”is ever satisfied, a conjecture that was confirmed independently
by Rosenthal and Plancherel only a few years later (Brush 1971). After some 20
more years, von Neumann (1932b) and Birkhoff (1931) made a major advance
by separating the question of convergence of the averages A, f from the question
whether the limit is the space mean of f or not. Their results—the “Mean
Ergodic Theorem” and the “Individual Ergodic Theorem”—roughly state that under
reasonable conditions on f the time averages always converge in some sense, while
the limit is the expected “space mean” if and only if the system is ergodic (in
our terminology). These theorems gave birth to Ergodic Theory as a mathematical
discipline.

The present and the following two chapters are devoted to these fundamental
results, starting with von Neumann’s theorem. The Koopman operators induced
by dynamical systems and studied in the previous chapters will be the main
protagonists now.

8.1 Von Neumann’s Mean Ergodic Theorem

Let (X;¢) be a measure-preserving system and let 7 = T, be the Koopman
operator. Note that the time mean of a function f under the first n € N iterates
of T (8.1) can be written as

n—1
Anf=%(f+f°€0+"'+f°‘/’n_l):%Zij'
j=0

Von Neumann’s theorem deals with these averages A, f for f from the Hilbert
space [*(X).

Theorem 8.1 (Von Neumann). Let (X;¢) be a measure-preserving system and
consider the Koopman operator T := T,. For each f € 12(X) the limit

n—1

1 .
=
i Anf =l 2 ) TS

exists in the 12-sense and is a fixed point of T.

We shall not give von Neumann’s original proof, but take a route that is more
suitable for generalizations. For a linear operator T on a vector space E we let

n—1
A[T] = % YT (neN)
j=0
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be the Cesaro averages (or: Cesaro means) of the first n iterates of T. If T is
understood, we omit explicit reference and simply write A, in place of A,[T].
Further we denote by

fix(T):={f €E:Tf = f} =kerI—T)

the fixed space of 7.

Lemma 8.2. Let E be a Banach space and let T : E — E be a bounded linear
operator on E. Then, with A,, :== A,[T), the following assertions hold:

a) If f € ix(T), then A, f = f foralln € N, and hence A, f — f.
b) One has

1 1
AT=TA ="T2A -1 (e, (8.2)
n n

IfA,f — g thenTg = gand A,Tf — g.
¢) One has

(I-T)A, = A,(I—T) = %(I ~T  (neN). (8.3)

If%T”f — Oforall f € E, then A, f — 0 forall f € ran(I—T).
d) One has

n—1 k—1

I—Anz(I—T)%ZZTf (n € N). (8.4)

k=0 j=0
If Ay f — g then f —g e Tan(1—T).

Proof. a) is trivial, and the formulae (8.2)—(8.4) are established by simple algebraic
manipulations. The remaining statements then follow from these formulae. O

From a) and b) of Lemma 8.2 we can conclude the following.

Lemma 8.3. Let T be a bounded linear operator on a Banach space E. Then

F = {f €E : Prf:= lim A, f exists}
n—>oo
is a T-invariant subspace of E containing fix(T). Moreover Py : F — F is a
projection onto fix(T) satisfying TPy = PyT = Py on F.

Proof. 1t is clear that F is a subspace of E and Py : F — E is linear. By
Lemma 8.2.b, F is T-invariant, ran(Pr) C fix(T) and P;Tf = TPyf = Prf for
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all f € F. Finally it follows from Lemma 8.2.a that fix(T) € F, and Prf = f if
f € fix(T). In particular P2 = Pr, i.e., Pr is a projection. O

Definition 8.4. Let T be a bounded linear operator on a Banach space E. Then the
operator Pr, defined by

n—1
1 )
— i _ 7y
Prf = lim - N TS (8.5)

j=0
on the space F of all f € E where this limit exists, is called the mean ergodic

projection associated with 7". The operator 7 is called mean ergodic if F = E, i.e.,
if the limit in (8.5) exists for every f € E.

Using this terminology we can rephrase von Neumann’s result: The Koopman
operator associated with a measure-preserving system (X; @) is mean ergodic when
considered as an operator on E = 1*(X). Our proof of this statement consists of
two more steps.

Theorem 8.5. Let T € Z(E), E a Banach space. Suppose that sup, ¢y || A, < oo
and that %T”f — Oforall f € E. Then the subspace

F:={f: lim A,f exists}
n—>oo
is closed, T-invariant, and decomposes into a direct sum of closed subspaces
F = fix(T) @ ran(I - T).
The operator T|p € L (F) is mean ergodic. Furthermore, the operator
Pr . F — fix(T) Prf = lim A, f
n—oQo

is a bounded projection with kernel ker(Pr) = tan(I — T') and PyT = Py = TPr.

Proof. By Lemma 8.3, all that remains to show is that F is closed, Py is bounded,
and ker(Py) = ran(I — T). The closedness of F and the boundedness of Py are
solely due to the uniform boundedness of the operator sequence (A,),en and the
strong convergence lemma (Exercise 1).

To prove the remaining statement, note that by Lemma 8.2.c ran(I — 7) <
ker(Pr), hence ran(I — T) C ker(Pr), as Pr is bounded. Since Py is a projection,
one has ker(P7) = ran(I — Pr), and by Lemma 8.2.d we finally obtain

ker(Pr) = ran(I — Py) C tan(I — T') C ker(Pr). O
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Mean ergodic operators will be studied in greater detail in Section 8.4 below. For
the moment we note the following important result, which entails von Neumann’s
theorem as a corollary.

Theorem 8.6 (Mean Ergodic Theorem on Hilbert Spaces). Ler H be a Hilbert
space and let T € £ (H) be a contraction, i.e., |T| < 1. Then

1 n—1 ‘
Prf := lim — E Tf exists for every f € H.
n—>00 p 4 ;
=

Moreover, H = fix(T) @ tan(I — T) is an orthogonal decomposition, and the mean
ergodic projection Py is the orthogonal projection onto fix(T).

Proof. If T is a contraction, then the powers 7" and hence the Cesaro averages A, [T]
are contractions, too, and %T” — 0. Therefore, Theorem 8.5 can be applied and so
the subspace F is closed and Py : F — F is a projection onto fix(T') with kernel
ran(I—T).

Take now f € H with f L ran(I— T). Then (f | f —Tf) = 0 and hence
(fITH=(f1f)= ||f||2. Since T is a contraction, this implies that

ITf = FIP = WTAIP =2Re (£ | Tf) + I fI> = ITfI> = 1 /1I* < 0.

Consequently, f = Tf,ie., f € fix(T).
Hence, we have proved that

ran(I — T)J‘ C fix(7).

However, from fan(I — T) N fix(T) = {0} we obtain ran(I — T)* = fix(T) as
claimed. (Alternatively, note that Pr must be a contraction and use that a contractive
projection is orthogonal, see Theorem D.21.) O

Let us note the following interesting consequence (cf. also Lemma D.14).

Corollary 8.7. Let T be a contraction on a Hilbert space H. Then fix(T) = fix(T*)
and PT = PT*.

Proof. Note that f € fix(T*) implies that (Tf | f) = (f|T*f) = | f|* and
hence Tf = f as in the proof of Theorem 8.6. By symmetry, fix(T) = fix(T*),
and then Py = Pp+ since both are orthogonal projections onto the same closed
subspace of H.

Alternatively, one may argue as follows. Since A,[T] — Pr strongly, i.e.,
pointwise on H, A,[T*] = A,[T]* — P; = Pr weakly. But T* is a contraction
as well, hence A,[T*] — Pr+ strongly. Hence, Py = P+ and fix(T) =
fix(T*). O
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8.2 The Fixed Space and Ergodicity

Let (X; ¢) be a measure-preserving system. In von Neumann’s theorem the Koop-
man operator was considered as an operator on I2(X). However, it is natural to view
it also as an operator on L' and in fact on any I”-space with 1 < p < oo.

Theorem 8.8. Let (X; @) be a measure-preserving system, and consider the Koop-
man operator T = T,, on the space L' = L' (X). Then

n—o00 pn 4

n—1
1 )
Prf = lim — E Tf exists in I forevery f € 17,1 < p < o0.
=0

Moreover, for 1 < p < oo, the following assertions hold:
a) The space ix(T) N 1Y is a Banach sublattice of 1Y containing 1.

b) Pr:IY — fixT NI is a positive contractive projection satisfying

/X Prf = /X ;oo (few) (8.6)

and  Pr(f-Prg) = (Prf)-(Prg) (fell,geld, }, + }1 =1).
(8.7)

Proof. Let f € L°°. Then, by von Neumann’s theorem, the limit Prf =
lim, 00 A, f exists in 12, thus a fortiori in L'. Moreover, since |T"f| < || f[lo 1
for each n € Ny, we have |A, f| < || fllo 1 and finally |Prf| < || f|ls 1. Then
Holder’s inequality yields

1AL f = Prflp < @IS lleo) " 1AL f = Prflly — 0
forany 1 < p < oco. Hence, we have proved that for each such p the space
. R T .
Fpe={fell:|, lim A, f exists}
contains the dense subspace L*°. But F), is closed in I by Theorem 8.5, and so it

must be all of 7.

a) Take f € fix(T). Then T|f| = |Tf| = |f|and Tf = Tf = f. Hence
fix(T) NI is a vector sublattice of 7. Since it is obviously closed in 17, it is a
Banach sublattice of L.

b) The equality in (8.6) is immediate from the definition of Py and the measure-
preserving property of ¢ (see (7.1)). For the proof of the remaining part we may
suppose by symmetry and density that g = Prg € L°°. Then Tg = g and hence
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Au(f2)

1 n—1 ‘ 1 n—1 ‘ ‘ 1 n—1 '
SD TR == (Pf)(Tg) =~3 (T'f)g
j=0 Jj=0 J=0

=(Ayf)-g—> (Prf)-g asn — o0o. o

Remark 8.9. We give a probabilistic view on the mean ergodic projection Pr.
Define

T, =fix(p*) :={A € Ix : p*"A=A} = {A € Tx : 1, € fix(T)}.

This is obviously a sub-c-algebra of Xx, called the ¢-invariant o-algebra. We
claim that

fix(7) = L'(X, Xy, ux).

Indeed, since step functions are dense in L!, every f € L!'(X, Xy, 1x) is contained
in fix(7). On the other hand, if f € fix(T), then for every Borel set B € C one has

¢ [feBl=[pelfeBll=[fopeB]l=[T,f €B]=[f€B].

which shows that [ f € B] € X,. Hence, f is X,-measurable. Now, take A € X,
and f := 1, in (8.7) and use (8.6) to obtain

/XlAPTf =/XPT(1A'f) =/X1A'f

This shows that Prf = E(f | X,) is the conditional expectation of f* with respect
to the g-invariant o-algebra X,.

We can now extend the characterization of ergodicity by means of the Koopman
operator obtained in Proposition 7.15.

Theorem 8.10. Let (X; @) be a measure-preserving system, X = (X, X, u), with
associated Koopman operator T := T, on L'(X), andlet 1 < p < oo. The following
statements are equivalent:

(1) (X; @) is ergodic.
(1) dimfix(T) = 1, i.e., 1 is a simple eigenvalue of T.
(iii) dim(fix(T) NL>®) = 1.

(iv) T as an operator on 17(X) is irreducible.

n—1
(v) Prf = lim %ZT’f :/f -1 forevery f € LN(X).
n—00 = X
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(vi) nlir&%g/)((fosﬂ)-g=(/)(f) (/Xg)

forall felf, geld where 117 + é =1.
n—1
1 .
(vii) lim =" (AN @*(B)) = u(A)u(B) forall A Be X.
n—00 n —
j=

n—1

1 .
(viii) lim =" (AN @*(A)) = u(A)* forall A€ X.
n—00 n 4 o
p

Proof. The equivalence of (i)—(iv) has been proved in Proposition 7.15.

(ii) = (v): Let f € L!. Then Prf € fix(T), so Prf = c-1by (ii). Integrating yields
c=Jx [

(v) = (vi) follows by multiplying with g and integrating; (vi) = (vii) follows by
specializing f = 14 and g = 1p, and (vii) = (viii) is proved by specializing A = B.
(viii) = (i): Let A be g-invariant, i.e., 9*(A) = A in the measure algebra. Then

n—1 n—1

1 . 1
=D WANQIA) == p(A) = p(A),
j=0 j=0

and hence (A)?> = w(A) by (viii). Therefore i (A) € {0, 1}, and (i) is proved. O

Remarks 8.11. 1) Note that the convergence in (v) is even in the [/-norm
whenever f € I with | < p < oo. This follows from Theorem 8.8.

2) Assertion (v) is, in probabilistic language, a kind of “weak law of large
numbers”. Namely, fix f € I7(X) and let X; := f o ¢/, j € Ny. Then the
X; are identically distributed random variables on the probability space X
with common expectation E(X;) = fX f =t c. Property (v) just says that

X+ + X
n

—C as n—> oo

in L'-norm. Note that this is slightly stronger than the “classical” weak law
of large numbers that asserts convergence in measure (probability) only (see
Billingsley 1979). We shall come back to this in Section 11.3.

3) Suppose that ;t(A) > 0. Then dividing by p(A) in (vii) yields

n—1

S uld Bl u®) (> o0)

Jj=0

for every B € X, where 4 is the conditional probability given A (cf.
Section 6.2). This shows that in an ergodic system the original measure u
is completely determined by 4.
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4) By a standard density argument one can replace “for all f € L'(X)” in
assertion (v) by “for all f in a dense subset of L'(X)”. The same holds for
f and g in assertion (vi). Similarly, it suffices to take in (vii) sets from a
N-stable generator of X' (Exercise 2).

8.3 Perron’s Theorem and the Ergodicity of Markov Shifts

LetL ={0,...,k—1} andletS = (s;)o<ij<k be a row-stochastic matrix, i.e., S > 0
and S1 = 1, where 1 = (1, 1,...,1)". It was remarked in Example 2.4 that S is a
contraction on the finite-dimensional Banach space E := (C?, ||-|| ). In particular,
it satisfies the hypotheses of Theorem 8.5, whence the limit

n—1

1 )

— Tim o j

Qx.—nlgrolon EOSx
s

exists for every x € F := fix(S) @ ran(I — S). (Note that in finite dimensions all
linear subspaces are closed.) The dimension formula from elementary linear algebra
shows that F' = E, i.e., S is mean ergodic, with Q being the mean ergodic projection.
Clearly O > 0 and Q1 = 1 as well, so the rows of Q are probability vectors.
Moreover, since QS = Q, each row of Q is a left fixed vector of S. Hence, we have
proved the following version of Perron’s theorem, already claimed in Section 5.1 on
page 78.

Theorem 8.12 (Perron). Let S be a row-stochastic k x k-matrix. Then there is at
least one probability (column) vector p such that p'S = p'.

Recall (from Section 2.4, cf. Section 7.3) that a positive matrix S is irreducible
if for every pair of indices (i,j) € Lx L there is an r € Ny such that sj; := [§"]; > 0.
Furthermore, let us call a matrix A = (a;)o<ij<« strictly positive if a; > 0 for all
indices i, j. We have the following characterization.

Lemma 8.13. For a row-stochastic k x k-matrix S the following assertions are
equivalent:

(i) S is irreducible.
(ii) There is m € N such that (1 + S)™ is strictly positive.
(i) Q = lim, o0 1 Z;’;& S is strictly positive.
If (i)-(iii) hold, then fix(S) = C1, there is a unique probability vector p with p'S =
p', and p is strictly positive.

Proof. (i) = (ii): Simply expand (I+5)" = } 7", (’j”)S’ .If S is irreducible, then for
large enough m € N, the resulting matrix must have each entry strictly positive.
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(i1) = (iii): Since QS = Q, it follows that Q(I + S)" = 2"Q. But if (I + S)" is
strictly positive, so is Q(I 4 §)™, since Q has no zero row.

(iii) = (i): If Q is strictly positive, then for large n the Cesaro mean A, [S] must be
strictly positive, and hence S is irreducible.

Suppose that (i)—(iii) hold. We claim that Q has rank 1. If y is a column of Q, then
Qy =y, i.e,, Q is a projection onto its column-space. Let & := min;y; and x :=
y —¢l. Then x > 0 and Ox = x, but since Q is strictly positive and x is positive,
either x = 0 or x is also strictly positive. The latter is impossible by construction
of x, and hence x = 0. This means that all entries of y are equal. Since y was an
arbitrary column of Q, the claim is proved.

It follows that each column of Q is a strictly positive multiple of 1, and so all the
rows of Q are identical. That means, there is a strictly positive p such that 0 = 1p'.
We have seen above that p'S = p’. And if ¢ is any probability vector with ¢'S = ¢,

then ¢' = ¢'Q = ¢'1p' = p'. O

We remark that in general dim fix(S) = 1 does not imply irreducibility of S, see
Exercise 3.

By the lemma, an irreducible row-stochastic matrix S has a unique fixed
probability vector p, which is strictly positive. We are now in the position to
characterize the ergodicity of Markov shifts (see Example 6.21.1).

Theorem 8.14. Let S be a row-stochastic k x k-matrix with fixed probability vector
p. Then p is strictly positive and the Markov shift (#;*, X, u(S, p): ©) is ergodic, if
and only if S is irreducible.

Proof. Letiy,...,ij € Landj,...,j, € L. Then for n € N we have
p({iohx - x iy x L1 x o} x -+ x {jy} x HL)
= DigSigiy + + - Sip—1i; szy'ijo Sjojt + + + Sjr—1jr

as a short calculation using (5.2) and involving the relevant indices reveals. If we
consider the cylinder sets

E:={ig}x - x {iyx [[L.  F:={jo} x---x i} x [ L.
then for n > [
[7" € FINE = {ig} x -+ x {ir} x L' x {jo} x -+ x {jr} x [ [ L.
and hence

w([(t" € FINE) = piySigiy - - - Sir—1iy Sijo. Siajt + + + Sir—1jr-
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By taking Cesaro averages of this expression we conclude that

N—1
NILH;O = § . p([ " € F]1NE) = pigSigiy - - - Si_yiy isjo Sjojt « + + Sjr—1jr+
n=

If § is irreducible, we know from Lemma 8.13 that ¢;;, = pj,, and hence

N—1
Jim —ZM([T € F1NE) = w(E)u(F).

Since cylinder sets form a dense subalgebra of ¥, by Remark 8.11.4 we conclude
that (vii) of Theorem 8.10 holds, i.e., the measure-preserving system is ergodic.

Conversely, suppose that p is strictly positive and the measure-preserving system
is ergodic, and fix i, j € L. Specializing E = {i} x [[L and F = {j} x [] L above,
by Theorem 8.10 we obtain

1 N—1
pipy = E)F) = lim =3 u((e" € F1NE) = pigy.

n=0

Since p; > 0 by assumption, g; = p; > 0. Hence, Q is strictly positive, and this
implies that § is irreducible by Lemma 8.13. O

8.4 Mean Ergodic Operators

As a matter of fact, the concept of mean ergodicity has applications far beyond
Koopman operators coming from measure-preserving systems. In Section 8.1 we
introduced that concept for bounded linear operators on general Banach spaces, and
a short inspection shows that one can study mean ergodicity under more general
hypotheses.

Remark 8.15. The assertions of Lemma 8.2 and Lemma 8.3 remain valid if T is
merely a continuous linear operator on a Hausdorff topological vector space E.
Some of these statements, e.g., the fundamental identity A, — TA, = %(I -7
even hold if £ is merely a convex subset of a Hausdorff topological vector space and
T : E — Eis affine (meaning Tf = Lf + g, withg € Eand L : E — E linear and
continuous).

Accordingly, and in coherence with Definition 8.4, a continuous linear operator
T : E — E on a Hausdorff topological vector space E is called mean ergodic if

Prf := lim — ZT/]’

n—o0o n
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exists for every f € E. Up to now we have seen three instances of mean ergodic
operators:

1) contractions on Hilbert spaces (Theorem 8.6),

2) Koopman operators on [, 1 < p < oo, associated with measure-preserving
systems (Theorem 8.8),

3) row-stochastic matrices on C¢ (Section 8.3).
We shall see more in this and later chapters:
4) power-bounded operators on reflexive spaces (Theorem 8.22),
5) Dunford-Schwartz operators on finite measure spaces (Theorem 8.24),

6) the Koopman operator on C(T) of a rotation on T (see Proposition 10.10)
and the Koopman operator on R[0, 1] of a mod 1 translation on [0, 1) (see
Proposition 10.21),

7) the Koopman operator on C(G) of a rotation on a compact group G
(Corollary 10.12).

In this section we shall give a quite surprising characterization for mean ergodicity
of bounded linear operators on general Banach spaces.

We begin by showing that the hypotheses of Theorem 8.5 are natural. Recall the
notation

n—1
1 .
A, = AL[T] ZZE T  (neN)
j=0

for the Cesaro averages. A bounded operator 7 on a Banach space E is called Cesaro
bounded if sup,cy || An|| < oo.

Lemma 8.16. If E is a Banach space and T € Z(E) is mean ergodic, then T is
Cesaro bounded and %T"f — 0 forevery f € E.

Proof. Aslim,_, ., A, f exists for every f € E and E is a Banach space, it follows
from the uniform boundedness principle (Theorem C.1) that sup, ¢y [|An]| < oo.
From Lemma 8.2.b we have TPy = Py, i.e., I — T)A,f — 0. The identity (I —
T)A, = %I — %T” implies that %T”f — O forevery f € E. O

The next lemma exhibits in a very general fashion the connection between fixed
points of an operator 7 and certain cluster points of the sequence (A, f),en. We
shall need it also in our proof of the Markov—Kakutani fixed point theorem, see
Theorem 10.1 below.

Lemma 8.17. Let C be a convex subset of a Hausdorff topological vector space,
T : C — C be a continuous affine mapping and g € C. Then Tg = g if and only if
thereis f € C and a subsequence (n;)jen such that

() AT%f—0 and (2) ge ({ALf ik}
' keN
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Proof. 1f Tg = g, then (1) and (2) hold for f = g and every subsequence (1;)jen.
Conversely, suppose that (1) and (2) hold for some f* € E and a subsequence (1;)en.
Then

§-Tg=A-Dge{U-DA, [ 1 j=k={(f-TVf) 1 j=k

for every k € N, cf. Remark 8.15. By (1), ni(f —T%f) - 0asj — oo, and
7
since C is a Hausdorff space, 0 is the only cluster point of the convergent sequence
(= (f = T" f))jen. This implies that g — Tg = 0, i.e., Tg = g. O
7

The next auxiliary result is essentially a consequence of Lemma 8.17 and
Theorem C.7.

Proposition 8.18. Let T be a Cesaro bounded operator on some Banach space E
such that %T”h — O foreach h € E. Then for f, g € E the following statements are
equivalent:

(i) A,f — ginthenormof E asn — oo.
(i) Anf — gweakly asn — oo.
(iii) g is a weak cluster point of a subsequence of (A, f )nen.
(iv) g e fix(T) Nconv{T"f : n € Ny}
(v) gefix(T)and f — g e ran(I—T).

Proof. The implication (v) = (i) follows from Theorem 8.5 while the implications
(i) = (ii) = (iii) are trivial. If (iii) holds, then g € fix(7') by Lemma 8.17. Moreover,

g € cloconv{T"f : n € No} =conv{T"f : n € Ny},

where the last equality is due to Theorem C.7. Finally, suppose that (iv) holds and
>, t.T"f is any convex combination of the vectors 7" f . Then

f=2ouT'f =) u(f=T"f)=(A=T)) ntA,f €ran(1=T)

by Lemma 8.2.c. It follows that f — g € ran(I — T'), as was to be proved. O

In order to formulate our main result, we introduce the following terminology.

Definition 8.19. Let E be a Banach space, and let F € E and G C E’ be linear
subspaces. Then G separates the points of F if forany 0 # f € F thereis g €
G such that (f,g) # 0. The property that F separates the points of G is defined
analogously.

Note that by the Hahn—-Banach Theorem C.3, E’ separates the points of E. Our
main result is now a characterization of mean ergodic operators on Banach spaces.
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Theorem 8.20 (Mean Ergodic Operators). Let T be a Cesaro bounded operator
on some Banach space E such that %T" ' — 0 weakly for each f € E. Further, let
D C E be a dense subset of E. Then the following assertions are equivalent:

(i) T is mean ergodic.
(ii) T is weakly mean ergodic, i.e., weak—lim,—, oo A, f exists for each f € E.

(iii) For each f € D the sequence (A, f)nen has a subsequence with a weak
cluster point.

(iv) conv{T/ f : je No} Nfix(T) # @ foreach f € D.
(v) fix(T) separates the points of fix(T").
(vi) E=1ix(T) dran(I — 7).

Proof. The equivalence of (i)—(iv) and (vi) is immediate from Proposition 8.18 and
Theorem 8.5. Suppose that (vi) holds and 0 # f’ € fix(T’). Then there is f € E
such that (£, /') # 0. By (vi) we can write f = g + h with 7 € tan(I — T). Since
T' f' = f’, f’ vanishes on h by Exercise 4, and hence we must have (g, f’) # 0.
Conversely, suppose that (v) holds and consider the space F of vectors where the
Cesaro averages converge. By Theorem 8.5 F = fix(T) @ ran(/ — T) is closed in E.
We employ the Hahn—Banach Theorem C.3 to show that F' is dense in E. Suppose
that f’ € E’ vanishes on F. Then f’ vanishes in particular on ran(I — 7) and this
just means that f” € fix(7") (see Exercise 4). Moreover, f’ vanishes also on fix(T),
which by (v) separates fix(7"). This forces f’ = 0. O

Remarks 8.21. 1) Condition (v) in Theorem 8.20 can also be expressed as
fix(7") N fix(T)*+ = {0}, cf. Exercise 4.

2) Under the assumptions of Theorem 8.20, fix(7”) always separates the points
of fix(T), see Exercise 5.

3) If T € Z(E) is mean ergodic, its adjoint 7" need not be mean ergodic with
respect to the norm topology on E’, see Exercise 7. However, it is mean
ergodic with respect to the weak™* topology on E’, i.e., the Cesaro means
A,[T'] converge pointwise in the weak™*-topology to Pr» = P7. The proof of
this is Exercise 8.

In the following we discuss two classes of examples.

Power-Bounded Operators on Reflexive Spaces

An operator T € Z(E) is called power-bounded if sup,cy ||7"]] < oo. Con-
tractions are obviously power-bounded. Moreover, a power-bounded operator 7 is
Cesaro bounded and satisfies %T" 'f — 0. Hence Theorem 8.20 applies in particular
to power-bounded operators. We arrive at a famous result due to Yosida (1938),
Kakutani (1938) and Lorch (1939).
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Theorem 8.22. Every power-bounded linear operator on a reflexive Banach space
is mean ergodic.

Proof. Let f € E. Then, by power-boundedness of T the set {A, f : n € N} is
norm-bounded. Since E is reflexive, it is even relatively weakly compact, hence the
sequence (A, f )nen has a weak cluster points (Theorem 8.20.) O

Fonf et al. (2001) proved the following converse of the previous theorem: Let E
be a Banach space with Schauder basis. If every power-bounded operator on E is
mean ergodic, then E is reflexive. There exist, however, nonreflexive Banach spaces
in which every contraction is mean ergodic, see Fonf et al. (2010).

Dunford-Schwartz Operators
Let X and Y be measure spaces. A bounded operator
T:L/(X) - L(Y)
is called a Dunford—Schwartz operator or an absolute contraction if

I/l <1/ and TSl < 1/ llee  (f €L NL).

By denseness, a Dunford—Schwartz operator is an L!'-contraction. The following
result states that 7 “interpolates” to a contraction on each [’-space.

Theorem 8.23. Let T : L'(X) — L(Y) be a Dunford—Schwartz operator. Then
171, = 171, forall f eI’ NL!, 1 <p < occ.

Proof. The claim is a direct consequence of the Riesz—Thorin interpolation theorem
(Folland 1999, Thm. 6.27). If T is positive, there is a more elementary proof,
which we give for convenience. For p = 1, co there is nothing to show, so let
1 <p <o0.Take f € I? NL' such that A := [ f # 0] has finite measure. Then,
by Theorem 7.24 and Exercise 7.17 and since 714 < 1, we obtain

TP = T(F 1P < (Tf1P) - (T < (T|f1P) -1 =T|f,

where ¢ € [1, co] with 11) + 611 = 1. Integrating yields |71 () < IT[f1"l, < £}
Finally, a standard density argument completes the proof. O

Using this interpolation we can prove the following result about mean ergodicity.

Theorem 8.24. A Dunford—Schwartz operator T on L}(X) over a finite measure
space X is mean ergodic.
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Proof. By Theorem 8.23, T restricts to a contraction on L2, which is a Hilbert space.
By Theorem 8.6, T is mean ergodic on 12, which means that for f € I? the limit
lim, o0 Ap[T] f exists in |-||,. As the measure is finite, this limit exists in ||-||;.
Since 12 is dense in L', the claim follows. O

By employing Theorem 8.20 we can give a second proof.
Alternative proof of Theorem 8.24. Let B = {f € I : | f|o =< 1}. View
L as the dual of L! and equip it with the o (L°°, L')-topology. By the Banach—
Alaoglu theorem, B is weak*-compact. Since the embedding (L°, o/(L®,L!)) €
(L', o (L', 1)) is (obviously) continuous, B is weakly compact in L. In addition, B
is invariant under the Cesaro averages A, of T, and hence the sequence (A, f)en
has a weak cluster point for each f € B. Thus (iii) from Theorem 8.20 is satisfied
with D :=L* = ., ¢B. O

Example 8.25. The assumption of a finite measure space is crucial in Theo-
rem 8.24. Consider E = L!(R), where R is endowed with the Lebesgue measure,
and T € Z(E) is the shift by 1, i.e., Tf(x) = f(x + 1). Then dim fix(7T) = 0 and
dim fix(T") = o0, so T is not mean ergodic, see also Exercise 7.

8.5 Operations with Mean Ergodic Operators

Let us illustrate how the various conditions in Theorem 8.20 can be used to check
mean ergodicity, and thus allow us to carry out certain constructions for mean
ergodic operators.

Powers of Mean Ergodic Operators

Theorem 8.26. Let E be a Banach space and let S € £ (E) be a power-bounded
mean ergodic operator. Let T be a k" root of S, i.e., T* = S for some k € N. Then T
is also mean ergodic.

Proof. Denote by Ps the mean ergodic projection of S. Define P := (% Z;‘;é T )PS
and observe that P f € conv{T’ f : j € Ny} forall f € E. Since T commutes with
S, it commutes also with Pg. We now obtain

k—1

=
PT=1P = (Z 3T )Ps=P.
=0

since T*Ps = SPs = Pg,and Pf € conv{T/f : j € No} N fix(T) by the above.
So Theorem 8.20(iv) implies that 7" is mean ergodic. It follows also that P is the
corresponding mean ergodic projection. O
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On the other hand, it is possible that no power of a mean ergodic operator is mean
ergodic.

Example 8.27. Take E = c, the space of convergent scalar sequences, and the
multiplication operator

M:c— c, (xn)nEN = (anxn)neN

for some sequence (a,),eny With 1 # a, — 1. Now fix(M) = {0}, whereas
fix(M") contains f’ defined by (f”, (x;)nen) := lim,— o0 x,. By Theorem 8.20(v)
we conclude that M is not mean ergodic.

Consider now a k™ root of unity 1 # b € T and define T} := bM. Then it is easy
to see that fix(7}) = {0}, and hence, again by Theorem 8.20(v), T is mean ergodic.
It follows from Theorem 8.26 that T,f is not mean ergodic. Now one can employ
a direct sum construction to obtain a Banach space E and a mean ergodic operator
T € Z(E) with no power T¥, k > 2, being mean ergodic (Exercise 11).

Convex Combinations of Mean Ergodic Operators

Other examples of “new” mean ergodic operators can be obtained by convex
combinations of mean ergodic operators. Our first lemma, a nice application of the
Krein—Milman theorem, is due to Kakutani.

Theorem 8.28 (Kakutani). Let E be a Banach space. Then the identity operator
1 is an extreme point of the closed unit ball in £ (E).

Proof. Suppose that Iz = %(R+S) with ||S]|, ||R|| < 1. Thenlg = %(R’+S’). Let f/
be an extreme point of the dual unit ball Byy = {f" € E' : | f’|| < 1}. Then [’ =
%(R’f’ + 8" f’), whence R’ f' = S’ f’ = f’. Since Bp is weak*-compact by the
Banach—Alaoglu Theorem C.4 and the operators R’ and S’ are weak™-continuous,
the Krein—-Milman Theorem C.14 yields R" = §' = I». Hence, I = R = S. O

Lemma 8.29. Let R, S be two commuting power-bounded operators, and for t €
0,1)let T :=tR + (1 —1)S. Then fix(T) = fix(R) N fix(S).

Proof. Only the inclusion fix(7) C fix(R) N fix(S) is not obvious. Endow E with an
equivalent norm || f||; := sup{||R"S™ f|| : n, m € Ny}, f € E, and observe that R
and S now become contractive. From the definition of T we obtain

Lixer) = Tlixr) = tRlaxr) + (1 = 0)S|aixcr)

and Rlsr), Slax) € Z(fix(T)), since R and S commute with 7. Lemma 8.28
implies that R|ﬁx(T) = S|ﬁx(T) = Iﬁx(T), ie., fix(T) C fix(R) N fix(S). O
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Now we can prove the main result of this section.

Theorem 8.30. Let Ty, T,,...,T, be commuting power-bounded, mean ergodic
operators. Then every convex combination

T:= iijJw
j=1

with all t; > 0, is mean ergodic. Denoting by P; the mean ergodic projection
corresponding to T;, we have for the mean ergodic projection Pt of T that

Pr=PiPy--Py = lim [TA[S].

Jj=1
where the limit is understood strongly, i.e., pointwise on E.

Proof. 1t suffices to prove the statement for the case of m = 2, the general case can
then be established by induction. Solet S = 71, R = Tp,let 0 < ¢ < 1, and let
T := R+ (1 —1)S. By Lemma 8.29 we have fix(T) = fix(R) N fix(S) and fix(T") =
fix(R")Nfix(S"). By Theorem 8.20(v) it suffices to show that fix(R) Nfix(S) separates
fix(R")Nfix(8"). To this end, take 0 # f’ € fix(R")Nfix(S’). Then thereis f* € fix(R)
with (f, f') # 0. Since S(fix(R)) C fix(R), we have Ps f € fix(R) N fix(S) where
Pg denotes the mean ergodic projection corresponding to S. Consequently, we have
(see also Remark 8.21.3)

(Psf ') =(fPsf') = (f.Ps f')=(f. f) #O0.

We have proved that 7 is mean ergodic. Since R and S commute, their mean
ergodic projections commute with each other and also with 7" and P7. The equalities
Py = PrPs = PsPg follow from this and from the previous considerations. The last
assertion concerning the convergence is the consequence of the joint continuity of
the multiplication for the strong operator topology, see Proposition C.19. O

Supplement: Mean Ergodic Operator Semigroups

In this supplement we discuss a generalization of the mean ergodic theorems for
single operators to sets of operators. For a Banach space E and a subset 7 C Z(E)
we form the (common) fixed space

fix(7) == () fix(T).

TeT

An (operator) semigroup on E is a subset .7 C .Z(E) satisfying
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T T :={8T:8.TeT}CT.

Clearly, for any finite sequence 77, ..., T; of operators one has ﬂ;.i:l fix(T)) <
fix(Ty - - - T;). Therefore in dealing with fixed spaces of operator sets one may pass
to the generated semigroup

{Tl"'Td cdeN, Tl,...,TdEy}

without changing the fixed space. In particular, for a single operator 7' € .Z(E) one
has

fix(T) = fix (LT, 7% T°,...}).
In view of Lemma 8.3, if T is mean ergodic, then the semigroup {I, T, T?,...} is

mean ergodic in the sense of the following definition.

Definition 8.31. A semigroup .7 C .Z(E) of bounded operators on a Banach space
E is called mean ergodic if there is P € Z(E) such that TP = PT = P for each
T € 7 and

Pf econv{Tf : Te€ J} foreach f € E.

In this case, the operator P is called the associated mean ergodic projection.

We note that if .7 is mean ergodic with mean ergodic projection P € .Z(E), then
Pf € fix(.7) (since TP = Pforall T € ) and Pf = f forall f € fix(7).
In particular, P> = P is indeed a projection. Finally, P is uniquely determined: If Q
has the same properties as required for P, then for f € E

Pf =QPf econv{QTf : Te T} =1{0f},

whence P = Q. Therefore, speaking of the associated mean ergodic projection is
justified. The kernel of P is

ker(P) =lin{f —Tf : f €E, Te T}

Indeed, the inclusion “2” holds since PT = P forall T € .7, and the inclusion “C”
holds since

f—Pfef—con{Tf :TeT}y=conv{f—Tf :TeT} foreach f €E.

Before proceeding with the general theory, let us mention a straightforward, but
important, example.

Theorem 8.32 (Contraction Semigroups on Hilbert Spaces). Let .7 be a semi-
group of linear contractions on a Hilbert space H, and let P € Z(H) be the
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orthogonal projection onto fix(7). Then 7 is mean ergodic with mean ergodic
projection P. Furthermore, for each f € H, P f is the unique element ofconV{Tf :
Te 9} with minimal norm.

Proof. Let T € 7. Then TP = P by definition of P, and fix(T) = fix(T*) by
Corollary 8.7. Hence, T*P = P, and taking adjoints yields PT = P.

By Theorem D.2, the closed convex set C := conv{Tf : T € .7} contains a
unique element g with minimal norm. Then, for T € .7, Tg € C and | Tg| < |igl,
whence Tg = g. Thus,g = PgeconviPT f : T€ T} ={Pf},ie,g=Pf. O

The following theorem is a useful characterization of mean ergodicity. We
abbreviate 7 f = {Tf : Te€ T}and ' :={T" : T € T}.
Theorem 8.33. Let 7 C Z(E) be a bounded semigroup of operators on a Banach
space E. Then the following assertions are equivalent:

(i) Foreach f € E the setconv{Tf : T € T} N1ix(F) contains precisely one
element.

(ii) The semigroup 7 is mean ergodic.
(i) Foreach f € E:conv{Tf : T € T} N1ix(.7) # @ and for each f €eE:
conv' {T'f' : Te T}nfix(T') # 0.
In this case, Pf is the unique element in conv{Tf : T € T} N fix(7) for each
f €E.

Proof. (i) = (ii): For each f € E let Pf be the unique element in conv(.7 f) N
fix(7). Then SPf = Pf foreach S € .7, as well as PSf € conv(.7Sf) C
conv(7 f). By uniqueness, PSf = P f. Hence, we have PS = SP = P for all
Se 7.

By hypothesis ¢ := sup{||T|| : T € J} < oco. Then, obviously, [|[Pf|| < c| f]l
foreach f € E.

Finally, we show that P : E — E is linear. It is obvious that P(Af) = AP f for
each A € Cand f € E. In order to show that P is additive, take f, g € E and ¢ > 0.
By hypothesis, there is § € conv(7) with |Pf —Sf|| < ¢ and R € conv(.7) with
||[PSg — RSg|| < e. Therefore, since PSg = Pgand RPf = P f,

[(Pf +Pg) —RS(f + 9l = [RPf —RSf| + ||Pg — RSg||
sclPf=SfI+1Pg—RSgll < (c+ De,

where ¢ > 0 is as above. Since RS € conv(.7) and ¢ > 0 is arbitrary, it follows that
Pf+Pgeconv{T(f+g) : T € 7}Nfix(7). By uniqueness, P f +Pg = P(f+g)
as claimed.

(ii) = (iii): If f € E, then Pf € conv(7 f) N fix(.7) by hypothesis. If ' €

E', then by the Hahn—Banach Separation Theorem C.13, P’ f € conv” (7" f').
Furthermore, P’ f’ € fix(7") since T'"P' = (PT) = P' foreach T € 7.
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(iii) = (i): Let f € E. By (iii) the setconv(.7 f)Nfix(7") is nonempty, so it remains
to show uniqueness. Let u, v € conv(.7 f) N fix(.7"). Consider the set

C={f'eE :|f| <1 (u—vf)=u—v|}

which is convex, weakly*-closed, and nonempty (by the Hahn—Banach theorem).
Moreover, C is invariant under .7 (since u — v € fix(.7)) and hence (iii) implies
that there is f/ € C N fix(J’). It follows that (f, /') = (Tf, f') forall T € 7,
whence

lu—vll = {u—v, f') = {u f)={v. )= (£ f) = (£ )= 0.
This concludes the proof. O

As a consequence of Theorem 8.33 we obtain the following generalization of
Theorem 8.32. Let us call (for the moment) a semigroup .7 C .Z(E) relatively
weakly compact if conv(.7 f) is weakly compact for all f € E. For example,
each norm-bounded semigroup on a reflexive space is relatively weakly compact.
Furthermore, we call a Banach space strictly convex (or rotund) if | f|| = ||g|| = 1
and f # gimply that || f + g|| < 2; cf. Megginson (1998, Sec. 5.1).

Theorem 8.34. Let E be a strictly convex Banach space E which has a strictly
convex dual space. Then each relatively weakly compact contraction semigroup on
E is mean ergodic.

Proof. We only sketch the proof. Let .7 be a relatively weakly compact semigroup
of contractions on E, and let f € E. Then by weak compactness, conv(.7 f)
contains an element g with minimal norm. This element is unique because of the
strict convexity. As in the proof of Theorem 8.32 it follows that g € fix(.7).
Likewise, if /' € E, then by weak* compactness we find g’ € conv” (.77 /) with
minimal norm. Again, the strict convexity of the norm of E’ implies uniqueness,
and as before one concludes that ¢’ must be a fixed point of Z’. Hence, (iii) of
Theorem 8.33 is satisfied, so .7 is mean ergodic. O

Note that the proof yields more information: If P is the mean ergodic projection
associated with 7, then P f is the unique element of conv(.7 f) with minimal
norm.

It follows from Theorem 8.34 that each contraction semigroup on a reflexive
space E such that E and E’ both are strictly convex is mean ergodic. This is a
generalization of a classical result of Alaoglu and Birkhoff (1940) which states that a
contraction semigroup on a Banach space E is mean ergodic if E is uniformly convex
and E’ is strictly convex. (Note that by the Milman—Pettis theorem, uniformly
convex spaces are reflexive (Megginson 1998, Thm. 5.2.15). Moreover, uniformly
convex spaces are strictly convex.)
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We shall recover Theorem 8.34 with a different proof in Chapter 16 when we
study (relatively) weakly compact semigroups in more detail and treat the so-called
Jacobs—de Leeuw—Glicksberg splitting theory (Remark 16.26).

Another class of conditions implying mean ergodicity involves the concept of
amenability of a semigroup with respect to the strong operator topology. We do
not go into details here but note that compact groups and Abelian semigroups are
amenable, see Day (1957) for more information on this notion. The following result
from Nagel (1973, Satz 1.8) is quoted without proof.

Theorem 8.35. A bounded amenable (e.g., Abelian) semigroup 7 on a Banach
space E is mean ergodic if 7 is relatively weakly compact.

Recall again that a bounded semigroup on a reflexive Banach space is always
relatively weakly compact, so bounded amenable semigroups on reflexive Banach
spaces are mean ergodic. This is a direct generalization of Theorem 8.22.

Finally, we quote without proof the following result from Nagel (1973, Thm.
1.7), which is a generalization of Theorem 8.20, condition (v), cf. also Exercise 5.

Theorem 8.36. A bounded semigroup 7 on a Banach space E is mean ergodic if
and only ifconv” (' f') N fix(T') # @ for each ' € E' and fix(T) separates
the points of fix(7").

Final Remarks

Von Neumann’s mean ergodic theorem (von Neumann 1932b) not only marked the
birth of ergodic theory as a mathematical discipline, but became the source of a
continuous and still ongoing flow of newer and deeper “ergodic theorems.” The
history of this development, however, is difficult to reconstruct, as so many people
contributed to it already in the 1930s, e.g., Kakutani (1938), Riesz (1938, 1941),
Yosida (1938), Birkhoff (1939a, 1939b), Yosida and Kakutani (1938), Lorch (1939)
and Wiener (1939). Until 1940 it had been realized that von Neumann’s theorem
could be seen as a special case of more abstract results involving the topological
property of weak compactness and the algebraic properties of a (semi)group of
linear operators. Yosida and Kakutani (1938), for instance, extended von Neumann’s
mean ergodic theorem to, e.g., power-bounded operators on reflexive Banach spaces
by using the weak compactness of the unit ball.

The generalization from the cyclic case towards more general semigroups was
fostered among others by an influential paper of Alaoglu and Birkhoff (1940).
There, the authors showed that any semigroup of contractions on a Banach space
whose unit ball is uniformly convex and has no “sharp edges” is mean ergodic (in
our terminology, cf. Theorem 8.34). They also introduced “‘ergodic semigroups”
(Alaoglu and Birkhoff 1940, Def. 3) and proved convergence of the so-called
nearly invariant integrals under weak compactness assumptions. This concept was
pursued further by Eberlein (1948) and related to weakly almost periodic functions
in Eberlein (1949).
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Along with these attempts to generalize the cyclic case towards more general
semigroups there developed a common conception of a “(mean) ergodic theorem’:
a statement of convergence of some nets of averages of a (semi)group of linear
operators on a topological linear space to a projection onto the common fixed
space. This conception relied heavily on the notion of “averages” (means) that
were to replace the Cesaro averages from the case of a single operator. Abstractly,
one could work with so-called ergodic nets (Krengel 1985, p. 75). Concretely, the
“nearly invariant integrals” of Alaoglu and Birkhoff developed into the theory
of “amenable” (semi)groups (see Day (1957) or Paterson (1988)) and the related
notion of “Fglner sequences” (nets), introduced in Fglner (1955).

It turned out that amenability of a semigroup is essentially characterizable by
fixed point properties, see Day (1973, Ch. V.2). Departing from this insight, Nagel
(1973) proposed a revision of the classical concept of a mean ergodic theorem. He
defined a semigroup .¥ of operators to be “mean ergodic” if the semigroup conv(.¥)
contains a “zero element” (Definition 8.31). In this view, a “mean ergodic theorem”
is not a statement about the convergence of a more or less explicitly defined net
of means, but about the semigroup itself. Mean ergodicity, he proposed, should
be viewed as a purely semigroup theoretic property. As a consequence, conditions
characterizing mean ergodicity in terms of the existence and uniqueness of fixed
points (see Theorems 8.33 and 8.36) revealed their structural essence.

Of course, this is only a very short (and admittedly partial) description. An
exhaustive exposition of the whole development of mean ergodic theorems, let alone
their applications, is out of (our) reach. However, in order to give the reader at least
an impression about the range of related topics, we shall highlight a few.

So far, our sketch concerned mainly mean ergodic theorems involving the strong
operator topology of a Banach space. Besides this, other locally convex topologies
have been considered, for instance the operator norm topology (already in Yosida
and Kakutani (1939) under the name “uniform” mean ergodicity) or certain weak
topologies, see Gerlach and Kunze (2014) and the references therein.

Convergence rates in mean ergodic theorems had been briefly discussed in the
1970s. Recently, in connection with applications to central limit theorems and laws
of large numbers, results about convergence rates in the classical (single-operator on
a Banach space) mean ergodic theorem have been obtained in Gomilko et al. (2011)
and Gomilko et al. (2012). See the bibliography there for other papers studying
convergence rates.

As an example of an application of mean ergodic theorems we mention the
results on periodic decomposition of functions obtained in Laczkovich and Révész
(1989, 1990), Farkas and Révész (2014), and Farkas (2014).

A collection of rather recent variations of von Neumann’s original ergodic
theorem can be found in Chapter 21 below.
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Exercises

1 (Strong Convergence Lemma). Let E, F be Banach spaces and let (7},),en be
a sequence in .Z(E; F). Suppose that there is M > 0 such that ||T,|| < M for all
n € N. Show that

G:= {f €eE: limT,f exists}
n—>oo
is a closed subspace of E, and
T:G—F, Tf := lim T, f
n—>oQ

is a bounded linear operator with || 7| < liminf,—cc ||7}]|-

2. Let (X;¢) be a measure-preserving system, X = (X, X, u) with £ a N-stable
generator of X'. Suppose that

n—1

1 .
Jim 2D weUANA) = p@)?
j=0

forall A € €. Show that (X; ¢) is ergodic. (Hint: Use Lemma B.15.)

10
S —
(i0)
is not irreducible, but fix(S) is one-dimensional. Show that there is a unique

probability vector p such that p'S = p’. Then show that the Markov shift associated
with S is ergodic.

4. Let E be a Banach space. For F C E and G C E’ we define

3. Show that the matrix

Fr:={f'eE :(ff)=0forall feF} and G' :=G"NE.
(Here E is canonically identified with a subspace of E”.) For T € £ (E) show that
fix(T') = ran(I—T)* and fix(T) = ranI—T7")".

5. Let T be a Cesaro bounded linear operator on a Banach space E, and suppose
that %T” 'f — 0asn — oo forevery f € E. Show that fix(7") always separates the
points of fix(T). (Hint: Take 0 # f € fix(7T) and consider the set K := {f’ € E' :
LA < 1, {f, /"y = |If|}. Then K is nonempty by the Hahn—Banach theorem,
o(E', E)-closed and norm-bounded. Then use Lemma 8.17 to show that fix(7") N

K#0)
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6. Prove that for k > 2 the Koopman operator T of the shift (V/+; 7) is not mean
ergodic on C(%*’).

7 (Shift Operators). For a scalar sequence x = (x,),en, the left shift L and the
right shift R are defined by

L(xp,x1,...) = (x1,x2,...) and R(xp,x,...):=(0,x0,x1,%2,...).

Clearly, a fixed vector of L must be constant, while 0 is the only fixed vector of R.
Prove the following assertions:

a) The left and the right shift is mean ergodic on each E = {F, 1 < p < o0.
b) The left shift on E = (' is mean ergodic, while the right shift is not.

c) The left and the right shift is mean ergodic on E = cy, the space of null
sequences.

d) The left shift is while the right shift is not mean ergodic on E = c, the space
of convergent sequences.

e) Neither the left nor the right shift is mean ergodic on E = £°°.

8. Let T be a mean ergodic operator on a Banach space E with associated mean
ergodic projection P : E — fix(T). Show that A/ — P’ in the weak*-topology and
that P’ is a projection with ran(P’") = fix(7").

9. Let X be a finite measure space and let T be a positive operator on L!(X). We
identify 1°°(X) with L!'(X)’, the dual space of L!(X). Show that T is a Dunford—
Schwartz operator if and only if 771 < 1and 71 < 1.

10. Show that the following operators are not mean ergodic:

a) E = C[0,1] and (Tf)(x) = f(x?), x € [0,1]. (Hint: Determine fix(T) and
fix(T"), cf. Chapter 3.)

b) E = CJ[0,1] and (Tf)(x) = xf(x), x € [0, 1]. (Hint: Look at A, 1, n € N.)
11. Work out the details of Example 8.27.

12. Prove that the left shift L defined by L(x,),ez := (X,+1)nez is mean ergodic on
the space ap(7Z) of almost periodic sequences (see Example 4.24.6).






Chapter 9
Mixing Dynamical Systems

Verschiedene Weine zu mischen mag falsch sein, aber alte und neue Weisheit mischen sich
ausgezeichnet.!
Bertolt Brecht?

In the present chapter we consider two mathematical formalizations of the intuitive
concept that iterating the dynamics ¢ provides a “thorough mixing” of the space
(X, X, n). Whereas the main theme of the previous chapter, the mean ergodicity
of the associated Koopman operator, involved the norm topology, now the weak
topology of the associated L-spaces becomes important.

The dual space E’ of a Banach space E and the associated weak topology on a
Banach space E have already been touched upon briefly in Section 8.4. For general
background about these notions see Appendix C.4 and C.6. In particular, keep in
mind that we write (x, x’) for the action of ' € E' on x € E.

In the case £ = I17(X) for some probability space X = (X, X, u) and p €
[1,00), a standard result from functional analysis states that the dual space E’ can
be identified with L?(X) via the canonical duality

(f.g) :=/ng Z/ngdu (f € I2(X). g € LY(X)).

see, e.g., Rudin (1987, Thm. 6.16). Here ¢ € (1,00] denotes the conjugate
exponent to p, i.e., it satisfies 117 + 611 = 1. (We use this as a standing terminology.
Also, if the measure space is understood, we often write I, L? in order to increase
readability.)

Tt may be mistaken to mix different wines, but old and new wisdom mix very well.

2Der Kaukasische Kreidekreis, Szene 1; Edition Suhrkamp - Translation from: The Caucasian
Chalk Circle, translated by Stefan S. Brecht, James Stern, Heinemann 1996.
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162 9 Mixing Dynamical Systems

In the symbolism of the [7-1¢-duality, the integral of f € L'(X) reads

/Xf=/xfdu=<ﬁ1>=<1,f>.

In particular, £t (A) = (14,1) = (1,1,4) forA € X'. The connection with the standard
inner product on the Hilbert space I*(X) is

(f|g>=/xf§=<f,§> (f g e12).

After these preliminaries we can now go medias in res.

9.1 Strong Mixing

Following Halmos (1956, p. 36) let us consider a measure-preserving system (X; ¢),
X = (X, X, ), that models the action of a particular way of stirring the contents of
a glass (of total volume p(X) = 1) filled with two different liquids, say wine and
water. If A C X is the region originally occupied by the wine and B is any other part
of the glass, then, after n repetitions of the stirring operation, the relative amount of
wine in B is

_ H@™BNA)
“B) =)

For a thorough “mixing” of the two liquids, one would require that eventually the
wine is “equally distributed” within the glass. More precisely, for large n € N the
relative amount a,,(B) of wine in B should be close to the relative amount p(A) of
wine in the whole glass. These considerations lead to the following mathematical
concept.

Definition 9.1. A measure-preserving system (X;¢), X = (X, X, ), is called
strongly mixing (or, simply, mixing) if for every A, B € X one has

w(@*™ANB) — w(A)u(B) asn — oo.

Example 9.2 (Bernoulli Shifts). It was shown in Proposition 6.20 that a Bernoulli
shift B(po, ..., pk—1) is strongly mixing. The same is true for general Bernoulli
shifts, see Exercise 16, and Example 4 in Section 18.4 below.

Each mixing system is ergodic. Indeed, as we saw in Theorem 8.10, the measure-
preserving system (X; ¢) is ergodic if and only if
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n—1

1 .

- E W@ BNA) — nw(A)u(B) forallA, Be X.
n

J=0

Since ordinary convergence of a sequence (a,),en implies the convergence of the
arithmetic averages %(an 4+ --- 4 a,) to the same limit, ergodicity is a consequence
of mixing.

However, mere ergodicity of the system is not strong enough to guarantee
mixing. To stay in the picture from above, ergodicity means that we have a,(B) —
L(A) only on the average, but it may well happen that again and again a,(B) is quite
far away from p(A). For example, if B = A€, then we may find arbitrarily large n
with a,(B) close to 0, which means that for these n the largest part of the wine is
situated again in A, the region where it was located in the beginning.

Example 9.3 (Nonmixing Markov Shifts). Consider the Markov shift associated
with the transition matrix
p— 01
10

on two points. The Markov measure & on 7/; puts equal weight of % on the two
points

x;:=(0,1,0,1,...) and x:=(1,0,1,0,...)

and the system oscillates between those two under the shift 7, so this system is
ergodic (cf. also Section 8.3). On the other hand, if A = {x,}, then u(¢**A N A) is
either O or %, depending whether 7 is odd or even. Hence, this Markov shift is not
strongly mixing. We shall characterize mixing Markov shifts in Proposition 9.10
below.

Let us introduce the projection

191: LX) - L'(X), fr—>(f,1)'1:(/f)'1

X

onto the one-dimensional space of constant functions. Then, by Theorem 8.10,
ergodicity of a measure-preserving system (X; ¢) is characterized by Pr = 1 ® 1,
where Pr is the mean ergodic projection associated with the Koopman operator
T = T, on L' (X). In other words

Pr=lim A7l =1®1
n—o00

in the strong (equivalently, in the weak) operator topology. In an analogous fashion
one can characterize strongly mixing measure-preserving systems.
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Theorem 9.4. For a measure-preserving system (X; ), X = (X, X, n), its asso-
ciated Koopman operator T := T,, and p € [1,00) the following assertions are
equivalent:

(1) (X; @) is strongly mixing.
(i) p(e*"ANA) — w(A)? foreveryA e X.
(iii)) 7" — 1® 1 asn — oo in the weak operator topology on £ (I (X)), i.e.,

[ e =t~ n-wa=([ r)-([e)
forall f € I7(X), g € LIU(X).

Proof. The implications (i) = (ii) and (iii) = (i) are trivial, so suppose that (ii)
holds. Fix A € X and k, | € Ny, and let [ := T*1,, g = T'1,. Then forn > [ —k
we have

(T"f.g) = (T 14, T'14) = (T"T14, 14) = p(e* DA N A).
By (ii) it follows that
lim (T"f.g) = 1(A)? = (T 1) (1. T'14) = (£.1) - (L. g).

Let E4 = lin{1,T*1, : k > 0} in [?(X). Then by the power-boundedness of T an
approximation argument yields the convergence

(T"f.8) = (£.1) - (L.g) (CRY)

forall f, g € E4. Butif g € Ei, then, since Ey is T-invariant, (T"f, g) = 0 = (1,g)
for f € Ej4. Therefore (9.1) holds true for all f € E4 and g € 12(X). If we take
f = 14 and g = 15 we arrive at (i). Moreover, another approximation argument
yields (9.1) for arbitrary f € [7(X) and g € L4(X), i.e., (iii). O

Remark 9.5. In the situation of Theorem 9.4 let D C I” and F C L1 such
that lin(D) is norm-dense in I and lin(F) is norm-dense in 7. Then by standard
approximation arguments we can add to Theorem 9.4 the additional equivalent
statement:

(iii’) lim/(T"f)~g: (/f)(/g) forevery f €D, g€F.
n—>oo X X X
Based on (iii’), one can add another equivalent statement:
(i) lim u(p™ANB) = u(A)u(B) forallAe D,BeTF,
n—>oo
where D, F are given N-stable generators of X' (use Lemma B.15).

Let T be a power-bounded operator on a Banach space E. A vector f € E is
called weakly stable with respect to T if T7"f — 0 weakly. It is easy to see that the
set of weakly stable vectors
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Ew(T) :=={f €E : T"f — 0 weakly}

is a closed T-invariant subspace of E, and that fix(7)) N Eys(T) = {0}.

Theorem 9.6. For a measure-preserving system (X; @) with Koopman operator
T:=T,onE =1/(X), 1 <p < oo, the following assertions are equivalent:

(1) (X;¢) is strongly mixing.
(iv) Forall f € Ewith [y f = 0one has T"f — 0 weakly.

v) fix(T) = lin{1} and T"' — T" — 0 in the weak operator topology.
(vi) E =lin{l} @ Ews(T).

Proof. (i) < (iv) and (i) = (v) are clear from (iii) of Theorem 9.4.

(v) = (vi): By mean ergodicity of 7, we have E = fix(T) & ran(I — 7). By (v),
fix(T) = lin{1} and ran(I — T) C Ew(T). Since E(T) is closed, (iv) follows.

(vi)= (i): Write f € Eas f = cl 4 gwith g € Ey(T). Then T"f =1+ T"g —
c1 weakly. Hence ( f,1) = (T"f, 1) — c, and this is (i) by (iii) of Theorem 9.4. O

Products and Iterates

For a measure-preserving system (X; ¢) and a fixed natural number k € N, ¥ =
@ ogo---0@ (k-times) is measure-preserving, too. We thus obtain a new measure-
preserving system (X; ¢*), called the k" iterate of the original system. The next
result shows that the class of (strongly) mixing systems is stable under forming
iterates. In fact, we can prolong our list of characterizations once more.

Proposition 9.7. For a measure-preserving system (X; ¢) and k € N the following
assertions are equivalent:
(1) The measure-preserving system (X; @) is strongly mixing.
(vil) Its k" iterate (X; *) is strongly mixing.
Proof. By (iv) of Theorem 9.6 it suffices to show that Ey(7T) = EWS(T"). The
inclusion “C” is trivial. For the inclusion “2” take f € EWS(T/‘). Then for each

0 <j < k the sequence (7" %/ f),en tends to O weakly, hence T"f — 0 weakly as
well. O

Mixing can be equivalently described also by means of product systems. Recall
from Section 5.1 that given two measure-preserving systems (X; ¢) and (Y; ¥) their
product is

X®Y;¢oxy¥), where XQY:=(XxY,Xx® Xy, ux ® y)

and (¢ x¥)(x,y) := (¢p(x), ¥ (y)). Itis sometimes convenient to write simply X® Y
to refer to that system.
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For functions f on X and g € Y the function f ® g on the product is defined by

(f®y) = fgly) (xeX, yel),

see Appendix B.6. Standard measure theory yields that for I < p < oo the linear
span of

f®g: fellX), gel(Y)]

is dense in I(X ® Y), see Corollary B.18. Since we have the product measure on
the product space, the canonical I7-17-duality satisfies

(f ®gu®v)=(fu)-(gv)

for I7-functions f, g and Lf-functions u, v (where ¢ is, of course, the conjugate
exponent to p).

Let T and S denote the Koopman operators associated with ¢ and v, respectively.
The Koopman operator associated with ¢ x i is denoted by T ® S since it satisfies

TRHNf®=Tf®Sg (fellX).gelX(Y)).

(By density, T ® S is uniquely determined by these identities.) After these prelim-
inary remarks we can state and prove the announced additional characterization of
mixing.
Proposition 9.8. For a measure-preserving system (X; @) the following assertions
are equivalent:

(1) (X;¢) is strongly mixing.

(i) (X®Y;@xV) is strongly mixing for any strongly mixing measure-preserving
system (Y; V).

(1)) (X ® X; @ x @) is strongly mixing.
iv) X ® Y;¢ x V) is strongly mixing for some measure-preserving system

(Y; ).

Proof. For the implication (i) = (ii) suppose that (X; ¢) and (Y; ¥) are mixing and
let as above T and S be the respective Koopman operators. Then for f,u € 12(X)
and g,v € I2(Y),

(T®S)'(f ®g).u®v) = (T"fou) - (8"g.v) — (£:1) (Lu) (5.1) (L. v)
=(f®g181)(181Lus)

as n — 00, by hypothesis. So (ii) follows by approximation (Remark 9.5).
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The implication (iii) = (iv) is trivial, and the implication (iv) = (i) follows from
the identity

(T"f.8) =((T®9"(f®1).g®1)

for functions f, g € 1?(X), where as above T and S are the Koopman operators of
(X; ) and (Y; ¥), respectively.

Finally, suppose that (ii) holds. Since the trivial system is certainly mixing, (iv)
is satisfied and hence (i), by what we already have shown. But this together with (ii)
implies (iii). O

Here is a nice application of the previous result.

Example 9.9 (Card Shuffling). Suppose we are given a deck of d cards which
is to be shuffled fairly, i.e., such that after sufficiently many shuffling steps each
permutation occurs with nearly the same probability ~ %. One of the standard
ways to achieve this is riffle shuffling: The deck is divided into a lower and an upper
part and then these parts are riffled together randomly.

One corresponding mathematical model, called the Gilbert—-Shannon-Reeds
model, can be described as follows. We consider the unit interval [0, 1) in which
we take d random points xj,...,x; independently with uniform distribution and
label them according to the natural ordering x; < x, < .-+ < x4. These points
will represent the d cards in the deck, and their labeling means that initially the
cards are not shuffled at all. (Note that the event that some components coincide
has zero probability.) The points in the interval [0, %) correspond to the lower
part of the deck, while the points in the interval [%, 1) to the upper part. Riffling
together then means that we apply the doubling map ¢ to these points (Example 5.1).
This will (almost surely) yield a permutation 7 of the d cards. The corresponding
probability distribution on the group S, of all permutations can be described as
follows. Consider (X; ¥) the d-fold product of the doubling map with itself, that is
X = ([0,1)4,A9) and ¥ = ¢ x --- x ¢. For each permutation = € S; we define a
simplex

C, = {x (S [0, l)d DXy <Xp) <00 < x,,(d)}.
Then A4(C,) = % for each 7, and the probability of the permutation 7 is

_ Ad(w_l(cﬂ) N Cl)

pr =ty =T o n ).

To describe the independent shuffling steps, take a sequence of independent
random variables Xi, X, ..., with values in S; and with the previously described
distribution, i.e., P[ X, = | = p,. Consider the sequence

Y, =X Xp--- X, €8,.
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We claim that the probability of a permutation  after n shuffling steps is
PL:=P[Y, =] =d(y " (C:) N CY).

We argue by induction on 7. The case n = 1 is just the definition of the distribution.
Suppose the identity above is proved for some n. By independence and by the
induction hypothesis we conclude

P =3"P[Y, =rand X, =7 "7 ]

TESy

=d! Y A(Y(C)NC) A (YTHC-) N C).

TESy

Since coordinate permutations commute with the action of v, we obtain

P =dl Y Ay n G- A (T C NG,

TESy

Whence, by Exercise 3, we obtain
Pl = and(y= "t () N Gy,

and the induction proof is complete.

We shall prove in Example 12.4 that the doubling map is isomorphic to the
Bernoulli shift. Since by Proposition 6.20 the Bernoulli shift is strongly mixing,
so is the doubling map, hence also its d" power, by Proposition 9.8. It follows that

1 1
P! — d!-A(Cy) - AU(Cy) = d! - @E=a (n — 00).

(Of course, it is immaterial that we started with a nonshuffled deck, the same
convergence holds if the deck is shuffled according to some permutation o.)
Therefore this shuffling procedure turns out to be fair. How many steps, however,
one needs to achieve a fairly evenly shuffled deck, is an intriguing question, and we
refer to Bayer and Diaconis (1992) for a detailed analysis of the model. (It turns out
that 7 shuffling steps provide a sufficiently good result for a deck of d = 52 cards.)

Mixing of Markov Shifts

Let (W+, X, (S, p); t) be the Markov shifton L := {0, ...,k — 1} associated with
arow-stochastic matrix § = (s;7)o<i, j<x and a fixed probability vector p = (p;)o<j<«-
Since ergodicity is necessary for strong mixing, we suppose in addition that S is
irreducible (see Theorem 8.14). As in Section 8.3 we introduce
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n—1
1 )
— i _ Vi
Q:= lim - ‘EO s
j=

Then Q is strictly positive and each row of Q is equal to p.

Proposition 9.10. In the situation described above, the following assertions are
equivalent:

(1) The Markov shift (7/;, X, (S, p): t) is strongly mixing.
(i) §" —> Qasn — <.
(iii) There is n € N such that S" is strictly positive.
@iv) o(S)NT = {1}.

Proof. Since Q is strictly positive, (ii) implies (iii). That (iv) implies (ii) can be seen
by using the ergodic decomposition C¥ = fix(S) @ran(I—S) and by noting that S has
spectral radius strictly less than 1 when restricted to the second direct summand. For
the implication (iii) = (iv) we may suppose without loss of generality that § itself
is strictly positive. Indeed, suppose we know that 6(A) N'T = {1} for every strictly
positive row-stochastic matrix A. Now, if we take A = ", we obtain

o(S)'NT=0(")NT = {1}

for all large n € N. (We used here that S is strictly positive for every m > my if ™
is strictly positive.) This implies that eventually A" = A"*! = 1 for every peripheral
eigenvalue A of S, hence (iv) holds.

So suppose that A is a strictly positive row-stochastic matrix. Then there is ¢ €
(0, 1) and a row-stochastic matrix 7 such that A = (1 —&)T + ¢E, where E = %1 -1
is the matrix having each entry equal to % Since row-stochastic matrices act on row
vectors as contractions for the 1-norm, we have

|¥A—=yAl; =0 —e) |x=nT[, =1 —e)llx—yl,
for all probability vectors x, y € CF. Banach’s fixed-point theorem yields that
lim,— o X'A™ must exist for every probability vector x € C¥, hence for every x € C.
Therefore 1 is the only peripheral eigenvalue of A. This was the missing piece of the

puzzle above.
Suppose now that (ii) holds and let

E:{io}x---x{il}xl_[L, F:{jo}x---x{jr}xl—[L
for certain i, ..., i1, jo,...,jr € L:={0,...,k— 1}. Asin Section 8.3,

—I
M([Tn € F] n E) = PioSiiy - - - Sip—1i [Sn ]iljosjojl s S
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for n > [. By (ii) this converges to

PioSioiy « - - Si—1itPjoSjojr + -+ Sjr—1jr = /"L(F)/"L(E)'

Since sets E, F as above generate X, (i) follows. Conversely, if (i) holds, then by
taking r = [ = 0 in the above we obtain

PiolS"ligjo = n([t" € F1 N E) — p(E)Yu(F) = pigpjy-
Since p is strictly positive, (ii) follows. O

If the matrix S satisfies the equivalent statements of the foregoing proposition,
it is called primitive. Another term often used is aperiodic; this is due to the fact
that a row-stochastic matrix is primitive if and only if the greatest common divisor
of the lengths of cycles in the associated transition graph over L is equal to 1 (see
Billingsley (1979, p. 106) for more information).

The Blum-Hanson Theorem

Let us return to the more theoretical aspects. The following striking result was
proved by Blum and Hanson (1960).

Theorem 9.11 (Blum-Hanson). Let (X; @) be a measure-preserving system with
Koopman operator T = T,, and let 1 < p < oc. Then (X; ¢) is strongly mixing
if and only if for every subsequence (n)ren of N and every f € 17(X) the strong
convergence

. ln—l y _ '
Jm o2 T ([r)

holds.

The equivalence stated in this theorem is rather elementary if strong convergence
is replaced by weak convergence. Namely, it follows from the fact that a sequence
(an)nen in C is convergent if and only if each of its subsequences is Cesaro
convergent (cf. Exercise 1 and the proof given below).

As a matter of fact, Theorem 9.11 is of purely operator theoretic content.
In Jones and Kuftinec (1971) and Akcoglu and Sucheston (1972) the following
generalization was proved. (See Appendix C.8 for the definition of the involved
operator topologies.)

Theorem 9.12. Let T be a contraction on a Hilbert space H and denote by P
the corresponding mean ergodic projection. Then the following assertions are
equivalent:
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(i) T" — P in the weak operator topology.
n—1
(i) - Z T — P in the strong operator topology for every subsequence (n;)jen
n
j=0
of N.

Proof. We shall prove a bit more, namely, that the weak convergence of (7"f),en
is equivalent to the strong Cesaro convergence of each its subsequences. Note that
if (T"f)nen converges weakly, then the limit must be P f.

First, suppose that (7"f),en is not weakly convergent. Then there is g € H
such that the sequence ((7"f | g))sen does not converge. But then, by Exercise 1,
((T"f | ))nen has a subsequence which is Cesaro divergent, and that contradicts
(ii).

For the converse, suppose that (7"f),en converges weakly. Then its limitis P f,
and by passing to f — P f, we may suppose that 7"f — P f = 0 weakly. Since T
is a contraction, | 7"f || — infien || T* f H > 0 as n — o0, and by rescaling we may
suppose that this infimum is equal to 1.

Let ¢ > 0 be given, and let my € N be such that |7 f||* < 1 + & for each
m > my. By assumption, there is ko € N with [(T¥T™0 £ |T™0 f)| < ¢ for all k > k.
Hence, form > mg and n — m > k

2Re(T"f | T"f) = |T"f +T"f I = IT"f|* = IT" fII?
<[rr( s+ T )P -2 s g s
= |7 I + | T £ 4 2Re (T f | T £) <2
Sl+e+1l+e42Re(T™f [T f) =2 < 4e. 9.2)

Take an arbitrary subsequence (1)jeny of N. We then have

HZWH <T"f IT”’f)—ZIIT"’fII ST Re(r )

ij=0
i<j

n—1
<n|fIP+2) Re(T"f|T"[)

i,j=0
i<mg,i<j

n—1 n—1
+2) Re(TYf|T"f)+2 > Re(T"f|T"[)
izm()l:lji.<=jgk()+i izm(il{.j:z(:'-‘rk()

n—1

<nllf 1P+ 2mon|lf|? + 2nko = D[ SI*+ D 2Re(TV £ [T" ).

ij=0
i=mg, j—i=ko
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Since n; > i > mg and n; — n; > j —i > ko in the last summand, by (9.2),

?_ 2 2 2, 2
<n|lfI"+2mon| fII” + 2nko — 1) | f||I” + n“4e.

n—1
H Z "
j=0
Hence, we obtain
1 n—1 5
Dy
n
j=0
if n € N is sufficiently large. As ¢ > 0 was arbitrary, (ii) follows. O

Miiller and Tomilov (2007) have shown that the statement may fail for power-
bounded operators on Hilbert spaces. The previous results fall into the category
of so-called subsequential ergodic theorems to be discussed in more detail in
Section 21.4.

Strong mixing is generally considered to be a “difficult” property. For instance,
Katok and Hasselblatt (1995, p. 748) write:

... It [strong mixing] is, however, one of those notions, that is easy and natural to define
but very difficult to study. ..”

One reason may be that the characterizations of mixing from above require
knowledge about all the powers 7" of 7, and hence are usually not easy to verify.
Another reason is that up to now no simple, purely spectral characterization of
strong mixing is known (cf. Section 18.4). This is in contrast with ergodicity, which
is characterized by the condition that 1 is a simple eigenvalue of 7.

In the rest of the present chapter, we shall deal with a related mixing concept,
which proves to be much more well-behaved, so-called weak mixing.

9.2 Weak Mixing

Let us begin with some terminological remarks. Any strictly increasing sequence
(Ju)nen of natural numbers defines an infinite subset J = {j, : n € N} of N.
Conversely, any infinite subset J € N can be written in this way, where the sequence
(Ju)nen is uniquely determined and called the enumeration of A. As a consequence
we often do not distinguish between the set J and its enumeration sequence (j,),en
and simply call it a subsequence of N. If / C N is a subsequence and (x,),en 1S a
sequence in some topological space E and x € E, then we say that x, — x along J
if lim,, 00 Xj, = x, where (j,)sen is the enumeration of J. We write

lim x,=x or X, —>x asneJ,n— o0 or limx, = x
neJ,n—>o00 neJ

to denote that x,, — x along J.
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For any subset J C Ny we define its (asymptotic) density by

() = lim card(J N [1, n])
n—00 n

provided this limit exists. The density yields a measure of “largeness” of a set of
natural numbers. (See Exercises 4 and 5 for some properties.) Subsequences of
density 1 are particularly important. If (x,),en is sequence in a topological space
E and x € E, we say that x, — x in density, written

D-limx, = x,
n

if there is a subsequence J C N with density d(J) = 1 such that lim,¢; x,, = x.
With this terminology at hand we can introduce the weaker type of mixing that
was announced above.

Definition 9.13. A measure-preserving system (X; ¢) is called weakly mixing if

D;lim w(@*"ANB) = w(A)u(B) forevery A, B € X. (9.3)
n—o0

Obviously, a strongly mixing system is weakly mixing, and every weakly mixing
system is ergodic (specialize A = B in (9.3) with A being g¢-invariant). It turns out
that no nontrivial group rotation system is weakly mixing, so ergodic group rotations
provide examples of ergodic systems that are not weakly mixing, see Example 9.22.

Remark 9.14. Weakly but not strongly mixing systems are much harder to con-
struct. In fact, this had been an open problem for some while until finally Chacon
(1969b) succeeded by using his so-called stacking method, see also Chacon (1967,
1969a) and Petersen (1989, Sec. 4.5).

Curiously enough, the mere existence of such systems had been established
much earlier, based on Baire category arguments: Consider a nonatomic standard
Lebesgue probability space X (see Appendix F). Then H := 1?(X) is separable
(since Xx is countably generated) and hence by Proposition D.20 the space Iso(H)
of isometries is separable and completely metrizable, i.e., a Polish space, for the
strong operator topology. This induces a Polish topology on the space G of all
measure-preserving transformations on X. Halmos (1944) showed that the set of
weakly mixing transformations is residual in G (i.e., its complement is of first
category). Four years later, Rokhlin (1948) proved that the set of all strongly mixing
transformations is of first category in G. In the proofs one of the key ingredients is
the Kakutani—Rokhlin lemma, see Corollary 6.25. Thus, in this sense, the generic
measure-preserving system is weakly but not strongly mixing, see Nadkarni (1998a,
Ch. 8) for more details.

A large part of the theory of weakly mixing systems can be reduced to pure
operator theory.
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Theorem 9.15. Let T be a power-bounded operator T on a Banach space E, let
x € E, and let M C E' such that lin(M) is norm-dense in E'. Then the following
assertions are equivalent:

(1) D-lim(T"x, x’) =0forallx € M.
n—o00

(i) D-lim(7"x,x') =0 forall X' € E'.
n—o0

(iii) 1_i>m Z ‘ T’x x = 0 for all X' € M and some/each p € |1, c0).

n—1
1 .
(iv) lim - Z |(T/x, x’)|p =0 forall X € E' and some/eachp € [1,00).
n—oo n —
=
The proof of Theorem 9.15 rests on the following general fact, first observed by
Koopman and von Neumann (1932).

Lemma 9.16 (Koopman—-von Neumann). For a bounded sequence (x,)npen in
some Banach space E, x € E and p € (1,00) the following assertions are
equivalent:

() lim ~ Z||x/—x|| =0.

(i) lim - Z |l — x||IP = 0.

n—>oo n

(iii) D-hmxn = x.
n—>oo

In the case that X = H is a Hilbert space, assertions (1)—(iii) are equivalent to
1 n
iv) — X; — x weakl and x> = x|
(iv) ; y Zu,u B

Proof. For the proof of the equivalence of (i)—(iii) we may suppose that x = 0 and,
by passing to the norm of the elements, that E = Rand 0 < x, € Rforalln € N.

(i) = (ii): Since the sequence (x,),en is bounded, we have x! < Mx, for some
constant M > 0. Hence, (i) implies (ii). On the other hand, by Hoélder’s inequality
(with 5 + 5 =1)

Hence, (ii) implies (i).

()= (ii): Let Ly :={neN : x, > %} ThenL; C L, C ..., and d(L;) = 0 since
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card(L; N [1,n]) Z;l=1 kx; 1 Zn
n - n K

as n — oQ.

Therefore, we can choose integers 1 < n; < np < ... such that

card(Ly N [1,n]) - 1
n k

(n > ).

Now we define

L= U(Lk n [nk,oo))

k>1

and claim that d(L) = 0. Indeed, let m € N such that ny < m < ngyi. Then
LN [l,m] € LN [1,m] (because the sets L, increase with k) and so

card(L N [1,m]) card(Lk Ni, m])
m m

wl»—*

Hence, d(L) = 0 as claimed. For J := N\ L we have d(J) = 1 and lim,¢; x,, = 0.

(iii) = (i): Let ¢ > 0 and ¢ := sup{x, : n € N}. Choose n. € N such thatn > n,,
n € J imply x, < ¢. For these n we conclude that

n
1 cng Cn8 n—ng 1
- x,-_—+—§ % < += Y
n n n

J=1 J=net1 JE€ne.n\J

d([1, J
cn£+£+ccar ([1,n] \ )'
n

Since d(N \ J) = 0, this implies

lim sup — ij <

n—>oo

Since ¢ was arbitrary, the proof is complete.
(i1) < (iv): Let X = H be a Hilbert space. Then it follows from the identity
b —x[1* = 11> = 2Re (x7] x) + x|

that (iv) implies (ii) with p = 2. Conversely, if (ii) holds with p = 2, then also (i)
holds, whence % Z;’Zl x; — x even in norm. Now apply again the previous identity
above to conclude that % 27:1 [l;]|> — |lx]|?, which is the last part of (iv). O
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Proof of Theorem 9.15. The equivalences (i) <> (iii) and (ii) < (iv) follow from the
Koopman—von Neumann lemma. It is clear that (iv) implies (iii) and the converse
holds by approximation. (Note that the sequence (7"x),¢cn is bounded.) O

Proposition 9.17 (Jones—Lin). One can add the assertion
n—1
) sup  — Z |(T'x, x’)\p —> 0 forone/all p € [1, 00).
veE I <t 2 n—00
to the equivalences in Theorem 9.15. That is, the convergence in (iv) is even uniform
in X' from the dual unit ball.

Proof. First, we suppose that T is a contraction. The dual unit ball B’ := {x' €
E' . |¥|| < 1} is compact with respect to the weak*-topology (Banach—Alaoglu
theorem). Since T is a contraction, 7’ leaves B’ invariant, and thus gives rise to a
topological system (B’; T7"). We consider its Koopman operator S on C(B'), i.e.,

SHE) = f(T'Y) (' €B).

Consider the function f € C(B’) defined by f(x') := |{x,x')|". Hypothesis (iv)
of Theorem 9.15 simply says that A,[S] f — 0 pointwise. As a consequence of
the Riesz representation theorem (see Theorem 5.7) and the dominated convergence
theorem, A, [S] f — 0 weakly, hence in norm, by Proposition 8.18.

In the case that T is just power-bounded we pass to the equivalent norm ||| y ||| :=
sup,so |7"y|| for y € E. With respect to this new norm 7 is a contraction, and
the induced norm on the dual space is equivalent to the original dual norm, see
Exercise 6. Hence, the contraction case can be applied to conclude the proof. O

Let E be a Banach space and let T € .Z(E). A vector x € E is called almost
weakly stable (with respect to 7) if it satisfies the equivalent conditions (ii) and
(iv) of Theorem 9.15 and (v) of Proposition 9.17. The set of almost weakly stable
vectors is denoted by

Eaws = Eaws(T) := {x € E : x is almost weakly stable w.r.t. T}, (9.4)

and is called the almost weakly stable subspace.

Corollary 9.18. Let T be a power-bounded operator on the Banach space E. Then
the set Enys(T) of weakly almost stable vectors is a closed T-invariant subspace of
E contained in Tan(I — T). Moreover, Euys(T) = Eaws(T¥) holds for all k € N.

Proof. Tt is trivial from (ii) in Theorem 9.15 that E,y is T-invariant. That it is a
closed subspace follows from characterization (iv) (see Exercise 8). If x € E,, then
by (iv) A,[T]x — 0 weakly, hence x € ran(I — T) by Proposition 8.18. Finally,
suppose that x € E,y(T) and let k € N. Then for n € N and X' € E’ we have
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1 n—1 1 nk—1
- Thx, X\ <k-— Tx,xX)| =0 ,
nZ\( xx)\_ anK xx)| asn — 00
Jj=0 j=0
50 X € Euys(T%). The converse inclusion EaWS(T") C E,ws(T) is Exercise 9. O

After these general operator theoretic considerations, we return to dynamical
systems. Recall our standing terminology that for p € [, 0o] the letter ¢ denotes
the exponent conjugate to p.

Theorem 9.19. Let (X; @) be a measure-preserving system with associated Koop-
man operator T := T, on E := 17(X), p € [1, 00). Then the following assertions
are equivalent:

(1) The measure-preserving system (X; ¢) is weakly mixing.

(i) Forevery f € I#(X), g € LA(X) there is a subsequence J C N of density

d(J) = 1 with
i [orn-e = ([ 1)-([ )

n—1
1
i) sup =Y |(T*fg)—(f1)-(Lg)| —> O forall f €12,
g€l gl <1 " 1 =p e

(iv) Foreach f € Ewith [y f = 0onehas [ € Equ(T).
(v) fix(T) = lin{l} and ran(I—T) C E.w(T).
(vi) E =1in{l} & Equs(T).
Proof. Note that (ii) simply says that f — (f,1) 1 € Eu(T) for all f € E. Hence,

the equivalence (ii) < (iii) follows from Theorems 9.15 and 9.17. The equivalences
(i1) < (iv) and (ii) < (vi) are straightforward.

(v) < (vi): By Corollary 9.18 we have E,ys € tan(I—7). So the asserted equivalence
follows since 7 is mean ergodic.

(i1) = (i): Simply specialize f = 14, g = 1 in (ii) for A, B € Xx.

(i) = (ii): Fix A € Yx and let f := 14. Then, by the definition of weak mixing,
D-lim (7" (f = {£.1) 1), 1) = D-lim (T"f, 15) — p1(A)a(B) = 0

for all B € Xx. Hence, Theorem 9.15 with M = {1 : B € Xx} yields that

f = (f,1)1 € E(T). Since E,s(T) is a closed linear subspace, it follows by
approximation that /' — (f,1) 1 € E,s forall f € E, i.e., (ii). O
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Remark 9.20. In the situation of Theorem 9.19 let D € I” and M C 14 such that
lin(D) is norm-dense in I¥ and lin(M) is norm-dense in L. Then we can add to
Theorem 9.19 the following additional equivalences.

(ii’) Forevery f € D, g € M there is a subsequence J C N of density d(J) = 1

with
e = () (L)

iz —> 0 foreach f € D,g e M.

n—>oo

1 n—1
i) > [(T'f.g) = (£1) - (Lg)
k=0

Vi) f = (fi1)1 € Euws(T) for each f € D.
Moreover, based on (iii’) and Lemma B.15 one can add another equivalence:
(@) D-limy—oo (@A NB) = u(A)u(B) forallAe D, Be T,

where D, F are given N-stable generators of Xx. The proofs for these claims are
left as Exercise 10.

From these results we obtain as in Proposition 9.7 a characterization of weakly
mixing systems by their iterates.

Corollary 9.21. For a measure-preserving system (X; @) and k € N the following
assertions are equivalent:

(1) The measure-preserving system (X; @) is weakly mixing.

(vii) Its k™ iterate (X; ¢*) is weakly mixing.

Proof. By (iv) from Theorem 9.19 it suffices to have Euys(T) = Eqws(T*), which
has already been established in Corollary 9.18. O

A measure-preserving system (X; ¢) is called totally ergodic if all its k™ iterates
are ergodic. It is easy to construct ergodic systems which are not totally ergodic
(Exercise 12). By Corollary 9.21 and Theorem 9.19 every weakly mixing measure-
preserving system is totally ergodic. On the other hand, any ergodic (= irrational)
rotation (T; a) is totally ergodic, but not weakly mixing, as the following example
shows.

Example 9.22 (Nonmixing Group Rotations). Consider any rotation (T; a) with
Koopman operator 7 and f(z) := z. Then (f,1) = 0. But (T""f, f) = a" does
not converge to 0 = ( f, 1) along any subsequence J C N, so (T;a) is not weakly
mixing.
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9.3 More Characterizations of Weakly Mixing Systems

In this section we extend the list of equivalent characterizations of weakly mixing
systems from the previous section.

Product Systems
Like strong mixing, weak mixing can be equivalently described by means of product
systems. We use the notational conventions introduced above in Section 9.1

Theorem 9.23. Let (X;¢) be a measure-preserving system. Then the following
assertions are equivalent:

(1) (X; ) is weakly mixing.
(1) (X ® X: ¢ x @) is weakly mixing.
(iil)) (XQY; @ xy) is weakly mixing for some/each weakly mixing system (Y; V).
1iv) (X ® X; ¢ x @) is ergodic.
V) (X®Y;¢ x ) is ergodic for each ergodic system (Y; V).

Proof. ()= (v): Let f. u € I(X) and g, v € I?(Y). Then
(E@D'(f ® 8, u®v)xgy = (T"f,u)x - (5”8, v)y .

By hypothesis, D-lim,, (T"f, u)x = (/. 1)x (1, u)x and lim, o0 & Z;:l (Yg.v), =
(g. 1)y (1, v)y. Hence, by Exercise 2,
n—1
1 ;
lim =~ Y ((S@TV(f @ 8).u®v)gy = (£ Ux (Ludy (g Dy (Lv)y

n—>oQ
J=0

=(f ®8& Dxey (Lu®v)xgy-

By mean ergodicity, fix(7T ® S) = C1 (see Theorem 8.10).

(v) = (iv): By specializing Y = {p}, a one-point space it follows that (X; ¢) is
ergodic. Then specialize (Y; V) = (X; ¢).

(iv) = (i): Let T be the Koopman operator. Take f, g € I?(X) and note that

(T fg)={TTY(f®1).1®3g).

By hypothesis, the Cesaro limit of this sequence is { f, 1) - (1, g). Moreover,

(7 .8)" = (T £.6)- (T7.3) = (T @ TV(f ® .2 @)
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and the Cesaro limit of this sequence is

(re71) ez =1LDMeP,

By Lemma 9.16 (iv) with H = C it follows that

|2—>0.

n—1
%Z (T f.g)— (£:1) - (Lg)
j=0

This yields (i) by Theorem 9.19 and its succeeding remark.

(1) = (iii): Let (Y; ) be any weakly mixing system and let (Z; 6) be any ergodic
system. Then by the already proven implication (i) = (v), the system Y ® Z is
ergodic, hence by the same reasoning also X ® (Y ® Z) = X®Y) ® Z
is ergodic. By the already established implication (v) = (i) it follows that X ® Y is
weakly mixing.

The implication (iii) = (ii) is straightforward. Finally, if X ® X is weakly mixing, it
is ergodic and by what we already know, this implies that (X; ¢) is weakly mixing.
Hence, (ii) implies (i) and the proof is complete. O

We remark that the product of two ergodic systems need not be ergodic, see
Exercise 11.

Corollary 9.24. A nontrivial ergodic group rotation system (G, m; a) is not weakly
mixing.

Proof. Let0 < f € C(G) and consider the function k(x, y) := f(x~'y) forx,y € G.
Then k is invariant under left rotations by (a, @) and foG k = f ¢ /- By Urysohn’s
lemma one may choose f in such a way that it vanishes in a neighborhood of 1 in
G but has nonzero integral. Then k vanishes in a neighborhood of 1 € G x G and
has nonzero integral as well, whence is not constant almost everywhere.

It follows that the product rotation system (G x G, mgxg; (a, a)) is not ergodic,
whence by Theorem 9.23, the rotation system (G, m; @) is not weakly mixing. O

Spectral Characterization

Recall that ergodicity of a system (X;¢) is characterized by a spectral property
of the associated Koopman operator 7, namely, the one-dimensionality of the
eigenspace corresponding to the eigenvalue A = 1. The purpose of this section
is to show that weak mixing can also be spectrally characterized. More precisely,
we have the following fundamental result.

Theorem 9.25. For a measure-preserving system (X; @) with associated Koopman
operator T on 17 (X), 1 < p < oo, the following assertions are equivalent:
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(1) The system (X; @) is weakly mixing.

(ii) The Koopman operator T has no eigenvalues except A = 1, i.e., op(T) = {1},
and dim fix(T) = 1.

Note that since T is an isometry, each eigenvalue of T is unimodular, i.e., 0, (T) =
op(T) N T. Moreover, 0,(T) does not depend on the choice of p € [I,00), see
Proposition 7.18.

Proof. (i) = (ii): We have already seen that weak mixing implies ergodicity
(dimfix(T) = 1). Suppose that T7f = Af with A # 1. Then (£, 1) = (Tf,1) =
A {f,1), whence ( f,1) = 0. By Theorem 9.19 (iii),

n—l n—1
%Z‘(ij,gnz%Z‘M(f,g”:“f,g”_)() asn — oo
j=0 =0

for each g € L[°°(X). But this implies that f = 0. (A different proof is in
Exercise 13.)

(ii) = (i): Let k € I2(X ® X) be a fixed function of 7 ® 7. We have to show that k
is constant (almost everywhere). Note that also the adjoint function, defined by

K (x,y) :==k(y.x)  (x,y€X)

is fixed under 7 ® T and that k = %(k +k*) + i%(k — k*). Hence, we may suppose
without loss of generality that k = k*.
Now consider the self-adjoint (Hilbert—Schmidt) integral operator

APX) - LX), ANk = /Xk(x, )f0)

As a Hilbert—Schmidt operator, A is compact, see Young (1988, Sec. 8.1) or Deitmar
and Echterhoff (2009, Sec. 5.3). By the Spectral Theorem D.26, 1?(X) is the Hilbert
space direct sum of ker(A) and finite-dimensional eigenspaces associated with
nonzero eigenvalues of A.

It follows from the 7" ® T-invariance of k that A commutes with 7, i.e., TA =
AT. In particular, every eigenspace of A is also T-invariant. Consequently, if an
eigenspace F of A is finite-dimensional, then 7 is a unitary mapping on F and hence
diagonalizable. Since, by hypothesis, T has the only eigenvalue A = 1, and its
multiplicity is one with normalized eigenvector 1,A f = ¢ ( f |1)-1for some ¢ € K
and all f € [>(X). But the correspondence of functions in [*(X ® X) and Hilbert—
Schmidt operators on I?(X) is bijective, so we can conclude thatk = c1® 1. O

In Chapter 17, more precisely in Section 17.3, we shall give an alternative proof
of Theorem 9.25 based on a new description of E,s(7) as a summand of the so-
called Jacobs—de Leeuw—Glicksberg decomposition
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E= Erev(T) (&) ans(T)

of a reflexive Banach space E with respect to a power-bounded operator 7' € .Z(E).
This theory, contained in Chapter 16, is heavily based on the harmonic analysis
of compact groups (Chapter 14) and, in particular, their representation theory
(Chapter 15).

As a consequence, in Chapter 17 we shall also obtain further characterizations
of weakly mixing systems, see Theorem 17.19. In particular, we shall re-interpret
the spectral characterization (ii) of Theorem 9.25 as the triviality of the so-called
Kronecker factor of the system.

9.4 Weak Mixing of All Orders

For our mixing concepts hitherto we considered pairs of sets A, B € X or pairs of
functions f, g. In this section we introduce a new notion, which intuitively describes
the mixing of an arbitrary finite number of sets.

Definition 9.26. A measure-preserving system (X;¢), X = (X, X, u), is called
weakly mixing of order k € N if

N—1
: 1 n —1l)n
lim — Y (Ao N @™ AN ... N DA 1) — n(A0)pu(Ar) -+ (A1) = 0
N—oco N =
holds for every Ao, ...,Ar—1 € X. A measure-preserving system is weakly mixing

of all orders if it is weakly mixing of order k for every k € N.

Notice first that weak mixing of order 2 is just the same as weak mixing, see
Theorem 9.19. We begin with some elementary observations.

Proposition 9.27. a) If a measure-preserving system (X; @) is weakly mixing
of order m € N, then it is weakly mixing of order k for all k < m.

b) A measure-preserving system (X;¢), X = (X, X, n), is weakly mixing of
order k € N if and only if

D-lim (Ao N AN N AL = p(Ag) (A - (Armr)

foralle,Al, - aAk—l e X.

Proof. a) To check weak mixing of order k specialize Ay = -+ = A,,—; = X. For
b) use the Koopman—von Neumann Lemma 9.16. O
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As seen above, a system that is weakly mixing of all orders is weakly mixing.
Our aim in this section is to show that, surprisingly, the converse is also true: A
weakly mixing system is even weakly mixing of every order k € N (Theorem 9.31
below).

The next lemma that plays a central role in this context.

Lemma 9.28 (Van der Corput). Let H be a Hilbert space and (u,)nen, be a
sequence in H with ||u,|| < 1. Forj € Ny define

N 1

yj = lim sup) un ‘ u,H_j)).
n=0

Then the inequality

J—1

2 1

hmsupH— u,, < limsup - Vi
J—>00 -]; !

holds. In particular, limy_s oo ¥ Z 0 y; = 0 implies lHMy—soo ~ ¥ Zn o Un =0.

Proof. We shall use the notation o(1) to denote terms converging to 0 as N — oo.
First observe that for a fixed J € N we have

N—1 N—1

U, = — Z“nﬂ +o(1)

n=0 n=0

1

forevery 0 <j <J — 1, and hence

N—1
ILVZM":_Z Z”n+1+0(1)
n=0

n=0
By the Cauchy—Schwarz inequality this implies

1 N—1 1 J—1 1 N—1
=y Xl o005

B
J

1 1/2
| ) +o(1)

|5 X 3

n=0

~.

1N—l 1 J—1 1/2
= ([T] Z ﬁ Z (I/ln+j1 ‘M,H_jz)) + 0(1)

n=0 " jij>=0

Letting N — oo in the above and using the definition of y;, we thus obtain
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V! 5 |
imap |y X <5 3 v o9
n=0 J142=0
It remains to show that
| = 1=
lim sup — Z Yiji—jp| < limsup — Z v =:d. (9.6)
J—00 -] i =0 J—00 -] i—0
2 J
To this aim, observe first that
J—1 J—1 J—1 mlg K
D Vien =In 42> T=py<2Y (-jy= 22"(; y;). ©9.7)
J142=0 j=1 j=0 k=1 j=0

Take ¢ > 0 and ko such that % Z?:o y; < d + ¢ for every k > k. By

J—1 k J—1
1
2 Zk(E y,-) <2d+)Y k=JU—1)d+e),
k=ko j=0 k=1
the estimate (9.7) implies that
J—1
lim sup 7 Z Vi—n| = d + &,
J—>00 LT
J12=0
which yields (9.6). O

For more on van der Corput’s lemma, see, e.g., Tao (2009, Sec. 1.3). Here we shall
employ it to derive the following “multiple mean ergodic theorem.”

Theorem 9.29. Let (X; @) be a weakly mixing measure-preserving system and let
T := T, be the Koopman operator on E := 1*(X, X, j1). Then

1 N—1
Jim, 5 DR f)- (T fip) = ([ Ao )1 o8

in 12(X) for every k > 2 and every f1, ..., fi-1 € L®°(X).

Note that, since we take the functions fi, ..., f; from L°°(X), the products above
remain in [2.

Proof. We prove the theorem by induction on k > 2. For k = 2 the assertion
reduces to the mean ergodic theorem for ergodic systems, see Theorem 8.10. So
suppose that the assertion holds for some k > 2 and take f, ..., fi € L. Since the
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measure-preserving system given by ¢ is weakly mixing, we can decompose f; =
(fio )14+ (f — (fx, 1) 1), where the latter part is contained in E,y. Hence, without
loss of generality we may consider the cases f; € Eaws and f; € C1 separately.
Since in the latter case the assertions reduce to the induction hypothesis, we are left
with the case that f; € E,ws. Then ( fi, 1) = 0 (since E,ys C tan(I — T), the kernel
of the mean ergodic projection), so we have to show that

N—1

Jim Z(T"fl)(Tz"fz) A(T* fi) = 0.

To achieve this we employ van der Corput’s Lemma 9.28. Define u, := T"f; -
T?" f, .- T* f,. Then the invariance of x and the multiplicativity of 7 imply

(10 | r4) = / (T -T2 fy - T f) - (T"H fy - T2y TR g
X
B /X(fl Ty T Y (T T e TR )
- /x(f T T ATY ) - T (ST T).

Thus, by the induction hypothesis, the Cesaro means of (un | Mn+j) converge to

- - - k
/X ATT; - /X ATV - /X AT Zg(fm\Ti’”fm)-

So we obtain

e k
y; := lim sup N Z (ttn | tnsf) l_[ Jo | 7" fu) ]
N—00 n=0 m=1

Now, each T/ is a contraction and f; € Euws(T) = Eaws(T¥) (Corollary 9.18),
hence it follows that

n—1

lim sup ~ Zy, AP e P timsup Z) (AIT% )| = 0.

where we used Theorem 9.19(iii) for the last equality. An application of van der
Corput’s lemma concludes the proof. O

By specializing the f; to characteristic functions in Theorem 9.29 we obtain the
following corollary.
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Corollary 9.30. Let (X;¢), X = (X, X, ), be a weakly mixing measure-
preserving system. Then

N—1

. 1 n —1)n
Jim = ZOH(AO Ne™AiN ... Ne" VA1) = p(Ag)w(Ar) -+ (A1) (9.9)

for every k € N and every Ay, ...,A—1 € X.
We can now prove the following result.

Theorem 9.31. Every weakly mixing measure-preserving system (X;¢), X =
(X, X, n), is weakly mixing of all orders, i.e.,

1 N—1

Jim = Z‘u(Ao Ne* AN ... N A1) — (A (A1) -+ (A1) | = 0
n=0

for every k € N and every Ay, ..., Ar—1 € X.

Proof. Since (X®X; ¢ X @) is again weakly mixing by Theorem 9.23, we can apply
Corollary 9.30 to ¢ x ¢ and the sets Ay X Ay, ..., Ax—1 X Ax— to obtain

N—1

. 1 *n *(k—1)n 2
NILH;OITIX_:OM(AOH('D AlN...Ne Ak_l)

N—1

o o
= Jim — ZO(M ® 1) ((Ag x Ag) N ... N (¢ x @) (A x Agy))

= (Ao X Ag) -+ ju(Ar—1 X Ap—y) = j1(Ag)* .. (A1)

This combined with (9.9) in Corollary 9.30 implies, by Lemma 9.16, that

N—1
1 o
nggo]T] E_O)M(Ao n... ﬂqD*(k b Ak—l) _H(AO)---M(Ak—l) =0. O

Remark 9.32. It is a long-standing open problem, known as Rokhlin’s problem,
whether the analogue of Theorem 9.31 for strongly mixing systems is true, i.e.,
whether a strongly mixing system is also strongly mixing of all orders. More
precisely, it is not even known for k = 3 whether for a general strongly mixing
system (X; ¢) one has

Jlim (Ao N ™A N N "A ) = (Ao (A -+ w(Ak—r)

for every Ay, ...,Ax—; € X. (Cf., however, Theorem 18.30.)
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Concluding Remarks

Let (X; @) be a measure-preserving system with Koopman operator T on L*(X).
According to Furstenberg and Weiss in (1978a), a function f € I*(X) is called
rigid if for some subsequence (7;)ren in N one has T f — f as k — oo. And the
system (X; ¢) is called mildly mixing if the only rigid functions are the constants.
Clearly, any eigenfunction f of 7 is a rigid function. Hence, a mildly mixing system
is weakly mixing by Theorem 9.25. A strongly mixing system is mildly mixing
by Theorem 9.4. Chacon’s example (Chacon 1969b) for a weakly mixing but not
strongly mixing transformation is known to be mildly mixing. On the other hand,
there are examples of weakly mixing systems that are not mildly mixing, so that
mild mixing lies strictly between weak and strong mixing, see, e.g., Bergelson et
al. (2014) and the references therein. Analogously to weak mixing of all orders the
notion “mild mixing of all orders” can be defined which turns out to be equivalent
to mild mixing itself, see Furstenberg (1981, Ch.9). For more details on various
mixing properties and their connections to p-limits, see Bergelson and Downarowicz
(2008).

Let us summarize the fundamental relations between these notions in the
following diagram:

mildly mixing <— mildly mixing

J of all orders

strongly mixing—— weakly mixing—— totally ergodic— ergodic

]

weakly mixing ¢ x @ weakly mixing«<—> ¢ x ¢ ergodic
of all orders

Exercises

1. Prove that a sequence (a,),eny in C converges if and only if each of its
subsequences is Cesaro convergent.

2. Let (ay)nen, (bn)nen € £°° such that a, — a along a subsequence J of N with
density 1 and that £ >""_, b; — b. Show that

R IR
Jim X;ajbj = ab.
p=

Note that the Cesaro limit is not multiplicative in general! (Hint: Use the Koopman—
von Neumann lemma and a 3¢-argument.)
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3. Consider, as in Example 9.9, the d-fold product (X; ¥) of the doubling map with
itself. For a permutation = € S, define

C,r = {x (S [0, l)d LX) < Xz2) < xn(d)}.
Prove that for eachn € N

Yo AWTTNEC) N G) AN YT C) NC) = A (YT(C) N C).

TES,

4 (Upper and Lower Density). For a subset J C Nj the upper and lower density
are defined as

card(J N [1,n]) card(J N [1,n])

d(J) := lim sup and d(J) := liminf
n—>oo

n—00 n n

Show that d(J) and d(J/) do not alter if we change J by finitely many elements. Then
show that

d(J/)=1—d(N\J) foreveryJ C N
and that
dJUK) <d(J)+d(K)  foreveryJ,K C N.
Conclude that if d(J) = d(K) = 1, thend(J N K) = 1.
5. Prove the following assertions:

a) Fora, B €[0,1],a < B thereisasetA C N with d(A) = o and d(A) = B.

b) Suppose that A C N is relatively dense, i.e., has bounded gaps (Defini-
tion 3.9). Then d(A) > 0. The converse implication, however, is not true.

¢c) LetN=A; UA, U U Ay. Then there is 1 < j < k with a(Aj) > 0. The
assertion is not true if d is replaced by d.

6. Let T be a power-bounded operator on a Banach space E and define
Iy [l == sup,so 17"yl for y € E.

Show that ||| - ||| is @ norm on E equivalent to the original norm. Show that 7 is a
contraction with respect to this norm. Then show that the corresponding dual norm

12 Mll = sup |fe. )] = NIl < 1}

is equivalent to the original dual norm.
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7. Prove that a sequence (x,),en in a Banach space E converges in density tox € E
if and only if for every & > 0 one has

d({n eN: ||x,—x| > 8}) =0.

(Hint: Look at the proof of the Koopman—von Neumann lemma.)

8. Let T be a power-bounded operator on a Banach space E. Prove that E,y(7)
is a closed subspace of E, cf. Corollary 9.18. (Hint: Use the description (iv) of
Theorem 9.15.)

9. Let T be a power-bounded operator on a Banach space E and let k € N. Prove
the inclusion Eyy(T*) € Eays(T), cf. Corollary 9.18. (Hint: Use the description (iv)
of Theorem 9.15 and employ an argument as in the proof of Proposition 9.7.)

10. Prove the characterizations of weakly mixing systems stated in Remark 9.20.

11. Let (T;a) be an ergodic rotation. Show that the product system (T x T; (a, a))
is not ergodic. (Hint: Consider the function f(z,w) :=zwon T x T.)

12. Give an example of an ergodic measure-preserving system (X; ¢) such that the
measure-preserving system (X; ¢*) is not ergodic for some k > 2.

13. Give an alternative proof of the implication (i) = (ii) in Theorem 9.25 in the
following way: Suppose that Tf = A f and show that /' ® f € fix(T ® T). Finally,
show that if a function of the form g ® /4 is constant almost everywhere, both g and
h must be constant almost everywhere.

14. Give an interpretation of weak mixing (Definition 9.13) and mixing of all orders
(Theorem 9.31) for the wine/water-example from the beginning of this chapter.

15. Let (X; ¢) be a measure-preserving system such that ¢ is essentially invertible.
Show that (X; ¢) is (weakly) mixing if and only if the inverse system (X; ¢ !) is
(weakly) mixing.

16. Prove that a general Bernoulli shift is strongly mixing. (Hint: Look at the proof
of Proposition 6.20.)






Chapter 10
Mean Ergodic Operators on C(K)

The pendulum of mathematics swings back and forth towards abstraction and away from it
with a timing that remains to be estimated.
Gian-Carlo Rota!

In this chapter we consider a topological dynamical system (K; ¢) and ask under
which conditions its Koopman operator T := T, is mean ergodic on C(K). In
contrast to the I/-case, it is much more difficult to establish weak compactness of
subsets of C(K). Consequently, property (iii) of Theorem 8.20 plays a minor role
here. Using instead condition (v)

“fix(T) separates fix(7T")”

of that theorem, we have already seen simple examples of topological systems where
the Koopman operator is not mean ergodic (see Exercise 8.10.a). Obviously, mean
ergodicity of T is connected with fix(7”) being “not too large” (as compared to
fix(T)). Now, if we identify C(K)" = M(K) by virtue of the Riesz Representation
Theorem 5.7, we see that a complex Baire measure u € M(K) is a fixed point of 7"
if and only if it is ¢-invariant, i.e.,

M, (K) := { € M(K) : pis g-invariant} = fix(7").
Mean ergodicity of T therefore becomes more likely if there are only few ¢-invariant

measures. We first discuss the existence of invariant measures as announced in
Section 5.2.

Nndiscrete Thoughts, Birkhéduser Verlag, Boston, 1997, p. 30.
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10.1 Invariant Measures

Given a topological dynamical system (K; ¢) with Koopman operator T on C(K)
we want to find a fixed point of T' which is a probability measure. For this purpose
let us introduce

M'(K) := { e M(K) : >0, (u.1) =1},
and M, (K) := M'(K) N M, (K) = M'(K) N fix(T")

the set of all and of all p-invariant probability measures, respectively. Recall that
nw>0 <<= (fiu)=>0 forall f e C(K)with f>0.
It follows that both M' (K) and M, (K) are convex and weakly* closed. Since
M'(K) € {i € M(K) : ||| < 1}

and the latter set is weakly™ compact by the Banach—Alaoglu theorem, we conclude
that M'(K) and M, (K) are compact (for the weak™ topology). Moreover, M (K)
is nonempty since it contains all point measures. To see that Mé (K) is nonempty
either, we employ one of the classical fixed point theorems.

Theorem 10.1 (Markov—Kakutani). Let C be a nonempty compact, convex subset
of a Hausdorff topological vector space, and let I' be a set of pairwise commuting,
affine, and continuous mappings T : C — C. Then these mappings have a common
fixed point in C.

Proof. First we suppose that I" = {T} is a singleton. Let f € C. Then, by
compactness of C, the sequence A,[T]f has a cluster point g € C. Since C is
compact, %(f —T"f) — 0. Hence, by Lemma 8.17 we conclude that Tg = g.

For the general case it suffices, by compactness, that the sets fix(7), T € I', have
the finite intersection property. We prove this by induction. Suppose that for any
Ti,...,T, € I' we already know that C; := fix(T}) N --- N fix(7},) is nonempty.
Now Cj is compact and convex, and every T,+; € I leaves C; invariant (because
T,+1 commutes with each 7;, 1 < j < n). Hence, by the case already treated, we
obtain fix(T,+1) N Cy # @. O

With this result at hand we can prove the existence of invariant measures for any
topological system.

Theorem 10.2 (Krylov—-Bogoljubov). For every topological system (K; ) there
exists at least one @-invariant probability measure on K. More precisely, for every

0 # f e fix(T,) in C(K) there exists |1 € M(lp(K) such that ( f, u) # 0.
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Proof. We apply the Markov—Kakutani theorem to I = {T;} and to the weakly*
compact, convex set

Ci=M'(K) N {i € M(K) = (fi1) = |/ lloo}.

By compactness there is xo € K with §,, € C, so C is nonempty. Since f* € fix(T,),
T(; leaves C invariant and by Theorem 10.1 the assertion is proved. O

Remarks 10.3. 1) LetT := T,. As has been mentioned, a measure ;. € M(K)
is p-invariant if and only if 7' = u, i.e., u € fix(7’). Hence, Theorem 10.2
implies in particular that

fix(T") separates fix(T).

Remarkably enough, this holds for any power-bounded operator on a general
Banach space (see Exercise 8.5).

2) Theorem 10.2 has a generalization to so-called Markov operators, i.c.,
operators 7 on C(K) such that 7 > 0 and 71 = 1 (see Exercise 2).

3) The proof of the Krylov—Bogoljubov theorem relies on the Markov—
Kakutani theorem for I' = {T(;}. The use of Lemma 8.17 makes it possible
to consider any subsequence (A, [T(’p]), a cluster point of which will always
be a fixed point of T(’p. This “trick” can be used to produce invariant measures
with particular properties, see Chapter 20.

The following result shows that the extreme points of the convex compact set
M; (K) (see Appendix C.7) are of special interest.

Proposition 10.4. Let (K;¢) be a topological system. Then p € M;(K) is an
extreme point of M;) (K) if and only if the measure-preserving system (K, ju; @) is
ergodic.

A g-invariant probability measure u € M;) (K) is called ergodic if the corresponding
measure-preserving system (K, u; ¢) is ergodic. By the proposition, p is ergodic
if and only if it is an extreme point of M;) (K). By the Krein—-Milman theorem
(Theorem C.14) such extreme points do always exist. Furthermore, we have

M, (K) = conv{u € M (K) : p is ergodic}, (10.1)

where the closure is to be taken in the weak™ topology. Employing the so-called
Choquet theory one can go even further and represent an arbitrary ¢-invariant
measure as a “barycenter” of ergodic measures, see Phelps (1966).

Proof. Assume that ¢ is not ergodic. Then there exists a set A with 0 < u(A) < 1
such that ¢*A = A. The probability measure (4, defined by

11 (B) = % (B € Ba(K)).
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is clearly g-invariant, i.e., ;ta € M (K). Analogously, use € M, (K). But

o= pApa + (1 — pu(A)) pac

is a representation of p as a nontrivial convex combination, and hence u is not an
extreme point of M; (K).

Conversely, suppose that p is ergodic and that © = %(ul + 1o) for some uy, up €
M;} (K). This implies in particular that ; < 2u, hence

((Luol =241 m) =20 fllug  (F € CK)).

Since C(K) is dense in L!'(K, i), the measure p; belongs to L'(K, ). Let us
consider the Koopman operator 7, on L'(K, ut). Since w is ergodic, fix(T,) is
one-dimensional. By Example 8.24 the operator T, is mean ergodic, and fix(7,)
separates ﬁx(T(’p) by Theorem 8.20(v). Hence, the latter is one-dimensional too, and
since [, 1 € ﬁx(T(’p) it follows that ;; = p. Consequently, 1 is an extreme point
of Mi} (K). O

By this result, if there are two different g-invariant probability measures, then
there is also a nonergodic one. Conversely, all g-invariant measures are ergodic if
and only if there is exactly one g-invariant probability measure. This leads us to the
next section.

10.2 Uniquely and Strictly Ergodic Systems

Topological dynamical systems that have a unique invariant probability measure
are called uniquely ergodic. To analyze this notion further, we need the following
useful information.

Proposition 10.5. Let (K; ¢) be a topological system. Then M, (K) is a lattice, i.e.,
if v € My(K), then also |v| € My (K). Consequently, M; (K) linearly spans My (K).

Proof. Let T be the associated Koopman operator on C(K) and take v € fix(T") =
M, (K). By Exercise 9 we obtain |v| = |T'v| < T"|v| and

(L)) = (L.T']) = (1. ]v]).
This implies that (1, 7’|v| — |v|) = 0, hence |v| € fix(T"). To prove the second
statement, note that v € fix(7”) if and only if Rev,Imv € fix(7’). But if v is a

real (= signed) measure in fix(7”), then v = v — v~ with v = %(|v| + v) and
VT = %(|v| —v) being both in M, (K)+ (see Chapter 7.2). O

As a consequence we can characterize unique ergodicity.
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Theorem 10.6. Let (K; @) be a topological system with Koopman operator T on
C(K). The following assertions are equivalent:

(1) (K;¢) is uniquely ergodic, i.e., Mi) (K) is a singleton.
(i) dimMy(K) = 1.
(iii) Every invariant probability measure is ergodic.
(iv) T is mean ergodic and dim fix(T) = 1.
(v) Foreach f € C(K) there is c(f) € C such that

(AT]f)(x) = c(f) asn—>o0  forallx € K.

Proof. The equivalence (i) <> (ii) is clear by Proposition 10.5. The equivalence
(i) < (iii) is a consequence of Proposition 10.4 and has been discussed in the
paragraph after that proposition.

If (ii) holds, then fix(7) is one-dimensional since fix(7") = M, (K) separates
the points of fix(7) by Theorem 10.2. But then also fix(7') separates the points of
fix(T"), and hence by Theorem 8.20, T is mean ergodic. If (iv) holds, then P f :=
lim,—o0 A, f exists uniformly and is a constant function P f = c¢(f)1, hence (v)
holds.

Finally, suppose that (v) holds. If v € M; (K) is arbitrary and f € C(K), then by
dominated convergence

(fov) = (Anfiv) = (c(NLv) = c(f).
Hence, M}p (K) consists of at most one point, and (i) holds. O

Let K be compact and let € M!(K) be any probability measure on K. Recall
from Section 5.2 that the support supp(ur) of u is the unique closed set M C K
such that for ' € C(K)

fely:={gcCK):g=0 onM} < /|f|du=0. (10.2)
K

Equivalently, we have

supp(p) = {x € K : p(U) > 0 foreachopensetx € U C K}

= ﬂ{A C K : Aisclosed and u(A) = 1}

(see Lemma 5.9 and Exercise 5.12). The following observation is quite important.

Lemma 10.7. Let (K;¢) be a topological system and i € M'(K) a g-invariant
measure. Then the support supp(i) of |4 is @-stable, i.e., it satisfies ¢(supp(i)) =

supp(u).
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Proof. Let M := supp(u). Since T is a lattice homomorphism,

[irrran= [ Tir1an= [ 11 an,

whence by (10.2) f € Iy if and only if Tf € I);. By Lemma 4.14 we conclude that
@(M) = M. The remaining statement follows readily. O

The measure & € M!(K) has full support or is strictly positive if supp(u) = K.
With the help of Lemma 10.7 we obtain a new characterization of minimal systems.

Proposition 10.8. Let (K; @) be a topological system, and let M C K be closed and
@-invariant.

a) There exists an ergodic probability measure |L € M(lp (K) with supp(t) € M.

b) (M;¢) is minimal if and only if every ergodic @-invariant probability
measure on M has full support.

Proof. a) By the Krylov—Bogoljubov theorem and the arguments following
Proposition 10.4, there is an ergodic p € M(IP(M). Its natural extension to K is
also ergodic since L' (K, u) = L'(M, ).

b) One implication follows from Lemma 10.7. For the converse, let L be a closed
@-invariant subset of M. Apply part a) to L and conclude that L = M. O

A topological dynamical system (K ¢) is called strictly ergodic if it is uniquely
ergodic and the unique invariant probability measure p has full support. We obtain
the following characterization.

Corollary 10.9. Let (K; @) be a topological system with Koopman operator T on
C(K). The following assertions are equivalent:

(1) The topological system (K; @) is strictly ergodic.

(ii) The topological system (K; @) is minimal and T is mean ergodic.

Proof. (1) = (ii): Suppose that (K ¢) is strictly ergodic, and let & be the unique
invariant probability measure on K. By Theorem 10.6, T is mean ergodic. Now let
@ # M C K be g-invariant. Then by Theorem 10.2 there is v € M;} (M), which then
can be canonically extended to all K such that supp(v) € M, see also Exercise 11.
But then 4 = v and hence M = K.

(i) = (i): If (K;¢) is minimal, it is forward transitive, so fix(7) = C1 (see
Lemma 4.20). Mean ergodicity of T implies that fix(7’) separates fix(7") = M, (K),
which is possible only if dim M, (K) = 1, too. Hence, (K; ¢) is uniquely ergodic,
with unique invariant probability measure p. By minimality, p has full support
(Proposition 10.8). O

Minimality is not characterized by unique ergodicity. An easy example of a
uniquely ergodic system that is not minimal (not even transitive) is given in
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Exercise 4. Minimal systems that are not uniquely ergodic are much harder to obtain,
see Furstenberg (1961) and Raimi (1964).

10.3 Mean Ergodicity of Group Rotations

We turn our attention to ergodic theoretic properties of rotations on a compact group
G. Recall from Example 4.22 that fora € G

L, : L}/(G) — LN(G), (Lo f)(x) := f(ax) (xeG, fel(G) (10.3)

is the Koopman operator for the left rotation by a. Analogously, we define the
Koopman operator

R, : LY(G) — LY(G), (R f)(x) := f(xa) (xeG, fel(G) (10.4)

of the right rotation p,. Recall that left rotation by a is isomorphic to right rotation by
a~! via the inversion mapping (Example 2.9). On the level of Koopman operators
this means that R, = SL,—1S where S is the Koopman operator associated with

inversion:
§:C(G) - C(G), SHE = f&x™ (x€ G, f eL(G)).

(Note that the Haar measure is also right-invariant and inversion invariant.) By
Theorem 8.8 the operator L, is mean ergodic on I7(G) for p € [1,00). We
investigate now its behavior on C(G), starting with the special case G = T.

Proposition 10.10. The Koopman operator L, associated with a rotation system
(T; a) is mean ergodic on C(T).

Proof. We write T = L, for the Koopman operator and A, = A,[T] for its Cesaro
averages. The linear hull of the functions y, : z — 7", n € Z, is a dense subalgebra
of C(T), by the Stone—Weierstral Theorem 4.4. Since T is power-bounded and
therefore Cesaro bounded, it suffices to show that A, y,, converges for every m € Z.
Note that Ty,, = a" y,, form € N, hence if a” = 1, then y,, € fix(T) and there is
nothing to show. So suppose that @™ # 1. Then

n—1 n—1
1 . 1 ; 11 —a™
Anm:_ T‘Im:<_ m])m:_ m 0
X n Z X n Z a X nl—am Hm =
j=0 J=0
as n — 0o. (Compare this with the final problem in Chapter 1.) O

To establish the analogous result for general group rotations, we need an auxiliary
result.
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Proposition 10.11. Let G be a compact group and let f € C(G). Then the
mappings

G—CG), a—L,f and
G—)C(G), Ll'—>Raf

are continuous.
Proof. This is a direct application of Theorem 4.17. O

As a consequence we obtain the following generalization of Proposition 10.10.

Corollary 10.12. The Koopman operator associated with a compact group rotation
system (G; a) is mean ergodic on C(G).

Proof. Let f € C(G). Then by Proposition 10.11 the set {L, f : g € G} € C(G)
is compact. A fortiori, the set {L]! f : n € Ny} is relatively compact. Consequently,
its closed convex hull is compact, hence Theorem 8.20(iii) concludes the proof. 0O

By combining the results of this chapter so far, we arrive at the following
important characterization. (We include also the equivalences known from previous
chapters.)

Theorem 10.13 (Minimal Group Rotations). Let G be a compact group with
Haar probability measure m, and consider a group rotation (G; a) with associated
Koopman operator L, on C(G). Then the following assertions are equivalent:

(1) (G;a) is minimal.

(ii) (G;a) is (forward) transitive.

(iii) {a" : n > 0} is dense in G.

(iv) {a" : n € Z}isdenseinG.

(v) dimfix(L,) = 1.

(vi) (G a) is uniquely ergodic.

(vil) The Haar measure m is the only invariant probability measure for (G; a).

(viii) (G a) is strictly ergodic.

(ix) (G,m;a) is ergodic.
Proof. The equivalence of (i)—(iv) has been shown in Theorems 2.36 and 3.4. The
implication (ii) = (v) follows from Lemma 4.20. Combining dim fix(L,) = 1 with
the mean ergodicity of L, (Corollary 10.12) we obtain the implication (v) = (vi)
by Theorem 10.6. The implication (vi) = (vii) is clear since the Haar measure
is obviously invariant, and (vii) = (viii) follows since the Haar measure has full

support (Theorem 14.2). By Corollary 10.9, (viii) implies that (G;a) is minimal,
hence (1).
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By Theorem 10.6, (vii) implies (ix). Conversely, suppose that (G, m;a) is
ergodic. Then fix(L,) = C1, where L, is considered as an operator on L' (G, m).
Since m has full support, the canonical map C(G) < L'(G; m) is injective, whence
(v) follows. O

Example 10.14 (Dyadic Adding Machine). Recall from Example 2.10 the defini-
tion of the dyadic adding machine (A;; 1), where

Ay = {x = (0 +2'Den € [[Z/2'Z : %4et = xu (mod2"™") foralln = 1}

neN

is the compact group of dyadic integers and
1=>0+2Z,1+4Z,1+8Z,...) € A,.

By Exercise 3.10, the dyadic adding machine (A;;1) is minimal, so this group
rotation system satisfies the equivalent properties listed in Theorem 10.13.

10.4 Furstenberg’s Theorem on Group Extensions

Let G be a compact group with Haar measure m, and let (K; ¢) be a topological
system. Furthermore, let @ : K — G be continuous and consider the group
extension along @ with dynamics

ViKxG—>KxG, Yy = (e, 2K)y),

see Section 2.2. Let w : K x G — K, mw(x, g) := x be the corresponding factor map.
Of course, for any @-invariant probability measure p on K the measure ; ® m is an
invariant measure for the topological system (K x G; ). However, even if (K; ¢) is
uniquely ergodic, the product need not be so. As an example consider the product of
two commensurable irrational rotations, which is not minimal (see Example 2.38),
so by Theorem 10.13 it is not uniquely ergodic.

In order to obtain conditions guaranteeing that the group extension is uniquely
ergodic, we need the following preparations. The right rotation p, by an elementa €
G in the second coordinate is an automorphism of the group extension (K x G; V).
The associated Koopman operator is I ® R,, which acts on f ® g as f ® R,g and
commutes with the Koopman operator Ty, i.e., Ty I ® R,) = (I ® R,)Ty.

Theorem 10.15. Let v be a -invariant probability measure on K x G, and let
W= myv. If 1 @ mis ergodic, then v = 1 @ m.

Proof: The product measure ;. ® m is not only -invariant, but also invariant under
pqforalla € G.Fix f € C(K) and g € C(G). Since the measure-preserving system
(K x G,u ® m; y) is ergodic, as a consequence of von Neumann’s Theorem 8.1,
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we find a subsequence (ny)ren such that for A, := A, [Ty] we have
Ay(f®g — (fip) (g.m)-1 1 ® m-almost everywhere. (10.5)

For a € G we define

E(a) :={(x.y) € K x G : Ay (f ®Rag)(x.y) = (f. 1) (g.m)}.

Note that p,(x,y) € E(1) if and only if (x,y) € E(a). Hence, by (10.5) we have
(M ®m)(E(a)) = lforalla € G.
Since the mapping

G x C(G) - C(G), (a,g)+ R.g
is continuous (by Proposition 10.11), the orbit
RGg = {Ru.g : a € G}

is a compact subset of C(G). In particular, it is separable, and we find a countable
subset C, € G such that {R,g : a € C,} is dense in Rg. For such a countable set
define

E:= () E(a).

a€Cy

which satisfies (1 ® m)(E) = 1. We claim that actually E = (") ¢ E(a).

Proof of Claim. The inclusion “2” is clear. For the converse inclusion fix a € G
and take (a,)men in Cy such that ||R,, 8 — Raglloo — 0 asm — oo. Then A, (f ®
R4, 8) = An (f ®R,g) uniformly in k € N as m — oco. Hence, if (x,y) € E(a,,) for
each m € N, then by a standard argument, (x,y) € E(a), too. The claim is proved.

Now, forx € K and y, a € G we have the following chain of equivalences:

(x,ya) e E<= VYbeG:(x,ya) € E(b) <= Vbe G: (x,yab) € E(1)
< VbeG:(x,y) € E(ab) < (x,y) €E.
Hence, E = E;| x G, where E; C K is the section E; := {x € K : (x,1) € E}.
Since E is a Baire set in K x G, and Ba(K x G) = Ba(K) ® Ba(G) (Exercise 5.8),
by standard measure theory Ej is measurable, whence p(E;) = 1. By definition of
W, this means that v(E) = 1, i.e.,
A (f ® g) = (f 1) (g, m) v-almost everywhere.

By the dominated convergence theorem we therefore obtain

(f ®gv) = (An(f ®8).v) = (f 1) (g.m).
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As we saw in the proof of Proposition 10.11 the linear hull of functions f ® g
is dense in C(K x G), so by the Riesz Representation Theorem 5.7 the proof is
complete. O

A direct consequence is the following result of Furstenberg.

Corollary 10.16 (Furstenberg). If (K; @) is uniquely ergodic with invariant prob-
ability measure [, and if u @ m is ergodic, then (K x G; ) is uniquely ergodic.

The usual proof of Furstenberg’s result relies on the pointwise ergodic theorem
(which is the subject of the next chapter) and on generic points (see Exercise 11.4).
A completely different, more conceptual, approach is given in Chapter 15, see in
particular Theorem 15.31.

We now turn to an important example of the situation from above.

Strict Ergodicity of Skew Shifts

Let « € [0,1) be an irrational number and take on [0, 1) the compact topology
defined in Example 2.7. By Example 2.15, Kronecker’s theorem (Example 2.37)
and Theorem 10.13, the translation system ([0, 1); &) is strictly ergodic. We consider
here its group extension along the identity function @ : [0,1) — [0, 1), @(x) = x,
i.e., the skew shift (K; V), where K := [0, 1)? and

Vo(x.y) = (x+a (modl), x+y (modl)),

see also Example 2.23. Our aim is to show that this system is also strictly ergodic.
The two-dimensional Lebesgue measure A% on K is V/4-invariant (Example 5.15),
S0 it remains to prove that this measure is actually the only 1, -invariant probability
measure on K. We start with an auxiliary result.

Proposition 10.17. Let o € [0, 1) be an irrational number. Then the skew shift
([0, 1), A%; ) is ergodic.

Proof. To prove the assertion we use Proposition 7.15 and show that the fixed
space of the Koopman operator T of 1, on I2([0, 1)?) = I2([0, 1]?) consists of the
constant functions only. For £, g € 12[0, 1] the function f ® g : (x,y) = f(x)g(y)
belongs to 12([0, 1]?). Now, every F € 12(][0, 1]?) can be written uniquely as an
I>-series

F:Zﬁl(@en’

nez
where ( f;)nez is a sequence in 12[0, 1] and (e,),ez is the orthonormal basis

en(y) =2 (ye[0,1], neZ)
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of 12[0, 1]. Applying T to F yields

TF = Z(enLocfn) X ey,

nez

hence the condition F € fix(T) is equivalent to
Ly f, =e_,f, foreveryneZ.

Now fix n € Z and write f, = Y, o, arex, with ), o, |ak|2 < 00. Then

i
Zake Vieg, — Lyfy=e_nfu= E ACh—pn = Zak+nek.

kEZ kEZ kEZ

Comparing coefficients yields |ax| = |aj4.,| for all k € Z. Since ), o, lax|* < oo,
this implies that a = 0 or n = 0. Consequently, F = fy ® e, and Ly fo = fo.
By hypothesis, « is irrational, hence the system ([0, 1), A; ) is ergodic, and so fj is
constant. It follows that F is constant. O

The previous result allows to apply Furstenberg’s theorem (Corollary 10.16) to
conclude that the skew shift (K; ¥, ) is uniquely ergodic with the Lebesgue measure
A being the unique invariant probability measure on K. Since A is strictly positive,
the skew shift is even strictly ergodic. So by Corollary 10.9 we obtain the next result.

Corollary 10.18. For an irrational number o € R the skew shift (K; V), where
K=1[0,1)> and vy(x,y)=x+a (modl),x+y (modl)),

is strictly ergodic and its associated Koopman operator is mean ergodic on C(K).
Consider now (recursively for d > 2) the following tower of group extensions,
familiar already from the proof of Proposition 3.18:
[0, H4:=[0, D x[0,1), @g: [0, )T =10, 1), Py(x1,x2, ..., Xg1):=X4_1.
Then for the group extension ([0, 1)4; ¥4) of ([0, 1)~"; ¥4—;) along &4 we have
Yalxi, X2, ..., xg) = (X1 + o, X1 + X2, X0 + X3, ..., Xg—1 + Xg).
Combining induction on d with the same arguments as in the proof above one can

prove the following result (Exercise 7).

Proposition 10.19. Ler a € [0, 1) be an irrational number. Then for each d > 2 the
group extension ([0, 1)?, A9; ) is ergodic, where A% is the d-dimensional Lebesgue
measure on [0, 1)%. Moreover; the topological system ([0, 1)%; ) is strictly ergodic
and its Koopman operator on C([O, l)d) is mean ergodic.
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10.5 Application: Equidistribution

A sequence ()yen, in [0, 1) is called equidistributed in [0,1) if

. card{j: 0<j<n, o€ lab]}
lim =

n—00 n

b —

for all @, b with 0 < a < b < 1. In other words, the relative frequency of the first
n elements of the sequence falling into an arbitrary fixed interval [a, b] converges to
the length of that interval (independently of its location). In this section we show
how mean ergodicity of the Koopman operator on various spaces can be used to
study equidistribution of some sequences.

A classical theorem of Weyl (1916) gives an important example of an equidis-
tributed sequence and is a quantitative version of Kronecker’s theorem in Exam-
ple 2.37.

Theorem 10.20 (Weyl). For o € [0,1) \ Q the sequence (nov (mod1)),en, is
equidistributed in [0, 1).

We consider the translation system ([0, 1); ) as in Example 2.7. Recall from
Example 2.15 that this topological system is isomorphic to the rotation system
(T; a), where a = eXie  As we saw in the previous section, the Koopman operator
L, is mean ergodic on C(T), hence so is the Koopman operator L, of ([0, 1); &) on
C([0, 1)). To see the direct connection between this measure-preserving system and
equidistribution it is better to work with the space R[0, 1] of bounded, 1-periodic
functions on R that are Riemann integrable over compact intervals. Equipped with
the sup-norm, R[0, 1] becomes a Banach space, and the Koopman operator T
associated with the translation x — x 4+ « leaves R0, 1] invariant, i.e., restricts
to an isometric isomorphism of R[0, 1].

We shall use Riemann’s criterion of integrability. A bounded real-valued function
f :10,1] — Ris Riemann integrable if and only if for every ¢ > 0 there exist step
functions g, &, such that

1
8e = f <h, and / (hs _ga)(t) dr < e.
0

Clearly, if f is 1-periodic (i.e., if f(0) = f(1)), then g, and A, can be chosen
1-periodic as well.

Proposition 10.21. Lera € [0, 1)\ Q. Then the Koopman operator associated with
the translation system ([0, 1); &) is mean ergodic on R[0, 1], and the mean ergodic
projection is given by

1
Pf:/0 f(dr-1 (f €R[0,1]).
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Proof. We denote as usual the Koopman operator by 7 and its Cesaro averages
by A,, n € N. We shall identify functions defined on [0, 1) with their 1-periodic
extensions to R.

Let y be any characteristic function of an interval (open, closed, or half-open)
contained in [0, 1), and let ¢ > 0. A moment’s thought reveals that there exist
continuous 1-periodic functions g., . on R satisfying

1
esxsh wd [ (o-godr=ze
0

By Proposition 10.10 and by the isomorphism of the rotation on the torus and the
mod 1 translation on [0, 1), A, g. converges uniformly to ( fol g:(1)dr)-1, while A, h,
converges uniformly to ( fol he(t)dr) - 1. Since A g, < A,y < Ah. foralln € N,

we obtain
1 1
(/gmﬂkw)JEAmf(/hNNHw)d
0 0

for sufficiently large n. So we have for such n that

|

by the choice of g, and &,. Therefore

1
nwu—nmAMZ(/xmm)L
n—>00 0

Clearly the convergence on these characteristic functions extends to all 1-periodic
step functions. Take now a real-valued f € R[0, 1]. As noted above, for ¢ > 0 we
find 1-periodic step functions g, h, with g, < f < h. and fol (hy — go)()dt < e.
By a similar argument as above we then obtain

1
An)(—/ )((t)dt~1H <2e¢
0 o0

1
I-loo = Jim At = ([ par) -1 .

By using the mean ergodicity of L, on R[0, 1] we can now prove Weyl’s equidistri-
bution theorem.

Proof of Weyl’s Theorem 10.20. Denote «, := na (mod 1) and let

l[a,b] if b < 1,

/= ,
I{O}U[a,b] ifb=1.
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Then f € R[0, 1] and

<n, aj € |a,b]}

n—1 n—1 . .
1 . 1 card{j : 0 <j
AnfO) == L f0) = =3 flo) = .
=0 =0
By Proposition 10.21, L, is mean ergodic on RJ[0, 1] and the Cesaro averages
converge uniformly to P f. In particular

1
A,,f(O)—>/O f(s)ds=b—a. O

Note that the last step of the proof consisted essentially in showing that if
1 n—1 1
- > fley) —> /0 f(9)ds  (n— o0)
J=0

for all f € R[0, 1], then the sequence (&,)qen is equidistributed. The following is a
converse to this fact, its proof is left as Exercise 15.

Proposition 10.22. A sequence (oty)nen in [0, 1) is equidistributed if and only if

n—1 1

1

Jim 3 /(e = | roas
=

holds for every bounded and Riemann integrable (equivalently, for every continu-

ous) function f :[0,1] — C.

This result applied to exponential functions s + e’V was the basis of Weyl’s
original proof. More on this circle of ideas can be found in Hlawka (1979) or Kuipers
and Niederreiter (1974).

By using the mean ergodicity of the Koopman operator corresponding to
the group extension from Proposition 10.19 we obtain the following result on
equidistribution of polynomial sequences.

Theorem 10.23 (Weyl’s Equidistribution Theorem for Polynomials). Ler

px) = Z/[‘Lo a¥ € R[x] be a polynomial such that for some j # 0 the coefficient a;

is irrational. Then the sequence (p(n)),en is equidistributed modulo 1.

Proof. Letd = degp (d > 1 by assumption) and suppose the leading coefficient
ay of p is rational, i.e., a; = % with ¢, r € Z. Fori = 0,...,r — 1 consider the
polynomials ¢;(x) := p(rx+i)—aq(rx)?. Then deg g; < degp and p(rn + i) = gi(n)
modulo 1 for every n € N. Hence, by Exercise 16 it is enough to prove that
(gi(n))nen is equidistributed modulo 1 for every i = 0,...,r — 1. Proceeding
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successively and reducing the degree of the occurring polynomials we see that it
is no loss of generality to suppose in the following that the leading coefficient of p
is irrational.

Define as in the proof of Proposition 3.18

pa(x) :=p),  pa—i(x) := pa—i+1(x + 1) = pa—i+1(x) i=1,....d).

Then each polynomial p; has degree i and py is a constant . One sees immediately
that if the leading coefficient of p,—; is irrational, then so is the leading coefficient
of ps—;. In particular « is irrational, since we assumed the leading coefficient of p
to be irrational. Consider the group extension (Hy; ¥,) from Proposition 10.19, and
recall from the proof of Proposition 3.18 that

Y1 (10), p2(0), ..., pa(0)) = (p1(n). p2(n). ... pa(n)).

Let f € C([0, 1)) and define g(xy,...,xs) = f(x4). By the mentioned proposition,
the Koopman operator T of (Hy; ¥4) on C([0, 1)) is mean ergodic, and the system
is uniquely ergodic. Since point evaluation at (p;(0),...,ps(0)) is continuous on
C([0, 1)9), we obtain

1
Y 0) = Z(ng)(pl(()) )~ [t = [ poas

j=0 [0,1)

This being true for every continuous function f implies the assertion by virtue of
Proposition 10.22. O

Exercises

1 (Mean Ergodicity on C(K)). Let (K;¢) be a topological system and p a
probability measure on K. Suppose that

1 n—1 ‘
i 210 = [ ran

for every f € C(K) and every x € K. Show that u is g-invariant, the Koopman
operator T, on C(K) is mean ergodic, and that (K, u; ¢) is ergodic. (Hint: Use the
dominated convergence theorem to prove weak mean ergodicity and then use part
(iii) of Theorem 8.20.)

2 (Markov Operators). Let K be a compact topological space. A bounded linear
operator T : C(K) — C(K) is called a MarKkov operator if it is positive (i.e., f > 0
implies Tf > 0) and satisfies T1 = 1, (cf. Chapter 13).



Exercises 207

Let T be a Markov operator on C(K). Show that ||7|| = 1 and that there exists a
probability measure i € M'(K) such that

/dep,:/fdu forall f e C(K).
K K

(Hint: Imitate the proof of the Krylov—Bogoljubov theorem.)

3. A linear functional ¥ on £*° = {°°(N) with the following properties is called a
Banach limit:

1) ¥ is positive, i.e., x € £%°, x > 0 imply ¥ (x) > 0,

2) 4 is translation invariant, i.e., ¥ (x) = ¥ (Lx), where L is the left shift (see
Exercise 8.7).

3) ¥(1)=1,wherel =(1,1,...).
Prove the following assertions:
a) A Banach limit ¥ is continuous, i.e., ¥ € (£*°)’.

b) If x = (x,).en € £°° is periodic with period k > 1, then for each Banach
limit v one has

1 k
Yo =13 5
j=1

¢) Ifx = (x,)nen € c and ¥ is a Banach limit, then ¥ (x) = lim,— o0 X;.

d) If x = (x,)nen € £2° is Cesaro convergent (i.e., ¢, := % Z;'l=1 X;j converges),
then for each Banach limit ¥/ one has

n—>00 p 4

Y(x) = lim lej.
j=1

e) There exist Banach limits. More precisely, for x = (x,),en€£> con-
sider the Cesaro averages Cn1=%27=1xj~ For any « € [liminf, o ¢y,
limsup,_, ., ¢,] there is a Banach limit ¥ with ¥ (x) = « (see Remark
10.3.3).

4. Let K := [0,1] and ¢(x) = 0 for all x € [0, 1]. Show that (K; ¢) is uniquely
ergodic, but not minimal.

5. Consider D = {z € C : |z] < 1} and ¢,(z) = az for some a € T satisfying
a" # 1 for all n € N. Find the ergodic measures for ¢,.

6. For the doubling map on K = [0, 1) (cf. Exercise 2.12) and the tent map on [0, 1]
(cf. Exercise 2.13) answer the following questions:

1) Is the topological system uniquely ergodic?

2) Is the Koopman operator on C(K) mean ergodic?
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7. Prove Proposition 10.19.

8. Leta € T with @" # 1 for all n € N. Show that the Koopman operator L, of the
rotation system (T; a) is not mean ergodic on the space BM(T) of bounded, Borel
measurable functions endowed with sup-norm. (Hint: Take a 0-1-sequence (c;),en
which is not Cesaro convergent and consider the characteristic function of the set
{d":c, =1})

9. Let 7 : (K;¢) — (L;¥) be a homomorphism of topological systems, and let
T :=T, : C(L) — C(K) be the associated Koopman operator.

a) Show that T’y = w4 is the push-forward measure for every u € M(K).

b) Show that |T’u| < T’ |u| for every u € M(K), e.g., by using the definition
of the modulus of a measure in Appendix B.9.

¢) Suppose that 7 is surjective, i.e., a factor map. Show that
T : M, (K) — M, (L)

is surjective, too. (Hint: Employ the Hahn—Banach theorem and b) in order
to show that 77 : M'(K) — M!(L) is surjective. Then use the Markov—
Kakutani theorem to finish the proof.)

10 (Invariant Measures for Product Systems). Let (K;; ¢;), i € I, be a family of
topological systems, and let

(K:¢) = [ [(Ki: )
iel
be the topological product system, with canonical factor maps m; : (K;¢) —
(K;; ;). For € M(K) the measures ;4 it € M(K;) are called its marginals.

a) Show that u; € M;i (K;) is an ergodic measure for each i € [ if and only if
(Wi)ies is an extreme point in the compact convex set [ [, M;i (K;).

b) Show that the map

M, (K) = [[M,(K).  p> (riepier

i€l

is continuous, affine, and surjective.
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¢) Conclude that for given pu; € Mi}l_ (K;), i €1, the set
{p, € M;(K) Dk = p; foralli e I}

is a closed face (see page 515) of the compact convex set M; (K).

11. Let (K; ¢) be a topological system and let L € K be a compact subset with
¢(L) € L. Let R : C(K) — C(L) be the restriction operator. Show that the dual
operator R’ : M(L) — M(K) is an isometric lattice homomorphism satisfying

RMY(L) = {1 € ML(K) : supp(s) € L},

(Hint: First use Tietze’s theorem to show that R’ is an isometry; then use Exercise 9
and the isometry property of R’ to show that |[R'u| = |u| for every u € M(L);
finally use Proposition 5.6 to show that R'(M, (L)) € M,(K).)

12. Prove the following result: Let (Ks; @) be the maximal surjective subsystem of
a topological system (K; ) (see Corollary 2.27), and let R : C(K) — C(K;) be the
restriction mapping. Then the dual operator R’ : M(Ks) — M(K) restricts to an
isometric lattice isomorphism

R : M, (K,) — M,(K).

13 (Invariant Measures on Projective Limits). Let (((K;: ¢:))ier, (jj)i<j) be a
projective system of topological dynamical systems with projective limit system

(K: ) == I(}I_n(Ki; ®;i)

i€l

as in Exercises 2.18 and 4.16. One obtains a new projective system of compact
convex spaces

M, (K) (i€l Tijs :M;j(K,.) - M, (K) (.jeli<)).

(Note that, by Exercise 9, each mjj« is surjective if each 7;; is surjective.) Show that
the map

@ :ML(K) > imML (K), 0> (e
J
is an affine homeomorphism of compact convex sets. (Hint: Use Exercise 4.17.)

14 (Invertible Extension). Let (K;¢) be a surjective system, and let (L; ) 5
(K; @) be its minimal invertible extension as in Exercise 2.19.
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a) Show that
et My, (L) — My (K)

is an affine homeomorphism. (Hint: Exercise 13.)
b) Prove that (K; ¢) is uniquely/strictly ergodic if and only if (L; ¥) is.
15. Prove Proposition 10.22.

16. Let (o,)qen be a sequence of real numbers, and let » € N. Prove that (o) ,en
is equidistributed modulo 1 if and only if for each i € {0, ..., r — 1} the sequences
(0tyn+i)nen are equidistributed.

17 (Van der Corput’s Difference Theorem). Let («,),cn be a sequence of real
numbers. Prove that if for all 2~ € N the difference sequence (o, — 0ty45)neN 1S
equidistributed modulo 1, then so is (c,),en- Is the converse implication also true,
i.e., does the equidistribution of («,),cn imply that of the difference sequences?

18 (Equidistribution of Polynomial Sequences). Give an alternative proof of
Theorem 10.23 by using the result of the previous exercise.

19 (Invariant Functions as Invariant Measures). Let (K;¢) be a topological
dynamical system with invariant probability measure p € M; (K). Let T be the as-

sociated Koopman operator on L' (K, it). Show that for f € L' (K, i) the following
assertions are equivalent:

i Tf =/
(i) The (complex) measure v = fu is g-invariant, see Appendix B.10.

(Hint: Consider T as a Markov operator in the sense of Chapter 13. Then (ii)
is equivalent to 77 f = f. But for Markov operators 7, fix(T) = fix(T") by
Example 13.24. For a measure theoretic proof see Phelps (1966, Lem. 12.1).)



Chapter 11
The Pointwise Ergodic Theorem

What I don’t like about measure theory is that you have to say “almost everywhere” almost
everywhere.
Kurt Friedrichs'

While von Neumann’s mean ergodic theorem is powerful and far reaching, it does
not actually solve the original problem of establishing that “time mean equals space
mean” for a given measure-preserving system (X; ¢). For this we need the pointwise
limit

n—1
lim © 3 £(¢/()
=0

for states x € X and observables f : X — R. Of course, by Theorem 8.10
this limit equals the “space mean” fx f du for each observable f only if the
system is ergodic. Moreover, due to the presence of null-sets we cannot expect
the convergence to hold for all points x € X. Hence, we should ask merely for
convergence almost everywhere.

Shortly after and inspired by von Neumann’s mean ergodic theorem, Birkhoff
(1931) proved the desired result.

Theorem 11.1 (Birkhoff). Let (X;¢), X = (X, X, u), be a measure-preserving
system, and let f € L}(X). Then the limit

exists for -almost every x € X.

! An apparently well-known quote attributed to K. Friedrichs without known published source.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 211
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Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_11
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Birkhoff’s theorem is also called the Pointwise (or: Individual) Ergodic Theorem.
Using the Koopman operator T = T, and its Cesaro averages A, = A, [T] we obtain
by Birkhoff’s theorem that for every f € L!(X) the sequence (A, f),en converges
pointwise j-almost everywhere. Since we already know that 7" is mean ergodic, the
Cesaro averages A, f converge in L'-norm to the projection onto the fixed space
of T. Hence, Birkhoff’s theorem in combination with Theorem 8.10(v) implies the
following characterization of ergodic measure-preserving systems.

Corollary 11.2. A measure-preserving system (X; @), X = (X, X, u), is ergodic if
and only if for every (“observable”) f € 1L1(X) one has “time mean equals space
mean,” i.e.,

1 n—1
lim - > f(@@) = | fdu

for p-almost every (“state”) x € X.

As in the case of von Neumann’s theorem, Birkhoff’s result is operator theoretic
in nature. We therefore proceed as in Chapter 8 and use an abstract approach.

11.1 Pointwise Ergodic Operators

Definition 11.3. Let X be a measure space and let | < p < oo. A bounded linear
operator T on I7(X) is called pointwise ergodic if the limit

n—1

1 .
lim A, f = lim =Y T/ f
n—00 n—oo n —

exists p-almost everywhere for every f € 17(X).

Birkhoff’s theorem says that Koopman operators arising from measure-preserving
systems are pointwise ergodic. We shall obtain Birkhoff’s theorem from a more
general result which goes back to Hopf (1954) and Dunford and Schwartz (1958).
Recall that an operator T on L' (X) is called a Dunford-Schwartz operator (or an
absolute contraction) if

1T < 1Sl and (1T oo < 11/ lloo

forall f € 1°° N L. The Hopf-Dunford—Schwartz result then reads as follows.

Theorem 11.4 (Pointwise Ergodic Theorem). Ler X be a general measure space
and let T be a positive Dunford—Schwartz operator on 1N(X). Then T is pointwise
ergodic.
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Before we turn to the proof of Theorem 11.4 let us discuss some further results.

Dunford and Schwartz (1958) have shown that one can omit the condition of
positivity from Theorem 11.4. This is due to the fact that for a Dunford—Schwartz
operator T there always exists a positive Dunford—Schwartz operator S > 0
dominating it, in the sense that |Tf| < S| f| forall f € L'(X). On the other hand, a
general positive contraction on L' (X) need not be pointwise ergodic. A first example
was given in Chacon (1964). Shortly after, Ionescu Tulcea proved even that the class
of positive isometric isomorphisms on L'[0, 1] which are not pointwise ergodic is
“rich” in the sense of category (Ionescu Tulcea 1965).

One can weaken the condition on L>°-contractivity, though. For example, Hopf
has shown that in place of 71 < 1 (cf. Exercise 8.9) one may suppose that there
is a strictly positive function f such that 7f < f (Krengel 1985, Thm.3.3.5). For
general positive L'-contractions there is the following result from Krengel (1985,
Thm. 3.4.9).

Theorem 11.5 (Stochastic Ergodic Theorem). Ler X be a finite measure space
and let T be a positive contraction on L1(X). Then the Cesaro averages A,[T] f
converge in measure as n — oo for every f € L(X).

If we pass to I spaces with | < p < oo, the situation improves. Namely, building
on Tonescu Tulcea (1964), Akcoglu (1975) established the following celebrated
result.

Theorem 11.6 (Akcoglu’s Ergodic Theorem). Let X be a measure space and let
T be a positive contraction on 1P (X) for some 1 < p < oo. Then T is pointwise
ergodic.

For p = 2 and T self-adjoint this is due to Stein and has an elementary proof, see
Stein (1961b). In the general case the proof is quite involved and beyond the scope
of this book, see Krengel (1985, Sec.5.2) or Kern et al. (1977) and Nagel and Palm
(1982). Burkholder (1962) showed that if p = 2, the condition of positivity cannot
be omitted. (The question whether this is true also for p # 2 seems still to be open.)

Let us return to Theorem 11.4 and its proof. For simplicity, suppose that X =
(X, X, ) is a finite measure space, and 7 is a Dunford—Schwartz operator on X. By
Theorem 8.24 we already know that 7 is mean ergodic, hence

L'(X) = fix(T) @ ran(I — T).
Since L°°(X) is dense in L' (X), the space
F = fix(T) & (I1— T)L*(X)

is still dense in L' (X). As before, we write A, := A,[T] forn € N.

Lemma 11.7. In the situation described above, the sequence (A, f)nen iS |||l oo-
convergent for every f € F.
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Proof. Write f = g+ (I— T)h with g € fix(T) and h € 1>°(X). Then as already
seen before, A, f = g + %(h — T"h), and since sup, | 7"h|| o < ||h]s> it follows
that ||A, f — gllse — 0 forn — oco. O

By the lemma we have a.e.-convergence of (A, f ),en forevery f from the dense
subspace F of L'(X). What we need is a tool that allows us to pass from F to its
closure. This is considerably more difficult than in the case of norm convergence,
and will be treated in the next section.

11.2 Banach’s Principle and Maximal Inequalities

Let X = (X, X, ) be a measure space, | < p < oo, and (7,),en a sequence
of bounded linear operators on E := I7(X). The statement “lim,—oo T, f exists
almost everywhere” can be reformulated as

limsup|Ty f — T, f| := inf sup [T, f — T, f| =0, (11.1)
k=00 neN kizn
where suprema and infima are taken in the complete lattice 19 := L9(X;R) (see

Section 7.2).

If (11.1) is already established for f from some dense subspace F of E, one
would like to infer that it holds for every f € E. For this purpose we consider the
associated maximal operator 7* : E — 1° defined by

T* f :=sup|T, f| (f €E).

neN

Note that 7* f > 0 and T*(«f) = || T* f forevery f € E and o € C. Moreover,
the operator? T* is only subadditive,i.e., T*(f +g) < T* f +T*gforall f, g € E.

Definition 11.8. We say that the sequence of operators (7,),en satisfies an
(abstract) maximal inequality if there is a function ¢ : (0,00) — [0, 00) with
lim) 0 c(A) = 0 such that

u[Tf>2]<c)  (A>0. feE |f]<D).

The following result shows that an abstract maximal inequality is exactly what
we need.

Proposition 11.9 (Banach’s Principle). Ler X = (X, X, ) be a measure space,
1 <p<oo, and (Ty)nen a sequence of bounded linear operators on E=17(X). If the

2This notation should not be confused with the Hilbert space adjoint of an operator. The two
meanings of * will not occur in the same context.
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associated maximal operator T* satisfies a maximal inequality, then the set
F = {f €E : (Tuf)nen is a.e.-convergent}

is a closed subspace of E.

Proof. Since the operators 7, are linear, F' is a subspace of E. To see that it is closed,
let f € E and g € F. For any natural numbers k, [ we have

i f = Tif| < |Te(f — @I +Tvg — Tig|+|Ti(g — )| < 2T*(f—g)+|Tig — Tig| .

Taking the limsup in L° with k, { — oo (see (11.1)) one obtains

h:=limsup |Ty f — T, f| <2T*(f — g) + limsup |Trg — Tig| = 2T*(f — g)

k,]—00 k,l—0o0

since g € F. For A > 0 we thus have [h > 241 ] C[T*(f — g) > A] and hence
* A
pth>22] < u[1°( =9 > 2] = e () -

If f € F we can make || f — g|| arbitrarily small, and since lim,_, o, c(f) = 0, we
obtain u[h > 2A] = 0. Since A > 0 was arbitrary, it follows that 4 = 0. This shows
that f € F, hence F is closed. O

Maximal Inequalities for Dunford—Schwartz Operators

In the following, X = (X, X, ) denotes a general measure space and 7" denotes a
positive Dunford—Schwartz operator on L! (X). By Theorem 8.23, T is contractive
for the p-norm on L'NI? foreach 1 < p < oo, and by a standard approximation
T extends in a consistent way to a positive contraction on each space I/ (X) for
1 <p<oo.

Since the measure is not necessarily finite, it is unclear, however, whether 7'
extends to L>°. What we will use are the following simple observations.

Lemma 11.10. Let 1 < p < coand 0 < f € I’(X;:R) and A > 0. Then the
following assertions hold:

a) ulf >AI AP\ Sl < oo
b (f—M)tellnrr.
o) Tf —A<T(f -0
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Proof. a) LetA :=[f > A]. Then A’14 < f”1,, and integrating proves the claim.
For b) use the same set A to write

(f=DT ==y = f14— A,

Since £(A) < oo, the claim follows. Finally, note that \f —(f - A)+| < A, which
is easily checked by distinguishing what happens on the sets A and A°. Since 7' is a
Dunford-Schwartz operator, we obtain

Tf =T(f =M < [T(f = (f =M)D)| =,
and c) is proved. O

We now turn to the so-called maximal ergodic theorem. For 0 < f € I (with
1 < p < oo0)and A > 0 we write

k—1
Af = A S =D T M= s S k.
=K=n ]=0 =K=n

Then the set

n

[Arf>a]=[M)f>0]<c|J[Sf > k]

k=1
has finite measure and (M} f)* € L' N 17, by Lemma 11.10.a and b) above.

Theorem 11.11 (Maximal Ergodic Theorem). Let T be a positive Dunford—
Schwartz operator on L1(X), X some measure space, let p € [1,00), and let
0 < f e I’(X). Then for each A > 0 andn € N

M[A:f>/\]§%/ fdpu.

[Arr>2]
Proof. Take k € {2,...,n}. Then, by Lemma 11.10.c,

Sif —kd=f=A+TSiif —(k—DA< f—=A+T(Si—1 f —(k—DA)*T
< f=A+TM) )T

By taking the maximum with respect to k we obtain M} f < f — A + T(M} f)*
(for k = 1 we have S f — kA = f — 1). Now we integrate and estimate

A + — A < - A +
[0yt a /[MH>O]M"fdu_ /[M&M]f -+ [ 705"
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o S KT
[m}f>0] X
by the L'-contractivity of 7. It follows that

AM[A;f>A]=AM[M3f>0]§/ fdu=/[A*f l]fdu,

(M} 1>0]
which concludes the proof. O

Corollary 11.12 (Maximal Inequality). Let T be a positive Dunford—Schwartz
operator on L1(X), X some measure space, let p € [1,00), and let 0 < f € 17(X).
Then

u[A*F > 2] <ATIf1L (o> 0).

Proof. By the Maximal Ergodic Theorem 11.11 and by Holder’s inequality,

ulAsf1> 2] < X/[A;M] Al = < Ifln[ AT > 2]

where g is the conjugate exponent to p. This leads to

. 1/ 1,
n[Aslf1> 2] < ==L,

Now, since 7 is positive, each A, is positive and hence max;<i<, |Ar f| < A¥| f].
It follows that

u[lrgggnlAkfl >k} S ulATIFI= A=A NA1

We let n — oo and obtain the claim. O

We remark that there is a better estimate in the case 1 < p < oo, see Exercise 6.

Proof of the Pointwise Ergodic Theorem

Let, as before, T be a positive Dunford—Schwartz operator on some L!(X). If the
measure space is finite, then, by Lemma 11.7, A, f converges almost everywhere
for all f from the dense subspace F' = fix(T) & (I — T)L°°. Banach’s principle and
the maximal ergodic theorem yield the convergence for every f € L!(X).
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In the general case, i.e., when X is an arbitrary measure space, consider the
assertion

lim A, f exists pointwise almost everywhere. (11.2)
n—>oo

We shall establish (11.2) for larger and larger classes of functions f by virtue
of Banach’s principle. Recall that T is consistently defined simultaneously on all
spaces I with 1 < p < oo. If we want to explicitly consider its version on L7, we
shall write 7},, which is always a contraction.

First of all, it is clear that (11.2) holds if Tf = f. It also holds if f € (I —
T)(L' N L), because then A, f — 0 uniformly by the L*°-contractivity of T (cf.
Lemma 11.7). Next, let I < p < oo. We know by the mean ergodic theorem that

17 = fix(7,) + fan(l — 7).

Since a maximal inequality holds for I¥ (Corollary 11.12) and L! N L™ is dense
in I7, (11.2) holds for all f € I?. Finally, since a maximal inequality holds for !
(Corollary 11.12 again) and I? N L' is dense in L', (11.2) holds forall f € L. O

11.3 Applications
Weyl’s Theorem Revisited

Leta € [0, 1]\ Q. In Chapter 10 we proved Weyl’s theorem stating that the sequence
(noe (mod 1) )en is equidistributed in [0, 1). The mean ergodicity of the involved
Koopman operator with respect to the sup-norm (see Proposition 10.21) implies the
following stronger statement.

Corollary 11.13. Ifa € [0, 1]\ Q, then for every interval B = [a,b] C [0, 1]
1 . .
—card{J €[0,n) NNy : x+ja (modl) EB} — b—a
n

uniformly for x € [0, 1] as n — oc.

The pointwise ergodic theorem accounts for the analogous statement allowing
for general Borel sets B in place of just intervals. However, one has to pay the price
of losing convergence everywhere. Denoting by A the Lebesgue measure on R we
obtain the following result.
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Corollary 11.14. If o € [0, 1]\ Q, then for every Borel set B < [0, 1] we have
1
—card{j €0,n) NNy : x+jo (modl) € B} — A(B)
n

for almost every x € [0, 1] as n — oo.

Proof. This is Exercise 3. O

Borel’s Theorem on (Simply) Normal Numbers
A number x € [0, 1] is called simply normal (in base 10) if in its decimal expansion
x = 0.x1x%3... xje{O,...,9}, jeN,

each digit appears asymptotically with frequency 11—0. The following goes back to
Borel (1909).

Theorem 11.15 (Borel). Almost every number x € [0, 1] is simply normal.

Proof. First of all note that the set of numbers with nonunique decimal expansion is
countable. Let ¢(x) := 10x (mod1) for x € [0, 1]. As in Example 12.4 below,
the measure-preserving system ([0, 1], A; ¢) is isomorphic to the Bernoulli shift
(Section 5.1.5)

B(5. ..., 11—0) =F 2 w).
The isomorphism is induced by the point isomorphism (modulo null sets)
75— [0,1], (x1,x2,...) = 0x1x2....
(For more details on isomorphism, we refer to Section 12.1 below.) Since
the Bernoulli shift is ergodic (Proposition 6.20), the measure-preserving system

([0, 1], A; @) is ergodic as well. Fix a digit k € {0, ..., 9} and consider

A={xel0,1) : x =k} = [&, 5,

* 10

Sl=

sOA(A) = %. Then, as n — 00,

card{l <j<n:x =k}

1 n—1 ) :
- = L)~ /[0 RCESOES

for almost every x € [0, 1] by Corollary 11.2. O
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We refer to Exercise 5 for the definition and analogous property of normal
numbers.

The Strong Law of Large Numbers

In Chapter 10 we briefly pointed at a connection between the (mean) ergodic
theorem and the (weak) law of large numbers. In this section we shall make this
more precise and prove the following classical result, going back to Kolmogorov
(1977). We freely use the terminology common in probability theory, cf. Billingsley
(1979).

Theorem 11.16 (Kolmogorov). Let (§2,3,P) be a probability space, and let
(X)neny C ! (£2,F,P) be a sequence of independent and identically distributed
real random variables. Then

1
lim —-(X; +---+ X, = EX)) P-almost surely.
n—00 n

Proof. Since the X; are identically distributed, v := Py, (the distribution of X;) is a
Borel probability measure on R, independent of j, and

E(X)) = / tdv(z)
R
is the common expectation. Define the product space

X:=(X. 2. 1) == R, Q) Bo(R).(X)v).
N N

As mentioned in Section 5.1.5, the left shift T is a measurable transformation of
(X, X) and p is t-invariant. The measure-preserving system (X; t) is ergodic, and
this can be shown in exactly the same way as it was done for the finite state space
Bernoulli shift (Proposition 6.20).

Forn € NletY, : X — R be the n projection and write g := Y;. Then
Yj+1 = go v forevery j > 0, hence Corollary 11.2 yields that

n—1

1 1 .
lim —(Y; +---+7Y,) = lim —Z(gorf) = /gd,u
n—oo n n—>oonj=0 X

pointwise jt-almost everywhere. Note that g« = v and hence

/ng,usztdv(t).
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It remains to show that the (Y;),en are in a certain sense “the same” as the origi-
nally given (X,),en. This is done by devising an injective lattice homomorphism

@ I°(X;R) —» (2, F,P;R)
which carries Y, to @(Y,) = X, for every n € N. Define
0.2 =X, @) =X, (®))eN (w € ).

Since (X,),en is an independent sequence, the push-forward measure satisfies
psP = p.Let® =T, : f — f o¢ bethe Koopman operator induced by
¢ mapping L(X; R) to 1°(£2, F,P; R). The operator @ is well defined since ¢ is
measure-preserving.

By construction, @Y, = Y, o ¢ = X,, for each n € N. Moreover, @ is clearly a
homomorphism of lattices (see Chapter 7) satisfying

22§¢(ﬁ)=¢(iggﬂ1) and  inf &(f,) = @(inf f,)

for every sequence ( f;),en in L”(X; R). Since the almost everywhere convergence
of a sequence can be described in purely lattice theoretic terms involving only
countable suprema and infima (cf. also (11.1)), one has

lim f,=f p-ae. = lim &(f,) = &(f) P-almostsurely.
n—>o00 n—>oo

This, for f, := %(Yl +---+Y,) and f := E(X;)1, concludes the proof. O

Remark 11.17. By virtue of the same product construction one can show that the
mean ergodic theorem implies a general weak law of large numbers.

Final Remark: Birkhoff Versus von Neumann

From the point of view of statistical mechanics, Birkhoff’s theorem seems to outrun
von Neumann’s. By virtue of the dominated convergence theorem and the denseness
of L in 12, the latter is even a corollary of the former (cf. the presentation in Walters
(1982, Cor. 1.14.1)). Reed and Simon take a moderate viewpoint when they write in
(1972, p. 60) (annotation in square brackets by the authors).

This [i.e., the pointwise ergodic] theorem is closer to what one wants to justify [in?]
statistical mechanics than the von Neumann theorem, and it is fashionable to say that
the von Neumann theorem is unsuitable for statistical mechanics. We feel that this is an
exaggeration. If we had only the von Neumann theorem we could probably live with it
quite well. Typically, initial conditions are not precisely measurable anyway, so that one
could well associate initial states with measures fdpu where [ f dp = 1, in which case the
von Neumann theorem suffices. However, the Birkhoff theorem does hold and is clearly a
result that we are happier to use in justifying the statement that phase-space averages and
time averages are equal.
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However, von Neumann’s theorem inspired the operator theoretic concept of mean
ergodicity and an enormous amount of research in the field of asymptotics of
discrete (and continuous) operator semigroups with tantamount applications to
various other fields. Certainly it would be too much to say that Birkhoff’s theorem
is overrated, but von Neumann’s theorem should not be underestimated either.

Notes and Further Reading

The maximal ergodic theorem and a related result, called “Hopf’s lemma”
(Exercise 7) are from Hopf (1954) generalizing results from Yosida and Kakutani
(1939). A slightly weaker form was already obtained by Wiener (1939). Our proof
is due to Garsia (1965).

The role of maximal inequalities for almost everywhere convergence results
is known at least since Kolmogorov (1925) and is demonstrated impressively in
Stein (1993). Employing a Baire category argument one can show that an abstract
maximal inequality is indeed necessary for pointwise convergence results of quite
a general type Krengel (1985, Ch. 1, Thm. 7.2); a thorough study of this connection
has been carried out in Stein (1961a).

Finally, we recommend Garsia (1970) for more results on almost everywhere
convergence.

Exercises

1. Let K be a compact topological space, let T be a Markov operator on C(K) (see
Exercise 10.2), and let 1 € M'(K) be such that 7)1 < . Show that T extends
uniquely to a positive Dunford—Schwartz operator on L! (K, ).

2. Let X be a measure space, 1 < p < oo, and let (7,),en be a sequence of bounded
linear operators on E = 17 (X). Moreover, let T be a bounded linear operator on E.
If the associated maximal operator T* satisfies a maximal inequality, then the set

C:={f €E : T,f — Tf almost everywhere}

is a closed subspace of E.
3. Prove Corollaries 11.13 and 11.14.

4. Let (K;¢) be a topological system with Koopman operator 7 := T, and
associated Cesaro averages A, = A,[T], n € N. Let u be a ¢-invariant probability
measure on K. A point x € K is called generic for  if

Tim (Anf)(0) = /K fdu (113)

forall f € C(K).
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a) Show that x € K is generic for p if (11.3) holds for each f from a dense
subset of C(K).

b) Show that in the case that C(K) is separable and p is ergodic, p-almost
every x € K is generic for . (Hint: Apply Corollary 11.2 to every f from a
countable dense set D € C(K).)

5. A number x € [0, 1] is called normal (in base 10) if every finite combination
(of length k) of the digits {0, 1, ..., 9} appears in the decimal expansion of x with
asymptotic frequency 107, Prove that almost all numbers in [0, 1] are normal.

6 (Dominated Ergodic Theorem). Let X = (X, X, ) be a measure space and let

f € (X). Show that
/deu=/0 ulf > 1] dr

and derive from this that || | = JoS pt ]| f| > t] dt for all f € L(X) for
1 <p<oo.

Now let T be a Dunford—Schwartz operator on L'(X) with its Cesaro averages
(A,)nen and the associated maximal operator A*. Use the maximal ergodic theorem
to show that

p
IA* £, < 51 1A, (A<p<oo, [fel(X)).
7 (Hopf’s Lemma). For a positive contraction 7 on L' (X) define
n—1
Snf :=ZTff and M,f:= max S;f  (f e L'(X;R))
— 1<k<n
j=

for n € N. Prove that

/ fdp =0
(M, f>0]

for every f € L'(X;R). (Hint: Replace A = 0 in the proof of the maximal ergodic
Theorem 11.11 and realize that only the L'-contractivity is needed.)






Chapter 12
Isomorphisms and Topological Models

No matter how correct a mathematical theorem may appear to be, one ought never to be
satisfied that there was not something imperfect about it until it also gives the impression of
being beautiful.

George Boole!

In Chapter 10 we showed how a topological dynamical system (K; @) gives rise
to a measure-preserving system by choosing a g-invariant measure on K. The
existence of such a measure is guaranteed by the Krylov—Bogoljubov Theorem 10.2.
In general there can be many invariant measures, and we also investigated how
minimality of the topological system is reflected in properties of the associated
measure-preserving system. It is now our aim to go in the other direction: starting
from a given measure-preserving system we shall construct some topological system
(sometimes called fopological model) and an invariant measure so that the resulting
measure-preserving system is isomorphic to the original one. By doing this, methods
from the theory of topological dynamical system will be available, and we may gain
further insights into measure-preserving systems. Thus, by switching back and forth
between the measure theoretic and the topological situation, we can deepen our
understanding of dynamical systems. In particular, this procedure will be carried
out in Chapter 17.

Let us first discuss the question when two measure-preserving systems can be
considered as identical, i.e., isomorphic.

ID. Mac Hale, Comic sections: the book of mathematical jokes, humour, wit, and wisdom, Boole
Press, 1993.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 225
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_12
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12.1 Point Isomorphisms and Factor Maps

Isomorphisms of topological systems were defined in Chapter 2. The corresponding
definition for measure-preserving systems is more subtle and is the subject of the
present section.

Definition 12.1. Let (X;¢) and (Y;¥) be two measure-preserving systems, X =
(X, X, nw)and Y = (¥, X', v). A point factor map or a point homomorphism is a
measure-preserving map 6 : X — Y such that

Yol =60o¢ p-almosteverywhere.
We shall indicate this by writing
0: (X:ip) = (Yi).
A point isomorphism (or metric isomorphism) is a point factor map which is

essentially invertible (see Definition 6.3). Two measure-preserving systems are
called point isomorphic if there is a point isomorphism between them.

In other words, a measure-preserving map 6 : X — Y is a factor map if the diagram

%
X— X
] 0
Y Y

commutes almost everywhere.

Example 12.2. Consider a measure-preserving system (X; ¢) with Koopman oper-
ator T = T,. Fix M € Xx and define 6 : X — #," = {0, 1} by

e(x) = (I[WHGM](X))HGNO = (TnlM(x))nENo‘

Then 6 is measurable and satisfies 00 = 6 o, where t is the shift on 7/2"’. Indeed,
¢(x) €[¢" € M]ifand only if x € [ "' € M|, thus

0(p(x)) = 1(0(x)).

Let v = 6, u be the push-forward measure on the product o-algebra X'. Then 6 is
measure-preserving and forA € ¥

(Tl (A) = n@~ (@A) = ple™ O71A) = nO~'(A) = v(A),
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i.e., v is shift invariant. It follows that 8 : (X; ¢) — (7/+, X, v; 1) is a homomor-
phism of measure-preserving systems.

Let 6 : X — Y be a point isomorphism. Recall that by Lemma 6.4 an essential
inverse 7 of 0 is uniquely determined up to equality almost everywhere and it is
also measure-preserving. Moreover, since 6 o ¢ = ¥ o 6 almost everywhere and n
is measure-preserving, it follows from Exercise 6.2 that

pon=nofogpon=noyobon=noy

almost everywhere. To sum up, if  is a point isomorphism with essential inverse 7,
then 7 is a point isomorphism with essential inverse 6.

Remarks 12.3. 1) The composition of isomorphisms of measure-preserving
systems/point factor maps is again a point isomorphism/factor map, see
Exercise 1. In particular, it follows that point isomorphy is an equivalence
relation on the class of measure-preserving systems.

2) Sometimes an alternative characterization of point isomorphic measure-
preserving systems is used in the literature, for instance in Einsiedler and
Ward (2011, Def. 2.7). See also Exercise 2.

Now let us give some examples of point isomorphic systems.

Example 12.4 (Doubling Map = Bernoulli Shift). The doubling map

2x if05x<%,

@) :=2x (modl) =
2c—1 ifi<x<I,

on [0, 1] is point isomorphic to the one-sided Bernoulli shift B(%, %)

Proof. We define

oo

v > 0.1 vE=)Y 2

j=1
Then ¥ is a pointwise limit of measurable maps, hence measurable. On the other
hand, let
@ :[0,1] — {0, 1}V, [@(a)], := [2"a] (mod2) € {0, 1}.

In order to see that @ is measurable and measure-preserving, we fix ap,...,a, €
{0, 1} and note that

n

o7 y=q;:1=j=n] =) T +[0. 4l
j=1
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The claim follows since the cylinder sets form a generator of the o-algebra on
{0, 1}V, Next, we note that ¥ o @ = id except on the null set {1}, since the map
@ just produces a dyadic expansion of a number in [0, 1). Conversely, @ o ¥ = id
except on the null set

Ne={J\[x=1]<{0.1}"

n>1k>n

of all 0-1-sequences that are eventually constant 1. Finally, it is an easy computation
to show that 7 0 @ = @ o ¢ everywhere on [0, 1]. O

Example 12.5 (Tent Map = Bernoulli Shift). The tent map

2x ifo<x<l1,
p(x) = - 2
2—2x 1f§§x§1,

11

on [0, 1] is point isomorphic to the one-sided Bernoulli shift B(3, 3).

Proof. We define @ = (&,),en, : [0, 1] — {0, 1310 via

(p(x)._{o if0 < ¢"(x) < 1,
1 if 3 <¢"(x) <1

It is clear that @ is measurable. By induction on n € Nj one proves that the graph
of ¢" on a dyadic interval of the form [(j — 1)27",j27"] is either a line of slope 2"
starting in 0 and rising to 1 (if j is odd), or a line of slope —2" starting at 1 and falling
down to O (if j is even). Applying ¢ once more, we see that

¢"1(x) = 0 if and only if x=§ (j=0,....2".

Again by induction on n € Ny we can prove that given ao, . . ., a, € {0, 1} the set

n

N[e® =a] = @7 (tao}x - x tay x [T10.13)

Jj=0 k>n

is a dyadic interval (closed, half-open, or open) of length 2=+ _ Since the algebra
of cylinder sets is generating, it follows that @ is measure-preserving. Moreover, if
t denotes the shift on {0, 1}, then clearly 7 0 @ = & o ¢ everywhere, hence @ is
a point homomorphism.

An essential inverse of @ is constructed as follows. Define

A=[0=<¢"<1]. Ay=[i<¢"<1] (neNy.
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Then there is a one-to-one correspondence between dyadic intervals of length
2=+ and finite sequences (ao. . . ., a,) € {0, 1}"*! given by

[zn+1’2n+1] ﬂAaJ (12.1)

Let ¥ : {0, 1}"0 — [0, 1] be defined by
o0
W@} =4
j=0

Note that the intersection is indeed a singleton since the intersected intervals are
closed and their length tends to 0. If x € [0, 1], then x € Af”(x) by definition of @,
and hence ¥ (@(x)) = x. This shows that ¥ o @ = id.

In order to show that ¥ is measurable, suppose first that a, b are 0-1-sequences
such that a # b but ¥(a) = x = ¥ (b). Then there is a minimal n > 0 such that
by # ay. Since x € A% N AL, it follows that " (x) = % Hence, x is a dyadic rational
of the form j2~"*1 with j odd. Moreover, ¢*(x) = 0 for all k > n + 2, and this
forces ay = by = 0 for all k > n + 2. It follows that a and b both come from the
countable set N of sequences that are eventually constant 0.

Now, given a dyadic interval associated with (ao, .. .,a,) as in (12.1), we have
that

faoy x .. {ay x [T00. 13 v (N 47)
=0

k>n
CNU ({ao} x .. Aay x [ 1. 1}).
k>n

Since N (the set of eventually 0 sequences) is countable, every subset of N is
measurable, and so ¥~ (ﬂ —oA ’) is measurable. Since dyadic intervals form a
N-stable generator of the Borel o- algebra of [0, 1], ¥ is measurable.

Finally, suppose that b := ®(¥(a)) # a for some a € {0, 1}, Then, since
Yo@® = id everywhere, we have ¥ (b) = ¥ (a) and hence a € N as seen above. This
means that[@ o ¥ # id] C N is a null set, hence @ o ¥ = id almost everywhere.

Example 12.6. The baker’s transformation

(2x,%y) ifo<x<i

0 X—>X, ¢y :=
@x—1,30+1) if§<x=<I,

onX = [0, 1] x [0, 1] is isomorphic to the two-sided Bernoulli B(z, 2) shift.

The proof is left as Exercise 3.
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We indicated in Chapter 6 that for the study of a measure-preserving system
(X; @), the relevant feature is the action of ¢ on the measure algebra and not on
the set X itself. This motivates the following notion of “isomorphism” based on the
measure algebra.

12.2 Algebra Isomorphisms of Measure-Preserving Systems

Recall the notions of a lattice and a lattice homomorphism from Section 7.1. A
lattice (V, <) is called a distributive lattice if the distributive laws

xAOVZ=CxAY V(XAZ, xVOAZD=ExVY) AKXV

hold for all x, y, z € V. If V has a greatest element T and least element L, then a
complement of x € V is an element y € V such that

xVvVy=T and xAy=L1.

A Boolean algebra is a distributive lattice (V, <) with T and L such that every
element x € V has a complement. Such a complement is then unique, see Birkhoff
(1948, Thm. X.1), and is usually denoted by x°. An (abstract) measure algebra is
a complete Boolean algebra V (i.e., complete as a lattice, see Section 7.1) together
with amap pu : V — [0, 1] such that

D (™ =1,
2) u(x) =0ifand onlyifx =1,

3) p is o-additive in the sense that

(-xn)nEN SV, Xy Axp=1 (}’l 7é m) — ,LL( \/xn) = Z/,L(Xn)

neN neN

A lattice homomorphism ® : V — W of (abstract) measure algebras (V, u), (W, v)
is called a (measure algebra) homomorphism if v(®(x)) = u(x) forall x € V.

By the results of Section 6.1, the measure algebra X'(X) associated with a
measure space X is an abstract measure algebra (see also Example 7.1.4). Moreover,
given a measure-preserving system (X; ¢), the map

P*E(X) > 2(X), [Alm[¢7'A]

acts as a measure algebra homomorphism on X (X). In this way, (X(X), u; ¢*)
can be viewed as a “measure algebra dynamical system” and one can form the
corresponding notion of a homomorphism of such systems. This leads to the
following definition.
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Definition 12.7. An algebra homomorphism, or briefly a homomorphism, of two
measure-preserving systems (X; ¢) and (Y; ) is a homomorphism

O (X(Y). py) = (Z(X), ux)

of the corresponding measure algebras such that ® o * = ¢* 0 0, i.e., the diagram

is commutative. An (algebra) isomorphism is a bijective homomorphism. Two
measure-preserving systems are (algebra) isomorphic if there exists an (algebra)
isomorphism between them.

Note that by Exercise 5 each measure algebra homomorphism is an embedding,
isometric with respect to the canonical metric coming from the measure(s).

Remark 12.8. Let 6 : (X;¢) — (Y;¥) be a point factor map. Then the associated
map

0% (Z(Y). py: ¥*) = (Z(X), ux: ¢™)

(see Section 6.1) is an algebra homomorphism. If 6 is a point isomorphism, then 6*
is an algebra isomorphism.

Markov Embeddings and Isomorphisms

We shall now see that (measure) algebra homomorphisms correspond in a natural
way to certain operators on the associated L!-spaces.

Definition 12.9. An operator S : L'(Y) — L'(X), with X, Y probability spaces, is
called a Markov operator if

§>0, Sly=1x, and /Sf = / f forall f eLl(Y).
X Y
If, in addition, one has
ISl =S|f] for every f € L(Y),

then S is called a Markov embedding.
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Note that S is a Markov operator if and only if § > 0, S1y = 1y and S'1x = 1y.
A Markov operator is a Markov embedding if it is a homomorphism of Banach
lattices. It is easy to see that in this case ||Sf ||, = || f]|, for every f € L!, so each
Markov embedding is an isometry.

Markov operators form the basic operator class in ergodic theory and shall play
a central role below. We shall look at them in more detail in Chapter 13. For now
we only remark that, of course, a Koopman operator associated with a measure-
preserving system is a Markov embedding; cf. also the end of Section 7.3.

A Markov embedding S is called a Markov isomorphism or an isometric
lattice isomorphism if it is surjective. In this case, S is bijective and S™! is a
Markov embedding, too. The next theorem clarifies the relation between Markov
embeddings and measure algebra homomorphisms.

Theorem 12.10. Every Markov embedding S : 1 (Y) — L'(X) induces a map
O:XY)—> XX)via

S1y=1pu  forall Ae X(Y), (12.2)

and © is a measure algebra homomorphism.

Conversely, let @ : X(Y) — X (X) be a measure algebra homomorphism.
Then there is a unique bounded operator S : L}(Y) — LY(X) which is a Markov
embedding and satisfies (12.2).

Finally, © is surjective if and only if S is a Markov isomorphism.

Proof. Since S is a positive operator, it maps real-valued functions to real-valued
functions. Now, a moment’s thought reveals that a real-valued function f € L'isa
characteristic function if and only if / A (1— f) = 0. Hence, S maps characteristic
functions on Y to characteristic functions on X. This gives rise to a map

O:2(Y)— X2(X) givenby Sy = 1w (A e 2(Y)).
It is then easy to see that @ is a measure algebra homomorphism (Exercise 6).

For the converse, let ® : ¥ (Y) — X (X) be a measure algebra homomorphism.
We write a step function f on Y as

f= Z o1y,
=1

with pairwise disjoint A; € Xy, uy(4;) > 0, and o; € C. Then we define

Sf = Z(le@(Aj).

J=1
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From the properties of ® it follows in a standard way that S is well defined and
satisfies S1y = 1x, [y Sf = [; f.|Sf] = S|f| and hence |Sf|, = | f|, for
all step functions f. By approximation, S extends uniquely to an isometry of the
L'-spaces. This extension is clearly a Markov embedding.

Finally, if @ is surjective, then the dense set of step functions is contained in
the range of S. Since S is an isometry, S must be surjective. Conversely, if S is
surjective, it is bijective and S71 is also a Markov embedding. Hence, if B € ¥ (X),
then S™'13 = 1, for some A € X (Y), and therefore ©(A) = B. Consequently, ® is
surjective. O

Suppose that (X;¢) and (Y; ) are measure-preserving systems, and @, S are
maps

O (Z(Y), uy) = (2, pux), S LI(Y) = L'(X)
related by S14 = 1g() for A € X (Y) as before. Then
STwlA = Sl¢*A = IQ(W*A) and T(pSlA = Twl(g(A) = l(p*(@(A)).

Therefore, ® is an algebra homomorphism of the two measure-preserving systems
if and only if its associated operator S : L' (Y) — L!(X) satisfies STy = TS, i.e., if
the diagram

L'(X)—— L'(X)

4

commutes. In yet other words: the operator S intertwines the Koopman operators
of the systems. In this case, i.e., if such an intertwining Markov embedding exists,
the system (Y; v) is called a factor of the system (X; ¢) and (X; ¢) is an extension
of the system (Y; ).

Clearly, if 6 : (X; @) — (Y;¥) is a point factor map, then its Koopman operator
Ty is an intertwining Markov embedding, and hence (Y; ¥) is a factor of (X; ¢).

Proposition 12.11. If a measure-preserving system (X; @) is ergodic, or strongly
mixing, or weakly mixing (of order k € N), or mildly mixing, then the same,
respectively, is true for each of its factors.

The proof is left as Exercise 7.
The considerations above lead to the following characterization of isomorphic
systems.
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Corollary 12.12. Two measure-preserving systems (X; @) and (Y; ) are algebra
isomorphic if and only if there is a Markov isomorphism S : L1 (Y) — L'(X) that
satisfies STy = T,S.

A Markov isomorphism restricts to a lattice isomorphism between the correspond-
ing I spaces, hence one can obtain an analogous characterization of isomorphism
of measure-preserving systems in terms of the Koopman operator on each I space.

Relation Between Point and Markov Isomorphisms

As we saw in Section 7.3, the relation between state space maps and Koopman
operators is complicated in general. So it is not surprising that, with a construction
similar to Example 6.7, one can show that an algebra isomorphism of measure-
preserving systems need not be induced by a point isomorphism as in Remark 12.8.

Example 12.13. Take X = {0}, ¥ = {0,X}, ux(X) = 1, ¢ = idy and (Y;¢)
with Y = {0, 1}, X' = {@,Y}, uy(¥Y) = 1, ¥ = idy. The two measure-preserving
systems are not point isomorphic, but isomorphic in the measure algebra sense.

Again, it is not surprising that the distinction between ‘““algebra isomorphic” and
“point isomorphic” systems is superfluous when one restricts to standard probability
spaces (Definition 6.8).

Theorem 12.14 (Von Neumann). Two measure-preserving systems on standard
probability spaces are isomorphic if and only if they are point isomorphic.

Proof. One implication is trivial. The converse is a straightforward consequence of
Theorem 7.20. Indeed, let (X;¢) and (Y; ) be measure-preserving systems with
Koopman operators T, and T, respectively, and let @ : L'(Y) — L'(X) be an
isomorphism. Then @ and @ ! satisfy the hypotheses of Theorem 7.20, hence there
are measure-preserving maps t : X — Yandn : ¥ — X such that ® = T, and
@~! = T,. Then

Teon=T,T, =0 '® =1=Ty4

and from Proposition 7.19 we conclude that t o n = id almost everywhere.
Analogously, n o t = id almost everywhere. Finally, note that

Tyor =TTy = PTy =T, @ =T, T; = Trop,
whence, as before, it follows t o ¢ = ¥ o T almost everywhere. O

Each Markov isomorphism between L'-spaces restricts to an isomorphism
between the corresponding [*°-spaces. This leads to the following characterization
of isomorphic systems.
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Theorem 12.15. For measure-preserving systems (X;¢) and (Y; ) with associ-
ated Koopman operators T, and Ty, respectively, consider the following assertions:

(1) The systems (X; @) and (X; ) are point isomorphic.
(1) The systems (X; @) and (Y; ) are algebra isomorphic.

(iii) There is a one-preserving lattice isomorphism S : L°(X) — L*°(Y) such

that [ Sf = [y f forall f € 1°°(X) and ST, = TyS.

(iv) There is a C*-algebra isomorphism S : 1°(X) — L*°(Y) such that fY Sf =
[x f forall f € 1L°(X)and ST, = TyS.

Then (i) = (ii) < (iii) < (iv),; and if X and Y are standard probability spaces, then
>i1) = ().

Proof. (1) = (ii) is simply Remark 12.8. The converse, in the case when the under-
lying spaces are standard probability spaces, is von Neumann’s Theorem 12.14.

(ii) = (iii): By Corollary 12.12 we find a Markov isomorphism S : L' (X) — L!(Y)
with ST, = Ty S. Then S restricts to a lattice isomorphism S : L°(X) — L*(Y),
and (iii) follows.

(iii) = (iv): This follows from Theorem 7.23.

(iv) = (ii): Let § : IL>°(X) — L>°(Y) be as in (iv). Then, again by Theorem 7.23,
S is also a lattice homomorphism. It follows that S is isometric for the L'-norms.
Hence, S extends uniquely to a lattice isomorphism of the L!-spaces. By standard
approximation arguments, this extension is a Markov isomorphism of the dynamical
systems, whence (ii) follows by Corollary 12.12. O

Remark 12.16. Theorem 12.15 should be compared with the following conse-
quence of Theorems 4.13 and 7.23: For topological systems (K; ¢) and (L; ) the
following assertions are equivalent:

(1) The systems (K; ) and (L; ) are isomorphic.
(ii) There is a C*-algebra isomorphism @ : C(K) — C(L) with Ty ® = @T,.

(iii) There is a Banach lattice isomorphism @ : C(K) — C(L) with @1 = 1 and
Ty® = DT,

12.3 Abstract Systems and Topological Models

A compact probability space is any pair (K, ;1) where K is a compact space and
/L is a Baire probability measure on K. The compact probability space (K, i) is
called metric if K is endowed with a metric inducing its topology, and faithful if
supp(p) = K, i.e., if the canonical map C(K) — L*°(K, w) is injective.

A topological measure-preserving system is any triple (K, u; ¢), where (K, )
is a compact probability space, and ¢ : K — K is a u-preserving continuous map.
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The topological measure-preserving system (K, ; ¢) is called metric or faithful
if (K, ) is metric or faithful, respectively. The following is a consequence of
Lemma 10.7.

Lemma 12.17. If (K, u; @) is a faithful topological measure-preserving system,
then ¢(K) = K, i.e., (K; @) is a surjective topological system.

Theorem 10.2 of Krylov and Bogoljubov tells that every topological system
(K; ) has at least one invariant probability measure, and hence gives rise to at least
one topological measure-preserving system. (By the lemma above, this topological
measure-preserving system cannot be faithful if (K; ¢) is not a surjective system.
But even if the topological system is surjective and uniquely ergodic, the arising
measure-preserving system need not be faithful as Exercise 9 shows.) Conversely,
one may ask:

Is every measure-preserving system (algebra) isomorphic to a topological
one?

Before we answer this question in the affirmative, it is convenient to pass to a larger
category (see also the discussion at the end of this section).

Definition 12.18. An abstract measure-preserving system is a pair (X; 7'), where
X is a probability space and T : L' (X) — L!(X) is a Markov embedding.

For simplicity, an abstract measure-preserving system is also called just an
abstract system. A homomorphism

S:(Xi:Th) — (X35 T2)

of abstract systems (Xi:7}),(X,:T>) is a Markov embedding S : L'(X;) —
L!'(X,) that intertwines the operators Ty, T», i.e., such that 7,S = STj. In this
case (Xp;7T3) is called an extension of (X;;7}) and (X;;7)) is called a factor
of (X3;T). (This is coherent with the terminology on page 233.) A surjective
(= bijective) homomorphism S is an isomorphism. In this case its inverse S~! is also
a homomorphism. Finally, an abstract system (X; 7') is invertible if 7 is invertible,
and it is called ergodic if fix(7T) = C1.

Given two abstract systems (X;;77) and (X3; 7>) one can form their product
system (X; ® X,; 71 ® T»), see Exercise 16. An abstract system (X; 7)) is called
weakly mixing if the product system (X x X; 7 ® T) is ergodic.

Example 12.19. Each measure-preserving system (X; ¢) gives rise to an abstract
system (X;7T) where T := T, is the Koopman operator. According to Propo-
sition 7.12, the system (X;¢) is invertible if and only if its abstract counterpart
(X; Ty) is invertible. Moreover, by Corollary 12.12 above, two measure-preserving
systems (X;¢) and (Y;) are algebra isomorphic if and only if the associated
abstract systems (X; T,) and (Y; Ty) are isomorphic in the sense noted above. The
Koopman operator Ty of a point factor map 6 : (X; ¢) — (Y; ) (Definition 12.1) is
ahomomorphism 7y : (Y; Ty ) — (X;T,) of abstract systems, hence yields a factor.
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A (faithful) topological model of an abstract measure-preserving system (X; 7'
is any (faithful) topological measure-preserving system (K, u; ) together with an
isomorphism

D (K, pu;Ty) = (X:T)

of abstract measure-preserving systems. In the following we shall show that every
abstract system has (usually many) faithful topological models.

Suppose that (X; T) is an abstract measure-preserving system and let A € L™ (X)
be a C*-subalgebra. (Recall that this means that A is a norm-closed and conjugation
invariant subalgebra with 1 € A.) By the Gelfand—Naimark Theorem 4.23, there is a
compact space K and a (unital) C*-algebra isomorphism @ : C(K) — A. The Riesz
representation theorem yields a unique probability measure 1 € M'(K) such that

[ rau=[or s ecawn. (123)
K X
(Note that the measure p has full support.) By Theorem 7.23 one has in addition

ofl=lfl  (f €CK)), (12.4)

and this yields

2SI x) Z/Xfplfl Z/Klfl dpe = 11/ Il

forevery f € C(K), i.e., @ is an L'-isometry. Consequently, @ extends uniquely to
an isometric embedding

@ LMK, p) — LX)
with range ran(®) = cl; (A), the L!-closure of A. Moreover, it follows from (12.3)
and (12.4) by approximation that @ is a Markov embedding.
Now, suppose in addition that A is 7-invariant, i.e., T(A) € A. Then
@7 'Td : C(K) — C(K)
is an algebra homomorphism, again by Theorem 7.23. Hence, by Theorem 4.13

there is a unique continuous map ¥ : K — K such that ®~'T® = T,. Moreover,
the measure p is Y-invariant since

/KfoWduszcb_chDfduzfqu)f =/Xq>f =/deu
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for every f € C(K). It follows that (K, ;) is a faithful topological measure-
preserving system, and that @ : L'(K, u) — L'(X) is a Markov embedding that
intertwines Ty, and 7, i.e., a homomorphism of the dynamical systems.

L(X)
LYK, u) ° ClL1J(A)
. C(K) ° y
C(K) z A/

We have proved the nontrivial part of the following theorem. (The remaining part is
left as Exercise 10.)

Theorem 12.20. Let (X;T) be an abstract measure-preserving system. Then A C
L*®°(X) is a T-invariant C*-subalgebra if and only if there exists a faithful
topological measure-preserving system (K, u; ) and a Markov embedding @
L' (K, u) = L'(X) with T® = ®Ty, and such that A = ®(C(K)).

Let us call a subalgebra A of L°(X) full if clyA = L!'(X). If A is full, then the
Markov embedding @ in Theorem 12.20 is surjective, hence
D (K, pu;Ty) = (X:T)
is an isomorphism of abstract dynamical systems, i.e., a (faithful) topological model
of (X;T).

Corollary 12.21. Every abstract measure-preserving system has a faithful topolog-
ical model. In particular, every measure-preserving system is (algebra) isomorphic
to a topological measure-preserving system.

Note that in the construction above we can choose an arbitrary full subalgebra,
hence uniqueness of a model cannot be expected. For the choice A := L>*(X) we
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obtain a distinguished model, to be studied in more detail in Section 12.4 below.
However, other models may be of interest, as in the following result.

Theorem 12.22 (Metric Models). An abstract measure-preserving system (X; T)
has a metric model if and only if L/(X) is a separable Banach space.

Proof. Let (K, ;%) be a metric model for (X; 7). By Theorem 4.7, C(K) is a
separable Banach space, and as any dense subset of C(K) is also dense in L! (K, 1),
the latter space must be separable as well.

Conversely, suppose that L' (X) is separable, and let M € L'(X) be a countable
dense set. Since L™ is dense in L!, we can approximate each element of M by
a sequence in [*°, and hence we may suppose without loss of generality that
1 € M C 1. After enlarging M by at most countably many elements, we may
also suppose that M is conjugation invariant. By passing to (,-, 7" (M) we may
then suppose that M is T-invariant. Let A := cliooalg(M) be the smallest C*-
subalgebra of 1> containing M. Then A is separable (Exercise 11), T-invariant,
and full. Theorem 12.20 yields a topological model @ : (K, u;y) — (X;7T) with
®(C(K)) = A. Since @ : C(K) — A is an isomorphism of C*-algebras, C(K) is a
separable Banach space. By Theorem 4.7 K is metrizable. O

Abstract vs. Concrete Measure-Preserving Systems

In our original notion, a measure-preserving system is a probability space X with
some measure-preserving transformation ¢ acting on it. Associated with ¢ is its
Koopman operator T, acting on L!(X) as a Markov embedding.

In a structural view of ergodic theory, the Koopman operator is the central object
and the state space mapping ¢ fades more or less out of focus. The reason is that all
relevant properties of the system are formulated “almost everywhere,” i.e., actually
not in terms of ¢ but rather in terms of ¢*, the induced action on the measure
algebra. But ¢* and the Koopman operator T, are essentially the same objects by
Theorem 12.10.

It is therefore reasonable to embed the class of “concrete” measure-preserving
systems (X; ¢) into the larger class of “abstract” measure-preserving systems (X; 7')
and use the corresponding notion of isomorphism. (This also explains our definition
of “invertible system” in Definition 6.2.) The existence of topological models then
means in particular that every abstract measure-preserving system is isomorphic to
a “concrete” one.

The standard literature on ergodic theory often takes a different route. Instead of
enlarging the class of systems, one restricts it by allowing only standard probability
(= Lebesgue) spaces (see Definition 6.8 and Remark 7.22) as underlying probability
spaces. But every measure algebra homomorphism between standard probability
spaces is induced by a point homomorphism by von Neumann’s Theorem 7.20.
Hence, when one confines oneself to measure-preserving systems over standard
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probability spaces, the difference between algebra isomorphisms and point isomor-
phisms disappears (Theorem 12.14).

From a functional analytic perspective, the restriction to standard probabil-
ity spaces amounts—by Theorem 12.22—to considering only abstract measure-
preserving systems (X; T) where L! (X) is separable as a Banach space.

12.4 The Stone Representation

Let (X;¢) be any given measure-preserving system. Then we can apply the
construction preceding Theorem 12.20 to the algebra A = L*°(X), yielding a
distinguished topological model (K, u; ¥) of the whole system (X; ), called its
Stone representation or its Stone model.

The name derives from an alternative description of the compact space K.
Consider the measure algebra V := X(X), which is a Boolean algebra (see
Section 12.2). By the Stone representation theorem (see, e.g., Birkhoff (1948,
Sec. IX.9)) there exists a unique compact and totally disconnected space Ky such
that V is isomorphic to the Boolean algebra of all closed and open (clopen)
subsets of Ky. The compact space Ky is called the Stone representation space
of the Boolean algebra X(X), and one can prove that K and Ky are actually
homeomorphic. By Example 7.1.4 the Boolean algebra X' (X) is complete, in which
case the Stone representation theorem asserts that the space K ~ Ky is extremally
disconnected. We shall prove this fact directly using the Banach lattice C(K).

Proposition 12.23. Let K be the Stone representation space obtained above. Then
K is extremally disconnected, i.e., the closure of every open set is open.

Proof. We know that *°(X) and C(K) are isomorphic Banach lattices. Since L>°(X)
is order complete (Remark 7.11), so is C(K). Let G € K be an open set. Consider
the function

f = inf{g 1 g € C(K), gx) > 15(x) forall x € K}

where the infimum is to be understood in the order complete lattice C(K), so f
is continuous. If x ¢ G, then by Urysohn’s Lemma 4.2 there is a real-valued
continuous function g vanishing on a small neighborhood of x and equal to 1 on
G,s0 f(x) = 0.Ifx € G, then each g appearing in the above infimum is 1 on a fixed
neighborhood of x, so f(x) = 1. Since f is continuous, we have f(x) = 1 for all
x € G. This implies f = 1, hence G is open. O

Recall that the measure (positive functional) i on K is induced via the isomor-
phism

C(K) = L°(X)
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and hence is strictly positive, i.e., has full support supp(x) = K. Moreover, [ is
order continuous, i.c., if % C C(K)4 is a A -stable set such that inf.# = 0,
then infrez ( f, ) = 0 (see Exercise 7.12). In the following it will be sometimes
convenient to use the regular Borel extension of the (Baire) measure u.

Lemma 12.24. The p-null sets in K are precisely the nowhere dense subsets of K.

Proof. We shall use that C(K) is order complete, K is extremally disconnected
and that p induces a strictly positive order continuous linear functional on C(K);
moreover, we shall use that a characteristic function 1y is continuous if and only if
U is a clopen subset of K.

Let F € K be a nowhere dense set. Since a set is nowhere dense if and only if
its closure is nowhere dense, we may suppose without loss of generality that F is
closed and has empty interior. Consider the continuous function f defined as

f:=inf{ly : F € U, Uis clopen}

in the (order complete) lattice C(K). Then trivially f > 0 and we claim that actually
f = 0.Indeed, if f # O there is some x € K \ F with f(x) > 0 (since K \ F is
dense). Then the compact sets {x} and F can be separated by disjoint open sets and
by Proposition 12.23 we find a clopen set U 2 F withx ¢ U. It follows by definition
of f that f < 1y, which in turn implies that f(x) = 0, a contradiction.

We now can use that p is order continuous and

R(F) < inf{,u(U) cFCU, Uis clopen} = FC[i]nlf 1y, pw) = (fin) =0,
CU clopen

whence F is a u-null set.

For the converse implication, suppose that A € Bo(K) is a p-null set. By
regularity we find a decreasing sequence (U, ),en of open sets containing A such that
lim,— o0 (U,) = p(A) = 0. By what was proved above, the nowhere dense closed
sets dU, have p-measure 0, so u(U,) = u(U,). The closed set B := ﬂneNFn
contains A and satisfies ;£(B) = 0 since

uw(B) = uU,) -0 as n— oo.

By the strict positivity of 1, B has empty interior, hence A is nowhere dense. O

We now can prove the following result, showing in particular that constructing
Stone models repeatedly does not lead to something new.

Proposition 12.25. The canonical map C(K) — L*°(K, u) is bijective. In other
words, every equivalence class f € 1°°(K, t) contains a (unique) continuous
function.
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Proof. Since p is strictly positive, the canonical map J : C(K) — L*(K, )
(mapping each continuous function onto its equivalence class modulo equality -
almost everywhere) is an isometry (Exercise 5.11). Note that the lattice isomorphism
[®(X) = C(K) extends to a lattice isomorphism L'(X) = L!(K, ). Since a
function f € L! is contained in L if and only if there is ¢ > 0 such that | /| < c1,
the assertion follows. O

The next question is whether ergodicity of (X;¢) reappears in its Stone repre-
sentation. We note the following result.

Proposition 12.26. Let (X; @) be a measure-preserving system, let A C 1L°(X)
be an invariant C*-subalgebra, let (K, ;W) be a faithful topological measure-
preserving system, and let

@ (K, u;Ty) — (X;Ty)

be a homomorphism of abstract measure-preserving systems with @(C(K)) = A.
Then (K, w; ) is strictly ergodic if and only if A N fix(T,) = C1 and T, is mean
ergodic on A.

Proof. By construction, Ty, is mean ergodic on C(K) if and only if T, is mean
ergodic on A. The fixed spaces are related by

fix(Ty N C(K)) = &~ (fix(Ty) N A).

Hence, the assertions follows from Theorem 10.6 and the fact that p is strictly
positive. O

Note that by Corollary 10.9 a strictly ergodic topological system is minimal. If
we apply Proposition 12.26 to A = [*°(X), we obtain the following result.

Corollary 12.27. If a measure-preserving system (X; @) is ergodic and its Koop-
man operator is mean ergodic on 1L°°(X), then its Stone representation topological
system is strictly ergodic (and hence minimal).

In a moment we shall see that mean ergodicity on L™ is a foo strong assumption:
Essentially, there is no interesting measure-preserving system with Koopman
operator having this property. However, by virtue of Proposition 12.26 one may
try to find a strictly ergodic model of a given ergodic system (X; ¢) by looking at
smaller full subalgebras A of L>°(X). This is the topic of the next section.

12.5 Mean Ergodicity on Subalgebras

In Chapter 8 we showed that a Koopman operator of a measure-preserving system
(X; ) is always mean ergodic on I7(X) for 1 < p < oo. In this section we are



12.5 Mean Ergodicity on Subalgebras 243

interested in the missing case p = co. However, mean ergodicity cannot be expected
on the whole of L*°. In fact, the Koopman operator of an ergodic rotation on the torus
is not mean ergodic on L*°(T, dz), see Exercise 12. The next proposition shows that
this is no exception.

Proposition 12.28. For an ergodic measure-preserving system (X; @) the following
assertions are equivalent:

(i) The Koopman operator T, is mean ergodic on L (X).

(i) L*°(X) is finite dimensional.

Proof. Since a finite-dimensional Banach space is reflexive, by Theorem 8.22 every
power-bounded operator thereon is mean ergodic, whence the implication (ii) = (i)
follows.

For the converse we use the Stone representation (K, u; ) with its (unique)
invariant measure p. This topological system is minimal by Corollary 12.27. For an
arbitrary x € K, the orbit

orb (x) = {1//”(x) ine No}

is dense in K, so by Lemma 12.24 pu(orb4(x)) > 0. Since the orbit is an at most
countable set, there is n € Ny such that the singleton {1/"(x)} has positive measure
a = p{y"(x)} > 0. But then, by the yr-invariance of ju,

“{wn-l—k(x)} — M[wk c {1//"+k(x)}] > ’u{l//"(x)} =

for each k > 0. Since the measure is finite, the orbit orb4 (x) must be finite. But
since it is dense in K, it follows that K = orb (x) is finite. Consequently, L (K, 1)
is finite-dimensional. O

Having seen that 7 := T, is (in general) not mean ergodic on L>(X), we look
for a smaller (but still full) subalgebra A of L*°(X) on which mean ergodicity is
guaranteed. Let us call such a subalgebra A a mean ergodic subalgebra. In the case
of an ergodic rotation on the torus there are natural examples of such subalgebras,
e.g., A = C(T) (Corollary 10.12) or A = R(T) := {t — f(e*V') : f € R[0,1]},
the space of Riemann integrable functions on the torus (Proposition 10.21). But, of
course, the question arises, whether such a choice is always possible.

In any case, each mean ergodic subalgebra A has to be contained in the closed
space

fix(7,) & (- T,) 2 (X),
since by Theorem 8.5 this is the largest subspace of L>*° on which the Cesaro

averages of T, converge. Would this be an appropriate choice for an algebra? Here
is another bad news.
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Proposition 12.29. For an ergodic measure-preserving system (X; ¢) the following
assertions are equivalent:

(i) lin{1} & I —T,)L> is a C*-subalgebra of 1L°(X).
(i) L*°(X) is finite dimensional.

(iii) The Koopman operator T, is mean ergodic on L= (X).

Proof. By Proposition 12.28, (ii) and (iii) are equivalent.

Let A := lin{1} & (I — T,)L*°, which is a closed subspace of L. Since (X; ¢)
is ergodic, one has fix(T,,) = lin{1} by Proposition 7.15, and hence (iii) implies (i).

Conversely, suppose that (i) holds. We identify (X; ¢) with its Stone represen-
tation (K, u; ). Under this identification, A is a closed *-subalgebra of C(K)
containing 1. If we can prove that A separates the points of K, by the Stone—
Weierstral Theorem 4.4 it follows that A = C(K), and therefore (iii).

Suppose first that (K;¢) has a fixed point x € K. Then f(x) = 0 for every
f € ran(I —T,) and hence for every f € ran(l — T,) (closure in sup-norm). For
f eran(I—T,) CAwehave |f|> = ff €Aand|f|*(x) = 0. Since x is a fixed
point, A,| f|*(x) = 0 for every n € N. But T, is mean ergodic on A, so the Cesaro
means A,| f|* converge in sup-norm. By Theorem 8.10, the limit is the constant
function [, | f[*dp - 1, hence [, | f1* du = 0. From the strict positivity of j we
obtain | f|* = 0 and hence f = 0. This means that (I — T,)L* = {0},ie., T, =1
By ergodicity, dim L' = 1, so (ii) follows.

Now suppose that (K;¢) does not have any fixed points. We shall show that
already ran(I — T,,) separates the points of K. Take two different points x, y € K.
We need to find a continuous function f € C(K) such that

J&) =) # fle) = flek)).

Since x # ¢(x) and y # ¢(y), such a function is found easily by an application of
Urysohn’s lemma: If ¢(x) = ¢(y), let f be any continuous function separating x
and y; and if ¢(x) # @(y), let f € C(K) be such that f(x) = f(¢(y)) = 0 and
fO) = fle) =1. o

After these results it becomes clear that the task consists in finding “large”
subalgebras contained in lin{1} & (I — 7,,)L>°. For invertible standard systems this
was achieved by Jewett (1970) (in the weak mixing case, cf. Chapter 9) and Krieger
(1972), see also Petersen (1989, Sec. 4.4) and Glasner (2003, Sec.15.8) .

Theorem 12.30 (Jewett—Krieger). Let (X; @) be an ergodic invertible standard
system with Koopman operator T.

a) There exists a full, mean ergodic subalgebra of 1L°°(X), i.e., a Ty-invariant
C*-subalgebra of L°(X), dense in L'(X), on which T, is mean ergodic.

b) (X; ) is isomorphic to a measure-preserving system determined by a strictly
ergodic topological system on a totally disconnected compact metric space.
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Exercises

1. Let Xj:¢), X; = (Xj, X, wjs9)), j = 1,2,3, be given measure-preserving
systems, and let 6, : X; — X, and 6, : X, — X3 be point factor maps/isomorphisms.
Show that 6, o 6, is a point factor map/isomorphism, too. (Hint: Exercise 6.2.)

2. Prove the following alternative characterization of point isomorphic measure-
preserving systems. For measure-preserving systems (X; ¢) and (Y; ) the follow-
ing assertions are equivalent:

(1) (X;¢) and (Y; ) are point isomorphic.

(ii) There are sets A € X and A’ € X' and a bijection 6 : A — A’ such that the
following hold:

D ) =1=pu'@A),

2) 0 is bijective, bi-measurable and measure-preserving,

3) ACep (A, A Cy ' (A)andOogp = o0 onA.
(Hint: For the implication (i) = (ii), define

A= (nobog"=¢" N[y 00 =0o¢"] €X

n>0

and A’ € X’ likewise, cf. also Exercise 6.3.)

3. a) Consider the Bernoulli shift B(%, %) = (7/;’, X, ;) and endow [0, 1]
with the Lebesgue measure. Show that the measure spaces (#5, X, u) and
([0,1], A, X), A the Lebesgue o-algebra, are point isomorphic. Prove that
B(%, %) and ([0, 1], A, A;¢), ¢ the doubling map, are point isomorphic (see
Example 5.1).

b) Prove the analogous statements for the baker’s transformation (Example 5.1)
and the two-sided Bernoulli-shift B(%., 3) = (#5. X, u: 7).

(Hint: Write the numbers in [0, 1] in binary form.)

4. Let ¢ be the tent map and v the doubling map on [0, 1]. Show that

¢+ ([0.1], A:9) — ([0 1], A: )

is a point homomorphism of measure-preserving systems.

5. a) Let (V, ) be an abstract measure algebra. Show that

du(x.y) = p((x AY) VI AX))  (xyeV)

is a metricon V.
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b) Let ® : (V,u) — (W,v) be a homomorphism of measure algebras. Show
that @(L) =1, ®(T) = T and ®(x°) = @(x)° forall x € V. Then show that
© is isometric for the metrics d,, d, defined as in a).

c) Let® : (V, u) — (W, v) be a surjective homomorphism of measure algebras.
Show that © is bijective, and @~ is a measure algebra homomorphism as
well.

6. Work out in detail the proof of Theorem 12.10.

7. Let (Y;y) be a factor of (X;¢) and suppose that (X;¢) is ergodic (strongly
mixing, weakly mixing (of order £ € N), mildly mixing). Show that (Y; ) is
ergodic (strongly mixing, weakly mixing (of order k € N), mildly mixing) as
well. (This is Proposition 12.11.) Conclude that all the mentioned properties are
isomorphism invariants and show that invertibility is an isomorphism invariant, too.
Finally, provide an example showing that a factor of an invertible system need not
be invertible.

8. Let (X;¢) and (Y; ) be two measure-preserving systems. Show that if S is
a Markov isomorphism of the corresponding L'-spaces, the respective measure
algebra isomorphism @ is a o-algebra isomorphism, i.e., also preserves countable
disjoint unions.

9. Let K = 7Z U {oo} be the one-point compactification of Z, and let ¢ : K — K be
given by

x+1 ifxeZ,
p(x) == ,
00 if x = oo.

Show that 8, is the only ¢-invariant probability measure on K, so (K ¢) is uniquely
ergodic, surjective, but not minimal (see also Example 2.31).

10. Let (X; T) be an abstract measure-preserving system, let (K, i; 1) be a faithful
topological measure-preserving system, and let @ : (K, u;Ty) — (X;T) be a
homomorphism of abstract measure-preserving systems. Prove that A := @ (C(K))
is a T-invariant C*-subalgebra of L>°(X). (Hint: Use Theorem 7.23.)

li Let A be a C*-algebra, let M C A be countable subset of A, and take B :=
alg(M) the smallest C*-subalgebra of A containing M. Show that B is separable.

12. Let a € T with a" # 1 for all n € N. Show that the Koopman operator L,
induced by the rotation with a is not mean ergodic on L>°(T, dz). (Hint: Consider
M :={a" : n € N} and

1:={[f]€L>®(T,dz) : f € BM(T) vanishes on a neighborhood of M}.

Show that [ is an ideal of 1°°(T,dz) with 1 ¢ J := I. Conclude that there is v €
(T, dz)’ which vanishes on J and satisfies (1, v) = 1. Use this property for 7""v
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and A/ v and then exploit the weak*-compactness of the set of probability measures
onT.)

13. Consider the rotation system (T, dz; a) for some a € T.
a) Show that R(T) is a full C*-subalgebra of L*°(T).

b) Show that if the system is ergodic, then there is precisely one normalized
positive invariant functional on R(T) (namely, f — [} f dz).

¢) Show that on L>°(T, dz) functionals as in b) abound.
14. Give an example of a measure-preserving system (X;¢) such that the space

L>°(X) is infinite dimensional and the Koopman operator T, is mean ergodic
thereon.

15. Prove that the product of two Bernoulli shifts is isomorphic to a Bernoulli shift,
and that the k' iterate of a Bernoulli shift is isomorphic to a Bernoulli shift.

16. Let X;, X», Yi, Y, be probability spaces and let S; : L'(X;) — LI(Y;) for
j = 1,2 be Markov embeddings. Show that there is a unique bounded operator
S:=85®S:L'(X; ®X5) - L'(Y; ® Y>) satisfying

(M) fi® L)=T1 /i f (fi eL'(X)), f» € L'(X2)).

Show moreover that S is again a Markov embedding. (Hint: There is a direct proof
based on Corollary B.18. Alternatively one can use topological models.)






Chapter 13
Markov Operators

Maremaruka — 370 TO, ueM 3anuMatotcs ['aycc, UeOpmes, JismyHno, CTexiioB u 5.1

Andrey A. Markov?

In this chapter we shall have a closer look at Markov operators (which have been
introduced in Section 12.2). We start from given probability spaces X, Y, and recall
from Definition 12.9 that an operator S : L!(X) — L'(Y) is a Markov operator if
it satisfies

§>0, Sly=1y, and /YSf:/xf (f e L'(X)),

the latter being equivalently expressed as S'ly = 1x. We denote the set of all
Markov operators by

M(X;Y) := {S: L'(X) — L'(Y) : S is Markov}

and abbreviate M(X) := M(X; X). The standard topology on M(X;Y) is the weak
operator topology (see Appendix C.8).

There is an obvious conflict of terminology with Markov operators between
C(K)-spaces defined in Exercise 10.2. Markov operators between L!-spaces, besides
being positive and 1-preserving also preserve the integral, or equivalently: Its adjoint
S’ as an operator between L*°-spaces is also positive and preserves 1. Hence our
“Markov operators” could rather be called bi-Markov operators.

This would also be in coherence with the finite dimensional situation. Namely,
if 2 = {1,...,d} is a finite set with probability measure © = %Zf:l 8¢y, and

"Mathematics is what GauB, Chebyshev, Liapunov, Steklov and I do.

*Markov once answered this to the question: “What is mathematics?” - Source: “Mathematicians
Joke Too” by Sergey Fedin.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 249
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_13
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operators on L' (£2, 1) = C? are identified with matrices, then a matrix represents a
Markov operator in the sense of definition above if and only if it is bistochastic (or:
doubly stochastic).

However, our definition reflects the common practice in the field, see Glasner
(2003, Def. 6.12), so we stick to it.

13.1 Examples and Basic Properties

Let us begin with some examples.

Examples 13.1. 1) The operator 1y ® 1y defined by
tsinf =t =([ 1)1 (oo
X

is a Markov operator from L' (X) to L' (Y). It is the unique Markov operator
S € M(X;Y) with dimran(S) = 1, and is called the trivial Markov operator.

2) The identity operator I is a Markov operator, I € M(X).

3) Clearly, every Markov embedding as defined in Section 12.2 is a Markov
operator. In particular, every Koopman operator T, associated with a
measure-preserving system (X; ¢) is a Markov operator.

The following theorem summarizes the basic properties of Markov operators.

Theorem 13.2. a) The set M(X;Y) of all Markov operators is a convex subset
of £ (LN (X);L(Y)). Composition of Markov operators yields a Markov
operator, so in particular M(X) is a semigroup.

b) Every Markov operator S € M(X;Y) is a Dunford-Schwartz operator, i.e.,
it restricts to a contraction on each space 17(X) for 1 <p < oo, Le.

ISAI, < IFll,  (f eP(X), 1 <p=o0).

¢) The adjoint S’ of a Markov operator S : L' (X) — L(Y) extends uniquely to
a Markov operator S' : LN(Y) — LY(X). The mapping

MX:Y) > M(Y:X), S5

is affine and continuous. Moreover, one has (S') = S. If R € M(Y;Z) is
another Markov operator, then (RS)' = S'R'.

d) If S,T e M(X;Y) are Markov operators and f €11(X) is such that
Sf<Tf, thenSf =Tf.
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Proof. The first assertion a) is straightforward from the definition.

For b) note first that S € M(X;Y) is an L!'-contraction. Indeed, by Lemma 7.5 we
have |S f| < S| f|, and integration yields, for every f € L,

HHMZLBHSLMﬂ=LUFWNp

Furthermore, S is an L>-contraction since [Sf| < S|f| < |/ llacS1 = || flloo 1
forevery f € L. The rest is Theorem 8.23.

For c) take 0 < g € L*°(Y). Then
/S’g-f =/g-Sf >0 whenever0 < f € L°(X).
X Y

Hence, S’ is a positive operator. It follows that |S'g| < S’ |g| (Lemma 7.5) and hence

H&m=/wﬂs/$m=/mwu=/m=mm
X X Y Y

for every g € 1°°(Y). So S’ is an L'-contraction, and as such has a unique extension
to a contraction S’ : L'(Y) — L'(X). Since the positive cone of L* is dense in the
positive cone of L!, §’ is indeed a positive operator. An easy argument shows that

(S/)/ = SILOO(X)a

in particular (§')'1 = S1 = 1, hence S’ is a Markov operator. The proofs for the
remaining assertions are left as Exercise 1.

Finally, we prove d). If Sf < Tf,then h := Tf — S f > 0. Integration yields

05/Yh=/YTf—/YSf=/Xf—/Xf=o,

which implies that 7 = 0. O

By definition, the adjoint S’ of a Markov operator S € M(X;Y) satisfies

(Sf.8)y = (f:5¢g)x

for f € L/(X) and g € L°°(Y). In order to extend this to other pairs of functions f
and g, we need the following lemma.

Lemma 13.3. Let 1 < p < oo, and let f, g € I7(X). Then f - g € I?(X) if and
only if there are sequences ( f,)nen, (&n)nen C L°(X) such that

Ifn = SNy llgn—2ll, = 0. sup |l fu-gnll, < oo
n
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In this case, one can choose ( f,)nen and (g,)nen With the additional properties

[l < 1f1, lgal =gl

Moreover, if the sequences ( f)nen and (g,)nen have these properties, then

I fugn— f8ll, = 0.

Proof. For one implication, pass to subsequences that converge almost everywhere
and then apply Fatou’s lemma to conclude that the product belongs to 1. For the
converse, use the approximation

Jo= 1 Nipisn 8 =8 Yjgizal
and the dominated convergence theorem. O

Proposition 13.4. Let S € M(X;Y) and f € L'(X), g e L/(Y). If g - S f € LI(Y),
then f -S'g € L/(X) and one has

/YSf-g=/Xf-S/g.

Proof. Take g, € L*°(Y) with |g,| < |g| such that g, — g almost everywhere and in
L'. Then |g,Sf| < lg|-|ISf| = |gSf| < |g|-S|f| € L'(Y), hence by the dominated
convergence theorem g,S f — ¢S f in L'. On the other hand, we have S'g, — S'g
inL' and

1758, ffxlflS’lgnI=/Y(SIfI) gl < llg-SI/11,

for all n € N. Hence, by Lemma 13.3, f - 8’ |g| € L'(X) and f - S'g, — f -S'gin
L'(X). Therefore, (S f, g)y = (f.5'g)x as claimed. |

Finally, we describe a convenient method of constructing Markov operators,
already employed in Section 12.3 above. The simple proof is left as Exercise 2.

Proposition 13.5. Let K be a compact space and let S : C(K) — L} (X) be a linear
operator satisfying S > 0 and S1 = 1. Then there is a unique i € M'(K), namely
w = S'1, such that S extends to a Markov operator S~ : LMK, u) — LN(X). If S is
injective, then (1 has full support.

What we mean by “extension” here is of course that S = $~J, where J : C(K) —
L!'(K, ) is the canonical map assigning to each f € C(K) its equivalence class J f
modulo equality p-almost everywhere. We usually suppress reference to this map
and write again simply S in place of S™.



13.1 Examples and Basic Properties 253

Markov Operators on I7-Spaces

Let X, Y be probability spaces and let | < p < oo. As in the case p = 1, an
operator S : I7(X) — I7(Y) is a Markov operator if it satisfies S > 0, S1 = 1
and [( Sf = [y f forall f € I7(X). We denote by M, (X;Y) the set of Markov
operators in Z (17 (X); I (Y)), so that M| (X; Y) = M(X;Y).

Every Markov operator S € M(X;Y) restricts to a Markov operator on I by
Theorem 13.2.b. Hence, we can consider the restriction mapping

@, M(X:Y) > M,(X:Y),  ®,(5) := S|

The following proposition lists some of its properties.

Proposition 13.6. Let X, Y be probability spaces and let 1 < p < oo. Then the
restriction mapping

D, : M(X;Y) = M,(X:Y), D,(S) := S|y

is a bijection. If p < 0o and q is the conjugate exponent, then @4(S') = ®,(S)’ for
each S € M(X:;Y) and the mapping @, is a homeomorphism for the weak as well
as for the strong operator topologies.

Proof. Each S € M, (X;Y) satisfies

171 =/Y|Sf| s/Ysm =/X|f|= 171

for all f € I7(X). Hence, S extends uniquely to a Markov operator on L! by
approximation, and @, is bijective. The proof of the remaining assertions is left
as Exercise 3. O

Remark 13.7. Let X, Y be measure spaces and let S : 1*(X) — I2(Y) be a
bounded operator. The Banach adjoint of S is the unique operator S’ : 12(Y) —
L*(X) such that

/(Sf) g= / f-(S'g) forall f € 12(X), g € [2(Y).
Y X

In contrast, the Hilbert adjoint of S is the unique operator S* : 12(Y) — L*(X)
such that

/ S)g=(Sf1g) = (f15%%) / £33 forall £ € 2(X). g € (Y).
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Hence, S*g = S§'g for g € 12(Y). It follows (since positive operators preserve
conjugation by Lemma 7.5) that the Banach adjoint and the Hilbert adjoint of a
Markov operator coincide.

Compactness and Metrizability

There are two canonical topologies on M(X;Y), the weak and the strong operator
topology. By Proposition 13.6, neither of these changes when one considers Markov
operators in M(X; Y) as mappings I7(X) — 17(Y) for different p € [1, 00).

Theorem 13.8. The set of Markov operators M(X;Y) is compact with respect to
the weak operator topology. If both L' (X) and L' (Y) are separable, then both
weak and strong operator topologies on M(X;Y) are Polish, i.e., separable and
completely metrizable.

Proof. The set M(X;Y) of Markov operators is weakly closed in the set of all
contractions I>(X) — I12(Y). Hence, the first assertion follows from Theorem D.7.

The separability of L! (X) is equivalent with the separability of I?(X) since both
topologies coincide on the unit ball of L> (Exercise 3). As the same holds for Y, we
can apply Proposition D.20, and this concludes the proof. O

13.2 Embeddings, Factor Maps and Isomorphisms

Recall from Section 12.2 that a Markov operator is an embedding if it is a lattice
homomorphism. Let

Emb(X;Y) := {S : § e M(X;Y) is a Markov embedding}

denote the set of Markov embeddings. In the case X = Y we abbreviate Emb(X) :=
Emb(X; X). Here is a comprehensive characterization.

Theorem 13.9. For a Markov operator S € M(X;Y) the following assertions are
equivalent:

) S(f-g =Sf-Sgforall f. g € L*(X).
(i) §'S=1L
(iii) There is T € M(Y; X) such that TS = L
Av) Sfll, = 1N, for all | € I?(X) and some/all 1 < p < oo.
™) |SfPP =SI|fIP forall f € 12°(X) and some/all 1 < p < oc.
(vi) S € Emb(X;Y), ie., |Sf|=S|f]|forall f e L' (X).
Moreover, (ii) implies that ||S f || oo = || f |l for all f € L2 (X).
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Proof. If (i) holds, then (S f; Sg)y = [(Sf)-(Sg) = [S(f-&) = [ f-g = ([ &)x
for all f, g € 1°°(X). This means that §'S f = f for all f € [*°(X), whence (ii)
follows by approximation. The implication (ii) = (iii) is trivial. If (iii) holds, then
for f € P(X)and | <p <ooonehas | f,=ITSf, < ISSIl, = /I, hence

ISA1, = 111,
Suppose that (iv) holds for some p € [1,00) and f € [7(X). Then 0 < |Sf|’ <
S| fI° by Theorem 7.24 with g = 1. Integrating yields

= IISf||§=/Y|SfIPS/YSIfI”=/X|f|”= iR

Hence, |Sf|” = S| f|?,ie., (v) is true. If we start from (v) and use that identity for
f and | f|, we obtain

IS/ =S =[SIA = (S

Taking p™ roots yields [Sf| = S|f| for every f € L®(X), and by density
we obtain (vi). Finally, the implication (vi) = (i) follows from the second part of
Theorem 7.23. O

Remark 13.10. Property (i) can be strengthened to
Q) S(f-g)=Sf-Sg forall f, g€ LN(Y) suchthat f -g € L'(Y).
This follows from (i) and Lemma 13.3.

We conclude this section with an important result on the topologies on
Emb(X;Y).

Theorem 13.11. On the set of Markov embeddings Emb(X;Y) the weak and the
strong operator topologies coincide.

Proof. Let @ : M(X;Y) — M(X;Y) be the restriction mapping @(S) := S|;2.
By Theorem 13.9(iv) one has ®(Emb(X;Y)) = M»(X; Y) NIso(I?). On Iso(I?) the
weak and strong operator topologies coincide (Corollary D.19). Hence, the claim
follows from Proposition 13.6. O

Factor Maps

A Markov operator P € M(X;Y) is called a (Markov) factor map if P’ is an
embedding. Here is a characterization of factor maps.

Theorem 13.12. For a Markov operator P € M(X;Y) the following assertions are
equivalent:

(i) P isafactor map, i.e., P’ is an embedding.

(i) PP =1.
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(iii) There is T € M(Y; X) such that PT = 1.

(iv) P((P'f)-g)=f-(Pg)  forall f €L>(Y), g LX)
Proof. 1f (i) holds, then P’ is an embedding, whence I = (P')’P’ = PP/, i.e., (ii)
follows. The implication (ii) = (iii) is trivial. If PT = I, then taking adjoints we
obtain 7P’ = 1, hence by Theorem 13.9 we conclude that P’ is an embedding, and
that is (1).

Finally, observe that (iv) implies (ii) (just take g =1 and apply a density

argument). On the other hand, if P’ is an embedding, we have by Theorem 13.9(i)
that

/P(P’f-g)-h = / P'f-g-Ph= / P'(fh)-g= / f-Pg-h

Y X X Y

for f, h € 1°°(Y) and g € 1>°(X). This is the weak formulation of (iv). O
Remark 13.13. Assertion (iv) can be strengthened to

iv) P((P'f)-g)=f-(Pe)  (f eLl(Y),geLi(X), Pf-geL(X)).

Proof. By denseness, the claim is true if g € L*°(X). In the general case approximate
gn —> g a.e. by g, € L°(X) satisfying |g,| < |g|. Then P’ f - g, — P’ f - ga.e. and

|P'f g <|Pf-g
hence P’ f - g, — P’ f - g by the dominated convergence theorem. This implies that
f-Pgn=PP f-g,) > PP f-g)

in L' (Y). But Pg, — Pgin L'(Y) and by passing to an a.e. convergent subsequence
one concludes (iv’). O

’

Isomorphisms

Recall from Section 12.2 that a surjective Markov embedding S € M(X;Y) is called
a Markov isomorphism. The next is a characterization of such embeddings.

Corollary 13.14. For a Markov operator S € M(X;Y) the following assertions are
equivalent:

(i) There are Ty, T € M(Y; X) such that T\S = 1and ST, = L
(i1) S is an embedding and a factor map.
(iii) S and S’ are both embeddings (both factor maps).
(iv) S is a surjective embedding, i.e., a Markov isomorphism.
(v) S is an injective factor map.
(vi) S is bijective and S™" is positive.

Under these equivalent conditions S~ = .
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Proof. By Theorems 13.9 and 13.12 it is clear that (i)—(iii) are equivalent, and any
one of them implies (iv) and (v). Suppose that (iv) holds. Then §'S = T and S is
surjective. Hence, it is bijective, and S = § is a Markov operator, whence (i)
follows. The proof of (v) = (i) is similar. Clearly (i)—(v) all imply (vi). Conversely,
suppose that (vi) holds, i.e., S is bijective and S~!' > 0. Then

ISFI<SIf1=S8[S7'Sf| <SS ISfl=ISf]
forevery f € L!'(X). Hence, S is an embedding, i.e., (iv) is proved. O

A Markov automorphism S of X is a self-isomorphism of X. We introduce the
following notation:

Iso(X:Y) := {S : § € M(X:Y) is a Markov isomorphism},
Aut(X) := {S : S e M(X) is a Markov automorphism}.

We note that even if S is a bijective Markov operator, its inverse S~' need not be
positive, hence not a Markov operator. As an example consider the bi-stochastic

matrix
1 2
3 3 -1 2
(3 3 P -1 _
S = (g l) with inverse S —( 5 _1),
3 3

which is not positive. This shows that one cannot drop the requirement of positivity
of S~! in (ii) of Corollary 13.14.

Proposition 13.15. For a probability space X the set Aut(X) of Markov automor-
phisms is a topological group with respect to the strong (= weak) operator topology.
If LN (X) is separable, then Aut(X) is a Polish space.

Proof. Clearly, Aut(X) is a group with the neutral element Id. The operator
multiplication is jointly continuous for the strong operator topology (since all
Markov operators are contractions). Inversion coincides with taking the adjoint and
is therefore continuous for the weak operator topology. But both topologies coincide
on Emb(X; X) and hence, a fortiori, on Aut(X). If L' (X) is separable, so is I?(X),
hence the second claim follows from Proposition D.20. O

13.3 Markov Projections

We turn to our last class of distinguished Markov operators. A Markov operator
Q € M(X) is called a Markov projection if it is a projection, i.e., Q> = Q.
Alternatively, Markov projections are called conditional expectations, for reasons
that will become clear in Remark 13.21 below.

The following lemma characterizes Markov projections in terms of the Hilbert
space [2(X).
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Lemma 13.16. Every Markov projection Q € M(X) is self-adjoint, i.e., satisfies
Q' = Q and restricts to an orthogonal projection on the Hilbert space 12(X).
Conversely, if Q is an orthogonal projection on 12(X) such that Q > 0 and Q1 = 1,
then Q extends uniquely to a Markov projection on 1! (X).

Proof. 1If Q is a Markov projection, it restricts to a contractive projection on the
Hilbert space H := 12(X). Hence, by Theorem D.21, Q is an orthogonal projection
and in particular self-adjoint, see also Remark 13.7.

If, conversely, Q is an orthogonal projection on H with Q > 0 and Q1 = 1, then

/Qf=<Qf|1>=(f|Q1)=<f|1>=[f for f €12,
X X

Hence, Q is a Markov operator on L. By Proposition 13.6, Q extends uniquely to a
Markov operator on L', which is again a projection. O

Corollary 13.17. Every Markov projection Q € M(X) is uniquely determined by
its range ran(Q).
Proof. Let P, Q be Markov projections with ran(P) = ran(Q). Then

ran(P|;2) = ran(P) N [* = ran(Q) N L = ran(Q};2).
Hence, P = Q on I? (Corollary D.22.c), and thus by approximationevenonL!. O
Before we continue, let us note the following useful fact, based on the I*>-theory of
orthogonal projections.
Corollary 13.18. Let X, Y be probability spaces, let Q € M(Y) be a Markov
projection, and let S € M(X;Y) be such that QS is an embedding. Then QS = S.

Proof. Let f € 12(X). Since QS is an embedding, it is isometric on I?, and hence

1Al =108 f 1l = ISf 1 < LS,
Hence, QSf = Sf by Corollary D.22.a. Since 12 is dense in L', it follows that
0s =58. O

Given a probability space X and 1 < p < oo we shall call a vector sublattice F
of I7(X) unital if 1 € F. Such sublattices play an important role, as the following
characterizations of Markov projections show.

Proposition 13.19. Let X = (X, X, u) be a probability space. Then the following
assertions hold:

a) The range F := ran(Q) of a Markov projection Q € M(X) is a unital Banach
sublattice of L} (X).

b) IfF is a unital Banach sublattice of L} (X), then
EFIZ {AGE . IAGF}

is a sub-o-algebra of ¥, and F = 11(X, Xr, ).
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¢) If X' is asub-o-algebra of X, then the canonical injection
JUX 2w - LUX. 2w, Jf=f

is a Markov embedding.

d) IfS: L'(Y) - L'(X) is a Markov embedding, then Q := SS' is a Markov
projection with ran(Q) = ran(S).

Proof. a) Obviously 1 = Q1 € F. For f = Q f € F we have

l[fl=10f1=Qlf]. ie, QIfI-If]=0.

Therefore, since Q> = Q and Q is a Markov operator,

OE/X(QIfI—IfI)=/XQ(Q|f|—|fI)=/X(Q2—Q)Ifl=0.

This implies that | f| = Q| f| € F, hence F is a unital vector sublattice. Since F is
closed (being the range of a bounded projection), it is a Banach sublattice.

b) It is easily seen that X is a sub-c-algebra of X. Now, the inclusion
L'(X, Xr, ;) C F is clear, the step functions being dense in L!. For the converse
inclusion, let 0 < f € F. Then 1 s.¢] = sup,eynf A 1 € F. Applying this to
(f —c1)T € Fyields that I s-] € F for each ¢ € R. Hence f is Xp-measurable.
Since F is a sublattice, F € L' (X, X, W), as claimed.

¢) is trivial.

d) Since S is an embedding, §’S = I (Theorem 13.9) and hence Q* = (S5')(SS’) =
S(§'S)S" = S = Q. By Q = 8§ it is clear that ran(Q) < ran(S), but since
0S = §5'S = §, we also have ran(S) C ran(Q) as claimed. O

Suppose now that Q € M(X) is a Markov projection. Following the steps a)—d)
in Proposition 13.19 yields

O F=ran(Q) > Xp+—JJ' =P
and P is a Markov projection with ran(P) = ran(J) = L'(X, X, u) = F = ran(Q).
By Corollary 13.17, it follows that P = Q.
If, however, we start with a unital Banach sublattice F of L!(X) and follow the
steps above, we obtain

Fi> X+ Q= JJ — ran(Q),

with ran(Q) = ran(J) = L' (X, Xp, u) = F.
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Finally, start with a sub-o-algebra X’ C X and follow the steps above to obtain
Y Q=JJ'—F=ran(Q) =ran(J) = L'(X, 2', n) — Zp.

One has A € Xy if and only if 1, € L'(X, X', u), which holds if and only if
UW(AAB) = 0 for some B € X'. Hence, X’ = Xy if and only if X" is relatively
complete, meaning that it contains all p-null sets from Y. (Note that X7 as in
Proposition 13.19.b is always relatively complete.)

We have proved the first part of the following characterization result.

Theorem 13.20. Let X = (X, X, u) be a probability space. The assignments

0—P=0lp. Qrran(Q), QX ={AcX :0l,=1,

constitute one-to-one correspondences between the following four sets of objects:
1) Markov projections Q on L' (X),
2) orthogonal projections P on 12(X) satisfying P > 0 and P1 = 1,
3) unital Banach sublattices F C L'(X),
4) relatively complete sub-o-algebras X' of X.

Furthermore, for 1 < p < oo the assignments F — F N 1Y and E + clyi(E) are
mutually inverse bijections between the sets of objects 3) above and

5) unital Banach sublattices E of 17 (X).

Proof. Only the last assertion remains to be proved. If F is a unital Banach sublattice
of L', then clearly E := F N 17 is a unital Banach sublattice of [7. If 0 < f € F,
then f, :== f A nl € Eand f, / f.Since F is a lattice, E is L'-dense in F.
Conversely, let E be a unital Banach sublattice of [”. Then F' := cly; (E) is clearly
a unital Banach sublattice of L! with E € F N L. For the converse inclusion take
0<feFNI. Since f AnleFand f A nl /7 f,wemay suppose that f is
bounded by some number ¢ > 0. Take f, € E such that f, — f in L!. By passing
to | fu] A cl, we may suppose that 0 < f, < ¢ for all n. But then f, — f in 17,
see Exercise 3. Since F N L7 is a sublattice, it follows that it is contained in E as
claimed. O

In the following we sketch the connection of all these objects to probability
theory.

Remark 13.21 (Conditional Expectations). Let X’ be a sub-o-algebra of X, and
let Q be the associated Markov projection, i.e., the unique Markov projection Q> =
0 € M(X) with

ran(Q) = L'(X, X', ).

Let us abbreviate Y := (X, X', ). Then, forA € X’ and f € L!'(X), we have
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/AQfd,u=/X1A-JJ’f=/Y1A-J’f=/X(J1A)-f=/Afd,u.

This means that Q = E(-| X”) is the conditional expectation operator, common in
probability theory (Billingsley 1979, Sec. 34).

Let us turn to a characterization of Markov projections in the spirit of Theorems
13.9 and 13.12.

Theorem 13.22. For a Markov operator Q € M(X) the following assertions are
equivalent:

() Q%= Q, i.e., QisaMarkov projection.
(ii) Q = SS' for some Markov embedding S.
(iii) Q = P'P for some Markov factor map P.
(iv) QQf-g) =0f -0g forall f ge>(X).

Proof. By the duality of embeddings and factor maps, (ii) and (iii) are equivalent.
The equivalence of (i) and (ii) follows from Proposition 13.19 and the remarks
following it. The implication (iii) = (iv) is obtained from

0Qf -g)=PP(PPf-g)=P[P(P(Pf) g)]=P(PfPg)
=PPf -PPg=0Qf 0g

by virtue of Theorems 13.9 and 13.12. The implication (iv) = (i) is proved by
specializing ¢ = 1 and by denseness of > (X) in L (X). O

Remark 13.23. Assertion (iv) can be strengthened to

Gv') QQf-g)=0f -Qg forall f. g € LNX) suchthat Q f - g € L/(X).
This follows, as in Remarks 13.13 and 13.10, by approximation.

Example 13.24 (Mean Ergodic Projections I). Every Markov operator Te M(X),
X = (X, X, u), is a Dunford—Schwartz operator. Hence, it is mean ergodic by
Theorem 8.24, i.e., the limit

n—1

1 .
Pr:= lim A,[T] = lim - T
=0

n—>oo n—oon “

exists in the strong operator topology. The operator Pr is a projection with
ran(Py) = fix(T). Since T is a Markov operator, so is Pr, i.e., Py is a Markov
projection. By Proposition 13.19, fix(T) is a Banach sublattice. Note that by
Corollary 8.7 we have

fix(T) = fix(T") and Pr = Py.
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The corresponding o-algebra is
EﬁX:{AEE : TIAZIA}

and the mean ergodic projection Py coincides with the conditional expectation Py =
E(-| Yyx). (Cf. Remark 8.9 for the special case when 7T is a Koopman operator.)

Example 13.25 (Mean Ergodic Projections II). More generally, let 7 C M(X)
be a semigroup of Markov operators. Then the fixed space fix(.7) = (¢ 5 fix(T)
is a unital Banach sublattice of L!'(X) and hence the range of a unique Markov
projection P. It holds

Pfeconv{Tf : Te 7} foral f € L'(X),

because this is true for f € I2(X), see Theorem 8.32. It follows that, in the
terminology of Definition 8.31, the semigroup .7 is mean ergodic with mean ergodic
projection P.

13.4 Factors and Topological Models

Factors of abstract measure-preserving systems have been defined in Section 12.3.
Here, we generalize this notion to sets of Markov operators in place of just a single
Markov embedding, see Remark 13.31 below.

Definition 13.26. Let .7 € M(X) be a set of Markov operators over a probability
space X. Then a .7 -factor of X is any unital Banach sublattice of L' (X) which is
invariant undereach T € .7. In case .7 = {T'} we also write “T-factor.” A .7 -factor

is bi-invariant or a strict .7 -factor if it is also invariant under the set .7 = {T’ :
TeT}.

If the set .7 is understood, we simply speak of a factor or a strict factor.

Example 13.27 (Fixed Factor). For every Markov operator T € M(X) its fixed
space fix(7) is a strict T-factor, called the fixed factor, see Example 13.24. It is the
largest T-factor of X on which 7T acts as the identity. More generally, for a subset
7 € M(X) its fixed factor fix(.7) = (\;¢ 5 fix(7) is a strict .7 -factor.

By Proposition 13.19, each unital Banach sublattice of L'(X) can be obtained as
the range of a unique Markov projection Q. We first describe how the .7 -invariance
of a factor is expressed in terms of Q.

Lemma 13.28. Let X, Y be probability spaces, and let P € M(X) and Q € M(Y)
be Markov projections with ranges F = ran(P) and G = ran(Q). Then for a Markov
operator T € M(X;Y) the following equivalences hold:

a) T(F)CG <= QTP =TP.
b) T(F)CG, T(GCF < QT=TP <= PT =TQ.
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Proof. The equivalence in a) is trivial. For the equivalences in b) see Proposi-
tion D.23. O

The following is an immediate corollary.

Theorem 13.29. For a set 7 < M(X) of Markov operators over a probability
space X the following assertions hold:

a) The map

0 +— F =ran(Q)
establishes a one-to-one correspondence between the 7 -factors F of X and
the Markov projections Q € M(X) satisfying TQ = QTQ for every T € 7.
b) Under the map given in a) the strict factors F correspond to Markov
projections Q satisfying TQ = QT forevery T € 7.

By Proposition 13.19 one can describe factors also in terms of sub-o-algebras.
Given a unital Banach sublattice F of L'(X) there is a unique relatively complete
sub-o-algebra X of Xx such that F = L!(Y) for Y := (X, XF, ux). A Markov
operator T € M(X) leaves F invariant if and only if

T14 is Yp-measurable for every A € Y. (13.1)

If T is a Koopman operator of a measure-preserving mapping ¢, then (13.1) just
means that ¢ is Yr-measurable, see also Exercise 5.
Again by Proposition 13.19, a factor F can also be given as F' = ran(S), where

S:LN(Y) - L'(X)
is a Markov embedding. In this situation one can consider the mapping
ws : M(X) — M(Y), 7s(T) := S'TS. (13.2)

By abuse of language, 75(7) is called the restriction of 7 to L' (Y). If the context is
clear, one omits the subscript S.

Lemma 13.30. Let S : L'(Y) — LY(X) be a Markov embedding, F := ran(S)
its range, and w = g the corresponding restriction map as in (13.2). Then for
R, T € M(X) and U € M(Y) the following assertions hold:

a) SU = TS ifand only if F is T-invariant and U = 7 (T).
b) #(RT) = n(R)x(T) if F is T-invariant.

c) n(T)=1ifT=1onF.

d) (T ==n(T).
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e) n(T) is a Markov embedding if and only if F is T-invariant and TS is a
Markov embedding.

Proof. The proof of a)-d) is simple and is left as Exercise 4. For e) suppose first
that 7(T) = S'TS is a Markov embedding. Then Sz (T) = SS'TS = QTS is an
embedding, where Q is the Markov projection with range F. By Corollary 13.18 it
follows that QTS = TS, hence TS is an embedding and T'(F) C F.

For the converse suppose that F is T-invariant and 7S is an embedding. By a),
TS = Sn(T). But then 7 (7T) has a left Markov inverse, hence is an embedding by
Proposition 13.9. O

Remark 13.31 (Factors of Abstract Measure-Preserving Systems). In Sec-
tion 12.3 we defined a factor of an abstract measure-preserving system (X;7) as
an abstract system (Y; U) together with a homomorphism S : (Y; U) — (X;T), i.e.,
a Markov embedding S : L'(Y) — L!'(X) such that SU = TS. Then by a) above,
F = ran(S) is T-invariant, i.e., is a T-factor in the terminology of Definition 13.26.

Conversely, let F € L!'(X) be a T-factor given as F' = ran(S) for some Markov
embedding S : L' (Y) — L'(X). Then again by a) from above, U := n(T) = S'TS
is the unique Markov operator on Y such that SU = T8S. By e) in the previous
proposition, U is even an embedding, and hence S : (Y;U) — (X;T) is a homo-
morphism of abstract measure-preserving systems.

It follows that the factors of an abstract system (X;T) can be classified up to
canonical isomorphism by the T-factors of X, cf. also Exercise 6.

Remark 13.32 (Fixed Factors within Extensions). Suppose that S : L'(Y) —
L'(X) is a Markov embedding and .7 < M(X) a semigroup of Markov op-
erators. Suppose further that ran(S) is 7 -invariant, i.e., a 7 -factor. Then 7 :
M(Y) — M(Y) defined by n(T) := S'TS is a homomorphism of semigroups (by
Lemma 13.30.b).

Let P be the associated mean ergodic projection, i.e., the unique Markov projec-
tion onto fix(.7) € L'(X). Then, by Remark 13.25, Pf € conviTf : T € T}
for each f € L!(X). In particular, P leaves ran(S) invariant. Therefore, 7(P) =
S'PS is a Markov projection satisfying 7z (T)7x(P) = #(TP) = n(P) = n(PT) =
7 (P)n(T) forall T € 7. In particular, ran(sr (P)) < fix(7(.7)). On the other hand,
if S'TSf = f forall T € 7, then by passing to the convex closure we obtain
7a(P)f =S'PSf =f.

It follows that 7 (P) = S'PS is the mean ergodic projection onto the fixed factor
of the semigroup w(7).

Remark 13.33 (Invertible Factors). Let S : (Y;U) — (X;T) be a homomor-
phism of abstract measure-preserving systems with corresponding 7-factor F :=
ran(S) of X. It is easy to see that U is invertible if and only if F € T(F), and
this implies that F is also 7’-invariant (Exercise 7). In general, the T”-invariance
of F need not imply that U is invertible. However, if (X;T) is invertible, then
T' = T7' and T’-invariance implies that T is invertible on F and hence U is
invertible. It follows that the invertible factors of an invertible system can be
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classified up to canonical isomorphism by the strict T-factors of X. Often in the
literature only invertible systems are considered, and then “factor” is used as to
include invertibility.

Example 13.34 (Invertible Core). Let (X;7) be an abstract measure-preserving
system. For each n € N the set F,, := ran(7") is a T-factor, hence s0 is Fo 1=
(>0 ran(T"). The operator T is invertible on Fo, (injective since it is an embedding
and surjective by construction), and it is easy to see that Fo, contains each factor
on which T is invertible. Hence F is the largest factor of (X;T) on which T is
invertible. It is called the invertible core of 7" and we shall come back to it in
Section 17.2.

Topological Models

We now generalize the notion of a topological model introduced in Section 12.3 for
abstract measure-preserving systems.

A topological (metric) model for a probability space X is a compact (compact
metric) probability space (K, i) together with a Markov isomorphism L' (K, ) =
L'(X). In the terminology of Section 12.3, a model for X is simply a model for the
trivial abstract system (X; I). As we know from Corollary 12.21 and Theorem 12.22,
such a model always exists and can be chosen to be metric if and only if L' (X) is
separable.

Now suppose that one is given a probability space X and a set of Markov
operators 7 C M(X). A topological (metric) model for (X;.7) is a faithful
topological (metric) model @ : L!'(K, u) — L'(X) for X such that foreach T € .7
the pulled back operator @~'T® leaves C(K) invariant. (We require the model
(K, t) to be faithful to avoid some awkward technicalities. This is not a serious
restriction because one can always replace K by the topological support supp(ut)
of u.)

The same technique used in Section 12.3 to construct models for abstract dynam-
ical systems can be applied to find a topological model for (X;.7"). The Gelfand
space of any full .7 -invariant C*-subalgebra A of L>° will do. The question of the
existence of metric models is slightly more subtle than the single operator case: A
sufficient criterion is that L' (X) is separable and .7 is countable.

13.5 Inductive Limits and the Invertible Extension

In this section we consider certain “universal” constructions for abstract systems
(X;T). For simplicity and by abuse of language we shall denote the dynamics
always by 7T, and hence write, e.g., (X;; T), i € I, for a family of abstract systems.
Recall that a homomorphism of systems S : (X;7) — (Y;T) is simply a Markov
embedding S € Emb(X;Y) intertwining the T-actions, i.e., satisfying ST = TS.
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(See page 236.) By virtue of S, (Y; T') becomes an extension of (X; 7'), while (X; T
is then a factor of (Y;T). If, in addition, ST’ = T'S, then S is called a strict
homomorphism and we speak of (Y;7) as a strict extension and of (X;7) as a
strict factor, cf. Definition 13.26 and Remark 13.31.

Inductive Limits of Abstract Dynamical Systems

Let (I, <) be a directed set, and let for each i € I an abstract system (X;; T) be given.
Moreover, suppose that for each pair (i, ) € 12,0 < J» a homomorphism of systems
Jii 1 (X;:T) — (X; T) is given subject to the relations

Jii =1 and ‘ij"ji = Jk,' (l 5] < k) (133)

Then the pair ((X;; T), (J;)i<j) is called a direct or inductive system of abstract
dynamical systems.

A direct or inductive limit of an inductive system ((X;;T), (J;)i<;) is any
system (X; 7)) together with a family of homomorphisms (J,- (X T) = (X; T))L.E ;
satisfying J; = J; o J;; whenever i < j and such that it has the following universal
property: Whenever (Y;7T) is an abstract dynamical system and S; : (X;;7) —
(Y;T) is a homomorphism for each i € I with S; = §;Jj; forall i, j € I with i < j,
then there is a uniqgue homomorphism S : (X;7) — (Y;T) with SJ; = S; for all
i € I. A particular consequence of the universal property is that an inductive limit

J.

L'(X)ﬁ\‘
// ‘\/ J.
S| L'(X))«~—— LI(X))
\
LY(Y)
S

of systems is unique up to a (canonical) isomorphism. To indicate that (X; T) is an
inductive limit of an inductive system one uses

X;7) = h_I)n X T)

i€l

as a shorthand notation.

Theorem 13.35. Let ((X;;T), (Jij)i<j) be an inductive system and let (X;T) be
another system together with a family of homomorphisms (Ji (X T) = (X T))i -
satisfying J; = J; o J;; whenever i < j. Let E; 1= JJ!, i € I, be the corresponding
Markov projections on L' (X). Then
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E,'Ej = EiEi = E,’ fOV alli f] (134)

Moreover, the following assertions are equivalent:
i X7T)= li_n)lieI(X,-; T), i.e, (X;T), (Ji)ier) is an inductive limit of the given
inductive system.
(i) lim;— o E; = 1 in the strong operator topology.

(iii) The union of the spaces ran(J;) = J:(L'(X;)) is dense in L' (X), i.e.,

L'(X) = cly | L' X0).

iel
where one identifies L' (X;) with its image under J; within L} (X).

(iv) Whenever (Y; T) is another system and S; € M(X;; Y) is a Markov operator
for each i € I such that S;J;; = S; for i < j, then there is a unique Markov
operator S € M(X;Y) with SJ; = S, for each i € I.

Proof. Fori < jonehasJ; = JiJj; and hence ran(E;) = ran(J;) C ran(J;) = ran(E).
This yields (13.4).

Note first that the equivalence (ii) <> (iii) is straightforward.

(i) = (iii): Let F := cly | J, ran(J;). Each ran(J;) is a T-factor of L'(X) and these
T-factors are upwards directed. It follows that F is a T-factor. Hence, F = ran(J)
for some homomorphism J : (Y;T) — (X;T). (For example, Y = X, Xy is a
sub-o-algebra of X'x and J is the canonical inclusion, cf. Proposition 13.19.)

Note that J' acts as a Markov embedding from F to L'(Y). Then each J'J; :
(X;;T) — (Y;T) is a homomorphism. By the universal property, one can find a
unique homomorphism S : (X;T) — (Y; T) such that SJ; = J'J; for all i € I. Then
(JS)J; = JJ'J; = J; for each i € I, and by the universal property again, JS = L. In
particular, F = ran(J) = L'(X).

(iii)) = (iv): Uniqueness is straightforward. For existence we define S on E :=
U, ran(Jy) by SJ; f; := S;f; whenever f; € L'(X;). Since the subspaces ran(J;),
i € I, of L' (X) are upwards directed, S is a well-defined linear operator satisfying
SJ;i = S;foralli € I. Clearly, S > 0, S1 = 1 and fYSf = fxf for f € E.
It follows that S is a contraction and, by (ii), has a unique extension to a bounded
operator S : L!'(X) — L!(Y). Clearly, S is a Markov operator.

(iv) = (i): Suppose that (iv) holds. Then (iii) follows similarly as in the proof of the
implication (i) = (iii). Assertions (iii) and (iv) together imply (i): The existence of
the desired operator comes from (iv), the uniqueness from (iii). |

Before we turn to the question of existence, we note some further properties of
an inductive limit.
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Proposition 13.36. Ler ((X;T), (J;)ier) be an inductive limit of an inductive system
((Xi:T), (Jij)i<j)- Further, let (Y;T) be another system, S € M(X;Y) a Markov
operator and S; = SJ; for i € I. Then the following assertions hold:

a) IfTS; = ST foreachi € I, then ST = TS.

b) IfT'S;T =S, foreachi €I, then T'ST = S.

In addition suppose that each Jj; is a strict homomorphism. Then the following
assertions hold:

¢) Each J; is a strict homomorphism, i.e., each L1 (X;) is a strict factor of L} (X).
d) IfT'S; = ST foreachi €I, thenT'S = ST'.

Proof. a) The hypothesis yields 7SJ; = TS; = S;T = SJ;T = STJ; and hence
TSE; = STE, for all i € I. It follows that ST = TS. The proof of b) is similar.

c¢) It suffices to show that E;T = TE, foralli € I. Fixi € I and k > i. Then
JiJi = JiJiJyi = Jii and hence

TE; = TIJ, = JTJ, = JT(dw) = JiTIJ0, = LTI, = ()T,
= EJiTJ, = ETE,.

Letting k — oo yields E;T = TE; as claimed.

d) By c¢), for each i € I, T'SJ; = T'S; = S;,T' = SJ;,T' = ST'J;. By uniqueness it
follows that 7'S = ST". O

Corollary 13.37. The inductive limit of an inductive system of ergodic/weakly
mixing systems is again ergodic/weakly mixing.

Proof. Let ((X;T),(Ji)iesr) be an inductive limit of an inductive system
((Xi;T), (Jij)i<)). Foreachi € I'let P; : L'(X;) — L'(X;) be the mean ergodic pro-
jection onto the fixed space of T on L!(X;), and let P be the mean ergodic projection
of T on L' (X). Then P leaves ran(J;) invariant (see Remark 13.32), whence PJ; =
JiP; for all i € I.If each (X;; T) is ergodic, this yields PJ; = 1 ® 1 forall i € 1, and
hence P = 1 ® 1 as well. Consequently, (X; 7) is ergodic.

Passing to products we obtain a new inductive system, consisting of the product
systems (X; ® X;; T®T) for i € I and connecting homomorphisms J; ® J;; fori < j.
Since the union of the spaces ran(J; ® J;), i € 1, is dense in L' (X ® X), we have

X@X:T®T) =lim (X; ®X; T®T),

i€l

If each system (X;; T;) is weakly mixing, then by definition each product system
(X;®X;; T®T) is ergodic, and hence, by a), so is the inductive limit (X®X; T®T).
But this simply means that (X; 7)) is weakly mixing. O
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Finally, we shall employ topological models to show that an inductive limit
always exists.

Theorem 13.38. Each inductive system ((Xi;T), (Jij)i<j) of abstract dynamical
systems has an inductive limit.

Proof. Pick for each i € [ a faithful topological model (K;, u;; ¢;) of (X;;T).
Without loss of generality we may identify L'(X;) with L'(K;, 11;) and replace the
probability space X; by (K;, ;). Suppose further that for i < j the operator J;;
restricts to a necessarily isometric operator J; : C(K;) — C(K;). (Note that this
can be realized, for example, by taking K; to be the Stone space of L!(X;), see
Section 12.4.) Then, by Theorem 4.13 and Lemma 4.14, J;; is the Koopman operator
of a uniquely determined continuous factor map 7;; : (Kj; ¢;) = (Ki; @;).

The systems (Kj; ¢;) together with the maps (7;);<; form a projective system
of topological dynamical systems, see Exercise 2.18. Let (K; ¢) := l(il_ni(Ki; ¢;) be
its projective limit and let J; : C(K;) — C(K) be the canonical embedding, i.e., the
Koopman operator of the canonical projection map r; : K — K;. By Exercise 10.13,
there is a unique g-invariant probability measure p on K satisfying (J; fi, u) =
(fi, i) forall f; € C(K;),i €l

Finally, set X := (K, ) and T = T, on L' (K, j1). The operators J; extend by
continuity to homomorphisms J; : (X;; T) — (X; T) which clearly satisfy the identi-
ties J;J;; = J; fori < j. Moreover, | J,; ran(J;) is dense in L!'(X). By Theorem 13.35,
(X; T) is an inductive limit of the system we started with. O

The Minimal Invertible Extension
Suppose that (X;T) is a possibly noninvertible abstract system. That is: X is

a probability space and T : L!'(X) — L'(X) is a possibly noninvertible Markov
embedding. We consider the inductive system

L) SUx 5L S

That is, we take / := Ny with the usual ordering, X; := X and J;; = T for all
i, jeNowithi <j. Let ((Y;T), (Ji)ien,) be an inductive limit of this system.

Lemma 13.39. The inductive limit system (Y; T) is invertible.

Proof. Since T is an isometry, it is sufficient to show that ran(7) is dense, and for
this it is sufficient to show that ran(7’) contains |_J ren, Tan(Jx). Now note thatif j < k

J; = IJy = KT = T

This implies that ran(J;) € ran(T*7), concluding the proof. O
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The invertible system (Y; T') together with the embedding J := Jy € M(X;Y)
is called the minimal invertible extension. Its uniqueness (up to isomorphism) and
the adjective “minimal” become clear from the following result.

Theorem 13.40. Let (X; T) be an abstract system with minimal invertible extension
J o (XiT) —» (:T). If J - (X;T) — (Z:T) is another invertible extension, then
there is a unique homomorphism S : (Y; T) — (Z;T) such that SJ = J.

Proof. Note that if S : (Y;T) — (Z:;T) is a homomorphism with SJ = J, then
J = 8J = SJ;T" = T'SJ; and hence SJ; = T~'J, since T is invertible on L' (Z). By
the universal property of the inductive limit, S is uniquely determined.

Conversely, define S; : L'(X;) — L'(Z) by S; := T~'J. Then clearly each S, is a
homomorphism and

Sl =TT =777 ] =T"] =5,

for i < j. So by the universal property of an inductive limit, there is a unique ho-
momorphism § : (Y;T) — (Z;T) such that SJ; = T~'J for each i € I. In particular,
this holds for i = 0, which yields SJ = J. O

Since the minimal invertible extension is an inductive limit, we obtain the
following consequence of Corollary 13.37.

Corollary 13.41. The minimal invertible extension of a ergodic/weakly mixing
system is again ergodic/weakly mixing.

Finally, we state the existence of a minimal invertible extension for standard
systems.

Theorem 13.42 (Minimal Invertible Extension). Let (X;¢) be a standard
measure-preserving system. Then there exists an invertible standard system (Y; )
and a point factor map 7 @ (Y;¥) — (X; @) with the following universal property:
Whenever (Y: ) is an invertible standard system and 7 (Y Iﬁ) X;p)isa
point factor map, then there is a unique point factor map o : (Y V) — (Y: ) such
that 1 = w o o almost everywhere.

Furthermore, if (X; @) is ergodic or weakly mixing, then so is (Y; V).

Proof. Since X is a standard probability space, L!'(X) is separable. Let
J : (X;T,) — (Y;T) be an invertible extension of the abstract system (X; 7). Since
L'(Y) is the closure of a countable union of separable subspaces, it is separable
as well. In particular, we can choose a metric model for it, that is, we may
suppose without loss of generality that Y is a standard probability space. By von
Neumann’s Theorem 7.20, the Markov embedding J is the Koopman operator of a
measure-preserving map 7 : Y — X and the Markov embedding 7 is the Koopman
operator of a measure-preserving map ¥ : Y — Y. Since TJ = JT,, it follows that
7w oy = ¢ o almost everywhere, i.e., 7 is a point factor map.

The universal property is proved in a similar manner by combination of the
universal property of abstract systems and the theorem of von Neumann. The
assertion about ergodicity/weak mixing follows directly from Corollary 13.37. 0O
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Exercises

1. Prove the remaining statements of Theorem 13.2.
2. Prove Proposition 13.5.

3. Let X be a probability space. Show that on a bounded subset of L>°(X) all the
[7-norm topologies for 1 < p < oo coincide. Then prove Proposition 13.6.

4. Prove a)-d) of Lemma 13.30.

5. Under the hypotheses of Lemma 13.28, let Xz and X be the associated sub-
o-algebras of Xx and Xy, respectively. Furthermore, suppose that T = T, is the
Koopman operator of a measure-preserving measurable map ¢ : ¥ — X. Prove that
T(F) C G if and only if ¢ is Y- Xr-measurable.

6. Let (X;T) be an abstract measure-preserving system and let
S1:XiT) — (XT) and S : (X Th) > (X T)

be two homomorphisms of abstract systems such that ran(S;) = ran(S;). Show that
there is an isomorphism S : (X;; 71) — (X3; T2) of abstract systems with S,S = Sj.

7. Let S : (Y;U) — (X;T) be a homomorphism of abstract measure-preserving
systems with corresponding T-factor F' := ran(S) of X. Show that U is invertible if
and only if F C T(F), and this implies that F is also T’-invariant. Give an example
showing that the 7’-invariance of F is in general not sufficient for invertibility of U.

8. Let (X; @) be a measure-preserving system, I < p < oo, and let E C [7(X).
Show that the following assertions are equivalent:

(1) clu(E) is a factor of (X; ) and E = clji (E) N L.

(ii) Eis a Ty-invariant unital Banach sublattice of I? (X).

(iii) E = cliy(A) for some T,-invariant unital C*-subalgebra of L*°(X).

(iv) E = ®(IX(Y)) for some embedding @ : (L'(Y);Ty) — (L'(X);T,) of

measure-preserving systems.

9. Let (X; ¢) be a measure-preserving system with a faithful model (K, u; ¥) (e.g.,
the Stone model). By Lemma 12.17, (K; ) is a surjective system, so we can
consider its minimal invertible extension 7 : (L;n) — (K; ¥) (see Exercise 2.19).
Suppose that v € M}](L) satisfies mxv = p (cf. Exercise 10.14). Prove that

(L, v;n) is (Markov) isomorphic to the minimal invertible extension of the measure-
preserving system (X; ¢).






Chapter 14
Compact Groups

The territory of compact groups seems boundless.

Karl H. Hofmann — Sidney A. Morris!

Compact groups were introduced already in Chapter 2 yielding fundamental
examples of topological dynamical systems. In Chapter 5 they reappeared, endowed
with their Haar measure, as simple examples of measure-preserving systems. As we
shall see later in Chapter 17, these examples are by no means artificial: Within a
structure theory of general dynamical systems they form the basic building blocks.

Another reason to study groups (or even semigroups) is that they are present in
the mere setting of general dynamical systems already. If (K;¢) is an invertible
topological system, then {¢" : n € Z} is an Abelian group of transformations on K
and—passing to the Koopman operator—{7y : n € Z} is a group of operators on
C(K). Analogous remarks hold for measure-preserving systems, of course.

In this chapter we shall develop the theory of compact groups relevant for a
deeper analysis of dynamical systems, e.g., for the decomposition theorem to come
in Chapter 16. Our treatment is therefore far from being complete and the reader is
referred to Hewitt and Ross (1979), Rudin (1990) and Hofmann and Morris (2013)
for further information.

14.1 Compact Groups and the Haar Measure

We assume the reader to be familiar with the fundamentals of group theory, see, e.g.,
Lang (2005). Generically, we write the group operation as a multiplication. A group
G is called Abelian if it is commutative, i.e., if ab = ba for all a, b € G. For subsets

IThe Structure of Compact Groups, de Gruyter Studies in Mathematics, vol. 25; Preface to the
First Edition.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 273
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_14
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A, B of a group G and elements x € G we write

xA = {xa : a € A}, Ax:={ax : a € A},
AB:={ab:acA beB} A':={a"':acA}

A setA C G is symmetricif A~! = A.
Recall from Example 2.9 that a topological group is a group G with a topology
such that the mappings

GxG—G, () >x-y

and G — G, g g !

are continuous. (We say that the multiplication is jointly continuous to emphasize
that it is continuous as a two variable function.)

In the following, G always denotes a topological group with neutral element
1 = 1. Note that A is open if and only if A™! is open since the inversion mapping
is a homeomorphism of G. In particular, every open neighborhood U of 1 contains
a symmetric open neighborhood of 1, namely U N U™,

Since the left and right multiplications by any given element x € G are
homeomorphisms of G, the set of open neighborhoods of the neutral element 1
completely determines the topology of G. Indeed, U is an open neighborhood of 1
if and only if Ux (or xU) is an open neighborhood of x € G.

The following are the basic properties of topological groups needed later.

Lemma 14.1. For a topological group G the following statements hold:

a) If V is an open neighborhood of 1, then there is an open, symmetric set W
with1 € Wand WW C V.

b) IfH is a topological group and ¢ : G — H is a group homomorphism, then
@ is continuous if and only if it is continuous at 1.

¢) If H is a normal subgroup of G, then the factor group G/H is a topological
group with respect to the quotient topology.

d) IfH is a (normal) subgroup of G, then H is also a (normal) subgroup of G.

Proof. a) Let V be an open neighborhood of 1. Since the multiplication is continuous
we find U open with 1 € U and UU € V. Then W := U N U~! has the desired
property. For b), ¢), and d) see Exercise 1. O

Recall that a topological group is called a (locally) compact group if its topology
is (locally) compact. Important (locally) compact groups are the additive groups R?
and the (multiplicative) tori T, d € N. Furthermore, every group G can be made into
a locally compact group by endowing it with the discrete topology. This topological
group is then denoted by Gy.
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Recall from Section 10.3 that for a group G and an element a € G the Koopman
operators associated with the left and right rotations by a are denoted by L, and R,,
respectively. That is

Lo f)x) = flax), Raf)(x):= flxa) (x€G, f:6G—->C).

The Haar Measure

As stated in Chapter 5, on any compact group there is a unique rotation invariant
(Baire) probability measure m, called the Haar measure. In this section we shall
prove this for the Abelian case; the general case is treated in Appendix G.4.

Theorem 14.2 (Haar Measure). On a compact group G there is a unique left
invariant Baire probability measure. This measure is also right invariant, inversion
invariant, and strictly positive.

Proof. tis easy to see that if u € M!(G) is left (right) invariant, then i € M!(G),
defined by

(i) = /Gf(x_l)du(X) (f € CG)

is right (left) invariant. On the other hand, if p is right invariant and v is left invar-
iant, then by Fubini’s theorem for f € C(G) we have

/G FO)dR() = /G /G FO)dp@)dv(y) = /G /G £ dp(dv(y)

- /G /G FOn)dv()du() = /G /G FO) () ) = /G FO)V0),

and hence u = v. This proves uniqueness, and that every left invariant measure is
also right invariant and inversion invariant.

Suppose that m is such an invariant probability measure. To see that it is strictly
positive, let 0 # f > 0. Then the sets U, :=[L,f > 0], a € G, cover G, hence
by compactness there is a finite set ¥ € G such that G € | J,cp[Lsf > 0]. Define
8= ,er Laf and ¢ := infieg g(x) > 0. Then g > c1, whence

c:/Gclde/ngm:Z/KLt,fdm:Z/dem.

a€F a€F

It follows that { f, m) > 0.
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Only existence is left to show. As announced, we treat here only the case when G
is Abelian. Then the family (L}),ec of adjoints of left rotations is a commuting
family of continuous affine mappings on M!(K), which is convex and weakly*
compact, see Section 10.1. Hence, the Markov—Kakutani Theorem 10.1 yields a
common fixed point m, which is what we were looking for. O

Remark 14.3. A proof for the non-Abelian case can be based on a more refined
fixed-point theorem, for instance on the one of Ryll-Nardzewski (1967), see also
Dugundji and Granas (2003, §7.9). Our proof in Appendix G.4 is based on the
classical construction as, e.g., in Rudin (1991), but departs from slightly more
general hypotheses in order to cover Ellis’ theorem, see Theorem G.10.

14.2 The Character Group

An important tool in the study of locally compact Abelian groups is the character
group. A character of a locally compact group G is a continuous homomorphism
x : G — T. The set of characters

G* :={x : x character of G}

is an Abelian group with respect to pointwise multiplication and neutral element 1;
it is called the character group (or dual group).

For many locally compact Abelian groups the dual group can be described
explicitly. For example, the character group of R is given by

R* = {t> e : a e R} ~ R,
and the character group of T ~ [0, 1) by

T*={z>7" :nell~{t—>e¥" :neZ} ~7

(see Examples 14.16 and Exercise 5). In these examples, the character group seems
to be quite “rich,” and an important result says that this is actually a general fact.

Theorem 14.4. Let G be a locally compact Abelian group. Then its dual group G*
separates the points of G, i.e., for every 1 # a € G there is a character y € G* such

that y(a) # 1.

We shall not prove this theorem in its full generality, but only in the two cases
most interesting to us, namely when G is discrete or when G is compact. For discrete
groups, the proof reduces to pure algebra, see Proposition 14.28 in the supplement
to this chapter. The other case is treated in the next chapter, where we prove the more
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general fact that the finite-dimensional unitary representations of a compact group
separate the points (Theorem 15.11). Theorem 14.4 for compact Abelian groups is
then a straightforward consequence, see Theorem 15.17.

We proceed with exploring the consequences of Theorem 14.4. The proof of the
first one is Exercise 3.

Corollary 14.5. Let G be a locally compact Abelian group and let H be a closed
subgroup of G. If ¢ € H, then there is a character y € G* with y(g) # 1 and

xle =1

We now turn to compact groups. For such groups one has G* € C(G) C I*(G).
The following is a fundamental preliminary result.

Proposition 14.6 (Orthogonality). Let G be a compact Abelian group. Then G* is
an orthonormal set in 12(G).

Proof. Let y1, 2 € G* be two characters and consider y := y;%2. Then

o= () = /G 73 dm = /G 2(g) dm(g) = /G 2(gh) dm(g) = x(h)a

for every h € G. Hence, either y = 1 (in which case y; = yz)ora = 0. O

By the orthogonality of the characters we obtain the following.

Proposition 14.7. Let G be a compact Abelian group and let X C G* be a subset
separating the points of G. Then the subgroup (X) generated by X is equal to G*.
Moreover, lin(X) is dense in the Banach space C(G).

Proof. Consider A = lin(X) which is a conjugation invariant subalgebra of C(G)
separating the points of G. So by the Stone—Weierstra3 Theorem 4.4 it is dense in
C(G).If thereis y € G*\(X),take f € Awith | y— f oo < 1. Then, by Proposition
14.6, x is orthogonal to A and we obtain the following contradiction

> f = 2e =11 = (10—l ) +xe =1+ 1 =1 O

A trigonometric polynomial is a linear combination of characters of a compact
Abelian group.

Corollary 14.8. For a compact Abelian group G we have the following:
a) The set lin(G*) of trigonometric polynomials is dense in C(G).
b) The dual group G* forms an orthonormal basis of 12(G).
Proof. a) follows from Proposition 14.7 with X = G* since G* separates the points

of G by Theorem 14.4. A fortiori, lin(G*) is dense in I?(G), and hence b) follows
from Proposition 14.6. O
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As a consequence we obtain the following connection between spectral proper-
ties of the Koopman operator of a group rotation on an Abelian group G and the
dual group of G, cf. Example 4.22.

Proposition 14.9. Let G be a compact Abelian group with Haar measure m, let
a € G and consider the measure-preserving rotation system (G, m; a) with Koopman
operator L, on 12(G). Then

Lof =) x@(f 1) x (14.1)

XEG*

In particular, y € G* is an eigenvector to the eigenvalue x(a) of L,, and the point
spectrum of L, is

op(La) = {x(a) : x € G*}.

Proof. By Corollary 14.8 we can write f = ZXeG* (f | x) x, then apply L, to
obtain

YAl =A =Lf =Y x@(f12)x-

YEG* YEG*

This proves the first statement. If y € G*, then L,y = y(a) x, hence y(a) € 06,(L,).
For the final statement suppose that A € 0,(L,) and f € I?(G) is such that L, f =
Af. By the already proven equality (14.1) we obtain (A — y(a)) (f | x) = 0 for all
x € G*.If f # 0, then atleastone ( f | y) # 0, thus y(a) = A. O

Topology on the Character Group

Let G be a locally compact Abelian group. In this section we describe a topology
turning G* into a locally compact group as well.

Consider the product space TY of all functions from G to T and endow it with
the product topology (Appendix A.5). Then by Tychonoff’s Theorem A.5, this is a
compact space. It is an easy exercise to show that it is actually a compact group with
respect to the pointwise operations. The subspace topology on G* C TY, called the
pointwise topology, makes G* a topological group. However, only in exceptional
cases this topology is (locally) compact.

It turns out that a better choice is the topology of uniform convergence on compact
sets, called the compact-open topology. This also turns G* into a topological group,
and unless otherwise specified, we always take this topology on G*.

Examples 14.10. 1) If the group G is compact, the compact-open topology is
the same as the topology inherited from the norm topology on C(G).
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2) If the group G is discrete, then the compact-open topology is just the
pointwise topology.

One has the following nice duality.

Proposition 14.11. Let G be a locally compact Abelian group. If G is compact,
then G* is discrete; and if G is discrete, then G* is compact.

Proof. Suppose that G is compact. Take y € G*, then y(G) € T is a compact
subgroup of T. Therefore, if y satisfies

11— xlloo = sup |1 = x(g)| < dist(1,e*"?) = V3,
g€CG

then we must have y(G) = {1}, and hence y = 1. Consequently, {1} is an open
neighborhood of 1, and G* is discrete.

Suppose that G is discrete. Then by Example 14.10.2 the dual group G* carries
the pointwise topology. But it is clear that a pointwise limit of homomorphisms is
again a homomorphism. This means that G* is closed in the compact product space
TY, hence compact. O

It is actually true that G*, endowed with the compact-open topology, is a locally
compact Abelian group whenever G is a locally compact Abelian group, see Hewitt
and Ross (1979, §23).

The next is an auxiliary result, whose proof is left as Exercise 6. Note that
an algebraic isomorphism @ : G — H between topological groups G, H is a
topological isomorphism if @ and @~ are continuous.

Proposition 14.12. Let G and H be locally compact Abelian groups. Then the
product group G x H with the product topology is a locally compact topological
group. For every y € G* and ¥ € H* we have y @ ¥ € (G x H)*, where

(x ® ¥)(x,y) := x(x)¥ (). Moreover, the mapping
VG xH" > (GxH)", (x.¥)— &Y

is a topological isomorphism.

14.3 The Pontryagin Duality Theorem

For a locally compact Abelian group G consider its dual G* and the compact
group TS" . Define the mapping

@:G->TY, d(g)x = x(2). (14.2)
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It is easy to see that @ is a continuous homomorphism, and by Theorem 14.4 it is
injective. By Exercise 9, ®@(g) is actually a character of the dual group G* for any
g€G.

Lemma 14.13. The mapping
®:G— G = (GH*
is continuous.

We prove this lemma for discrete or compact groups only. The general case requires
some more efforts, see Hewitt and Ross (1979, §23).

Proof. 1f G is discrete, then @ is trivially a continuous mapping. If G is compact,
then G* is discrete. So the compact sets in G* are just the finite ones, and the
topology on G** is the topology of pointwise convergence. So @ is continuous. O

The following fundamental theorem of Pontryagin asserts that G is topologically
isomorphic to its bi-dual group G** under the mapping @. Again, we prove this
theorem only for discrete or compact groups; for the general case see Hewitt and
Ross (1979, Thm. 24.8), Folland (1995, (4.31)) or Hofmann and Morris (2013,
Thm. 7.63)

Theorem 14.14 (Pontryagin Duality Theorem). For a locally compact Abelian
group G the mapping @ : G — G** defined in (14.2) is a topological isomorphism.

Proof. After the preceding discussion it remains to prove that @ is surjective and its
inverse in continuous.

First, suppose that G is discrete. Then, by Proposition 14.11, G* is compact and
the subgroup ran(®) € G** clearly separates the points of G*. By Proposition 14.7
we have ran(®) = G**. Since both G and G** are discrete, the mapping @ is a
homeomorphism.

Let now G be compact. Then G* is discrete and G** is compact by Proposi-
tion 14.11. Since @ is continuous and injective, ran(@®) is a compact, hence closed
subgroup of G**. If ran(®) # G**, then by Corollary 14.5 there is a character
y # 1 of G** with ¥ |rn@) = 1. Now, since G* is discrete, by the first part of the
proof we see that there is y € G* with y(¢) = ¢(y) for all ¢ € G**. In particular,
for g € G and ¢ = P(g) we have y(g) = @(g)x = y(P(g)) = 1, a contradiction.
Since G is compact and @ continuous onto G**, it is actually a homeomorphism
(see Appendix A.7). O

An important message of Pontryagin’s theorem is that the dual group determines the
group itself. This is stated as follows.

Corollary 14.15. Two locally compact Abelian groups are topologically isomor-
phic if and only if their duals are topologically isomorphic.

Examples 14.16. 1) Forn € Z define

Yn: T — T, xn(2):=7" (zeT).
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Clearly, each y, is a character of T, and (n + ) is a (continuous) homo-
morphism of Z into T*. Since y; separates the points of T, Proposition 14.7
tells that this homomorphism is surjective, i.e.,

T ={)x, : n€Z} ~ 7.
2) By inductive application of Proposition 14.12 and by part 1) we obtain
(T ={@ 2D )t kheZ i=1,....d ~7°

3) The dual group Z* is topologically isomorphic to T. This follows from part
1) and Pontryagin’s Theorem 14.14.

4) The mapping ¥ : R — R* ¥(a) = (t — e**) is a topological
isomorphism. We leave the proof as Exercise 5.

Let us return to the mapping @ from G into TC" defined in (14.2). Since this latter
space is compact, the closure bG of ran(®) in TC" is compact. Then bG is a compact
group (see Exercise 2.b and G is densely and continuously embedded in bG by @.
The compact group bG is called the Bohr compactification of G.

Proposition 14.17. Let G be a locally compact Abelian group and bG its Bohr
compatctification. Then the following assertions hold:

a) If G is compact, then
bG = (G")* ~ G.

b) The dual group of bG is topologically isomorphic to the dual group of G, but
endowed with the discrete topology, i.e.,

(bG)" = (G*)a.

¢) The Bohr compactification bG is obtained by taking the dual of G, endowing
it with the discrete topology and taking the dual again, i.e.,

bG ~ (GY)}.

Proof. a) Since @ is continuous, ¢(G) is compact, and hence closed in TS . So
bG = @(G) = (G*)*.
b) For y € G* the projection 77, : T — T, ,(y) = y(y) is a character of T¢"
and hence of bG by restriction. We claim that the mapping

(Ga— (BG)", x> m,

is a (topological) isomorphism. Since both spaces carry the discrete topology, we
have to show that it is an algebraic isomorphism. Now, if y, ' € G* and g € G,
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then

(70, )(P(8)) = 1y (P(2)) - 7y (P(2)) = (- P = x(8)- ¥ ()
= (xx)(Q) = () (xx) = 1y (P(2)).

Hence, n,m,» = m,,» on @(G), and therefore on bG by continuity. If 7, = 1, then

1 =m,(P(g) =---= x(g) forall g €G,

whence y = 1. Finally, note that X := {7, : y € G*} is a subgroup of (bG)*
separating the points of bG (trivially). Hence, by Proposition 14.7 it must be all of
(bG)*.

c) follows from b) and Pontryagin’s Theorem 14.14. O

We are now in the position to give the hitherto postponed proof of Kronecker’s
theorem (Theorem 2.39) Actually we present two proofs: One based on the Bohr
compactification, and in Section 14.4 below another one exploiting the fact that the
characters form an orthonormal basis.

Theorem 14.18 (Kronecker). For a = (ai,...,ay) € T the rotation system
(T?; @) is topologically transitive (= minimal) if and only if ai,as,...,a, are
linearly independent in the Z-module T, i.e.,

kika,....kg€Z, d'dy--di=1 = k=k=-=k=0.

n

Proof. 1fd'a¥ - -d = 1for 0 # (ki, ks, ..., ks) € Z% , then the set
A= {x eT? : x]f‘x];z---xl;" = 1}

is nonempty, closed, and invariant under the rotation by a. If k; # 0, there are
exactly k; points in A of the form (1,...,1,x;,1,...,1), hence A # T. Hence, the
topological system (T¢; @) is not minimal.

For the converse implication suppose thata;, as, . . ., a, are linearly independent
in the Z-module T, and recall from Example 14.16 that Z* and T are topologically
isomorphic, so we may identify them.

Let b := (by,...,bs) € T? and consider G = {aj,as,...,ay). Since
{ay, ..., a4} is linearly independent in the Z-module (= Abelian group) T, there
exists a Z-linear mapping (= group homomorphism)

v :G—>T withy(a;) =bifor i=1,...,d.
By Proposition 14.27 there is a group homomorphism y : T — T extending yr. Ob-

viously y € (Ty)*, which is topologically isomorphic to bZ by Proposition 14.17.
Now take & > 0. By the definition of bZ and its topology, we find k € Z such that
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|bi — ai| = | x(a:) = @(k)(a)| < &

fori = 1,...,d (recall that ®(k)(z) = Z* for z € T ~ Z*). Therefore orb(1) =
{(d.d, ... d%) : k € Z}is densein T?. O

14.4 Monothetic Groups and Ergodic Rotations

We saw in Theorem 10.13 that for a compact group G, the Haar measure m and
a € G the corresponding rotation system (G; a) is minimal if and only if it is forward
transitive, and this happens precisely when (G, m; a) is ergodic. All these properties
are equivalent to the fact that the cyclic subgroup (a) := {a" : n € Z} is dense in G.
Topological groups having this latter property deserve a name.

A topological group G is called monothetic if there is an element a € G such that
the cyclic subgroup (a) is dense in G. In this case a is called a generating element
of G. By Exercise 2, monothetic groups are necessarily Abelian.

Examples 14.19. 1) Evidently, discrete monothetic groups are cyclic.

2) The torus T is a compact monothetic group: Each element @ € T, not a root
of unity, is a generating element by Kronecker’s theorem, Example 2.37.

3) The group of dyadic integers A, is a compact monothetic group with
generating element 1, see Example 2.10 and Exercise 3.10.

The next proposition yields some information about locally compact monothetic
groups.

Proposition 14.20 (Weil’s Lemma). Let G be a locally compact monothetic group
with generating element a € G. Then G is either topologically isomorphic to Z or
compact, and the latter happens if and only if already {a" : n € N} is dense in G.

Proof. We define A := {a" : n > 1} and suppose that U N A = @ for some
nonempty open subset U € G. Since (a) is dense, we can find & > 0 such that
a* € U, and then pick a symmetric open neighborhood of 1 with V C a*U. It
follows that V N akA = @, and hence by symmetry V N {a" : |n| > k+ 1} = 0.
By choosing V even smaller we can achieve that V N (a) = {1}. Since (a) is dense
in G, it follows that V' \ {1} = @, i.e., {1} = V is open. Consequently, G is discrete
and hence G = (a). Since A # G, we must have G = Z.

Alternatively, we now suppose that U N A # @ for every nonempty open subset
U C G,ie., Aisdensein G. Let U be a fixed symmetric open neighborhood of
1 € G such that U is compact. Since U € G € AU and by compactness, there is
m € N such that

UC Oa"Ug Oa"ﬁz:K.
n=1 n=1
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Now fix g € G. Since g7'U N A # @, we are allowed to define
ng:=min{n>1:da"€ g 'U}.

Then s € g7'U € g7'U and hence a"s € g~'@U for some 1 <j < m. It follows
that "« € ¢~'U, and by definition of n, we conclude that n, < j. Hence g €
@ U C KUUsince 0 <j—n, <m.Thus, G =K U U is compact. O

The next result characterizes the monothetic groups among all compact groups.
The equivalence of the statements (i), (ii), and (v) below was already proved in
Theorem 10.13 along with a longer list of equivalences. We add statement (iv)
below to that list and give an alternative proof based on Proposition 14.9, cf. also
Proposition 7.16.

Proposition 14.21. For a compact group G with Haar measure m and an element
a € G the following statements are equivalent:
(1) The topological system (G; a) is minimal.
(i) The set {a" : n € N} is dense in G.
(iii) The group G is monothetic with generating element a.
(iv) The group G is Abelian and the element a separates G*.

(v) The measure-preserving system (G, m; a) is ergodic.

Proof. The implications (i) = (ii) = (iii) are trivial, while (iii) = (ii) follows from
Weil’s Lemma 14.20. Implication (ii) = (i) is proved in Theorem 3.4.

Suppose that (iii) holds. Then G is Abelian, and by continuity, two characters are
equal if they coincide on a dense subset. Hence, (iv) follows. By Corollary 14.5 if a
separates G*, then (a) € G must be dense. So (iv) implies (iii).

Suppose that (iv) holds, i.e., for each y € G*, y # 1 one has y(a) # 1. Let
f € fix(L,) € I2(G). Then by (14.1) f L y foreach y # 1. Hence, dim fix(L,) =
1, so (v) follows by virtue of Proposition 7.15. Conversely, suppose (v), i.e.,
dimfix(L,) = 1. Since y € G* is an eigenvector of L, for the eigenvalue y(a),
the equality y(a) = 1, i.e., y € fix(L,) can only hold for y = 1, and this is (iv). O

As a consequence we obtain the following short proof of Kronecker’s Theorem
14.18.

Second Proof of Kronecker’s Theorem. By Example 14.16.2 each character of T¢
has the form z — 7 --.z%. Hence, the Z-independence of ay, ..., ay is precisely
assertion (iv) in Proposition 14.21 for G = T<. O

We now characterize the duals of compact monothetic groups.

Proposition 14.22. A compact Abelian group G is monothetic if and only if its
dual group G* is algebraically isomorphic to a subgroup of T. In this case, the
isomorphism is given by
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x> x(a) € G*(a) ;= {x(a) : x€G*} T,
where a € G is any generating element of G.

Proof. Suppose that G is monothetic with generating element a. Then the set G*(a)
is a subgroup of T and the evaluation mapping G* > y +— y(a) is a surjective group
homomorphism. Furthermore, it is even injective by (iii) of Proposition 14.21.

For the converse, suppose that y : G* — T is an injective homomorphism.
Since the topology of G* is discrete, y is a character of G*. By Pontryagin’s
Theorem 14.14 there is a € G with y(x) = y(a) forall y € G*.

Consider the closed subgroup H := cl{a). If H # G, then by Corollary 14.5
there exists a character y # 1 of G such that y = 1 on H 2 (a). But then y is not
injective, a contradiction. This yields H = G. O

This proposition helps to describe all compact monothetic groups or, which is
the same, all minimal/ergodic group rotations.

Example 14.23. Let H be an arbitrary subgroup of Tyq. By Proposition 14.22, the
compact group G := H* is monothetic with some generating element a € G, hence
the group rotation (G; a) is minimal. By Proposition 14.22 all compact monothetic
groups arise this way.

We close this section by showing that in the class of minimal/ergodic group
rotations one can decide whether two such systems are isomorphic only by looking
at the eigenvalues of the Koopman operator. In other words the point spectrum of
the Koopman operator is a complete isomorphism invariant for these two classes.
We first determine the point spectrum of the Koopman operator.

Proposition 14.24. Let G be a compact Abelian group with Haar measure m, and
L, be the Koopman operator of the rotation by some element a € G, considered
either as an operator on C(G) or on 12 (G), p € [1, 00). Then

op(La) = G*(a) = {x(a) : x € G*}.

Proof. If L, is regarded on I*(G), the statement was proved in Proposition 14.9.
Since characters are continuous and are eigenvectors of L,, the statement follows
also for C(G). So the inclusion G*(a) € o,(L,) is evident for each of the spaces
I7. Suppose A & G*(a) is an eigenvalue with an [/-eigenvector f # 0. Since
the characters belong to C(G) € L(G), g the conjugate exponent, we obtain 0 =
(Lo f —Af. x) = (x(a) — A) (f. x). The assumptions imply (£, ) = 0 forall y €
G* which in turn yields f = 0, a contradiction (use that lin(G*) is dense in ). O

The next result characterizes isomorphy of minimal/ergodic group rotations.

Proposition 14.25. Let G, H be compact monothetic groups with Haar measures
mg and my, respectively, and with generating elements a € G, b € H. Then the
following statements are equivalent:
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(1) The topological systems (G; a) and (H; b) are isomorphic.

(ii) The measure-preserving systems (G, mg; a) and (H, my; b) are isomorphic.
(iii) There is a topological group isomorphism @ : G — H with ®(a) = b.
(iv) G*(a) = H*(b).

Proof. (iil) = (i), (ii): If @ is a topological group isomorphism with @(a) = b, then
@ is also an isomorphism of the dynamical systems.

(1) or (ii) = (iv): If the dynamical systems are isomorphic, the Koopman operators
on the corresponding spaces are similar. Hence, they have the same point spectrum.
So (iv) follows from Proposition 14.24.

(iv) = (iii): If G*(a) = H*(D), then by Proposition 14.22 the discrete groups G*
and H* are isomorphic. Recall that this isomorphism is given by

G* 5> y+—>n € H* where y, nsatisfy y(a) = n(b).

By Pontryagin’s Theorem 14.14, this implies that G and H are topologically isomor-
phic under the mapping @ : G — H, where @(g) € H is the unique element with
n(@(g)) = x(g)if y(a) = n(b), xy € G*,n € H*. Then @(a) = b, and the assertion
follows. O

Rotations on Tori

The d-tori G := T¢ are monothetic groups for each d € N. Indeed, Kronecker’s
Theorem 14.18 describes precisely their generating elements. However, we can even
form “infinite dimensional” tori: Let I be a nonempty set, then the product G := T/
with the product topology and the pointwise operations is a compact group. The next
theorem describes when this group is monothetic. The proof relies on the existence
of sufficiently many rationally independent elements in T (after identifying T with
the additive group [0, 1) mod 1).

Theorem 14.26. Consider the compact group G = T', I a nonempty set. Then G
is monothetic if and only if card(I) < card(T).

Proof. If G is monothetic, then by Proposition 14.22 we have that card(G*) <
card(T). Since the projections 7; : T! — T, i € I, are all different characters of G,
we obtain card(/) < card(G*) < card(T).

Now suppose that card(/) < card(T). Take a Hamel basis & of R over @ such
that 1 € . Then card(#) = card(T), so there is an injective function f : I —
A\ {1}. Define a 1= (a;)ie; := (€V/ D)y € T!. If U < T! is a nonempty open
cylinder, then by Kronecker’s Theorem 14.18 we obtain @” € U for somen € Z. 0O

The above product construction is very special and makes heavy use of the
structure of T. In fact, products of monothetic groups in general may not be
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monothetic (see Exercise 10). Notice also that the monothetic tori T! are all
connected (as products of connected spaces).

Supplement: Characters of Discrete Abelian Groups

In this supplement we shall examine the character group of discrete Abelian groups,
which is, of course, pure algebra.

Proposition 14.27. Let G be an Abelian group, H < G a subgroup, and let
v H — T be a homomorphism. Then there is a homomorphism y : G — T
extending .

Proof. Consider the following collection of pairs
M= {(K @) 1 H < K subgroup of G, ¢ : K — T homomorphism, ¢|g = 1//}.

This set is partially ordered by the relation (K, ¢;) < (K, ¢,) if and only if
Ki € K> and ¢|x, = ¢1. By Zorn’s lemma, as the chain condition is clearly
satisfied, there is a maximal element (K, ¢) € .#. We prove that K = G.

If x € G\ K, then we construct an extension of ¢ to K := (KU {x}) contradicting
maximality. We have K; = {x"h : n € Z, h € K}. If no power x" for n > 2 belongs
to K, then the mapping

¢ K — T, o1 (x'h) := @(h), (i€Z, heKk)

is a well-defined group homomorphism. If x* € K for some n > 2, then take the
smallest such n. Let @ € T be some n™ root of ¢(x") and set ¢, (x'h) := a'p(h)
fori € Z, h € K. This mapping is well-defined: If x4 = ¥’ and i > j, then
X7h =K eKandx €K, so @(h') = o(x7h) = ¢(x7)p(h). By assumption, n
divides i — j, so @(x"7h) = a'7¢(h). Of course, ¢; : K; — T is a homomorphism
extending ¢, so (K, ¢1) € .# with (K1, ¢1) > (K, ¢), a contradiction. O

As a corollary we obtain the version of Theorem 14.4 for the discrete case.

Proposition 14.28. If G is a (discrete) Abelian group, then the characters separate
the points of G.

Proof. Letx € G, x # 1. If thereisn > 2 with x* = 1, thentake 1 # « € T an
n™ root of unity. If the order of x is infinite, then take any 1 # o € T. For k € Z set
¥ (x*) = . Then v is a nontrivial character of (x). By Proposition 14.27 we can
extend it to a character y on G that separates 1 and x. O
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Exercises

1. Prove assertions b), ¢), and d) in Lemma 14.1. Prove also the following: If G and
H are topological groups, G is compact and f : G — H is continuous, then f is
uniformly continuous in the sense that for any V open neighborhood of 1y there is
an open neighborhood U of 1 such that gh™! € U implies f(g) f(h)~' € V.

2. Show that if G is a topological group and H is a (normal) subgroup of G then H
is a (normal) subgroup as well.

3. Prove Corollary 14.5 for
a) G acompact or discrete Abelian group,
b) G a general locally compact Abelian group.

(Hint: Prove that the factor group G/H is a locally compact (in particular Hausdorff)
Abelian group and apply Theorem 14.4 to this group.)

4. Let G be a topological group and let H € G be an open topological subgroup.
Show that H is closed. Show that the connected component G of 1 € G is a closed
normal subgroup.

5. Show that the dual group of R is as claimed in Section 14.2.

6 (Product Groups). Let (G;);e; be a family of locally compact groups.

a) Suppose that G; is compact except for finitely many j € /. Prove that the
product group

[Ic
iel
is a locally compact group with the coordinatewise operations and the

product topology. Prove also that this group is compact if and only if each
G, i € I is compact.

b) Suppose that G; is discrete except for finitely many j € 1. The restricted
direct product is defined by

]_[G,- = {(x,-),-el € H G; : gj = 1g, except for finitely many j € I}.
iel iel
Prove that with coordinatewise operations and the subspace topology inher-

ited from [],; G; the restricted direct product is a locally compact group.
Prove also that this group is discrete if and only if each G;, i € I is discrete.

¢) Suppose that G; is Abelian for each i € I and compact except for finitely
many i € I. Prove that

(H G,-)* =[[c:

i€l i€l
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d) Suppose that G; is Abelian for each i € I and discrete except for finitely
many i € I. Prove that

(]_[Gi)* =[Jc:

i€l i€l

7 (Projective Limits). Let ((Gy);; (7;)i<j) be a projective system of compact
groups over the directed index set /. That means, each G;, i € I is a compact group
and each map 7;; : G; — G; (i, j € I, i < j)is a continuous homomorphism of
groups. Then the associated projective limit (Exercise 2.18)

G:=1limG; = {(xi)iel . mi(x;) = x; whenever i §j} - H G;

<«

i i€l

is a compact subgroup of [ [.¢; G; (see Exercise 6). Show that each character y € G*
is of the form y = ; o 7r; for some index j and some character x; € G7. (Hint: Take

a small neighborhood U of 1 in T and apply Exercise 3.19 to O := y~'(U) to
conclude that there must be j € I with ker(r;) C ker(y).)

8 (Dyadic Adding Machine). Let (A;;1) be the dyadic adding machine as in
Examples 2.10 and 10.14. This system is minimal (Exercise 3.10), i.e., A, is
monothetic with generator 1. Show that the mapping

A;A{ezwz% :mENo,keN}gT, x = x(1),

is an isomorphism of discrete groups. (Hint: Exercise 7.)

9. For the mapping @ : G — TC" defined in (14.2) prove that @ maps G continu-
ously into G**.

10. Show that a monothetic group is commutative. Describe all finite monothetic
groups.

11. Prove that for a closed subgroup G of T either G = T or G is finite cyclic.

12. Determine all locally compact monothetic groups whose dual is also mono-
thetic.






Chapter 15
Group Actions and Representations

My work has always tried to unite the true with the beautiful and when I had to choose one
or the other, I usually chose the beautiful.

Hermann Weyl!

To facilitate the study of abstract objects, a central theme in mathematics is
their representations as more concrete ones while preserving their fundamental
properties. This procedure is evidently useful if the representing objects have
additional special structure, which then allows to carry out concrete calculations in
specific situations, or to obtain complete descriptions of the abstract objects under
study. One of the greatest achievements of mathematics, the classification of finite
simple groups, relies heavily on such representation techniques. But also in this
book we have already encountered instances of this phenomenon: In Chapter 4, we
studied one-dimensional representations of C*-algebras, i.e., multiplicative linear
functionals, and thereby arrived at the Gelfand—Naimark theorem; in Chapter 14 we
studied characters, i.e., one-dimensional representations of locally compact Abelian
groups (where we left a gap to be filled in this chapter); also the proof of Ellis’
theorem in Appendix G uses representation theory of compact semigroups. We
devote this chapter to the fundamentals of representation theory of compact groups.
As a by-product we also take a look at actions of compact groups both in the
topological and in the measure-preserving settings. All these will be crucial in
Chapters 16 and 17 when we return to operators, particularly to Koopman operators
of dynamical systems, and apply the developed representation theory to obtain a
basic structural description of the dynamical system.

'As quoted by Freeman J. Dyson in the obituary in Nature 177, 457-458 (10 March 1956),
doi:10.1038/177457a0.
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15.1 Continuous Representations on Banach Spaces

A representation of a group I" with unit element 1 is a pair (7, E), where E is a
Banach space and 7w : I’ — Z(F) is a mapping satisfying

1. m =1, the identity operator,

2. gy =mm, (x,yel).
If I carries a topology, the representation (7, E) is called weakly continuous if the
mapping

I — C, X = (eru, u’)

is continuous for all u € E, u’ € E'. In other words, 7 : I’ — .%(E) is continuous.
In contrast, 7 is called (strongly) continuous if 7 : ' — %, (E) is continuous, i.e.,
each mapping

I’ - E, X (u €E)

is continuous for the norm topology on E. The representation (7, E) is faithful if it
is injective, i.e., if its kernel

ker(m) :={xerl : m, =1}

is the trivial subgroup {1}.
In the following, G is always a compact group with Haar measure m and neutral
element 1. We abbreviate dm(x) = dx whenever the Haar measure is understood.

Example 15.1 (Regular Representations). Recall the definition of the operators
L, and R,, x € G, from (10.3) and (10.4). For f € L'(G) and x € G we define

@) = f&ly) (e0),
i.e., Ty = L,—1. Then
7:G — Z(C(G)), X T,

R: G — Z(C(G)), X R,

are representation of the compact group G on C(G), called the left and right regular
representation. By Proposition 10.11, these representations are continuous.

Since the Haar measure is left invariant, the left regular representation extends to
a representation

1:G—> ZI(G)), X T,
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of G on IY(G), p € [1, oo]. This representation is isometric, i.e.,

Iz /1, =111, &eG. fel’(G)),

hence in particular sup,; ||| = 1. By Exercise 1, (z,I¥(G)) is also faithful.
Moreover, if p < oo, then by denseness of C(G) in I7(G) it follows from Propo-
sition 10.11 that (z, ”(G)) is strongly continuous. (The same is true for the right
regular representation, as the Haar measure is also right invariant.)

Clearly, every strongly continuous representation of G is weakly continuous.
We shall prove below that, actually, weak and strong continuity are equivalent
properties.

Let 7 : G — Z(E) be a weakly continuous representation of the compact group
G on a Banach space E. It follows from the uniform boundedness principle that

sup || || < oo. (15.1)

x€G

For f € L'(G) we define the integral
Tp o= / f(x)m,dx (15.2)
G
as an operator E — E” by

(rpuu) = / ) (meu, ') dx weE uek).
G
A simple estimate yields

] s = (suplel) 171 15

Our first goal is to show that actually 7yu € E foreachu € E, where E is canonically
embedded in E” (see Appendix C.4).

Lemma 15.2. In the setting described above, one has nyu € E for all f € L'(G)
and forallu € E.

Proof. 1t suffices to consider a real-valued function f. Furthermore, by (15.3) and
by density, we may suppose that f € L*°(G) and, after adding a multiple of 1 and
multiplying by a scalar, even that f > 0 and fG f = 1. By Krein’s Theorem C.11
the set

K:=conv{mu : x€ G} CE
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is weakly compact. Let u” € E” \ E. Then, by the Hahn-Banach theorem, E’
separates u” from K (see Theorem C.13). This means that there is ' € E’ and
¢ € R such that

Re (nxu, u’) <c¢ <Re (u", u’) (x € G).
Multiplying by f(x) and integrating yields
Re (Jrfu, u’) <c¢<Re (u”, u’),
which shows that 7ryu # u”, whence 77u € E follows. ]

Remark 15.3. We refer to Rudin (1991, Thm. 3.27) for more information on weak
integration. Certainly, Lemma 15.2 is trivial if E is reflexive. In particular, that is
the case if £ = H is a Hilbert space. Moreover, the application of Krein’s theorem
can be avoided also if E contains a densely embedded Hilbert space H such that
restricts to a weakly continuous representation on H.

By Lemma 15.2 we obtain 7y € Z(E) for every f € L'(G), and by (15.3)
s | =< (suplle]) - 1, (15.4)
X€EG

showing that 7 : L' (G) — Z(E) is a bounded linear mapping.

Example 15.4 (Mean Ergodic Projection). If we specialize f = 1 in (15.2), we
obtain

PG:: 1 :/nxdx.
G

By the invariance of the Haar measure, m,Pc = P¢ for every y € G, whence
Pé = Pg, and Pg is a projection onto the fixed space

fix(g) := {u € E : mau = u forallx € G},

called the mean ergodic projection. Note that by virtue of the Hahn—Banach
separation theorem (Theorem C.13)

Pou = / mudx € conv{nxu 1 XE G}
G

for each u € E. Hence, the operator semigroup {7, : x € G} is mean ergodic with
projection Pg in the sense of Definition 8.31.
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The next lemma shows that the set of vectors of the form 7u is large.
Lemma 15.5. For eachu € E one has u € cl{nyu : f € C(G)}. In particular,
E= E{nfu : feCG),uce E}

Proof. Letu’ € E' such that for all f € C(G) one has (7 su,u’) = 0. This means
that

/ f@) (mu, ') dx =0 forall /€ C(G),
G

hence (m.u,u’) = 0 m-almost everywhere. But the Haar measure m is strictly
positive, thus (m u, ') = Oforall x € Gandu € E. Letting x = 1 yields (u,u’) = 0,
and the claim follows by a standard application of the Hahn—Banach theorem. 0O

We can now prove the announced equivalence of weak and strong continuity.

Theorem 15.6. For a representation &t : G — £ (E) of a compact group G on a
Banach space E the following assertions are equivalent:

(1) m is weakly continuous.
(i) m is strongly continuous.

(iii)) The mapping
GXE—E, (x, u) — mu

is continuous.

In this case, the weak and strong operator topologies coincide on the set mg =

{m, : x € G}.

Proof. (i) = (ii): We define
F = {u € E : themapping G — E, x+— mu is continuous}.

Then F is a closed subspace of E by the uniform boundedness of the operators 7,
forx € G.If f € L'(G) we have

(rempu ') = (mpu, i) / FO) (myu, ') dy = / FO) (mayu, u’) dy
G
:/Gf(x_ly) (rryu, ') dy.

This shows that 7, 7rsu = m ru, where

@) ="y (nyeG fel(G),
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see Example 15.1. But the mappings g — m,u (see (15.4)) and
G—->L(G), x—rtf

are continuous, hence ran(wry) € F. By Lemma 15.5 it follows that £ = F.

(ii) = (iii): By the uniform boundedness principle M := sup,; ||| < oco. Let
(x¢)e € G and (uy), < E be nets with x, — x € G and uy, — u € E. Then

|7y, g — mout|| < M ||ug — ul| + || 7wy, u — meu| — 0.
The implication (iii) = (i) is trivial.
Suppose that (ii) holds. Then K := n¢ is compact in the strong operator topology.
Since the weak operator topology is still Hausdorff, the two topologies must
coincide on K (Proposition A.4). |

Convolution

Let us consider the integral (15.2) for the left regular representation of G on L!(G).
We obtain

o = /G F@ndr (f € LG)).

where 7,g(y) = g(x™'y), see Example 15.1.
Applying this operator to g € L!(G) yields the convolution

fre=gye= [ fngd (155)
G
If ¢ € C(G), then the map x + t,g is even continuous from G into C(G), thus

we can view T as a continuous representation of G on C(G). It follows that the
vector-valued integral

/ F0)(reg) dr
G

belongs to C(G), see also Exercise 5. It also follows that we can evaluate pointwise
and obtain

(100 = [ fOEom = [ o
for y € G. For the following lemma we employ the notation

0= f07) (f €LY(G), y€G). (15.6)
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Lemma 15.7. For f. g, h € L'(G) and x € G we have
a) IS =gll, <Iflllgll, forl=<p=oo (Young’sInequality).
b) (fxg)*=g"x[f"
0 wl(f*g=(uf)*g
d) (hx f)*g=hx*(f*g).
Furthermore, if f, g € L2(G), then f * g € C(G) and

I *glloe < I/ 12 lglas (f S = 1115

Proof. a) follows, for 1 < p < oo, from (15.4) and the fact that the left regular
representation is isometric. For p = oo one computes

(f gy = /G 70 (zag, ) dx = /G F00 (g0 Tt h) d,

This yields [(f * g, h)| < |/ ]l iglloo 2], and hence || £ * glloo < 1/ ]Iy lIglloo-

b) For f, g € C(G) the proof is a simple computation; for general f, g € L'(G) use
an approximation argument and a).

¢) This just means 7,7y = ¢, s, which has been shown (more generally) in the proof
of Theorem 15.6.

d) Take u € L>°(G). Then by part c)
(ontrg, u) = /G h(x) (rety g, u) dx = /G h) {ee g, u) dx = (70,7, u)

since v > (1, g, u) is a continuous functional on L!(G).

For the remaining part we recall that f * g € C(G) if f, g are both continuous.
The estimate || f * glloc < |lf1l2]lgll, is an easy consequence of the Cauchy—
Schwarz inequality and the invariance of the Haar measure. Moreover, the identity
(f*=f5H0 = |f ||§ is trivial for a continuous function f. The case of general
f. g € I2(G) then follows by approximation. O

15.2 Unitary Representations

Let, as before, G be a compact topological group, and let H be a Hilbert space.
A representation 7 : G — Z(H) is called unitary if it is strongly continuous and
if m,—1 = n} for each x € G. That is to say, each operator 7, is a unitary operator
on H. A unitary representation (7, H) is called finite-dimensional if dim H < co.
If (w,Hy) and (p,H,) are two unitary representations of G, an operator
A H; — H, is called intertwining if A, = p.A for all x € G. A closed subspace
F of H is called reducing if it is invariant under the action of G. Since 7g C Z(H)
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is invariant under taking adjoints, a closed subspace F is reducing if and only
its orthogonal complement F is reducing, and this happens precisely when the
orthogonal projection P onto F is intertwining.

Every reducing subspace F gives rise to a subrepresentation by restriction:

7f := m|r. A unitary representation (7, H) is called irreducible if {0} and H

X
are the only reducing subspaces. By virtue of an induction argument it is easily
seen that a finite-dimensional unitary representation decomposes orthogonally into

irreducible ones (however, not in a unique manner).

Coordinate Functions

After the choice of an orthonormal basis, a unitary representation on a finite-
dimensional Hilbert space H is the same as a group homomorphism

Y : G — U(n)

into the matrix group of unitary nxn matrices. A continuous function f € C(K)
is called a coordinate function if there is a continuous unitary representation V¥ :
G — U(n) and some indices i, j with f = ;. Equivalently, a coordinate function
is a function of the form f(x) = (m.e; |¢j), where w : G — £ (H) is a continuous
unitary representation and H is a finite-dimensional Hilbert space with orthonormal
basis (e;);. If the representation is irreducible, f is called an irreducible coordinate
function. The aim of the present section is to prove the following central result.

Theorem 15.8. Let G be a compact group. Then the linear span of irreducible
coordinate functions is dense in C(G).

The proof of this theorem is rather lengthy. First, we recall from the above
that any finite-dimensional unitary representation decomposes orthogonally into
irreducible representations. By picking an orthonormal basis subordinate to this
decomposition, we see that any coordinate function is a linear combination of
irreducible coordinate functions. So it suffices to prove that the linear span of
coordinate functions is dense in C(G). The strategy is, of course, to employ the
Stone—Weierstrall Theorem 4.4. The following auxiliary result takes the first step.

Lemma 15.9. The product of two coordinate functions is again a coordinate
function. The pointwise conjugate of a coordinate function is a coordinate function.

Proof. Letmw : G — U(n) and p : G — U(m) be two unitary representations of
the compact group G. Denote 7, = (7(x));; and p, = (ox/(x))x,. Define y : G —
(Cnmxnm by

Yo = (Xop®ap.  Xap(®) := 7;()pu(x) (@ = (k). B =(.D);

and 7 : G — C"™" by

Ex = (m)t/
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Then, by direct verification, y : G — U(nm) and 7 : G — U(n) are again unitary
representations of G (Exercise 4). O

Remark 15.10. The constructions in the preceding proof can be formulated more
perspicuously in the language of abstract representation theory. Namely, if (7, H)
and (p, K) are two unitary representations of G, then one can form the tensor
product representation (W,H ® K) by W, := 7, ® p,, and the contragradient
representation (77, H’) on the dual space H' of H by 7, := n/_,. The matrix
representations of these constructions lead to the formulation in the proof above.

It follows from Lemma 15.9 that the linear span of the coordinate functions
is a conjugation invariant subalgebra of C(G). Since the constant function 1 is a
coordinate function (of the trivial representation 7, := I on C'), it remains to show
that the coordinate functions separate the points of G.

Theorem 15.11. The finite-dimensional unitary representations (equivalently, the
set of coordinate functions) of a compact group G separate the points of G.

Our major tool for proving Theorem 15.11 is the following result.

Proposition 15.12. Let 0 # f € 12(G). Then there is a finite-dimensional unitary
representation (i, H) of G such that 7wy # 0.

Proof. Leth := f % f*. Then h* = h € C(G) and h(1) = ||f||§ # 0 by Lemma
15.7. Since h is continuous and the Haar measure is strictly positive, ||A]|, 7 0.

Define the operator A on [?(G) by Au := u * h. By Lemma 15.7, A is bounded
with ||A|| < ||k]|,. Moreover, it is easy to see that A is self-adjoint (Exercise 6). We
note that

AT =g (fT ) = (f ([T ) =(f*fF)xh=hxh

Since h* = h, (h = h)(1) = ||h||§ > 0, it follows that 7A f* # 0. In particular,
A #£0.
Next, from

An)() = (u * B)(y) = /G u(R(y) dr = /G Kpudr (v €G)

it follows that A is an integral operator with continuous integral kernel k(y, x) :=
h(x~'y). Therefore, A is compact on I2. (One can employ different reasonings here,
see Exercise 7.) By the Spectral Theorem D.26, A can be written as a convergent
sum

A= ZAPA,

AeA
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where A € C \ {0} is a finite or countable set, for each A € A the eigenspace
H) := ker(Al — A) satisfies 0 < dim H), < oo, and P;, is the orthogonal projection
onto Hj. (Note that, since A # 0, A # @.)

Finally, A intertwines t with itself since by Lemma 15.7.c we have

TAu = T (u * h) = (teu) * h = Atu (u € I2(G)).

This implies that each eigenspace H) is invariant under t,, and hence gives rise to

A

the (finite-dimensional) subrepresentation 7 := t7,|g,. We claim that there is at

least one A € A with n} # 0. Indeed, since t7A f* # 0 we must have
AteP) f* #0 for some A.

But on H; we have 1y = 71}, and hence the claim is proved. Taking (7, H) :=
(7, H;) concludes the proof of the proposition. O

Proof of Theorem 15.11. Let a, b € G with a # b. We have to devise a finite-
dimensional unitary representation (7, H) of G with 7, # 7. By passing to ab™!
we may suppose @ # 1 and we aim for a representation with 7, # 1. We can take
a neighborhood U of 1 with aU N U = @ and a continuous function 0 < u € C(G)
with u(1) > 0 and supp(u) € U. Hence, the function f := u — z,u is nonzero.
By Proposition 15.12 there is a finite-dimensional unitary representation (i, H) of
G with 7ty # 0. This implies that

0 7é Tf = My—zu = Ty — Mgu = Ty — T Ty,

whence , # L. O

As mentioned above, this also concludes the proof of Theorem 15.8.

Application to Banach Space Representations

We shall now apply the theory of unitary representations to Banach space represen-
tations.

Let 7 : G — Z(E) be any strongly continuous representation of G on some
Banach space E. A tuple (¢;)i_; of vectors in E is called a (finite) unitary system
for (7, E) if the vectors ey, ..., ¢, are linearly independent, F := lin{ey, ..., e,} is
mg-invariant and the corresponding matrix representation y : G — C"™" defined by

e = Z)(ljj(x)ej G=1,...,n)
=1

is unitary, i.e., satisfies y(x) € U(n) forall x € G. A unitary system (¢;)7_, is called
irreducible if ' does not contain any nontrivial wg-invariant subspaces.



15.2  Unitary Representations 301

Lemma 15.13. Let 7 : G — Z(E) be a continuous representation of the compact
group G on some Banach space E.

a) Let y : G — U(n) be a finite-dimensional unitary representation of G and
u € E. Then the finite-dimensional space lin{rry,u : i, j = 1,...,n}is
TG-invariant.

b) Let F C E be a finite-dimensional wg-invariant subspace. Then there is a
unitary system (e;)i_, for (, E) with F = lin{ey, ..., ey}

Proof. a) We note first that
) = 5@y =D 1@ D) (. yel).
k=1

— —y7 -1 vari
Hence 7,77, u = 7r ,u = ) iy (X~ )7y, u, and the invariance follows.

b) Take any inner product (- |-), on F and define

(ulv) 5:/0(”x“|”xv)F dx (u, v €F).

Then (- |-) is again an inner product on F since
2
() = [ Il ax=0 = Jul, = vl =
G

With respect to this new inner product, each m, acts isometrically due to the
invariance of the Haar measure. Hence, any basis ey, ..., e, of F orthonormal with
respect to this inner product is a unitary system for (7, E) spanning F. O

We now arrive at the main result of this section.

Theorem 15.14. Let 7 : G — Z(E) be a continuous representation of the
compact group G on some Banach space E. Then

E=cl U{F . Fis a ng-invariant subspace of E, dim F < oo}

= E{ej : (e, (irreducible) unitary system, j=1,...,n,n € N}.
Proof. By Lemma 15.13 each mg-invariant finite-dimensional subspace F of E is
the span of a unitary system. Since one can decompose each unitary representation
orthogonally into irreducible subspaces, the second equality is clear. To prove the
first, note that by Theorem 15.8 the linear span of the coordinate functions of finite-
dimensional unitary representations of G form a dense set in C(G). Since by (15.4)
the mapping L'(G) — Z(E), f +> ns is bounded, we have
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Tru € ﬁ{n”u : n € N, y unitary representation of Gon C", i,j =1,... ,n}
for every f € C(G). Hence, by Lemma 15.13 we obtain
Tru € CIU{F : F is a mg-invariant subspace of E, dim F < oo}

for each f € C(G) and u € E, and we conclude the proof by an appeal to
Lemma 15.5 above. O

Remarks 15.15. 1) It follows from Theorem 15.14 that each infinite-dimen-
sional (continuous) representation of a compact group G has a nontrivial
finite-dimensional invariant subspace. In particular, each irreducible unitary
representation of G is finite-dimensional.

2) Two unitary representations (1, H) and (p, K) are called (unitarily) equiv-
alent if there is a unitary operator U : H — K intertwining the representa-
tions. The Peter—Weyl theorem states that I>(G) decomposes orthogonally

X(G) =~ (PH, & & H,
—

dim H,-times

into finite-dimensional subspaces H, such that 1) each H, reduces the
left regular representation, 2) the induced subrepresentation (t,Hy) is
irreducible, 3) each irreducible representation of G is equivalent to precisely
one (t,H,). We refer to Deitmar and Echterhoff (2009, Ch. 7) or to Tao
(2014, Ch. 18) for further details.

Compact Abelian Groups

Let us consider the special situation when the compact group G is Abelian. We
start from a finite-dimensional irreducible unitary representation (7, H) of G and
take x € G. Since dimH < oo, m, must have an eigenvalue A(x) € T. Since G
is Abelian, 7, intertwines 7t with itself, and hence ker(A(x)I — 7,) is a reducing
subspace. By irreducibility, it must be all of H and hence 7, = A(x)l. But then
every one-dimensional subspace is reducing, whence dim H = 1 follows. We have
proved the following.

Proposition 15.16. A (finite-dimensional) unitary representation of a compact
Abelian group is irreducible if and only if it is one-dimensional.

Note that the unitary group of C' is U(1) = T, and a one-dimensional
representation of G is the same as a continuous group homomorphism G — T,
i.e., a character of G. The set of characters is G*, the dual group of G, and has been
introduced in Section 14.2. The following is hence an immediate consequence of
Proposition 15.16 and Theorem 15.8.
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Theorem 15.17. For a compact Abelian group G the dual group G* separates the
points of G. The set lin G* of trigonometric polynomials is a dense subalgebra
of C(G).

Turning to general Banach space representations we obtain the following.

Corollary 15.18. If n : G — £(E) is a continuous representation of a compact
Abelian group G, then

E=Ilin{ucE : 3y € G* withmu = y(x)u vV x € G}.

We refer to Exercise 8 for more information about representations of compact
Abelian groups.

15.3 Compact Group Actions

Let I be a (not necessarily topological) group with unit element 1. A topological
(right) action of I” on a compact space K is a mapping

0o : KxI' > K, ((x,g+—>x-g

such that
1) x-1=xforallx € K,
2) x-(gh)=(x-g)-hforallxe Kandallg, heI',and
3) the mapping K — K, x — x - g is continuous for every g € I".

We suppress the notation ¢ if the action is understood, and simply say that (K; I")
is a topological I' -system.

An isomorphism of topological I"-systems (K; I") and (L; ") is a homeomor-
phism @ : K — L such that

D(z-8) =P(z)-g forall zeK, gel.

If I" carries a topology, then a continuous action of I" on K is a topological action
K x I' — K which is continuous for the product topology. In this case, (K; I") is
called a (continuous) I -system.

Remark 15.19. Obviously, there is an analogous theory for left group actions.
Denote by I"°P the opposite group with multiplication defined by a .o, b := ba
for a, b € I'. Then right I"-actions and left I"°P-actions correspond in an obvious
way. Since the mapping g > g~ ! is an isomorphism I" — I"°P, any left I"-action
can be turned into a right I"-action and vice versa.
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For simplicity, we consider mostly right I"-actions in the following and reserve
the name “I"-systems” for them. In case there is a danger of confusion or ambiguity
we shall distinguish between left and right I"-systems.

Of course, if I" is Abelian, the difference between left and right I"-actions
disappears.

Example 15.20 (Homogeneous Systems). Let I" be a topological group and let H
be a cocompact closed subgroup. This means that the space

H\F::{Hg:gef'}

of right cosets is compact in the quotient topology with respect to the canonical
surjection s : I’ — H\I". (Equivalently, the space

F/H::{gH:geF}

of left cosets is compact in the quotient topology with respect to the canonical
surjection I” — I"/H.)

Then I" acts on H\I" by right and on I"/H by left multiplication and these
actions are continuous. The I"-systems (H\I"; ") and (I"/H;I") are both called
homogeneous I"-systems.

Given any topological I"-system (K;I") we can form, for each g € I, the
Koopman operator

kg : C(K) = C(K), (kg f)(x) = f(x-g) (f €C(K), x€K).
Then 1) and 2) above imply that the mapping
k: I - Z(C(K)), 8> K.

is a group representation of I" on C(K) by one-preserving lattice/algebra homomor-
phisms, called Koopman representation. Its kernel is

ker(k) ={gel 1 k,=1} ={gel : x-g=uxforallxeK}.

Conversely, suppose that (;r; C(K)) is a representation of I by one-preserving
lattice homomorphisms. Then, by Theorems 4.14 and 7.23 each m, is the Koopman
operator of a unique continuous mapping ¢, : K — K, and the map K x I' — K
defined by (x, g) = @,(x) is a topological I"-action on K. We have proved the first
part of the following theorem.

Theorem 15.21. There is a natural correspondence between topological I' -actions
K x I' — K and representations w : I’ — £ (C(K)) by one-preserving lattice
homomorphisms on C(K). Moreover, if I' carries a topology, then the action
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K x I' — K is continuous if and only if its Koopman representation k is strongly
continuous.

Proof. The first part has already been proved. The second part is an immediate
consequence of Theorem 4.17. O

A topological I'-system (K;I") is called minimal if ¥ and K are the only
I' -invariant closed subsets of K. By Lemma 4.18 this happens precisely when the
associated Koopman representation « : I' — .Z(C(K)) is irreducible, i.e., {0} and
C(K) are the only k-invariant closed ideals of C(K).

Example 15.22. Every homogeneous I"-system (H\I";I"), H a cocompact sub-
group of I, is minimal. The kernel of this representation is () cer g 'Hg,ie., the
so-called normal core of the subgroup H.

Remark 15.23. With a view on Section 16.1, we note that the definition of a
topological (minimal) I"-system makes perfect sense if I" is merely a semigroup
with unit (i.e., a monoid). Theorem 15.21 remains true in this more general setting.

Suppose now that G is a compact group and K xG — K is a continuous G-action.
Then every orbit z - G, z € K, is compact and G-invariant. What is more, two orbits
are either disjoint or equal. It follows that each orbit is a minimal G-system, and K
is fibered into orbits via

p:K—K/G, px):=x-G.
For any chosen point z € K the stabilizer
G.:={geG:z-g=12}
is a closed subgroup of G. The mapping
¢:G\G— z-G, Gg—1z-g
is an isomorphism of G-actions since
9(G:g-h) = ¢(G:(gh)) = z-(gh) = (z-8)-h=¢(Gg)-h (h€C).

It follows that each orbit is (isomorphic to) a homogeneous G-system.

Theorem 15.24. Let G be a compact group and let K x G — K be a continuous
action of G on the compact space K with associated Koopman representation k
G — Z(C(K)). Then the following assertions are equivalent:
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(1) The system (K; G) is minimal.

(i) The fixed space of k¢ is trivial, i.e.,

fix(kg) == () fix(k,) = CL

g€G

(iii) The system (K;G) is isomorphic to a homogeneous system (H\G; G) for
some closed subgroup H of G.

In this case, ker(k) = ngG g~ 'Hg is the normal core of H.

Proof. (i) < (iii): This has been shown above.

(i) = (ii): Let f € fix(ky) and fix z € K. Then f(z-g) = f(z) forevery g € G.
Since z - G = K by minimality, it follows that f = f(z)1.

(ii) = (i): Let z, w € K and suppose that z-GNw-G = @. By Urysohn’s Lemma 4.2
there is f € C(K) suchthat f = lonz-Gand f = O0onw-G. Then P f =
/. K¢ .f dg is a function fixed under the action of G and has the same properties as 1.
But, by hypothesis, P f is a constant function, a contradiction. Hence, z-GNw-G #
@,ie.,z-G = w-G (since G is a group), and this implies minimality. O

Let us look at the case when G is Abelian. Then the homogeneous space H\G of
cosets is a compact Abelian group, and the kernel of the Koopman representation is
ker(x) = H itself. In particular, the representation is faithful if and only if H = {1}
is trivial.

Corollary 15.25. Let G be a compact Abelian group. Then any faithful continuous
minimal G-system is isomorphic to the action of G on itself by (right or left)
rotations.

15.4 Markov Representations

Let X be a probability space and I" a group. A Markov representation of /" on
a probability space X is a representation 7 : I' — Aut(X), i.e., 7, € L(L(X))
is a Markov embedding for each g € I" (see Section 13.2). If the representation is
understood, we simply write (X; I") and call it a (measure-preserving) I -system.
A I'-system (X; I') is called ergodic if

fix(rrr) := () fix(z,) = CL

ger

An isomorphism between [ -systems (X; I") and (Y; I") is a Markov isomorphism
S € Iso(X; Y) that intertwines the representations, i.e., that satisfies
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S = S, forall gel.

If I' carries a topology, then a Markov representation 7w : I' — £ (L!(X)) of I' is
called (weakly continuous) continuous if it is continuous with respect to the (weak)
strong operator topology.

Markov representations arise as Koopman representations from actions X x I —
X of I' if all mappings ¢, : x > x-g are measure-preserving on the underlying set X.

Example 15.26 (Homogeneous System). Let G be a compact group with Haar
measure m, let H be a closed subgroup G, and let s : G — H\G be the canonical
surjection onto the space of right cosets. Then m := s,m (by abuse of notation) is
the unique probability measure on H\G invariant under the canonical action of G
(see Section 5.3). Hence, the topological system (H\G; G) gives rise to a Markov
representation of G on L' (H\G, m). This measure-preserving G-system is called a
homogeneous system and is abbreviated as (H\G, m; G).

Conversely, if (X; ") is a measure-preserving /"-system, one may find a topolog-
ical model K for X such that the Markov representation restricts to a representation
on C(K), and hence there is an underlying topological action whose Koopman
representation is the given one. If I" is countable and L' (X) is separable, then the
compact space K can be chosen to be metrizable.

Theorem 15.27. Let w : G — Aut(X) be any continuous Markov representation of
a compact group G over a probability space X. Then the following assertions hold:

a) The system (X;G) is isomorphic to a Koopman representation associated
with a continuous topological and measure-preserving G-action on a faithful
compact probability space (K, 1) (i.e., supp(i) = K, see Section 12.3).

b) IfL'(K) is separable, then K can be chosen to be metrizable.

Proof. a) Let Ay be the space of functions & € L*°(X) such that the mapping
G — X (X), X+ mh

is continuous. Then Ay is a wg-invariant subalgebra of L>°(X). We claim that Ay is
dense in L' (X). Indeed, if f € C(G) and u € L°(X), then

Ty (T pU) = TpU = g fU — TfU = T, f— f)U = /G(ryf — ) (x)mudx
and hence
|7y u) = 7pul| o, < /G (0 = N mlloo de < Julloo 7 = ]l -

Since the left regular representation of G on L!(G) is strongly continuous, it follows
that 7yu € Ao. Hence, our claim follows from Lemma 15.5.
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Let now A := cljc A and let K be the Gelfand space of the C*-algebra A. Then,
by the Gelfand—Naimark theorem there is a C*-algebra isomorphism @ : C(K) —
A. Moreover, as in the proof of Theorem 12.20 there is a unique measure (1 on K
(of full support) such that @ extends to a Markov isomorphism L' (K, ) — L'(X).
The corresponding Markov representation of G on L! (K, 1) restricts to a continuous
representation of G on C(K) by algebra homomorphisms, hence by Theorem 15.21
is induced by a continuous G-action K x G — K.

b) If L'(X) is separable, M(X) is metrizable and separable (Theorem 13.8).
Consequently, 7 is separable. Hence, we can fix a subset G of G such that 7, is
countable and dense in 7. Then one can find a separable subalgebra Aoy of Ay that
is g, -invariant and dense in L!(X). The C*-algebra A := clieoAq is then separable
and again 7g,-invariant. By definition of Ay and since 7, is dense in 7, it follows
that A is wg-invariant. Now the proof can be concluded as in part a). O

If the original G-system is ergodic, one obtains the following beautiful represen-
tation result.

Corollary 15.28. For a continuous Markov representation w7 : G — Aut(X)
of a compact group G on the probability space X the following assertions are
equivalent:

(1) The system (X; G) is ergodic.
(ii) The system (X; G) is isomorphic to a homogeneous system (H\G, m; G)

Proof. We leave the implication (ii) = (i) as Exercise 10 and prove the converse
(i) = (ii). It follows from Theorem 15.27 that we can assume without loss of
generality that the given Markov representation is the Koopman representation
associated with a continuous action K x G — K, with an G-invariant measure u
of full support. By ergodicity, the fixed space in L' (K, ) is trivial, and since the
measure has full support, this is true also for the fixed space in C(K). But then,
by Theorem 15.24, the system (K; G) is minimal and isomorphic to the canonical
action of G on a homogeneous space H\G. By Example 15.26 the invariant measure
on H\G is unique, so the claim is proved. O

For Abelian groups, as in Corollary 15.25, the situation becomes even more special.

Corollary 15.29. Every faithful ergodic measure-preserving G-system with a com-
pact Abelian group G is isomorphic to the G-action on itself by rotations.
Supplement: Abstract Compact Group Extensions

In this supplement, we present an alternative approach to Furstenberg’s theorem
about the unique ergodicity of group extensions (Corollary 10.16). It is based on the
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previous findings on compact group actions and on Bauer’s lemma from Choquet
theory.
Recall from Section 2.2 that the automorphism group of a topological system

(K:¢)is
Aut(K:¢) = {o : K — K : o is a homeomorphismand a 0 ¢ = ¢ o a}.

For the sake of coherence, we shall use the group structure on Aut(K; ¢) defined by
a - B := B oa. Then Aut(K; ¢) acts canonically on K from the right by

K x Aut(K; ¢) —> K, (X, o) = x-a:= o).
The associated Koopman representation

Kk Aut(K; p) — Z(C(K)), g kg (kg f)X) = flx-g)

is a group isomorphism onto its image, the set of one-preserving lattice isomor-
phisms commuting with the Koopman operator T, of the dynamical system.

We endow Aut(K;¢) with the topology that turns the Koopman representa-
tion into a homeomorphism (for the strong topology on the operator side). By
Theorem 15.21 this topology is the smallest that renders the canonical map

K x Aut(K; ) > K

continuous. With this topology, Aut(K; ¢) is a topological group.
Suppose now that G € Aut(K; ¢) is a compact subgroup. As seen above, the
action of G induces a fibration

p:K—K/G, p(z) =z-G

of K into orbits z- G, z € K. Since G acts as g-automorphisms, ¢ maps G-orbits to
G-orbits, and hence p is a factor map (by abuse of language)

p:(K:9) — (K/G;9).

The associated Koopman operator ¢ : C(K/G) — C(K) maps C(K/G) onto the
T,-invariant C*-subalgebra of C(K) consisting of all continuous functions that are
constant on fibers, i.e., that are fixed under the G-action, so

((C(K/G)) = fix(kg).

Let us give a name for the situation just described.

Definition 15.30. An extension (K; ¢) of a topological system (L; ) with factor
map 7 : (K; @) — (L;¥) is called an (abstract) group extension by the compact
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group G € Aut(K; ¢) if L= K/G and this isomorphism makes the following

diagram commutative:
\

K/G

K

4

L

o~

Let # : (K;¢) — (L;y) be a group extension by the compact group G <
Aut(K; ¢). Then the corresponding mean ergodic projection onto fix(kg)

P:/Kgdg
G

(cf. Example 15.4) can be viewed as a positive operator
P:C(K) — C(L)

with P1 = 1 and intertwining the Koopman operators 7, and T of the two systems.
Given any v -invariant measure i on L, its Haar lift is

prmg =Py, ie. {(fiu*me)= /L /G Flr-9)dgdu(pv))  (f € CK)).

This is clearly a @-invariant measure on K and one has p«(u * mg) = L.
Moreover, P extends to the Markov factor map associated with the factor L' (L, )
of L'(K, ju * mg).

After all these preliminaries we can now establish the following generalization
of Furstenberg’s Theorem 10.15, see also Exercise 14.

Theorem 15.31. Let & : (K; @) — (L;¥) be an abstract group extension by the
compact group G C Aut(K; ). Let v be any @-invariant probability measure on K
and suppose that the Haar lift (7w«v) * mg of wxv is ergodic. Then v = (V) * mg.

Proof. Let us write 0 := m«v. Then, by hypothesis, u * mg = P'u is an ergodic
measure. For f € C(K) we have

(f,,u*mc)=/L/GKgfdgdv=/G(/cgf,v)dngc(f,/c;v)dg.

Hence p * mg = fG K;v dg as a weak™ integral. As v is g-invariant, also each
measure Kg,v is -invariant, hence the integration is performed within the compact
convex set X := M}p (K). But % mg is ergodic, and therefore an extreme point of
X (Proposition 10.4). By Bauer’s Lemma 15.33 below, it follows that the mapping
g K;V is mg-almost everywhere equal to p * mg. As the Haar measure has
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full support, the continuous function g +— (/cg f v) is constant for each f € C(K).
It follows that K;v = v forall g € G, and hence that v = p * mg. O

If the factor (L; v) is uniquely ergodic, Theorem 15.31 turns into a characteriza-
tion of the unique ergodicity of the original system.

Corollary 15.32. In the situation of Theorem 15.31, suppose that (L; ) is uniquely
ergodic with invariant probability measure (. If the Haar lift i xmg is ergodic, then
(K @) is also uniquely ergodic.

In Chapter 17 below we shall apply Corollary 15.32 to characterize unique
ergodicity of Heisenberg systems (Theorem 17.22).

Bauer’s Lemma

Bauer’s Lemma, employed in the proof of Theorem 15.31 above, is an elementary
result in the so-called Choquet theory of compact convex subsets of locally convex
spaces E. We shall formulate and prove it in full generality, but the reader unfamiliar
with locally convex spaces may confine to the situation where E = M(K) for some
compact space K, endowed with the weak™ topology. The associated dual space is
then E’ = C(K). For more information on Choquet theory we refer to Phelps (1966).
Let E be locally convex space with dual space E’, let X € E a compact convex
subset of E, and let £ € M!(X). One says that x € X is the barycenter of y if

(x,x) = /X(y,x’) du(y) forallx’ € E'.

By the Hahn—Banach separation theorem (Theorem C.13), a barycenter is unique,
and by Rudin (1991, Thm. 3.26), a barycenter always exists. See also Exercise 15
for a proof in a situation that is sufficient for our purposes.

Lemma 15.33 (Bauer). Let X be a compact convex subset of a locally convex space
E and let u € M'(X) with barycenter x € X. If x is an extreme point of X, then
W = 8y is the Dirac measure at x.

Proof. Define F := {x} and U := X \ F. We claim: If w(U) > 0, then there is
a compact convex subset V € U with u(V) > 0. Indeed, by regularity, there is a
compact set M C U with u(M) > 0. By local convexity, for each y € M there is
a compact convex neighborhood Vy, € U of y (in X). Since M is compact, finitely
many V) cover M, and hence by subadditivity of j, at least one of them must have
strictly positive measure.

Next, note that w(V) # 1. Otherwise, it follows from the Hahn—Banach
separation theorem that x € V, which is impossible by the choice of V.



312 15 Group Actions and Representations

Now define

_ p@Aany) _ RANY)
pi(A) == TR and  wy(A) := =)

for A € Ba(X). Then u;, ur € M'(X), and for their barycenters x; and x,,
respectively, we obtain

pWV)xi+ (1 —pu(V))xo =ueF

as can be seen by applying elements of the dual space. By hypothesis, x; € F and
x, € F. But pu; is concentrated on the compact convex set V, hence x, € V, a
contradiction. |

Remark 15.34. Bauer’s Lemma is Hilfssatz 7 in Bauer (1961), see also Phelps
(1966, Prop. 1.4). Note that with the same proof the following more general
statement can be established: If FF € X is a closed face of X and the barycenter
x of u € MY (X) is contained in F, then supp(u) C F.

Exercises

1. Let G be a compact group and 1 < p < oo. Show that the left regular
representation of G on I (G) is faithful.

2. Let 7 : G — Z(E) be a continuous representation of a compact group G on a
Banach space E. For f € L!'(G) define 7/ as in (15.2). Show that

Tf g = Tf*g>

where f * g denotes convolution of f, g as defined in (15.5). Show that for E = H
a Hilbert space one has (777)* = 7,+, where f™ is defined as in (15.6).

3 (Weakly™ Continuous Representations). Let G be a compact group and let 7 :
G — Z(E') be a representation of G which is weakly* continuous, i.e., such that
the mapping

G—C, x> (u, al)

is continuous for each u € E and «’ € E'. For f € L'(G) form the operator
Tp o= / f(x)m,dx
G

on E” defined by (u, wsu) := [,; f(x) (u, ma) dx. Prove the following assertions:
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a) Sup,eq |7 < o0
b) s ] < (upseg Il 11y
c) m is a projection onto the fixed space fix(ng).

d) Every u € E' is contained in the weak*-closure of the space {m;u : f €
C(G)}.

4. Letm : G — U(n) and p : G — U(m) be two unitary representations of the
compact group G. Denote m, = (m;(x));; and p, = (px(x))i,. Define y : G —
(Cnmxnm by

Ko = Aop@ap.  Aep®) i= mj(0)pulx) (@ = (@.k), B = (k.))):
and 7w : G — C"™" by
Ty = ().
Show that y : G — U(nm) and ¥ : G — U(n) are again unitary representations

of G.

5. Deduce directly from the definition that f * g € C(G) for f € L'(G) and
g € C(G).

6. Letu, v € I>(G) and h € L'(G). Show that
(u*|v*), = (v|u)z and (uxh|v) = (ulv*h).

Conclude that the operator A in the proof of Proposition 15.12 is self-adjoint. (Hint:
Show the assertion for 4 € C(G) first and then employ an approximation argument.)

7. Let K be a compact space, and let © € M(K) be a positive measure. For k €
C(K x K) define

THO) = /Kk(y,X)f(X) du()  (f €K p), y € K).

Show that T is a compact linear operator through each of the following ways:

a) The kernel k can be approximated uniformly on K x K by finite linear
combinations of functions of the form f ® g, f, ¢ € C(K). (Employ the
Stone—Weierstrall theorem.) Show that this leads to an approximation in
operator norm of 7 by finite rank operators.

b) Realize that T is a Hilbert-Schmidt operator and as such is compact, see
Haase (2014, Example 12.3) or Deitmar and Echterhoff (2009, Sec. 5.3).
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8. Let G be a compact Abelian group and let 7 : G — Z(E) be a continuous
representation of G. For a character y € G* consider the operator P, := 7y, i.e.,

quszmnxudx (u € E).

a) Show that y x n = (x| n) n for any two characters y, n € G* and that
PyPy = 8Py (x. n€G"),

where § is the usual Kronecker delta.
b) Show thatran(P,) = {u € E : mu = y(x)u forallx € G} and

=Y P,

XEG*

the sum being convergent in the strong operator topology.

c) Show thatif E = H is a Hilbert space, then each P, is self-adjoint, and

H= @ ran(P,)

XEG*

is an orthogonal decomposition of H.

9. In the situation of Exercise 8, show that
(x € G* : Py #0) = (ker(n)\G)™.

10. Prove the implication (ii) = (i) in Corollary 15.28.

11. Let 7 : G — Z(E) be a continuous representation of a compact group G on a
Banach space E. Show that the dual fixed space

fix(n;) = {u' € E' : wlu' = u forallx € G}

separates the points of the fixed space fix(7g). (Hint: Combine the Hahn—Banach
theorem with an application of P(; (cf. Example 15.4).)

12. Let G be a compact group with left regular representation  : G — L*(G).
Show that fix(tg) = lin{1}, i.e., G acts “ergodically” on itself by rotations. (Hint:
Use Exercise 11 and the uniqueness of the Haar measure; alternatively, prove that
fecl{f xu : u e C(G)} and show that each f x u is constant whenever f €
fix(z6).)
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13. Let (K; ¢) be a topological system, and suppose that K is metrizable and d :
K x K — R4 is a compatible metric. Show that

d'(e. ) := supd(a(x), B(x))

x€K

is a metric on Aut(K; ¢) and that the Koopman representation
K (Aut(K; 9), d') — Z(C(K))

is a homeomorphism onto its image.
14. Show that Furstenberg’s Theorem 10.15 is a special case of Theorem 15.31.

15. Let E be a Banach space, and let X € E’ be a compact convex subset of its dual
space E’, endowed with the weak* topology. Show that for each u € M!(X) there
is a unique X’ € X such that

(x,x’):/(x,x’) du(x'y forallx € E.
K

(Hint: Use the uniform boundedness principle to show that X is norm bounded.)

16. Let G be a compact group and let E = [2(G).

a) Prove that for a representation 7 : G — Z(E) with sup,; ||7,|| < oo the
following assertions are equivalent:

(i) m is weakly measurable, i.e., g — (ngu | v) is Borel measurable for
everyu, v € E.

(ii) 7 is continuous.
(Hint: For the nontrivial implication apply techniques as in Section 15.1.)

b) Let¢ : G — G be a Borel measurable group automorphism. Show that g —
Ly ) is a weakly measurable representation, and conclude that ¢ : G — G is
continuous.






Chapter 16
The Jacobs—de Leeuw—Glicksberg

Decomposition

I hail a semigroup when I see one and I seem to see them everywhere!

Einar Hille!

The notion of a group is without doubt one of the most fundamental concepts
of mathematics. For us, groups provide basic examples of dynamical systems.
However, many processes in nature show an inherent irreversibility (e.g., diffusion
phenomena), hence for a general theory of dynamical systems groups are too
restrictive, and the notion of a semigroup seems to be more appropriate. The purpose
of the present chapter is to find a factor of the dynamical system on which the
dynamics is invertible and, even more, can be embedded into a compact group
action. This is achieved by a beautiful application of abstract semigroup theory to
dynamical systems due to Jacobs (1956), de Leeuw and Glicksberg (1959, 1961).

16.1 Compact Semigroups

A semigroup is a nonempty set S with an operation
SxS—>S8, (s,)r>st:=s-1

(usually called multiplication) which is associative, i.e., one has r(st) = (rs)t for
all r, s, t € S. If the multiplication is commutative (i.e., st = ts for all s, t € 5),
then the semigroup is called Abelian. An element e of a semigroup S is called an
idempotent if e = e, a zero element if es = se = ¢ for all s € S, and a neutral

'Hille continues: “. .. Friends have observed, however, that there are mathematical objects which
are not semigroups.” - Functional Analysis and Semigroups, AMS Coll. Publ. vol. 31, Providence
R.1., 1948. — Foreword.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 317
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_16
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element if se = es = s for all s € S. It is easy to see that there is at most one
neutral/zero element in a semigroup. A semigroup S is a group if it has a (unique)
neutral element e and for every s € S the equation sx = xs = e has a solution x. It is
easy to see that this solution, called the inverse s~' of s is unique.

As usual, for subsets A, B C S and elements s € S we write

sA:{sa : aGA}, As:{as : aGA}, AB = {ab : aeA,beB}.

A subsemigroup of S is a nonempty subset H S such that HH € H. Clearly, the
intersection of any family of subsemigroups is either empty or a subsemigroup. For
asubset § #£ A C S of a semigroup S we write

sgr(A) := ﬂ{H : A C H subsemigroup of S}

for the generated subsemigroup. It consists of all finite products of elements of A.

A right ideal of S is a nonempty subset J such that JS C J. Similarly one defines
left ideals. A subset which is simultaneously a left and a right ideal is called a (two-
sided) ideal. Obviously, in an Abelian semigroup this condition reduces to JS C J.

A right (left, two-sided) ideal of a semigroup S is called minimal if it is minimal
with respect to set inclusion within the set of all right (left, two-sided) ideals. There
can be at most one minimal ideal, since if / and J are ideals and / is minimal, then
@ £ IJ € 1N Jis anideal and hence is equal to / by minimality. Consequently, the
intersection of all ideals

K(S):=(\{ : J €. Jideal}
is either empty or the unique minimal ideal. It is called the Sushkevich kernel of S.

Minimal right (left) ideals are either disjoint or equal. An idempotent element in a
minimal right (left) ideal is called a minimal idempotent and has special properties.

Lemma 16.1 (Minimal Idempotents). Let S be a semigroup, and let e € S be an
idempotent. Then the following assertions are equivalent:

(1) eS (or Se) is a minimal right ideal (or left ideal).
(i1) e is contained in some minimal right ideal (left ideal).
(i) eSe is a group (with neutral element e).

In this case, e is minimal in the set of idempotents with respect to the ordering

Def.
P=q <= pg=4gp=p:

Proof. (i) = (ii) is trivial. For the proof of (ii) = (iii) let R be a minimal right ideal
with e € R, and let G := eSe. Clearly, e is a neutral element in G. Let s € S be
arbitrary. Then eseR C R is also a right ideal, and by minimality eseR = R. In
particular, there is x € R such that esex = e. It follows that g := ese € G has the
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right inverse  := exe € G. Applying the same reasoning to x we find that also A
has a right inverse, say k. But then hg = hge = hghk = hk = e, and hence £ is also
the left inverse of g.

(iii) = (i): Suppose that G := eSe is a group, and let R C eS be a right ideal. Take
r = es € R. Then there is x € S such that e = (ese)(exe) = rexe € R. It follows that
eS CR,s0R = eS.

Suppose f is an idempotent and f < e,ie.,ef = fe= f = f2. Then fS C eS
and by minimality fS = eS. Hence, there is x € § such that fx = e> = e. But then

f=fe= fx= fx=e. O

As we are doing analysis, semigroups are interesting for us only if endowed
with a topology which in some sense is related to the algebraic structure. One has
different possibilities here.

Definition 16.2. A semigroup endowed with a topology is called a left-topological
semigroup if for each a € S the left multiplication by a, i.e., the mapping

S— S, S as

is continuous. Similarly, S is called a right-topological semigroup if for eacha € S
the right multiplication with a, i.e., the mapping

S — S, s = sa

is continuous. If both left and right multiplications are continuous, S is a semi-
topological semigroup. Further, S is a topological semigroup if the multiplication

mapping
SxS§—S, (s, 1) > st
is continuous.

Note that a topological group (Example 2.9) is a topological semigroup that is
algebraically a group and such that the inversion mapping s +— s~ is continuous.
Clearly, an Abelian semigroup is left-topological if and only if it is semitopological.

One says that in a semitopological semigroup the multiplication is separately
continuous, whereas in a topological semigroup it is jointly continuous. Of course,
there are examples of semitopological semigroups that are not topological, i.e.,
such that the multiplication is not jointly continuous (see Exercise 6). The example
particularly interesting for us is .Z(E), E a Banach space, endowed with the weak
operator topology. By Proposition C.19 and Example C.19 this is a semitopological
semigroup, which is not topological in general. Another example of a right-
topological but not topological semigroup is PN (as topological space familiar
already from Chapter 4), whose semigroup structure will be studied in Chapter 19.

Any semigroup can be made into a topological one by endowing it with the
discrete topology. This indicates that such semigroups may be too general to
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study. However, compact left-topological semigroups (i.e., ones whose topology
is compact) exhibit some amazing structure, which we shall study now.

Theorem 16.3 (Ellis). In a compact left-topological semigroup every right ideal
contains a minimal right ideal. Every minimal right ideal is closed and contains
at least one idempotent. In particular, every compact left-topological semigroup
contains an idempotent.

Proof. Note that sS is a closed right ideal for any s € S. If R is a right ideal and
x € R, then xS C R, and hence any right ideal contains a closed one. If R is minimal,
then we must have R = x§, and R itself is closed.

Now if Jy is a given right ideal, then let .# be the set of all closed right ideals
of S contained in Jy. Then .# is nonempty and partially ordered by set inclusion.
Moreover, every chain ¢ in .# has a lower bound () ¢, since this set is nonempty
by compactness. By Zorn’s lemma, there is a minimal element R in .Z. If J € R
is also a right ideal and x € J, then x§ € J C R, and xS is a closed right ideal. By
construction xS = R, hence J = R.

Finally, by an application of Zorn’s lemma as before we find a nonempty closed
subsemigroup H of R which is minimal within all closed subsemigroups of R.
For every e € H the set eH is a closed subsemigroup of R, contained in H,
whence eH = H. The set {t € H : et = e} is then nonempty and closed, and a
subsemigroup of R. By minimality, it must coincide with H, and hence contains e.
This yields ¢* = e, concluding the proof. O

Lemma 16.4. In a compact left-topological semigroup the Sushkevich kernel
satisfies

K(S) = U{R : R minimal right ideal}. (16.1)

In particular, K(S) # 0. Moreover, an idempotent of S is minimal if and only if it is
contained in K(S).

Proof. To prove “2” let I be an ideal and J a minimal right ideal. Then JI € J N I,
so J N1 is nonempty, hence a right ideal. By minimality J/ = J N [, i.e.,J € I.

For “C” it suffices to show that the right-hand side of (16.1) is an ideal. Let R be
any minimal right ideal, x € S, and R’ C xR another right ideal. Then @ # {y : xy €
R’} N R is a right ideal, hence by minimality equals R. But this means that xR € R’
and it follows that xR is also minimal, whence contained in the right-hand side of
(16.1).

The remaining statements follow from (16.1) and Lemma 16.1. O

We can now state and prove the main result in this section.

Theorem 16.5. Let S be a compact semitopological semigroup. Then the following
assertions are equivalent:

(i) Every minimal right ideal is a minimal left ideal.

(i) There is a unique minimal right ideal and a unique minimal left ideal.
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(iii) There is a unique minimal idempotent.
(iv) The Sushkevich kernel K(S) is a group.
(v) There is a minimal idempotent e € S such that es = se forall s € S.

The conditions (1)—(v) are satisfied in particular if S is Abelian.

Proof. Clearly, (ii) implies (i) by Lemma 16.4.

(i) = (iv): Let R be a minimal right ideal and let e € R be an idempotent, which
exists by Theorem 16.3. By hypothesis, R is also a left ideal, i.e., an ideal. Hence,
K(S) € R C K(S) (by Lemma 16.4), yielding R = K(S). Since R is minimal as a
left and as a right ideal, R = eS = Se. This implies that K(S) = R = eSe is a group
by Lemma 16.1, hence (iv) is proved.

(iv) = (iii): A minimal idempotent belongs to K(S) by Lemma 16.4, and so must
coincide with the unique neutral element of K(S).

(ili) = (ii): Since different minimal right ideals are disjoint and each one contains
an idempotent, there can be only one of them. By symmetry, the same is true for left
ideals, whence (ii) follows.

(iv)=(v): Let ¢ € K(S) be the neutral element of the group K(S). Then e is
a minimal idempotent by Lemma 16.4. If s € S, then se, es € K(S), hence
es = ese = se.

(v) = (iii): Let ¢ = ¢ € Sbe asin (v) and let f € S be any minimal idempotent.
Then p := ef = feis also an idempotent satisfying pe = ep =p = fp=pf.
By minimality of e and f it follows (by Lemma 16.1) thate = p = f. O

Suppose that S is a compact semitopological semigroup satisfying the equivalent
conditions (i)—(iv) of Theorem 16.5, so that K(S) is a group. Then K(S) is
also compact, as it coincides with the unique right (left) ideal, being closed by
Theorem 16.3. The following fundamental result of Ellis (see Ellis (1957) or
Hindman and Strauss (1998, Sec. 2.5)) states that in this case the group K(S) is
already topological.

Theorem 16.6 (Ellis). Let G be a semitopological group whose topology is locally
compact. Then G is a topological group.

As mentioned, combining Theorem 16.5 with Ellis’ result, we obtain the following.

Corollary 16.7. Let S be a compact semitopological semigroup that satisfies the
equivalent conditions of Theorem 16.5 (e.g., S is Abelian). Then its minimal ideal
K(S) is a compact (topological) group.

One can ask for which noncommutative semigroups S the minimal ideal K(S) is
a group. One class of examples is given by the so-called amenable semigroups, for
details see Day (1957) or Paterson (1988). Another one, and very important for our
operator theoretic perspective, are the weakly closed semigroups of contractions on
certain Banach spaces, see Section 16.2.
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Proof of Ellis’ Theorem in the Metrizable Case

The proof of Theorem 16.6 is fairly involved. The major difficulty is deducing
joint continuity from separate continuity. By making use of the group structure it
is enough to find one single point in G x G at which multiplication is continuous.
This can be achieved by applying a more general result of Namioka (1974) that
asserts that under appropriate assumptions a separately continuous function has
many points of joint continuity, see also Kechris (1995, Sec. 1.8M) or Todorcevic
(1997, Sec. 4). Recall from Appendix A.9 the definition of a Baire space.

Proposition 16.8. Let Z, Y be metric spaces, X a Baire space, and let f : X XY —
Z be a separately continuous function. For every b € Y, the set

{x € X : f is not continuous at (x, b)}

is of first category in X.

Proof. Let b € Y be fixed. For n, k € N define

Xpar = [ {reX :d(f(x.y). fx.b) <1}

yeB(b. 1)

By the continuity of f in the first variable, we obtain that the sets X, , ; are closed.
From the continuity of f in the second variable, we infer that for all n € N the sets
Xpnx cover X, i.e.,

X =JXpmi = X5, U | 0Xp -

keN keN keN

(Here X;,n,k and 0X},x denotes the interior and the boundary of X, , ¢, respectively.)
Since X is a Baire space and 0X,, are nowhere dense, it follows from Theo-
rem A.11 that the open set

U XZ,n,k

keN

is dense in X. This yields, again by Theorem A.11, that

X = (U Xox

neN keN

is a dense G set. If a € X), then for all n € N there is k € N witha € X ;.
So we can choose an appropriate open neighborhood U of a such that U € Xj, .
Since f is continuous in the first variable, we can take the neighborhood U such that
d(f(a.b), f(x,b)) < L holds forall x € U.Now,if x € U C X, and y € B(b, 1),
we obtain
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d(f(x.y), f(a.b)) < d(f(x.y), f(x.0) +d(f(x.b). f(a.b)) < 7.

Hence, f is continuous at (a,b) € X x Y if a € Xj,. Since X, is a dense Gy set, the
assertion follows. O

Proof of Ellis’ Theorem (Compact, Metrizable Case). Apply Proposition 16.8 to the
multiplication mapping to obtain joint continuity at one point in G x G. Then, by
translation, the joint continuity everywhere follows.

It remains to prove that the inversion mapping g — g~ is continuous on G. Let
gn — g By compactness, it suffices to show that there is a subsequence of (g, ) en
convergent to g~'. Again by compactness we find a subsequence (1;)er such that

1

gy —>h ask— oo.
By the joint continuity of the multiplication, 1 = gnkg;kl — gh,henceh=g~'. 0O

Remark 16.9. A completely different proof of Ellis’ theorem in the compact (but
not necessarily metrizable) case is based on Grothendieck’s theorem about weak
compactness in C(K) spaces. Roughly sketched, one first constructs a Haar measure
m on the compact semitopological group G, then represents G by the right regular
representation on the Hilbert space H = 1*(G, m), and finally uses the fact that on
the set of unitary operators on H the weak and strong operator topologies coincide.
As multiplication is jointly continuous for the latter topology and the representation
is faithful, G is a topological group. A detailed account can be found in Appendix G,
see in particular Theorem G.12.

16.2 Weakly Compact Operator Semigroups

In what follows we shall apply the previously developed semigroup theory to
compact semigroups of bounded linear operators on a Banach space E. We recall
from Appendix C.8 the following definitions: The strong operator topology on
Z(E) is the coarsest topology that renders all evaluation mappings

Z(E) — E, Tw— Tx (xeE)

continuous. The weak operator topology is the coarsest topology that renders all
mappings

Z(E) — C, T+ (Tx, x’) (x€E X €E)

continuous, where E’ is the dual space of E. Note that if E = H is a Hilbert space,
in the latter definition we could have written
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Z(H) — C, T (Tx|y) (x, y € H),

by virtue of the Riesz—Fréchet Theorem D.4.

We write .Z;(E) and .Z,,(E) to denote the space .Z(E) endowed with the strong
and the weak operator topology, respectively. To simplify terminology, we shall
speak of weakly/strongly closed, open, relatively compact, compact, etc. sets of
operators when we intend the weak/strong operator topology.? In order to render
the notation more feasible, we shall write cly,.7, cl;.7 for the closure of a set .7 C
Z(E) with respect to the weak/strong operator topology. For a subset A € E we
shall write cl,A to denote its closure in the o (E, E')-topology.

Note that a subset .7 € Z(E) is a semigroup (with respect to operator mul-
tiplication) if it is closed under this operation. The operator multiplication is
separately continuous with respect to both the strong and the weak operator
topologies (cf. Appendix C.8). Hence both .%,(E) and .4, (E) are semitopological
semigroups with respect to the operator multiplication. The closed unit ball of
Z(E), i.e., the set of contractions

Con(E) :={T € Z(E) : |T|| <1}

is a closed subsemigroup (in both topologies); and this subsemigroup has jointly
continuous multiplication for the strong operator topology.

Rather trivial cases of weakly compact operator (semi)groups arise from contin-
uous representations 7 : G — Z(E) of a compact group G. In this case 7 is a
strongly compact group. In particular, this holds for the regular representations of G
and hence we obtain the following.

Proposition 16.10. Let G be a compact group. Then the sets of left and right
rotations

$={La:a€G} and %:{Ra:aeG}

are strongly compact subgroups of Con(C(G)) or Con(IZ(G)), 1 < p < oo,
topologically isomorphic to G.

In the following we shall concentrate mainly on .%,(E). The main tool in
identifying (relatively) weakly compact sets of operators is the following result.

Theorem 16.11. Let E be a Hilbert space, or, more generally, a reflexive Banach
space. Then for each M > 0 the closed norm-ball

(Te 2E) : |1 <M}

is compact in the weak operator topology. In particular, the set Con(E) of
contractions is a weakly compact semitopological semigroup.

2This should not be confused with the corresponding notion for the weak topology of .Z(E) as a
Banach space, a topology which will not appear in this book.
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Proof. 1t is clear that it suffices to consider the case M = 1, i.e., the set Con(E).
If E is a Hilbert space, this is simply Theorem D.7 from Appendix D. The proof for
the case that E is reflexive is completely analogous and is left as Exercise 7. O

Let H be a Hilbert space. Recall from Corollary D.19 that on the set
Iso(H) :={T € £ (H) : T isanisometry} € Con(H)

of isometries, the weak and the strong operator topologies coincide. Since the
operator multiplication on Con(H) is jointly continuous for the strong operator
topology, we obtain that Iso(H) is a topological semigroup and the subgroup of
unitary operators

U(H) := {T € YH) : Tis unitary}

is a topological group (with identity I) with respect to the weak (= strong) operator
topology. Hence, we obtain almost for free the following special case of Ellis’
Theorem 16.6.

Theorem 16.12. Let . C Con(H) be a weakly closed subsemigroup of contrac-
tions on a Hilbert space H. If ./ is algebraically a group, then it is a compact
topological group, and the strong and weak operator topologies coincide on ..

Proof. Let P be the unit element of .. Then P> = P and ||P|| < 1, hence P is an
orthogonal projection onto the closed subspace K := ran(P). Since S = PS for each
S € .7, the space K is invariant under .# and hence

? . — U(K), S+ S|k

is a well-defined homomorphism of groups. Since S = SP, this homomorphism
is injective. Clearly, @ is also continuous, and since .¥ is compact, @ is a
homeomorphism onto its image @(.¥’). But on @(.¥)—as on a subgroup of
the unitary group U(K)—the strong and weak operator topologies coincide (see
Corollary D.19), and since S = SP for each S € .7, this holds on .¥ as well. In
particular, the multiplication is jointly continuous. Since the inversion mapping is
continuous on @(.¥), this must be so on .¥ as well, and the proof is complete. O

Let now X = (X, X, u) be a measure space. Then, in general, the semitopo-
logical semigroup of all contractions on L'(X) is not weakly compact (when
dimL!'(X) = oo). However, if we restrict to those operators which are also
?-contractive, we can use the Hilbert space results from above.
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Lemma 16.13. Let X be a measure space, and let E := L} (X). Then the semigroup
S ={TeZE) T <1 and |Tfl,=|fl, ¥V felnl?}

of simultaneous 1!~ and 12-contractions is weakly compact. Moreover, on . the
weak operator topologies of £ (L}) and £ (1?) coincide.

Proof. We can consider. as a subset of Con(I?). As such, it is weakly closed since
the L'-contractivity of an [?-contraction T is expressible in weak terms by

[@n-e] =171 el

forall f, g € L'NL>®. By Theorem 16.11,.% is weakly compact. The weak operator
topologies on (L") and . (1?) coincide on . since .# is norm-bounded in both
spaces and L' N L is dense in L' and in 2. O

Trivially, if one intersects a weakly compact semigroup . € .Z(E) with any
weakly closed subsemigroup of .Z(E), then the result is again a weakly compact
semigroup. Using this we obtain the following result, covering and extending
Theorem 13.8.

Corollary 16.14. Let X be a finite measure space. Then the following sets are
weakly compact subsemigroups of £ (L}):

1) the set of all Dunford—Schwartz operators,
2) the set of all positive Dunford—Schwartz operators,
3) the set M(X) of Markov operators.
On each of these sets the weak operator topologies of £ (L} and £ (1?) coincide.

In particular, the semigroup Emb(X) of Markov embeddings (see Definition 12.9) is
a topological semigroup with respect to the weak (= strong) operator topology.

Proof. Combine Exercises 8 and 9 and the interpolation Theorem 8.23, cf. also the
proof of Theorem 13.8. O

By combining Corollary 16.14 with Theorem 16.12 above we obtain the
following important corollary.

Corollary 16.15. Let .7 € M(X) be a weakly compact subsemigroup of Markov
operators on some probability space X. If ¥ is algebraically a group, then it is a
compact topological group, and the weak and strong operator topologies coincide

on ..

Let us look, in the situation of Corollary 16.15, at the proof of Theorem 16.12.
The unit element Q of .¥ is a Markov projection, and we can choose a model for
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F := ran(Q), i.e., a probability space Y and a Markov embedding / € M(X;Y)
such that ran(J) = F (Theorem 13.22). Then we can consider the mapping

@ .7 — M(Y), S TSP

which is a topological isomorphism onto its image @(.¥’). The latter is a compact
topological subgroup of Aut(Y), the group of Markov automorphisms on Y.

More on Compact Operator Semigroups

Let E be a Banach space. Then the following result is useful to recognize relatively
weakly compact subsets of .Z(E).

Lemma 16.16. Let E be a Banach space, let 7 < Z(E), and let D C E be a
subset such that lin D is dense in E. Then the following assertions are equivalent:

(1) T is relatively weakly compact, i.e., relatively compact in the weak operator
topology.
(i) Tx={Tx : T € T} is relatively weakly compact in E for each x € E.

(iii) 7 is norm-bounded and  x = {Tx : T € T} is relatively weakly compact
in E for each x € D.

Proof. (i) = (ii): For fixed x € E the mapping .4 (E) — (E,0(E,E)), T — Tx,
is continuous and hence carries relatively compact subsets of %, (E) to relatively
weakly compact subsets of E.

(i1) = (iii): The first statement follows from the principle of uniform boundedness,
the second is a trivial consequence of (ii).

(iii) = (i): Let (Ty)e < 7 be some net. We have to show that it has a subnet,
converging weakly to some bounded operator T € Z(E). Consider the product
space

K = 1—[%0,

X€D

which is compact by Tychonoff’s Theorem A.5. Then
o = (Tax)xeD

is a net in K, hence there is a subnet (T)g, say, such that Tx := limg Tgx exists in
the weak topology for every x € D. By linearity, we may suppose without loss of
generality that D is a linear subspace of E, whence 7 : D — E is linear. From the
norm-boundedness of .7 it now follows that ||Tx|| < M ||x| for all x € D, where
M := supgc » ||S||. Since D is norm-dense in E, T extends uniquely to a bounded
linear operator on E, i.e., T € Z(E).
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It remains to show that Tg — T in %, (E). Take y € E, x € D and X’ € E’. Then
from the estimate

{Toy = Tv.x)| = (T = 0.} + [(Tpx = T X + [(Tx = 3).x)|
< 2M |X'| -y =] + |(Tpx — T x|

we obtain

limﬁsup |(T5y — Ty,x’)| <2M ||x’ H . Hy —x”.

Since for fixed y the latter can be made arbitrarily small, the proof is complete. 0O

It is clear that Theorem 16.11 about reflexive spaces follows from Lemma 16.16,
as the closed unit ball of a reflexive space is weakly compact.

Remarks 16.17. 1) For historical reasons, a relatively weakly compact semi-
group 7 C Z(E) is sometimes called weakly almost periodic (e.g., in
Krengel (1985)). Analogously, relatively strongly compact semigroups are
termed (strongly) almost periodic.

2) If 7 C Z(E) is relatively strongly compact, then it is relatively weakly
compact, and both topologies coincide on the (strong = weak) closure of 7.
In Exercise 10 it is asked to establish the analogue of Lemma 16.16 for
relative strong compactness.

3) A semigroup 7 C Z(E) is relatively weakly compact if and only if
the semigroup conv(.7) is relatively weakly compact. (This follows from
Lemma 16.16 together with Krein’s Theorem C.11.) The same is true for the
strong operator topology.

4) LetT € Z(E) be a single operator. The semigroup generated by 7 is
Ty =sgr{T} ={T" : ne No} = {LT.T%,...}.
Suppose that .77 is relatively weakly compact. Equivalently,
cla{T”f ne NO} is weakly compact for each f € E
(Lemma 16.16). Then T is certainly power-bounded. By 3),
W{T”f i ne NO} is weakly compact for each f € E.
In particular, for each f € E the sequence (A,[T]f )sen of Cesaro means
has a weak cluster point, whence by Proposition 8.18 it actually converges

in norm. To sum up, we have shown that if 7 generates a relatively weakly
compact semigroup, then 7 is mean ergodic.
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The converse statement fails to hold. In fact, Example 8.27 exhibits a
multiplication operator T on c, the space of convergent sequences, such that
T is mean ergodic but T2 is not. However, 77 generates a relatively weakly
compact semigroup as soon as T does so. Thus 7" is mean ergodic but does
not generate a relatively weakly compact semigroup.

We close this section with a classical result. If S is a semigroup and a € S, then as
in the group case we denote by L, and R, the left and the right rotation by a defined
as (L, f)(x) = f(ax) and (R, f)(x) = f(xa)for f :S— Candx € S.

Theorem 16.18. Let S be a compact semitopological semigroup. Then the semi-
group of left rotations {L, : a € S} is a weakly compact semigroup of operators
on C(S).

Proof. By Lemma 16.16 we only have to check that for fixed f € C(S) the orbit
M :={L,f : a € S} is weakly compact in C(S). By Grothendieck’s Theorem G.5,
this is equivalent to M being compact in C,(S), the space C(S) endowed with
the pointwise topology. But by separate continuity of the multiplication of S, the

mapping
S — Cp(9), ar— L, f

is continuous. Since S is compact, its image is compact. O

16.3 The Jacobs—de Leeuw—Glicksberg Decomposition

Let E be a Banach space and let .7 C Z(E) be a semigroup of operators on E.
Then

S = cly(9),

the weak operator closure of .7 is a semitopological semigroup. We call the semi-
group .7 Jacobs—de Leeuw—Glicksberg admissible (or briefly: JALG-admissible)
if .7 is weakly compact and contains a unigue minimal idempotent, i.e., satisfies the
equivalent conditions of Theorem 16.5. (Note that by Theorem 16.3 every weakly
compact operator semigroup contains at least one minimal idempotent.)

The following theorem gives a list of important examples.

Theorem 16.19. Let E be a Banach space and 7 < Zy(E) a semigroup of
operators on E. Then 7 is JALG-admissible in the following cases:

1) 7 is Abelian and relatively weakly compact.
2) Eis a Hilbert space and 7 consists of contractions.

3) E = LY(X), X a probability space, and 7 < M(X), i.e., 7 consists of
Markov operators.
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Proof. The case 1) was already mentioned in Theorem 16.5. (Note that by
Exercise 14.2 the closure . of .7 is Abelian, too.) The case 3) can be reduced to 2)
via Corollary 16.14. To prove 2) suppose that P and Q are minimal idempotents
in . = cly(7). Then P and Q are contractive hence orthogonal projections
(Theorem D.21). Since .’Q is a minimal left ideal (Lemma 16.1) and . PQ is a
left ideal contained in .Q, it follows that these left ideals are identical. Hence,
there is an operator S € . such that SPQ = QQ = Q. Now let f € H be arbitrary.
Since S and P are contractions, it follows that

QS = ISPQfI < IPQSI = Q1

So [POf] = |Qf|, and since P is an orthogonal projection, by Corollary D.22
we obtain PQ f = Q f. Since f € H was arbitrary, we conclude that PQ = Q, i.e.,
ran(Q) C ran(P). By symmetry ran(P) = ran(Q), and since orthogonal projections
are uniquely determined by their range, it follows that P = Q. O

With a little more effort one can show the following.

Theorem 16.20. If E and its dual space E' both are strictly convex, then every
relatively weakly compact semigroup of contractions on E is JALG-admissible.

Sketch of proof. Recall that a Banach space E is strictly convex if | f|| = ||g|| = 1
and f # g implies that || f + g|| < 2. If P is a contractive projection on a strictly
convex space E, then it has the property in Corollary D.22.a, see Exercise 11. Hence,
by the same reasoning as in the proof above we conclude that PQ = Q. By taking
right ideals in place of left ideals, we find an operator 7' € .# such that PQT = P,
and taking adjoints yields P’ = T'Q'P’. If E’ is also strictly convex, it follows as
before that P = Q'P’,ie., P = PQ = Q. O

The theorem is applicable to spaces 7 (X) with 1 < p < oo, since these are strictly
convex and (I?7)" = 14 with 117 + 1 = 1. Note that these spaces are reflexive, hence
contraction semigroups are automatically relatively weakly compact.

Corollary 16.21. Every semigroup of contractions on a space 17(X), X some
measure space and 1 < p < oo, is JALG-admissible.

Remark 16.22. Theorem 16.20 is due to de Leeuw and Glicksberg (1961, Cor.
4.14). There one can find even a characterization of JALG-admissible semigroups
in terms of the amenability of their weak closures. See Day (1957) and Paterson
(1988) for more about this notion.

The JdLG-Decomposition

As before, let E be a Banach space, let .7 C Z(E) be a semigroup of operators
and let

S =cly(T)
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be its weak operator closure. In the following we shall suppose that .7 is JALG-
admissible, i.e., . is weakly compact and contains a unigue minimal idempotent Q.
By Theorem 16.5, .% has a unique nonempty minimal ideal

¢ :=K() =05 =.70=050, (16.2)

which is a group with unit element Q. Since Q> = Q, Q is a projection and the space
E decomposes into a direct sum

E = Eey(T) @ Eaws(T) = ran(Q) & ker(Q) = ker(I — Q) & ran(I — Q),

called the Jacobs—de Leeuw—Glicksberg decomposition (JALG-decomposition for
short) of E associated with 7. This decomposition goes back to Jacobs (1956)
and de Leeuw and Glicksberg (1959, 1961). The space Eiey := Ev() is called
the reversible part of £ and its elements are the reversible vectors; the space
Eaws = Eaws(7) is called the almost weakly stable part and its element are the
almost weakly stable vectors. Both are closed subspaces of E. This terminology
will become clear shortly. Moreover, we shall see below that for . = 97 =
{T" : n € Ny} consisting of the iterates of one single operator T € .Z(E), we
have Euys(7) = Eas(T), as introduced in Section 9.2.

Proposition 16.23. In the situation above, the minimal idempotent Q of . satisfies
TQ = OT forallT € T .

In particular E.ey and E,s are invariant under ..
Proof. This is an immediate consequence of (v) in Theorem 16.5. O

By Proposition 16.23, we may restrict the operators from . to the invariant
subspaces E., and E,ys and obtain

Trev = {Tlge, 1 T € T}, Frev = {S|p : S €S} C L (Erev)
and Fys 1= {T|EﬂWS 1 Te y}a Faws = {S|EﬂWS :Se y} - g(ans)~

By Exercise 12, the restriction maps
S+ Slg., and S+ S|g,.

are continuous for the weak operator topologies. Since .¥ is compact and .% =
cly(7), it follows that

Fev = iy (Fhey)  and  Fs = cly(Taws)-
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The following theorem shows that a vector u € E is reversible if and only if,
whenever some vector v can be reached by the action of .& starting from u, then
one can return to u again by the action of .. This explains the terminology.

Theorem 16.24. Let E = Ey @ Eays be the JALG-decomposition of a Banach
space E with respect to a JdALG-admissible semigroup 7 C ZL(E) with weak
closure S = cly(7) and minimal idempotent Q in . Then the following
assertions hold:

a) The reversible part E.y is given by
Eew={u€E :vec(Tu) = uccl(Iv)}
:{ueE veSu = ueyv}.

b) The minimal ideal G := K(.) is a compact topological group with neutral
element Q, the strong and the weak operator topologies coincide on ¢4, and
the restriction map

Y — Sev, S = SlErev
is a topological isomorphism of compact groups.

Proof. a) Recall that Q acts as the identity on E,, = ran(Q). If u € E.,, then
Su = Qu = Yu. Hence if v € .Yu, then there is R € & with v = Ru. Since
¢ is a group, there is § € ¢ with SR = Q. Hence, u = Qu = SRu = Sv € Sv.
Conversely, if u € E is such that there is S € . with SQu = u, then u = SQu =

QSu € ran(Q).

b) For the special case when E is a Hilbert space and .7 is a semigroup of
contractions, this is Theorem 16.12. In the case that E = L' (X), X some probability
space, and .7 € M(X) is semigroup of Markov operators, it is Corollary 16.15.

In the general case, it follows from Ellis’ Theorem 16.6 that ¢ is a compact
group. The assertion about the topological isomorphism is then evident. Finally,
that the strong and the weak operator topologies coincide on ¢ follows from
Theorem 15.6. O

Example 16.25 (Contraction Semigroups on Hilbert Spaces). Let H be a Hilbert
space and let 7 C Z(H) be a semigroup of contractions. Then .7 is JALG-
admissible by Theorem 16.19. The minimal idempotent Q € . is a contraction,
hence self-adjoint, and the corresponding JALG-decomposition

H = Hiey © Hyys

is an orthogonal decomposition. On Hie, the semigroup . := cly (7)) restricts to
a compact group of unitary operators. Because Q = Q, the projection Q is also an
idempotent in the adjoint semigroup .* = {S§* : § € .¥}. Since taking adjoints
is a homeomorphism and (up to order) a semigroup homomorphism on the set of
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all contractions, Q is also the minimal idempotent in .%’*. Consequently, the JdIG-
decompositions for 7 and T * coincide in this case.

Remark 16.26 (Mean Ergodic Semigroups). We claim that JdLG-admissible
semigroups are mean ergodic in the sense of Definition 8.31. In combination with
Theorem 16.20, this yields an alternative proof of Theorem 8.34.

To establish the claim, suppose that .7 C .Z(X) is a JALG-admissible semigroup
with weak closure . = cly(.7"), minimal ideal ¢ and minimal idempotent Q. Let,
as in Example 15.4,

P =Py = / Sdm(S),
g

(where m is the Haar probability measure on ¢) be the mean ergodic projection
associated with 4. Then, forevery T € 7,

TP = T(QP) = (TQ)P =P and PT = (PQ)T = P(QT) =P
since QT, TQ € ¢. Moreover, for each u € E,
Pucconv{Su : Se€¥} cconv{Su : Se€ S/} =conv{Tu : T € T}.

This shows that .7 is mean ergodic as claimed.

The Almost Weakly Stable Part

We now investigate the two parts of the JALG-decomposition separately. Let us first
deal with the almost weakly stable part.

Proposition 16.27. Let E = E.y @ Eaws be the JALG-decomposition of a Banach
space E with respect to a JdALG-admissible semigroup 7 C ZL(E) with weak
closure . = cly (7). Then the following assertions hold.:

a)  Taws IS a JALG-admissible semigroup on Euws with weak operator closure

b) The minimal idempotent of Sy is the zero operator 0 € Sy, and its
minimal ideal is K(-%ws) = {0}.

¢) The elements of E.ys are characterized by
U € Eys <— Oeclg{Tu T e 9} < Su=0 forsomeSe.7.

Proof. Let Q be the minimal idempotent of .. Then Q restricts to 0 on Ejys, and
hence a) and b) are evident.
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For c), note first that for each u € E the mapping 7 +— Tu is continuous from
Zw(E) to (E,0(E,E")). Since ¥ = cly(7) is compact, one has cl,(Tu) =
(clyz)u = Lu. This proves the second equivalence in c).

If u € E,ws = ker(Q), then it follows immediately that 0 = Qu € .Yu.
Conversely, suppose that Su = 0 for some S € .%. Since QS € ¥ = K(Y¥)
and ¢ is a group with unit element Q, there is R € ¢ such that ROS = Q. So,
Qu = RQSu = 0, whence u € E,ys follows. O

A JdLG-admissible semigroup 7 on a Banach space E is called almost weakly
stable if E = E,,,. Equivalently, .7 is almost weakly stable if 0 is in the weak
closure of each orbit {Tu : T € J},u € E.

Remark 16.28. A semigroup 7 can be almost weakly stable even if it is already a
group of unitary operators. Indeed, take H := ¢*>(Z) and T the (right or left) shift.
Then T is a unitary operator and hence 7 := {T" : n € Z} is a relatively weakly
compact group of unitary operators. But 7"f — 0 weakly for every f € H, hence
H = Hy,s and Hy, = {0}.

The Reversible Part

Let us now look at the reversible part. We start with a characterization that is often
useful.

Proposition 16.29. Let 7 be a JALG-admissible semigroup of bounded linear
operators on a Banach space E. Then

Eups N {x € E : Jx relatively compact and Tln; | x| > 0} = 0.
€

In particular, if infre 7 |Ty|| > 0 for every y # 0 such that 9y is relatively compact
in E, then Ery, = {x € E : Jx is relatively compact in E}.

Proof. Let Q be the minimal idempotent of . := cly.7, i.e., the projection onto
Eey along E,ys. Let x € E,ys such that Zx is relatively compact. Then the weak
closure of .Zx coincides with the norm closure. But then 0 = Qx € .7 x and hence
0 = infre || Tx].

In the second assertion, the inclusion “C” follows from Theorem 16.24.b. For the
converse, let x € E such that x is relatively compact and define y := x—Qx € Ejys.
Then Ty is relatively compact as well, hence by the first assertion infre # || 7| = 0.
But then, by hypothesis, y = 0, i.e., x = Ox € E,. O

Corollary 16.30. Let .7 be a JALG-admissible semigroup of linear isometries on
a Banach space E. Then E., = {x € E : Jx is relatively compact in E}.
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Similar to group representations (see Chapter 15), let us call a tuple (ej);’zl of
vectors of E a (finite) unitary system for a semigroup .7 € Z(E) if (ey, ..., e,)
is linearly independent, F := lin{ey, ..., e,} is 7 -invariant, and the corresponding
matrix representation y of .7 on F defined by

Te; = ZXU(T)@- (i=1,....n,T€ )
j=1

satisfies x(T) € U(n) for each T € 7. Furthermore, a unitary system (€)i=, for
7 is called irreducible if F does not have nontrivial subspaces invariant under the
action of 7.

Theorem 16.31 (Jacobs, de Leeuw, Glicksberg). Let E = E., @ Euws be the
JdLG-decomposition of a Banach space E with respect to a JdLG-admissible
semigroup 7 < Z(E). Then

Eiey = ﬁ{u o (e)); (irred.) unitary system for 7 and u = e; for somej}.

Proof. We use the previous terminology, i.e., . = cly(.7) is the weak operator
closure of .7, Q the minimal idempotent, E,y = ran(Q) and 4 := .Q = Q.7
Let B := (ej,...,e,) be some unitary system for .7 and denote by F :=
lin{ey, ..., e,} the generated subspace. As F is closed and invariant under .7, it must
be invariant under . as well. Let y be the matrix representation of . on F with
respect to the basis B. Then y is continuous and a homomorphism of semigroups.
By hypothesis, y(:7) € U(n), and since the latter is closed in .Z(C"), x(S) € U(n)
forall S € .. In particular, y(Q) € U(n), and since Q is an idempotent, y(Q) = 1,,,
the nxn identity matrix. This means that Q acts as the identity on F', hence F C E,.,.
For the converse we first note that the compact group ¢ acts continuously on Ejey.
Hence, by Theorem 15.14, E,., is the closed linear span of all irreducible unitary
systems for this representation. But it is clear that each unitary system (ej)]’.‘=1 in
Eey for ¢ is a unitary system for 7, since T = TQ on Ey, for every T € 7.
Further, if it is irreducible for the ¢¥-action, then it is irreducible for the .7 -action as
well since 4 C cly (7). O

We refer to Exercise 16 for a converse to Theorem 16.31. In the case of Abelian
semigroups, employing Corollary 15.18 we obtain the following information about
the reversible part.

Corollary 16.32. Let E be a Banach space, and let 7 C £(E) be an Abelian
relatively weakly compact semigroup. Then

Eey=linfu€E : YT € 7 31 € T with Tu = Au}.
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16.4 Cyclic Semigroups of Operators

In the following we investigate more closely the special case of the semigroup
Ty ={LT.T T, ...}

generated by a single operator 7 € Z(E). We suppose that this semigroup is re-
latively weakly compact. (Recall that this is automatic if 7 is power-bounded and E
is reflexive, or if T is a Markov operator on some L!(X).) Then .77 := cly(.77) is
Abelian, hence J7 is JALG-admissible, and we can form the JALG-decomposition

E= Erev (&) ans = rev(f%") &) ans(r%")

associated with .77.

Theorem 16.33. Let T € Z(E) generate a relatively weakly compact semigroup
Tr with associated JALG-decomposition E = Eey @ Eayws. Then the following as-
sertions hold:

a) E. is spanned by the eigenvectors associated with unimodular eigenvalues
of T, i.e.,

Erey =Tin{u € E : A4 € Twith Tu = Au} = Iin _] ker(AI - T).
A€T

If T is an isometry, then
Eev = {u € E : {T"u : n > 0} is relatively compact}.

b) T is mean ergodic, fix(T) C Ery and Euws CTan(I—T).
¢) Ews=rtan(I—T) ifandonlyif op(T)NT C{1}.
d) E=Ews ifandonlyif o,(T)NT = 0.

Proof. a) The first assertion follows from Corollary 16.32 since if Tu = Au, then
T"u = A"u for all n € Ny. The second follows from Corollary 16.30.

b) The inclusion fix(7T) C E., follows from a), but is self-evident since the
projection Q is in cly 7, and therefore Q f = f forall f € fix(T). For the second
inclusion let u € E,ys, i.e., 0 € cl;{T"u : n € Ny}. But then 0 € conv{T"u : n €
No} and hence u = u — 0 € ran(I — T) by Proposition 8.18.

To prove mean ergodicity it suffices to show that 7 is mean ergodic on E., and
this follows from a). Alternatively one can argue that for given f € E the orbit
{f.Tf.T?f....} is relatively weakly compact, and the same is true for the convex
hull, by Krein’s Theorem C.11.

c) follows from b) and a), and d) follows from a) directly. O
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It follows that on E\., the action of 7 embeds into a faithful representation of the
compact monothetic group G := #7|g,,. By Exercise 15.9, the dual group G* is
generated by those characters y such that P, # 0, i.e., such that y(T) € o,(T) is an
eigenvalue of 7.

We look at a closer description of E,ys and thereby explain the term ‘“almost
weakly stable.” Recall from Chapter 9, page 173, that a sequence (x,),en in a
topological space converges in density to x, in notation D-lim,—, ~ X, = x, if there
is a subsequence J C N with density d(J) = 1 such that lim,¢; x,, = x.

Theorem 16.34. Let T generate a relatively weakly compact semigroup I on a
Banach space E, and let M C E' be norm-dense in the dual space E'. Then for
x € E the following assertions are equivalent:

(i) D-lim(T"x, x’) =O0forallxX € M.
n—>o0

(i) D-lim(T"x,x') =0 forall X' € E'.
n—o00

1
(i) lim -
n—oo n

n—1
Z ‘(zj, x’)|p = 0 for all X' € M and some/each p € |1, c0).
j=0

1
@iv) lim -
n—oo n

n—1
Z |(zj, x/)|p = 0 forall X € E' and some/each p € [1,00).
j=0

n—1
j NP
) sup  — Z ‘(fo,x )‘ = 0 for some/each p € [1, 00).

ver Ivl<i M 2

(vi) 0€cly{T"x : n € N}, i.e., x € Epys (7).
(vii) There exists a subsequence (n;)jen in N with T"x — 0 weakly as j — oo.

(viii) D-lim, 7"x = 0 weakly.

Proof. We note that T is necessarily power-bounded. For such operators the
pairwise equivalence of (i)—(v) has already been shown in Theorem 9.15 and
Proposition 9.17. Note also that the implications (viii) = (vii) = (vi) are trivial.

For the proof of the remaining assertions we need some preparations. Take x € E
and define F = E{T”x : n > 0}, which is then a closed separable subspace of E.
Since F is also weakly closed, the set K := cl,{7"x : n € Ny} (closure in E)
is contained in F and hence a weakly compact subset of F. (By the Hahn—-Banach
theorem the weak topology of F is induced by the weak topology on E.) Hence, in
the following we may suppose that E is separable.

Then, by the Hahn—Banach theorem we can find a sequence (xj’.)jeN in E' with
||xjf|| = 1 for all j € N and such that {x; : j € N} separates the points of E (see
Exercise 15), and define

d(y,z) := 22_*" [y — z,x]’-)| (y, z € E). (16.3)

Jj=1
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Then d is a metric on E and continuous for the weak topology. Since K is weakly
compact, d is a metric for the weak topology on K.
We can now turn to the proof of the remaining implications.

(v) = (viii): It follows from (v) and the particular form (16.3) of the metric on K
that

n—1
1 )
- E d(T'x,0) - 0 asn — oo.
n
j=0

The Koopman—von Neumann Lemma 9.16 yields D-lim,, d(T"x, 0) = 0, i.e., (viii).
(vi) = (vii): Note that

0ecl{T'x : ne N} = {x,Tx,.. ., Tk_lx} Ucle{T"x : n >k}
for every k € N. Since Ty =0 implies 7"'x = 0 for all m > k, one has

0€(\eloAT"x : n >k},
keN

that is, 0 is a weak cluster point of (7"x),en,. Since K is metrizable, (vii) follows.

(vii) = (v): This is similar to the proof of Proposition 9.17. By passing to the
equivalent norm |||y || := sup,ey, |[T"y]l (Exercise 9.6) one may suppose that T
is a contraction. Hence the (weakly™) compact set B’ := {x' € E' : ||¥/|| < 1}
is invariant under 7”7, and we obtain a topological system (B’; T") with associated
Koopman operator S on C(B’). Let f(x') := |{x,x’)|. Then by hypothesis, there
is a subsequence (nj)jen such that % f — 0 pointwise on B’. By the dominated
convergence theorem, S f — 0 weakly. Hence, 0 € fix(S) Nconv{S" f : n > 1},
and by Proposition 8.18, implication (iv) = (i) it follows that A,[S] f — O in the
norm of C(B’), which is assertion (v). O

Remark 16.35. Theorem 16.34 states in particular that the almost weakly stable
subspace E,ys associated with 77 coincides with E,y(7) from Section 9.2.

We give another characterization of E,., in the case of a semigroup generated by
a single operator. A power-bounded operator T € .Z(E) on a Banach space E is said
to have discrete spectrum if

E=1linfu € E : 31 € T with Tu = Au}.

Theorem 16.36. For an operator T € £ (E) on a Banach space E the following
assertions are equivalent:

(1) The operator T has discrete spectrum.

(i) The operator T generates a relatively weakly compact operator semigroup
onE, and E = E.y(T).
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(iii) The weak operator closure cly{T" : n > 0} is a weakly/strongly compact
group of invertible operators.

(iv) The operator T is contained in a strongly compact subgroup 9 < Z(E) of
invertible operators.

(v) {T"x : n > 0} is relatively compact and infre 7 ||Tx|| > 0 forall 0 # x € E.

Proof. (i) = (ii): It is clear that the orbit {7"u : n > 0} is relatively strongly
(hence weakly) compact whenever Tu = Au, A € T. Therefore, by Lemma 16.16,
if T has discrete spectrum, then 7 generates a weakly compact operator semigroup
on E. By Theorem 16.33, the reversible part E,,(7') is generated by the eigenvectors
corresponding to unimodular eigenvalues, hence coincides with E, by hypothesis.

(ii) = (iii): Let . := cl,{T" : n > 0}, which is an Abelian weakly compact
operator semigroup. By hypothesis, E = E..y, i.e., the minimal idempotent in .¥ is
the identity operator. Hence, . = K(.¥) is a (weakly) compact topological group
of invertible operators.

(iii) = (iv): If cl,{T" : n > 0} is a weakly compact group of invertible operators,
then, by Theorem 16.24, the weak and strong operator topologies coincide on it.

(iv) = (v): This is immediate.

(v) = (i): If (v) holds, then (ii) follows from Proposition 16.29. But then (i) is
immediate from Theorem 16.33. O

Contractions on Hilbert Spaces

Let T be a contraction on a Hilbert space. Then, by Example 16.25, the JALG-
decomposition

H = Hrev(T) 2] Haws(T)

is orthogonal. It is instructive to compare it with the Szdkefalvi-Nagy—Foiag
decomposition H = H,; ® Hcpy (Theorem D.27) into a unitary and a completely
nonunitary part. Clearly

Hrev - Huni and chu - Haws-
By Theorem 16.34, the vectors f € H,ys are characterized by the existence of
a subsequence (nj)jen € N with 7% f — 0 weakly as j — oo. On the other
hand, vectors f € H.y, satisfy T7"f — 0 weakly as n — oo (Theorem D.28).
If T is an isometry, then the Szdkelfalvi-Nagy—Foiag decomposition becomes the
Wold decomposition of H with respect to 7. The unitary part is then Hy, =
(>0 ran(7"), see Theorem D.29. We return to the relation between these two
decompositions in Chapter 18.
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We close this chapter with a nice application of the JALG-splitting theory to
Hilbert space contractions.

Proposition 16.37 (Abstract Wiener Lemma). Let T be a contraction on a
Hilbert space H, with JALG-decomposition H = Hyey @® Hyys. For A € T let P,
denote the orthogonal projection onto ker(Al — T). Then the following assertions
hold:
a) The orthogonal projection P onto the stable part H.ey decomposes as an
orthogonal and strongly convergent series P = Z Py.
A€T

b) Forevery f, g€ H:

lim — Z\Tff|g =Y UPf 1P =D I(Paf 1)

n—oo n
AET AET

Proof. a) By Theorem 16.33, H,., is the linear hull of the eigenvectors to unimodular
eigenvalues. Since, by Exercise 19, eigenvectors to different such eigenvalues are
orthogonal, the assertion follows.

b) For f, g € Handj € N let
= (TPf|Pg) = (T'Pf|g) and b;:=(Tf|g).

Then, by Theorem 16.34, we have
1 n—1 1 n—1 '
;Z\bj—aj\ = ;Z|(T’(f —Pf)|g)| >0 asn— oc.
j=0 j=0

Note that

STUPLL 1) =Y I(PifIPag) < Y IPL S IPagl]
AET AET AET

1

2

STUPLIPY o IPagl® | = IPSIIPgI < oo

A€T neT

by a combination of Cauchy—Schwarz, Bessel, Parseval and part a). Hence,

NN (Pif18) Y T (Puf|3)

AET nEeT

SUEf1oP+ Y GV (Paf19) (Puf|g)-

A€T A UET AF# R

la)|®
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By dominated convergence, we obtain

1 n—1 B
DD CVIDIEDY “;;3 YL (P f 19) (Pufg)
j=0 AET MAGT
AFEp
> (Paf19)  asn— oo

A€T

Since a;, b < || f || l| 2],

Z\ bl —-ZW = ;Z\b| —-ZW <-Z)Ib\ ~ o’

j=0 =0
1 _ 1n 1
;Z —a| (|5 +a]) <20 f gl =Y [bi—a| = 0
j=0 =0
as n — o0. Assertion b) follows. O

A concrete version of this result, Wiener’s lemma, will be discussed in Chapter 18.

Exercises

1. Determine all possible semigroups with base set S = {0, 1} and the correspond-
ing minimal ideals.

2. Let S and S’ be semigroups and let @ : § — S’ be a semigroup homomorphism,
i.e., @(st) = @(s)@(¢) forall s, t € S. Suppose in addition that @ is surjective. Show
that the following assertions hold:

a)

b)

9
d)

e)

If J C S is a subsemigroup/left (right) ideal of S, then @(J) is a subsemi-
group/left (right) ideal of §’.

If J € S is a subsemigroup/left (right) ideal of §’, then ®~'(J) is a
subsemigroup/left (right) ideal of S.

P(K(S)) = K(S).

If J is a minimal left (right) ideal of S, then @(J) is a minimal left (right)
ideal of S'.

If e € S is a (minimal) idempotent in S, then @(e) is a (minimal) idempotent
of §'.

If S is a group with neutral element e, then S’ is a group with neutral
element @ (e).
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3. Show that in a compact left-topological semigroup S an element s € S is an
idempotent if and only if it generates a minimal closed subsemigroup.

4. Let S be a semitopological semigroup and H < S a subsemigroup. Show that if
H is a subsemigroup (ideal), then H is a subsemigroup (ideal), too. Show that if H
is Abelian, then so is H.

5. Let S and S’ be compact semitopological semigroups, and let @ : § — S’ be
a surjective semigroup homomorphism (see Exercise 2). Suppose that S contains a
unique minimal idempotent e € S. Show that @(e) is the unique minimal idempotent
of §’. (Hint: Exercise 2 and Theorem 16.5.)

6. Consider S := R U {oo}, the one-point compactification of R, and define thereon
the addition r + 00 := 00 + f := 00, 00 + 00 := o¢ for r € R. Show that S is a
compact semitopological but not a topological semigroup. Determine the minimal
ideal.

7. Give a proof of Theorem 16.11 for a reflexive Banach space E. (Hint: Mimic the
Hilbert space proof.)

8. Let E be a Banach space. Show that the following sets are closed subsemigroups

of Zy(E):
a) {T e Z(E) : TQ = QT} for some fixed operator Q € .Z(E),
b) {T € L(E) : Tf = f} for some fixed element f € E.

9. Let E = C(K) or E = IZ(X) for some 1 < p < oco. Show that the following sets
are closed subsemigroups of % (E):

a) {TeZ(E):T=>0},
b) {Te%(E):Tf=Tf V f €E},
c) {TeZ(E):T=>0, Th < h} for some fixed element i € Ey.

10. Prove the following analogue of Lemma 16.16 for the strong operator topology:
Let E be a Banach space, let 7 C £ (E), and let D C E be a subset such that lin D
is dense in E. Then the following assertions are equivalent:

(1) 7 is relatively strongly compact, i.e., relatively compact in the strong
operator topology.

(i) Tx={Tx : T € T} is relatively compact in E for each x € E.

(iii) 7 is norm-bounded and Tx = {Tx : T € T} is relatively compact in E
foreach x € D.

11. Let E be a strictly convex Banach space, and let P € .Z(E) be a projection with
|IP]| < 1. Show that for any f € E one has

IPfI=1/1 = Pf=1r

(Hint: Write P f = P(L32L))
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12. Let E be a Banach space, and F C E a closed subspace. Show that the set
Zr(E) ={T € ZL(E) : T(F) C F}
is weakly closed, and the restriction mapping
Zr(E) > Z(F). TreTlp

is a semigroup homomorphism (see Exercise 2), continuous for the weak and strong
operator topologies. (Hint: Use the Hahn—Banach theorem.)

13. Let E be a Banach space, let 7 C .Z(E) be a JALG-admissible semigroup
with minimal idempotent Q, and let F C E be a closed .7 -invariant subspace of E.
Show that

cyl]«‘Z:{T“‘ZTG«y}

is a JdLG-admissible subsemigroup of .Z(F) with Q|r as its unique minimal
idempotent. Conclude that Fioy = Eyey N F and Foys = Eaws N F. (Hint: Exercises 5
and 12.)

14. Let A be an algebra over R and let S C A be multiplicative, i.e., S-S € S. Show
that conv(S) is multiplicative, too. Show that if sz = ts holds for all 5, 7 € S, then it
also holds for all s, ¢ € conv(S).

15. Let E be a separable Banach space. Show that there is a sequence (xj’.) jen in E’
with ||xj’|| = 1 forall j € N and such that {x; : j € N} separates the points of E.
(Hint: Use the Hahn—Banach theorem.)

16. Let E be a Banach space, and let 7 C .Z(E) be a norm-bounded subsemigroup.
Recall from page 335 the notion of a (finite) unitary system for 7. Suppose that

E = E{u € E : 3 finite unitary system (¢;); for .7 with u € lin{ey, . .. ,ej}}.

Show that 7 is relatively strongly compact, and that cly,.7 = cls.7 is a compact
subgroup of .Z(E) with the identity operator as neutral element.

17. Let E be a Banach space, and let .7 C .Z(E) be a subsemigroup. Prove the
following assertions:
a) conv(.7) is a subsemigroup of .Z(E).

b) If .7 is JALG-admissible, then conv(.7) is JALG-admissible, too. Moreover,
the projection onto Ei.y(conv(.7)) associated with conv(.7") coincides with
the mean ergodic projection of .7, cf. Remark 16.26.
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18. Suppose that one is given a dense continuous embedding £ <— F of Banach
spaces, and a power-bounded operator T € Z(F) that leaves E invariant and
restricts to a power-bounded operator on E. Show that if 7 has discrete spectrum
on E, then it has discrete spectrum on F. (The converse does not hold in general, cf.
Example 17.10.)

19. Prove that the eigenspaces associated with unimodular eigenvalues of a Hilbert
space contraction are pairwise orthogonal. (Hint: Note that ker(A — T) = fix(AT)
and use Corollary 8.7.)



Chapter 17
The Kronecker Factor and Systems
with Discrete Spectrum

I want to know how God created this world. I am not interested in this or that phenomenon,
in the spectrum of this or that element. I want to know His thoughts, the rest are details.

Albert Einstein'

In this chapter we apply the splitting theory from Chapter 16 to semigroups of
Markov operators and, in particular, to the semigroup generated by the Koopman
operator of a dynamical system. In the ergodic case, the reversible part, the so-called
Kronecker factor, is described by the classical Halmos—von Neumann theorem from
1942 and becomes the first building block for a deeper structure theory of dynamical
systems. Its complement, the almost weakly stable part, relates to mixing properties
of dynamical systems. In the last section, the Kronecker factor is determined for a
couple of important examples.

17.1 Semigroups of Markov Operators
and the Kronecker Factor

Let X be a probability space and let 7 € M(X) be a set of Markov operators. Then
S = cly sgr(.7)
is a weakly compact semigroup of Markov operators on E = L!(X). Since
. is JdLG-admissible by Theorem 16.19, we obtain a corresponding JALG-
decomposition
E =E @ Eaws = ran(Q) 52 ker(Q),

where Q is the unique minimal idempotent in ..

E. Salaman, A Talk with Einstein, The Listener 54 (1955), 370-371.
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Since . consists of Markov operators, Q is a Markov projection commuting
with the operators from .7, and hence E,., = ran(Q) is a strict .7 -factor of X, see
Theorem 13.29. This factor is called the Kronecker factor of .7 and denoted by

Kro := Kro(X; .7) := reversible part in the JALG-decomposition of L (X)

with respect to .7.
The group ¥ := Q. = . (Q is compact, and
w9 — Z(Kro), s := S|kro
is a faithful continuous Markov representation. Hence, the results of Chapter 15

apply.
Example 17.1 (Fixed Factor). The Kronecker factor associated with the convex
semigroup conv(.7) coincides with the fixed factor of .7, i.c.,
Kro(X; conv(7)) = fix(7) = [ fix(T).
TeT

see Example 13.27 and Exercise 16.17. The corresponding Markov projection
P? = P € M(X) with ran(P) = fix(.7) is the mean ergodic projection associated
with 7, see also Remark 13.25. Clearly, fix(.7") € Kro(X; .7), and PQ = QP = P.

Example 17.2 (Markov Embeddings). If .7 is a semigroup of Markov embed-
dings on a probability space X, then

Kro(X; 7) = {f € L'(X) : Zf is relatively compact].

This follows from Corollary 16.30.

From now on we suppose that .7 is a semigroup. By Theorem 16.31, Kro(X; .7)
is generated by the finite unitary .7 -systems. Recall that such a system consists of
a sequence (ey, ..., e,) of vectors in E and a multiplicative mapping (= semigroup
representation)

x: 7 — U)

such that 7e; = 27:1 x(T);ie;. By analogy to eigenvalues and eigenvectors, we call
the tuple (e, ..., e,) an eigensystem associated with .

Lemma 17.3. Let y :  — U(n) be fixed, and let (ey,...,e,) € E" be an
associated eigensystem. Then

(Z |e,|2)” * e ix(7).
j=1
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Moreover, if f € ix(:7) NL*°, then (fe,..., fe,) is again a y-eigensystem. The
T -invariant space

E, = E{el, R (S | 7 X-eigensystem}

is also invariant under multiplication by elements from fix(.7') N >, and E, N L>
is dense in E,.

Proof. For a given eigensystem (eq,...,¢e,) set e (= (Z};l lej|?)/2. Let f €
fix(7)NL>*® and T € .7. Then fe; € Kro, and since T acts on the Kronecker factor
Kro as a Markov embedding,

T(fe)=Tf Tei= f Y x(Dyej =Y x(T)yfe.

j=1 j=1

Moreover, since y(T) € U(n),

" 1/2 n 12 n "
e=(Xlaf)" = (X lf) " =1L lef) =7

J=1 J=1 J=1

(consider T as a positive operator on L'(X; C")). Since T is a Markov operator, it
follows that 7e = e.

For the remaining part note that, since e € fix(.7) and fix(.7) is a factor, Ij,<p] €
fix(.7") for m € N. Hence, the eigensystem (¢;); can be approximated by the I.>°-
eigensystems (ej1.<m]); as m — oo. ]

Definition 17.4. Let A be a subalgebra of L>°(X). A subspace F of L!(X) is called
an A-module if AF € F. Moreover, a linear operator 7 : F — L (X) is called an
A-module homomorphism if 7( fg) = fTgforall f e Aandg € F.

In the situation from above, each T € .7 acts on Kro(X;.7) as a Markov
embedding, and hence as a fix(.7')-module homomorphism. Moreover, Lemma 17.3
states, in particular, that each space E, is a fix(.7")-module.

We say that the semigroup .7 of Markov operators on L!'(X) is ergodic if
fix(.7) = C1. This is perfectly in coherence with the concept of ergodicity
of measure-preserving systems, see also Section 15.4. If .7 is ergodic and if
(e1,....e,) is a y-eigensystem of 7, then by Lemma 17.3 ¢ = (3, lej|?)1/2 is
a constant function, hence each e¢; is contained in L*°. Furthermore, the Kronecker
factor Kro(X; .7) is an ergodic ¢-system, hence Corollary 15.28 applies.

Theorem 17.5. Let .7 be an ergodic semigroup of Markov operators on some
probability space X. Then the action of % := cly.7 on Kro(X;.7) is equivalent
to the canonical rotation action of a compact group G on H\G for some closed
subgroup H of G.
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Abelian Markov Semigroups

Now we suppose that the semigroup .7 is Abelian. Then one can employ Corol-
lary 16.32. It states that to build up the Kronecker factor it suffices to consider
one-dimensional “unitary” systems, i.e., common eigenvectors of the operators
T € .7 associated with unimodular eigenvalues. In the ergodic case one can apply
Corollary 15.29 and obtains the following.

Theorem 17.6. Let .7 be an Abelian semigroup of Markov operators on a proba-
bility space X. Then its Kronecker factor is

Kro(X; 7) = linfu e L°(X) : VT € 73X € T with Tu = Au}.

If 7 is ergodic, then the action of . .= cly(7) on Kro(X; 7)) is equivalent to the
canonical rotation action of a compact Abelian group G on itself.

The Kronecker Factor in I7

Let .7 be a semigroup of Markov operators on a probability space X, and let 1 <
p < oo. Denote by

Ty =Ty : Te T} C LIX))

the restricted semigroup. Then we can form its associated JALG-decomposition of
[7(X). As in the case p = 1 we denote

Kro := Kro(X; .7,) := reversible part in the JALG-decomposition of I (X)

with respect to the semigroup .7,.

Since the map 7' — T| is a homeomorphism and a semigroup isomorphism
(Proposition 13.6), the JALG-theories for .7 and Z, are identical. In particular, if Q
is the JALG-projection of .7 onto Kro(.7), then Q| is the JALG-projection of .7,
onto Kro(.7,). Since, trivially, ran(Q|ry) = ran(Q) N L7, we arrive at the following
useful fact.

Proposition 17.7. In the situation from above, Kro(X; 7,) = Kro(X; 7) N I7.

Since Kro(X; .7) is a factor, Kro(X; .77) N I is dense in Kro(X; .7), and hence
one can switch freely between the L!-case and the [7-case.
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17.2 Dynamical Systems with Discrete Spectrum

Next, we confine our attention to semigroups .7y = sgr{T} generated by one single
Markov operator T € M(X), where the associated Kronecker factor is denoted by
Kro(X;T) := Kro(X; Z7). If T := T, is the Koopman operator on L'(X) of a
dynamical system (X; ¢), then we also write Kro(X; ¢) in place of Kro(7') and call
it the Kronecker factor of (X; ¢).

Let us summarize what we know from the general theory of the previous section:

1) The Kronecker factor Kro(X; T) is a strict T-factor of L! (X).

2) T acts as a Markov isomorphism on Kro(X; 7).

3) For A € T the space ker(AI — T) N L is dense in ker(AI —7) (Lemma 17.3).
4) The space

lin U ker(AI—T) N L™
A€T

is a subalgebra of L>°; its L'-closure equals Kro(X; T).
5) If T is the Koopman operator of a system (X; ¢), then

Kro(X;¢) = {f € L'(X) : {T"f : n > 0} is relatively compact}.

The Kronecker factor Kro(X; 7) is certainly included in the invertible core of T,
i.e., the largest factor of the system on which 7 is invertible, see Example 13.34. The
invertible core of T'is (),,cx ran(7") and coincides (after restriction to the ?-spaces)
with the unitary part of H in the Wold decomposition, cf. also Example 13.34 and
the paragraph on page 339 preceding Proposition 16.37.

Recall from Section 16.4 that a power-bounded operator 7' on a Banach space E
is said to have discrete spectrum if the linear span of eigenvectors associated with
unimodular eigenvalues of 7 is dense in E. A topological dynamical system (K; ¢)
is said to have discrete spectrum if its associated Koopman operator 7, on C(K)
has discrete spectrum. Similarly, a measure-preserving system (X; ¢) has discrete
spectrum if its associated Koopman operator 7, on L'(X) has discrete spectrum.
We say that f, g € [>(X) correlate with each other if (f |g) # 0.

Corollary 17.8. Let (X; @) be a measure-preserving system with Koopman opera-
tor T, and let 1 < p < oc. Then the following assertions are equivalent:

(1) The system (X; @) has discrete spectrum.
(ii) The Koopman operator T, has discrete spectrum on 1 (X).
(iii) The Kronecker factor of (X; ¢) is all of L' (X).

(iv) Each 0 # f € 12(X) correlates with some bounded eigenfunction associ-
ated with an unimodular eigenvalue of T,.
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Proof. We write T, for the restriction of 7, to I. The equivalences (i) < (ii)
for p =1 and (i) & (iii) are clear. By Proposition 17.7, (iii) is equivalent to
Kro(X;T,) = IV. By 3) above, bounded eigenfunctions generate Kro(X; 7>), hence
assertion (iv) simply states that Kro(X; 7>)~ = {0}. This is equivalent to (ii) for
p=2. O

Example 17.9. Let G be a compact Abelian group and let L, be the Koopman
operator induced by the rotation by a € G. Since every character y € G* is an
eigenfunction of L, corresponding to the eigenvalue y(a) € T and since lin G* is
dense in C(G) (Proposition 14.7), L, has discrete spectrum on C(G). A fortiori, L,
has discrete spectrum also on I (G) for every 1 < p < oo.

Example 17.10. Let 7 be the Koopman operator of an ergodic measure-preserving
system (X; ¢) such that L' (X) is not finite-dimensional. Then T is not mean ergodic
on L> by Proposition 12.28. A fortiori, T does not have discrete spectrum on L>.

In particular, the Koopman operator L, of an irrational rotation (T; a) has discrete
spectrum on L2 but not on L*°.

Suppose now that (X; ¢) is an ergodic measure-preserving system with discrete
spectrum. By the second part of Theorem 17.6, the system is Markov isomorphic
to a rotation system (G, m; a) for a compact Abelian group G with Haar measure m
and some element a € G. As the rotation system must be ergodic, too, the group
G is monothetic with a being a generating element (Propositions 10.13 and 14.21).
By Proposition 14.22, the dual G* of G is isomorphic to the subgroup

I:={x(): yeG}cT.

Under this isomorphism, by the Pontryagin duality theorem (Theorem 14.14), G =
I'* with a € G corresponding to the canonical inclusion map I’ — T, y — y(a).
Note that, by Proposition 14.24, I' = o,,(L,) is the point spectrum of the Koopman
operator. Hence, the rotation system (G, m; a) can be determined from the original
system (X; ¢) in the following way:

1) Form I'" := 0,(7T,), where T, is the Koopman operator of (X; ¢). Then I" is
a subgroup of T.
2) Define G := I'*, the dual group of I". This is a compact Abelian group.
3) Leta € G be the canonical inclusion map I" — T.
4) Then (X; ¢) is isomorphic to (G, m; a).
In effect, we have proved the following fundamental result.

Theorem 17.11 (Halmos—von Neumann). Each ergodic measure-preserving sys-
tem with discrete spectrum is isomorphic to an ergodic rotation system on a compact
monothetic group.

More precisely, let (X; @) be an ergodic measure-preserving system with discrete
spectrum. Then the set I' of unimodular eigenvalues of the associated Koopman
operator is a subgroup of T, and (X;¢) is isomorphic to the rotation system
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(G, m; a), where G = I'* is the dual group and a € G is the canonical inclusion
map I' — T.

This theorem is of considerable interest. We therefore give now a direct proof of
the Halmos—von Neumann theorem not relying on the Jacobs—de Leeuw—Glicksberg
theory. We follow the steps 1)—4) from above.

Direct proof of Theorem 17.11. Let T be the Koopman operator of the ergodic
system (X; ¢) with discrete spectrum, and let I" := o,(7') be its point spectrum. By
Proposition 7.18, each eigenvalue is unimodular and simple, and I is a subgroup of
T. Each eigenfunction is unimodular up to a multiplicative constant.

As a product of unimodular eigenfunctions is again an unimodular eigenfunction,
the set

A= clieo | ker(AI=T)
rer

is a unital C*-subalgebra of L>°(X). By the Gelfand—Naimark theorem we may
hence suppose that X = (K, ) is a compact probability space, u has full support,
¢ : K — K is continuous, and the unimodular eigenfunctions generate C(K).

The Koopman operator is mean ergodic on C(K), since it is mean ergodic on
each eigenspace and the linear span of the eigenspaces is dense in C(K). Moreover,
fix(T) is one-dimensional (by ergodicity of (K, ; ¢) and since p has full support).
By Theorem 10.6, the topological system is uniquely ergodic, i.e., i is the unique ¢-
invariant probability measure on K. Since u has full support, (K; ¢) is even strictly
ergodic. Hence, by Corollary 10.9, (K; ¢) is minimal.

Now fix xo € K. Foreach A € I" let f;, € C(K) be the unique(!) function that
satisfies Tfy, = Af) and f(xo) = 1. Define

®:K—H:=T", D(x) = (fa(X)rer-

Then H is a compact Abelian group and @ is continuous and injective (since the
functions f) separate the points). Moreover, if a := (1), is the inclusion map
I' - T, &(p(x)) = a®(x) for all x € K. It follows that

@ (K;p) — (H;a)

is an injective homomorphism of topological dynamical systems. Since @(xy) = 1y
and orb(xp) is dense in K (by minimality),

G := ®(K) = orby (1) = cl{a" : n > 0}

is a monothetic subgroup of H, and @ : (K;¢) — (G;a) is an isomorphism of
topological systems. The push-forward measure @, is invariant, hence it is the
Haar measure. Therefore

@ (K,u;¢) > (G,m;a)

is an isomorphism of measure-preserving systems.
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As a last step, we show that G = I"*. Note that, by uniqueness, fi., = fi - fy
for all A, n € I'. Hence, every @(x), x € K, is actually a character of I, i.e.,
®(K) = G C I'* C H. Conversely, suppose that A € I" is such that G is trivial
on A. Then f)(x) = 1forall x € K, and in particular 1 = f(p(x9)) = A f) (x0) = A.
By duality theory (Corollary 14.5 and Theorem 14.14) it follows that G = '*. O

Let us turn to some consequences of the Halmos—von Neumann theorem. The
first is another characterization of the Kronecker factor.

Corollary 17.12. Let (X;¢) be a measure-preserving system. Then Kro(X;¢) is
the largest factor of (X; @) which is isomorphic to a compact group rotation system.

The isomorphism problem consists in determining complete isomorphism
invariants for (ergodic) measure-preserving systems, see, for instance, Rédei and
Werndl (2012) for a historical account, but cf. also Section 18.4.7 below. The
following corollary of the Halmos—von Neumann theorem states that for the class
of discrete spectrum systems the point spectrum of the Koopman operator is such a
complete isomorphism invariant.

Corollary 17.13. Two ergodic measure-preserving systems with discrete spectrum
are isomorphic if and only if the Koopman operators have the same point spectrum.

Two measure-preserving systems (X;¢) and (Y; ) are called spectrally iso-
morphic if their Koopman operators on the I ?-spaces are unitarily equivalent, that
is, if there is a Hilbert space isomorphism (a unitary operator) S : I(X) — 12(Y)
intertwining the Koopman operators, i.e., ST, = TyS.

Corollary 17.14. Two ergodic measure-preserving systems with discrete spectrum
are (Markov) isomorphic if and only if they are spectrally isomorphic.

Proof. By Corollary 12.12 and by the remark following it, Markov isomorphic
systems are spectrally isomorphic.

Conversely, if two ergodic measure-preserving systems are spectrally isomor-
phic, their Koopman operators have the same point spectrum. Under the assumption
that both systems have discrete spectrum, they must be Markov isomorphic by
Corollary 17.13. O

Remark 17.15. The Halmos—von Neumann theorem dates back to the ground-
breaking article (Halmos and von Neumann 1942). There, continuous one-
parameter flows were considered and discrete spectrum systems were called systems
with “pure point spectrum,” cf. also Chapter 18. Mackey (1964) generalized that
notion to Borel actions on a standard probability space X of a locally compact
separable group I". In Mackey’s definition, such an action has “pure point spectrum”
if I2(X) decomposes orthogonally into finite-dimensional irreducible subrepresen-
tations of I". His result is as follows.

Theorem (Mackey). Given any Borel action with pure point spectrum of a locally
compact separable group I' on a standard probability space X, there is a compact
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group G, a continuous homomorphism 0 : I' — G with dense image and a closed
subgroup H of G such that the action of I' on X is isomorphic to the action of I on
the homogeneous space G/H by rotations via 0.

In our language, Mackey’s “pure point spectrum” just means that [?(X) =
Kro(X; w(I")), where 7 : I' — Z(12(X)) is the associated representation. So
Mackey’s result is covered by Theorem 17.5. Of course, we employ the weaker
notion of Markov isomorphism instead of point isomorphism. However, this is
backed up by von Neumann’s Theorem 12.14 that allows to pass from Markov
to point isomorphisms in case all involved probability spaces are standard. And
this is the case in Mackey’s situation: Since X is standard, [?(X) is separable and
consequently its unitary group is Polish. A fortiori, the compact group G, being the
strong closure of (1), and finally its homogeneous space G/H are also Polish.

17.3 Disjointness of Weak Mixing and Discrete Spectrum

Recall from Chapter 9 that a measure-preserving system (X; ¢) is weakly mixing if
and only if it is ergodic and its Koopman operator has no eigenvalues except A = 1
(Theorem 9.25). Since the Kronecker factor is generated by the eigenvectors, the
following is an equivalent reformulation.

Proposition 17.16. A measure-preserving system (X; @) is weakly mixing if and
only if its Kronecker factor is trivial, i.e., Kro(X; @) is isomorphic to a one-point
system.

Proposition 17.16 states that the trivial system is the only one that is weakly
mixing and has discrete spectrum. Or, in Furstenberg’s terminology from (1967),
systems of discrete spectrum and weakly mixing systems are coprime: A weakly
mixing systems and a system with discrete spectrum can have only the trivial system
as a common factor.

Proposition 17.16 can also be rephrased in terms of the notion of disjointness,
coined in Furstenberg (1967) as well. According to Furstenberg, two systems
are disjoint if the product system is the only joining of the two systems. Since
the concept of a joining is not introduced in this book, we work here with an
equivalent—operator theoretic—definition, and refer to Glasner (2003) for more
details.

Definition 17.17. Two measure-preserving systems (X; ¢) and (Y; ) are disjoint
if the projection S = 1 ® 1 is the only Markov operator S € M(Y;X) with
T,STy =S.

Note that we employ the identity T(;S Ty = Sinstead of the stronger commutation
relation STy, = T,S. The reason is that we want disjointness to be a symmetric
property, and we do not require 7, to be invertible (in which case the two identities
are equivalent).
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Proposition 17.18. A measure-preserving system (X; @) is weakly mixing if and
only if it is disjoint from every system with discrete spectrum.

Proof. If (X; ¢) is not weakly mixing, then its Kronecker factor is not trivial, and
hence the associated Markov embedding is not trivial.

Conversely, suppose that (Y; 1) has discrete spectrum, (X; ¢) is weakly mixing
and S € M(Y; X) is a Markov operator satisfying § = T,,’STy,. Since T, is a Markov
embedding, P := T,T, is a projection. Let 0 # f € I*(Y) with Ty, f = Af,
|[A| = 1. Then

T,Sf =T,T,STy f = PSTy f = PS(Af) = APS f.
Consequently, since T, is isometric,

ISf1ly = [ TeSf |, = IPSfl, < 1SS, -

As in the proof of Corollary 13.18 it follows that PS f* = S f, and hence 7,5 f =
AS f. Since (X; ¢) is weakly mixing, by Theorem 9.25 (or by Proposition 17.16)
S f is a constant function. Since (Y; ) has discrete spectrum, it follows that §
maps [2(Y) to lin{1}, whence S = 1 ® 1. O

We leave it as an exercise to show that, conversely, Proposition 17.16 is a
consequence of Proposition 17.18.

Let us remark that we need not recur on the spectral characterization of weakly
mixing systems (Theorem 9.25) to obtain Proposition 17.16, because it is in fact a
consequence of the Jacobs—de Leeuw—Glicksberg theory developed in the previous
chapter. In order to see this, let

E = Eey @ Eays

be the JALG-decomposition of E := 1?(X) associated with the Koopman operator
T = T, of a given measure-preserving system (X; ¢). On the reversible part E,
T generates a compact group of automorphisms, and the representation theory
of compact groups yields that E., is generated by the eigenvectors of T, cf.
Theorem 16.33.a. The other summand E,s was identified in Theorem 16.34 with
the subspace E,ys(7T) from Section 9.2. Since by Theorem 9.19(iv), the systems
(X; @) is weakly mixing if and only if E = lin{l} @ Eaws(T), Proposition 17.16
follows immediately.

But the Jacobs—de Leeuw—Glicksberg theory adds even more information since
it exploits the relative weak compactness of the semigroup {7" : n > 0} on I(X),
p € [1,00), a fact that played no role at all for the characterizations of weak
mixing in Chapter 9. Taking this weak compactness into account led to the
characterizations of the almost weakly stable part in Theorem 16.34. Applying that
result to dynamical systems (and summarizing the considerations from above) we
obtain the following theorem.
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Theorem 17.19. Let (X; @) by a measure-preserving system with associated Koop-
man operator T := T, on E := 17(X), p € [1,00). Then the following assertions
are equivalent:

(1) The measure-preserving system (X; ¢) is weakly mixing.

(ii) /Xf -lecl,{T"f : ne Ny} forevery f € IZ(X).

(iii) Foreach f € 1Y (X) there is subsequence J < N such that

im [ @ry-s~ ([ ) ([ 2)

for all g € T1(X).
(iv) For each f € 17(X) there is subsequence J C N of density d(J) = 1 such

that
gg;/X(T"fyge(/Xf)-(/Xg)

for all g € L1(X).
(v) The Kronecker factor of (X; @) is trivial, i.e., equals lin{1}.
(vi) The system is ergodic and the mean ergodic projection coincides with the

projection onto the reversible part of the JALG-decomposition associated
with T.

(vil) The system (X; @) is disjoint from every system with discrete spectrum.

Proof. Note that with 4 := f — (f,1) - 1, assertions (ii)—(iv) can be rewritten
equivalently as:

(i) 0 €cl,{T"h : n € Np}.

(iii) lim,e; T"h = 0 weakly for some subsequence J € N.

@iv) D-lim,eny T"h = 0 weakly.
By Theorem 16.34, each of these assertions is equivalent to & € E,,(T). Hence,
each assertion (ii), (iii), and (iv) is equivalent with E = lin{1} @ E,s(T), which is
equivalent to (i) by Theorem 9.19.

Since the Kronecker factor equals the reversible part of the Jacobs—de Leeuw—

Glicksberg decomposition with respect to 7, the equivalence (v) < (vi) is clear.

Finally, the equivalence of (v) and (i) is Proposition 17.16 above; and Proposi-
tion 17.18 accounts for the equivalence of (vii) and (i). |

17.4 Examples

In this section we treat some examples for Kronecker factors of measure-preserving
systems.
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1. Affine Endomorphisms of the Torus
Fix m € Nand a € T and consider the mapping
¢:T—T, 0(z) = a7",

called an affine endomorphism. It is easy to see that ¢ preserves the Haar measure
(see Exercise 3). If m = 1, the system (T, m; ¢) is simply a group rotation, hence
has discrete spectrum. We claim: If m > 1, then (T, m; @) is weakly mixing, i.e., its
Kronecker factor is trivial.

Proof. The characters of T are the functions z — 7", n € Z. Hence, every function
f € I2(T) can be uniquely written as a convergent Fourier series

=) ad

nez

with 3, ., |a,|* < oo. Suppose that T, f = Af with |A| = 1. Then

Y ad'?" =T, f =Af =) Aand"

nez nez

Comparing Fourier coefficients yields a, = 0 whenever m fn and a,a" = Aa,, for
all n € Z. Inductively it follows for each k € N that @, = 0 whenever m*~!|n but
m* fn. But that means that a, = 0 for all n # 0, so f is a constant. By the spectral
characterization of weakly mixing systems, the system is weakly mixing. O

2. The Kakutani—-von Neumann Map

Consider the probability space X = ([0, 1),Bo, ), A the Lebesgue measure on
[0, 1). The Kakutani—-von Neumann map is the transformation ¢ : [0, 1) — [0, 1)
defined by

k_ . k__ k_
o) :=x—52 ifxe (52.52) (keN),

and @(x) is arbitrary on the remaining countably many points.

Let us call an interval of the form (’;l, zj—n) forn €e Npandj = 1,...,2" a
basic dyadic interval. Then it is obvious from the graph of ¢ (see Figure 17.1)
that ¢! maps—up to countable null sets—basic dyadic intervals to basic dyadic
intervals of the same length. It follows that ¢ is measure-preserving. Since ¢ clearly
is essentially invertible, we obtain an invertible measure-preserving system (X; ¢),
sometimes called the Kakutani-von Neumann odometer.

Let T := T, be its Koopman operator, which is unitary on [*(X). In order

to determine the eigenvalues of 7" we first recall that T acts for each m € N as
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Fig. 17.1 Sets A, B and their
inverse images ¢! (A),
e”'®

a permutation on characteristic functions of basic dyadic intervals of length 27",
By Exercise 4, this permutation is a full cycle of length 2™.

Now let g, := 1(9»—m). Then the orbit T/g,, passes forj = 0,...,2" — | through
all characteristic functions of basic dyadic intervals of length 27, and T%"g,, = g,
again. Hence

lin{T’g, : j=0,...,2"—1}

is a T-invariant C*-subalgebra of L>°(0, 1) isomorphic to C*" with an underlying
cyclic permutation. In other words, for each m € N we have found the cyclic group
rotation system (Z/2"Z; 1) as a factor of (X;¢). Furthermore, these factors are
linearly ordered as

(X @) = -+ — (Z)2"Z:; 1) — ... (Z)2Z: 1) — {0}.

Note that the spectrum of the Koopman operator on the group rotation factor
(Z/2"7Z; 1) must be the character group, which is (isomorphic to) Z/2"Z, i.e., the
group of 2™"th roots of unity.

Since the characteristic functions of basic dyadic intervals are dense in L' (X) and
eigenvectors to different eigenvalues are orthogonal, (X; ¢) has discrete spectrum
with

op(T) = {e% :meNy, ke N}.

Finally, we claim that (X; ¢) is ergodic. Suppose that f* € fix(T) with f L 1. Then
f is orthogonal to every eigenfunction of T corresponding to an eigenvalue different
from 1. Since f is also orthogonal to 1, it is orthogonal to any of the group factors
7,/2™Z and hence, by density, it must be zero. This establishes the claim.

The Halmos—von Neumann Theorem 17.11 now tells that the system (X; ¢) is
isomorphic to an ergodic rotation on the (compact) character group of the point
spectrum o,(7). More precisely, by Corollary 17.13 and Proposition 14.24, the
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system is isomorphic to some (respectively, any) group rotation (G, m;a) where
G is a compact monothetic group with generator a € G and 6,(T) = {y(a) : x €
G*}. Hence, by Exercise 14.8, (X; ¢) is isomorphic to the dyadic adding machine
(A2, m; 1). This explains why (X; ¢) is sometimes called the dyadic odometer.

The dyadic odometer can be viewed as the inductive limit of the ergodic group
rotations on Z/2"Z, see Section 13.5. Hence, its ergodicity (proved above by virtue
of an ad hoc argument) follows from Corollary 13.37. Likewise, it is a general fact
that inductive limits of systems with discrete spectrum have again discrete spectrum
(Exercise 11). And this is a special case of the more general fact that the Kronecker
factor of an inductive limit is the inductive limit of the Kronecker factors, see
Exercise 13.

3. Dyadic Solenoid

Consider again the Kakutani—von Neumann map ¢ : [0,1) — [0,1) from the
previous section, defined by
k__ . k__ k__
o) :=x—52 ifxe(52.5) (keN),
while ¢ is arbitrary on the remaining countably many points, see also Figure 17.1.
On the probability space X := ([0, 1)?, Bo, A?), A? the Lebesgue measure on [0, 1)?,
we define the mapping

)yt oa) fory e [0,1 — ),

¥(x,y)
(px),y+a—1) forye[l—a,l),
forsome o € [0, 1)\Q. Itis Exercise 10 to show that (X; 1) is an invertible measure-
preserving system. We shall prove that the Koopman operator T’ := Ty, has discrete
spectrum on I?(X) and identify the group rotation isomorphic to this system.
First, we recall some facts from Section 17.4.2 above. Define the set

M := {(m,k) : m € No, k € N odd with k < 2"},

Since ¢ is an invertible ergodic transformation, each eigenvalue of 7 is unimodular
and simple (see Proposition 7.18). The Koopman operator T;, of ¢ is unitary and
has discrete spectrum on L*([0, 1)) with pairwise different eigenvalues e?Vi*/>"
and corresponding pairwise orthogonal eigenvectors f,» when (m,k) € M
(see Lemma D.25). S0 (fui)muem is an orthonormal basis in L*([0, 1)). For
(m, k) € M let

s
emp(x) i= V17,
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and e, (x) := eV for n € Z. It is Exercise 10 to prove that the functions
Sk @ (emien) (mk)eM,neZ

form an orthonormal basis of I?(X) and that

T(fink ® (emuen)) = 632‘“(2%+")o[fm,k ® (emien)-

As a consequence we obtain that (X; 1) is ergodic and that T has discrete spectrum
on I>(X) with

op(T) = {ez‘”z%“ :m e Ny, k € Z}.

Since « is irrational, this discrete group is isomorphic to the discrete additive group
Q, = {% : meNO,keZ}

of dyadic rationals. The Halmos—von Neumann Theorem 17.11 tells that the
system (X; 1) is isomorphic to the group rotation (X,, m;a), where X, is the
(compact, monothetic and, in our case, connected) dual group Q;‘ of the discrete
group Q,, called the dyadic solenoid, and where the character a : Q; — T is given
by a(r) := e?'". For an algebraic description of the group rotation (X, m;a) and
for more information about measure-preserving systems on [0, 1)? isomorphic to
group rotations on such solenoidal groups, we refer to Maier (2013a, 2013b). For
details about solenoidal groups, we recommend Hewitt and Ross (1979), Sections 10
and 25, in particular Def. 10.12 and Sec. 25.3.

4. Skew Rotation

Consider the probability space X := (T?,Bo(T?), m ® m), where m is the Haar
measure on T, and consider on X the skew rotation

Vo : T2 — T2, V(z,w) == (az,zw),
see Example 5.15. The projection onto the first component is a point factor map
(X;¥a) = (T, m;a)

onto the rotation system (T, m;a). We claim: This factor coincides with the
Kronecker factor.

Proof. Let T = Ty and S be the Koopman operators of the skew rotation on T?
and the rotation system (T, m; a), respectively. The proof uses the same idea as the
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proof of Proposition 10.17. Every function f € I?(T x T) can be written uniquely
as a series

few) =) fulw!

nez

for certain f, € L?(T). The equation Tf = A then means that

Y A@w" = Af =Tf =) (SfH)RW!

nez nez

which is equivalent to the infinite system of equations A f, = z"S f,, n € Z. We have
to show that f, = 0 whenever n # 0.

Now fix n # 0 and consider a function g € 1?(T) with 7’Sg = Ag. Writing as
before g = ZjeZ a;7, this translates into

Aq¢+n:=cya’ (fE Z).

Taking the modulus yields |aj1,| = |g;| for all j € Z, but since ZjeZ |a‘,~|2 < o0, it
follows that a; = 0 for all j € Z. This concludes the proof. ]
5. Heisenberg Systems

Recall from Example 2.13 that the Heisenberg manifold is H := G/I", where G is
the non-Abelian group G of upper triangular real matrices with all diagonal entries
equal to one, i.e.,

1xz
G = 0ly| :x v zeRy,
001

and I is its cocompact subgroup of elements with integer entries. Recall also the
notation

1xz
[x,y.zl:=101y],
001

so that the multiplication takes the form

l[a,b,c]-[x,y.zl =la+x,b+y,c+z+ ay].
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We fix @« = [a,b,c] € G and consider the rotation system (H, m;«), where m is
the unique probability measure on H that is invariant under all (left) rotations by
elements of G, see Examples 5.16 and 5.17.

This system has a rotation system on the two-dimensional torus R?/Z? = T? as
a natural factor, given by the point factor map

H — R?/72, [x.v.2] "+ [x,y] (mod Z?)

that intertwines multiplication with o and translation with [a,b] (mod Z?). This
factor is called the rotation factor in the following. We claim: If a = b = 0, then
the Heisenberg system has discrete spectrum. Otherwise, the Kronecker factor is
precisely the rotation factor.

Proof. Note first (Exercise 5) that the center of G is
C:={geG:gh=nhgforallhe G} ={[0,0,r] : reR}.

The compact Abelian group K := CI"/I" is isomorphic to R/Z. The restriction to
CT of the canonical left action of G on H induces a left action of K on H. Moreover,
the fixed factor associated with this action of K is precisely the rotation factor.

Ifa = b = 0, then @ € C and the translation by « embeds into the action of
the compact Abelian group K. Hence, by Corollary 15.18, the system (H, m; o) has
discrete spectrum. In the following we may therefore suppose that either a # 0 or
b # 0. We start with the case b # 0.

Denote, for g € G, by L, the Koopman operator on [2(H) of the left rotation
El v g T on H. Then Ly, = LyLg and Ly = L' = Ly, ie, L: G — L*(H)
is a unitary “anti-representation.” The Koopman operator of the system (H, m; @) is
L, but because of its special role we write T := L, for it.

Let f € I?(H) and A € T such that Tf = Af. By the considerations above,
it suffices to show that L, f = f for each i € C. To this aim we shall employ a
little “trick,” whose operator theoretic content is deferred to Lemma 17.20 below.
Its application requires some preparatory computations.

Define, for x € R, the element g, := [x, 0, 0] € G and compute

ago " = [x,0,nbx] forn € Ny,
see Exercise 6. For given r € R let r,, := - (recall that b # 0). It follows that
g, — [0,0,0] and o&"g, o " —[0,0,r] 17.1)
as n — o0. Passing to Koopman operators, this translates into

Ly, —T"™Lg T" —1—Lpo, strongly asn — oo.
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Now we employ Lemma 17.20 from below to conclude Lo, f = f.Asr € R was
arbitrary, it follows that f" is contained in the fixed factor of the action of CI"/I" on
H, which is the rotation factor.

So the claim is proved in the case b # 0. If a # 0, one can employ a similar
reasoning, but with the vectors A, := [0, x, 0] replacing g, = [, 0, 0]. O

Lemma 17.20. Let H be a Hilbert space, 7 C £ (H) a semigroup of operators on
H and f € H such that for each T € 7 there is Ay € T with Tf = Arf. Suppose
furthermore that R € £ (H) is a contraction with

f—Rfecl{Sf—T"STf : T e T,5e L(H).
Then f € fix(R).

Proof. One has, forevery T € 7 and S € Z(H),

(T*STf | f)=(STSITf)=Ardr (Sf1 ) =(SfI]).

It follows from the hypothesis that (Rf | f) = (f | f). Since R is a contraction,
this implies that R f = f (Lemma D.14). O

Remark 17.21. The central idea in the proof above is taken from Einsiedler and
Ward (2011, p. 335). Lemma 17.20 is a generalization of the so-called (abstract)
Mautner phenomenon, see Parry (1970, Sec. 1).

As a result we obtain the following characterization.

Theorem 17.22. Fora, b € R the following assertions are equivalent:
(i) The Heisenberg system (H, m; [a, b, c]) is ergodic.
(ii) The topological Heisenberg system (H; [a, b, c]) is strictly ergodic.
(iii) The numbers 1, a, b are rationally independent.
Proof. The equivalence of (i) and (iii) follows from the considerations above in
combination with Kronecker’s theorem (Theorem 14.18) and the fact that factors of

ergodic systems are ergodic. The implication (ii) = (i) is clear, since in this case m
is the unique and hence necessarily ergodic invariant probability measure on H.

For the remaining implication (i) = (ii), we employ Theorem 15.31 about compact
group extensions. As seen above, the rotation factor is the fixed factor with respect
to the action

HxR/Z—H,  [xyz-r:=[xyz2-[007r]=[xyz+7]
by the compact group K = CI'/I" = R/Z. Hence, by Theorem 15.31 it suffices

to show that the measure m on H is the Haar lift of the Haar measure on the factor
R?/Z? with respect to the mean ergodic projection
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P:C(H) - C(R?*/Z*), Pf = /Mx,f dr

where k : R/Z — Z(C(H)) is the associated Koopman representation. This is a
simple computation, left as Exercise 7. O

Exercises

1 (Bottom-Up Approach to the Kronecker Factor). Let .7 be any semigroup of
Markov operators on a probability space X. Show that the space

A= ﬁ{el : ne€Nand (ey,...,e,) is any L*-unitary system for .7 }

is a .7 -invariant C*-subalgebra of 1°°(X). Then show that on the factor L' (Y) :=
cli1(A) the action of the semigroup .7 embeds into a compact group of Markov
automorphisms. Conclude that L' (Y) = Kro(X; .7).

2. Let (ey,...,e,) be any eigensystem associated with a multiplicative mapping
¥+ 7 — U(n) of a semigroup .7 of Markov operatorson E = L (X). Let U € U(n)
and define y’ : 7 — U(n) by

L (M) :=Uy(U (TeP).

Show that lin{e, ..., e,} contains a x’-eigensystem. Conclude that £, = E,.

3. Let G be a compact group with Haar measure m, and let ¢ : G — G be a
continuous and surjective group homomorphism. Show that t,m = m.

4. Consider the measure-preserving system (X; ¢) discussed in Section 17.4.2 (see
page 356). Recall that ¢* maps basic dyadic intervals to basic dyadic intervals
of equal length. Show, according to the following steps, that for each m € N, ¢*
restricts to a cyclic permutation of the basic dyadic intervals of length 27

a) Call two basic dyadic intervals A and B of length 27" “brothers” if A U B is
(up to a null set) a basic dyadic interval of length 2-27"". Show that ¢* maps
brothers to brothers.

b) Note that the natural order of the reals induces, by restricting to left end-
points, a natural total order on the basic dyadic intervals of a given length
27, Show that ¢*, applied to two brothers A and B with A < B, reverses
their order precisely when A = A, := (0, 2%) and B = B, := (2%, 21,,,).

¢) Consider the orbit of A,, = (0, zi,,,) and its larger brother B,, under iterations
of ¢*. By induction and a) you may suppose that it takes precisely 2!
iterations of ¢* to bring back A,, UB,, to itself a first time. Employ b) to show
that precisely 2" iterations of ¢* are required to bring back A,, to itself.
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5. Let G := {[x,y,2] : x, y, z € R3} be the Heisenberg group and let & := [a, b, c]
€ G. Show that vg = g forall g € Gif andonly ifa = b = 0.

6. Let G := {[x,y.z] : x, v, z € R?} be the Heisenberg group and let o := [a, b, c]
€ G. Show that

a) «" = [na,nb,nc+ (})ab],

b) a" = [-na,—nb, —nc + (”gl)ab],

¢) o"[x,0,0la™ = [x, 0, nbx]
foreachn € Ny and x € R.

7. Complete the proof of Theorem 17.22 by showing that the Haar lift of the Haar
measure on R?/Z? along the mean ergodic projection

P: C(H) - C(R?/Z%)

is exactly the Haar measure on H.

8. Let G be a compact group with Haar measure m and a € G. Prove that (G, m; a)
and (G, m;a™!) are isomorphic.

9. Let (T, m;a) be an ergodic rotation system, and for some m € N consider the
group extension (T?; v,,,) of (T: a) along
@, :T—->T, &,k =x".

(For m = 1 we obtain the already familiar skew rotation, see Example 2.22.) Prove
the following facts:

a) The Haar measure mp2 on T2 is Y4 m-invariant.

b) (T2, mp2;¥,,,) is strictly ergodic.

¢) The Kronecker factor of (T2, my2; Yam) is the rotation factor (T, m; a).

10 (Dyadic Solenoid). We consider the measure-preserving system (X; ) from
Section 17.4.3 (see page 358) and use the same notation. Prove the following
assertions:

a) 1 preserves the two-dimensional Lebesgue measure A2 on [0, 1)
b) The measure-preserving system (X; 1) is invertible.

¢) The functions
fm,k ® (em,ken) (m7 k) € M7 nez

form an orthonormal basis in I*(X).
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d) For the Koopman operator 7 := T on L?(X) we have

TSk ® (empen)) = VL @ (e,pen).

e) The system (X; ¢) is ergodic, and T has discrete spectrum with
op(T) = {ez‘”z%“ :me Ny, k € Z}.

11. Show that an inductive limit of dynamical systems with discrete spectrum has
again discrete spectrum.

12. Let .7 € M(X) be a semigroup of Markov operators over a probability space
X, and let S : L'(Y) — L'(X) be a Markov embedding onto a .7-factor. Then
7 : M(X) — M(Y) defined by 7(7) := S'TS is a homomorphism of semigroups
(cf. Remark 13.32.)

Let O € M(X) be the Markov projection onto the Kronecker factor Kro(X; .77).
Show that w(Q) € M(Y) is the Markov projection onto the Kronecker factor
Kro(Y; 7 (7)) and

Kro(Y; (7)) = §'(Kro(X; 7).

(Hint: Exercise 16.5 yields the first assertion and the inclusion “C”. For the converse
show that Kro(Y; 7(.7))* C (§'(Kro(X; 7)))*.)

13 (Kronecker Factors of Inductive Limits). Let (X;7) = li_r)n‘eI(Xi; T) be an

inductive limit of (an inductive system of) abstract dynamical systems (X;; T') as in
Section 13.5. Show that

Kro(X;T) = y_r)nKro(Xi; T)

i€l

in the obvious sense. (Hint: Exercise 12.)






Chapter 18
The Spectral Theorem and Dynamical Systems

By and large it is uniformly true that in mathematics there is a time lapse between a
mathematical discovery and the moment it becomes useful; and that this lapse can be
anything from 30 to 100 years, in some cases even more; and that the whole system seems to
function without any direction, without any reference to usefulness, and without any desire
to do things which are useful.

John von Neumann

In this chapter we prove the spectral theorem for normal operators and study
the corresponding spectral measures in some detail. In particular, we introduce
the maximal spectral type and the multiplicity function yielding together a complete
isomorphism invariant for unitary operators. Based on these fundamental results
we interpret various mixing properties in spectral terms and explain systems with
discrete spectrum from a point of view different from the one taken in Chapter 17.
In addition, a number of examples illuminate the fundamental ideas of the spectral
theory of dynamical systems. Readers interested in details and in the more advanced
theory can consult Queffélec (1987), Nadkarni (1998b), Lemanczyk (1996), Katok
and Thouvenot (2006), Lemanczyk (2009), and the multitude of further references
therein.

18.1 The Spectral Theorem

A bounded operator T € .Z(H) on a Hilbert space H is called normal if 7*T =
TT*, see Appendix D. For such an operator T its generated C*-algebra

A =alg{l.T,T*}

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 367
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_18
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is commutative. Recall from Section 4.4 the definition of the Gelfand space I"(A)
of A and denote by

Spa(T) := {4 € C : AI—T is not invertible within A}

the spectrum of 7 as an element of the algebra A. We can also consider 7" as an
element of the full algebra .2 (H), and its spectrum there coincides with o(7), the
usual operator theoretic notion of spectrum. Then, trivially,

o(T) < Spy(T).

The next result shows that we have equality here.

Lemma 18.1. In the situation above, Sp,(T) = o(T) and the evaluation map
L) —»o(), x—xD)
is a homeomorphism.

Proof. Let us abbreviate ps (T) := {A € p(T) : (A\I—=T)~! € A}. This set is closed
in p(T). Indeed, let (A,),en be a sequence in ps(T) with A, — A € p(A). Then,
since the resolvent mapping j + (ul — 7)™! is continuous, ((A,I — T)™"),ey is
a Cauchy sequence in A, hence it is convergent in A, to some limit which must be
Al=7"N

Since p4(T) is also open and contains the set {A € C : |A| > ||T||}, it contains
the entire unbounded connected component of p(7).

Now, fix A € p(T). Then the operator S := (Al — T)* (Al — T) is self-adjoint and
invertible. Since the spectrum of a self-adjoint operator is contained in R, the point
0 is an element of the unbounded component of p(S). By what we just have shown,
S~!is an element of the C*-algebra generated by S, which is contained in A. Hence,
(M —T)"! = STYAI — T)* € A, and this implies that A € ps(T). It follows that
Spa(T) = C\ pa(T) € C\ p(T) = o(T).

For the remaining statement we note that the evaluation map is continuous (by the
definition of the topology on I'(A)) and surjective (by Theorem 4.32). To see that
it is injective, note that each y € I'(A) satisfies y(T*) = x(T) by Lemma 4.35.
In particular, y is completely determined by its value on 7. Since each bijective
continuous mapping between compact spaces is a homeomorphism, the proof is
complete. O

By the lemma we may identify I"(A) with o(7"). From now on we abbreviate, for
simplicity,

K :=0o(T) = I'(4).
The Gelfand—Naimark theorem (Theorem 4.23) yields an isomorphism

®:A— CK)
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of C*-algebras. A moment’s thought reveals that @(T) = (z + z) is the coordinate
function, abbreviated here simply by z. The inverse mapping @' : C(K) — Z(H)
is called the continuous functional calculus for 7" and it is common to write

f(0) =27 (f)  (f €CK)).

Then one has the identities || f(T)|| = || f || and

(f +9)(D) = f(T) +g(T), (fe)T)= (D), [(T)=[f(TD)* (18.1)

for f, g € C(K),as wellas 1(T) = Tand (z)(T) = T.
The Riesz representation theorem, Theorem 5.7, yields for each pair of vectors
X, y € H a unique complex measure ji, € M(K) with

SOy =) = [ oy fora fec.  as2)

We write @y := .. The following result summarizes the properties of the
measures [.,. (Note that since K C C, the Baire and the Borel algebra of K
coincide. For u € M4 (K) we abbreviate 17 (u) := 17 (K, i).)

Theorem 18.2. Let T be a normal operator on a Hilbert space H, let K = o(T),
and let (JLxy)xyen be the associated family of measures given by (18.2). Then the
following assertions hold:

a) The mapping H x H — M(K), (x,y) > [y, is sesquilinear and satisfies
Hyx = [y and

|ttxy sy = Il -yl forall x, y € H.
b) For f, g € C(K)and x, y € H, ly(ryxor)y = [ 8,y in the sense that

/ hdp pryxemny = / hfgdp,
K K

forall h € C(K).

c) Foreach x € H the measure [Ly is positive with

lpell = 1K) = x> and || f(Dxl| = | [l forall f € CK).

Moreover, the mapping H — M(K), x — Ly is continuous.

d) For f, g € BM(K),

‘ / S gdiyy
K

(L am) ™ ([ an)”
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e) Forevery pair of vectors x, y € H there is hy, € I?(y) With ey = hyyily.

Proof. a) The sesquilinearity and the symmetry is straightforward from Eq. (18.2),
see Exercise 1. For the norm inequality let x, y € H. Then, again by (18.2),

(£ 1) = 1CA@Dx D= WSO YT = 1f oo 121 11

forevery f € C(K). Hence H My || < |||l lIl¥]l, by the Riesz representation theorem.
b) By definition and (18.1), one has for f, g, h € C(K) andx, y € H

(h. 1 pryxgy) = (W(T) f(T)x | g(T)y) = (8(T)* (hf)(T)x]|y)
= ((hf(D)x|y) = (hfZ. [hry)-

¢) For each f € C(K) we have by b) that
/ £ due = / fFdue = / 1dg sy = ILS(Dx))* = 0.
K K K

It follows that ju, > 0. Taking f = 1 yields jt,(K) = |x||*. The continuity of the
mapping x — ., follows directly from a).

d) By Theorem E.1 it suffices to prove the inequality for f, ¢ € C(K). But in this
case, it follows from b) (with # = 1), a) and c) that

‘/ fgdﬂx,y
K

2 2 2
=| / Vdi mnsmy| = [ rmmaay | = 1LFDI2 1@
K

= ([ 177 ) ([ 1 am).

e) Letting g = 1 in the previous assertion we see that u,, is a functional on
C(K) that is continuous with respect to the 1?(u,)-norm. Hence, e) follows from
the Riesz—Fréchet theorem (Theorem D.4). O

See also Exercise 2. We draw an interesting conclusion.

Corollary 18.3. If T is a normal operator on a Hilbert space, then r(T) = ||T|.

Proof. The inequality r(T) < ||T| is a general fact from spectral theory (Ap-
pendix C.9). For the converse, in Theorem 18.2.c we put f = id and obtain

1T = / l21* dp(@) < (sup |2 ) pecK) = r(T) 1%
K z€K

This yields || T|| < r(T) as claimed. O
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Theorem 18.2 entails in particular that for fixed x € H the map
C(K) — H, = f(Dx

extends to an isometric isomorphism (i.e., to a unitary operator) of Hilbert spaces
1?(j1x) = Z(x), where

Z(x) =Z(x;T) :==cl{f(Dx : f € C(K)} =cl{Sx : S € A}

is the cyclic subspace (with respect to 7') generated by x € H. For convenience, we
denote the vector in Z(x) corresponding to f € 1?(j,) again by f(7)x. (However,
note that this is a compound expression, and the term “ f(7)” does not, in general,
have a meaning for all f € 12 (u,).)

As Z(x) is a T-bi-invariant subspace of H, so is Z(x)* (see Corollary D.24), and
one can use an argument based on Zorn’s lemma to decompose H orthogonally as

H=PZx) = PLK. ). (18.3)

Since under the isomorphism Z(x) = I?(ju,) the operator T (as an operator on
Z(x)) corresponds to multiplication by z on I?(i,), we arrive at a first version of the
spectral theorem.

Theorem 18.4 (Spectral Theorem, Multiplier Form). For a bounded, normal
operator T on a Hilbert space H, the pair (H,T) is unitarily equivalent to
(L2(£2, ;t), M), where ju is a positive Baire measure on a locally compact space
§2, and M is the multiplication operator associated with a o(T)-valued continuous
function on §2.

Proof. We employ the terminology introduced above. For each « let K, := K x {o}
be a copy of K = o(7), so that the sets K,, are pairwise disjoint. Let 22 := |, K
with the direct sum topology and the direct sum measure p = @, itx,. Then we
obtain

H =P Z0x) = PLK ) 2 L(JKe- P 1) = P(2. ).

Each K,, is compact and open in §2, whence £2 is locally compact. On Z(x,) the
operator T acts as multiplication by z on I*(K, j,,), and hence T acts on H as
multiplication on 12(£2, i) by a function m simply given by m(z, @) = z on K.
This is a continuous function on 2. O
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The Borel Functional Calculus

The functional calculus can be extended beyond continuous functions. Recall from
Appendix E.1 that BM(K) denotes the space of bounded Baire (= Borel) measurable
functions on K. If f € BM(K) and x € H, then f € I1?(j,) and hence f(T)x € H
has been defined above as a compound expression, linear in f. By approximation
(use, e.g., Theorem 18.2.e),

<ﬂﬂﬂw=ﬁfmm forall x. y € H.

Hence, f(T) is a linear operator (cf. Corollary D.6). The mapping
¥ :BM(K) - Z(H).  ¥(f):= f(T)

is called the (bounded) Borel functional calculus for 7. (See Exercise 4 for an
alternative construction of the Borel functional calculus.) For the following result
recall the notion of a bp-convergent sequence from Appendix E.1.

Theorem 18.5 (Borel Functional Calculus). In the situation from above, the
mapping ¥ : BM(K) — £ (H) has the following properties:

a) Y()=T.

b) W is a (contractive) homomorphism of C*-algebras.

c) Y maps bp-convergent sequences to strongly convergent sequences.

d) EveryW¥(f), f € BM(K), commutes with every bounded operator on H that
commutes with T and T*.

Moreover, ¥ is uniquely determined by the properties a)—c).

Proof. a) is clear, and c) follows from the identity |¥(f)x|| = ||f(T)x|| =
I/ lli2.,) and from the fact that, by the dominated convergence theorem, bp-
convergence implies convergence in L2 (K, jiy).

b) Linearity of ¥ is clear. Note that, for f € BM(K), one has

WmW=w%W=4m%mgm&mm=w&MF

for all x € H. It follows that ¥ ()| < || f|lco-

Fix x € H. Then f(T)g(T)x = (fg)(T)x for all f, g € C(K). By approximation
this identity remains valid for f € C(K) and g € I1?(u,), in particular for
g € BM(K). But then a second approximation argument establishes the identity
for g € BM(K) and f € L?(pg(r)x), and in particular for all f, g € BM(K). In
a similar way one can show that ¥(f) = ¥ (f)* for all f € BM(K). Thus, b) is
proved.
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To show d), suppose that S € £ (H) commutes with 7 and T*. Then S f(T)x =
f(T)Sx foreachx € H and each f € C(K). By approximation, this identity remains
valid for f € 12(u,), in particular for f € BM(K).

Finally, we prove uniqueness. Suppose that ¥’ : BM(K) — Z(H) also has the
properties a)—¢). Then E := {f € BM(K) : ¥(f) = ¥/'(f)} is closed under
bp-convergence and contains the identity function z. Hence, it contains its conjugate
z and therefore all polynomials in z and z. But these are dense in C(K), by the
Stone—Weierstral theorem, and hence C(K) C E. By Theorem E.1, it follows that
E = BM(K). O

Let T be a bounded normal operator on a Hilbert space H and K 2 o(7T). Given
a Borel set A € Bo(K), the operator P4 := 14(7) is a contractive, hence orthogonal,
projection on H satisfying

1Pax]? = /K Ladjt, = 1.(A). (18.4)

In particular, x = P4x if and only of t,(A®) = 0. The mapping A +— P, is called the
(projection valued) spectral measure of the operator 7, see Exercise 5 for further
properties.

Unitary Operators and the Theorem of Bochner—Herglotz

Given a complex measure ;1 € M(T) and n € Z, the n'" Fourier coefficient of the
measure . is defined by

an) = /Tz_” du(z).

By the Stone—Weierstraf3 theorem and the Riesz representation theorem, the measure
n € M(T) is completely determined by its Fourier coefficients.

Let now T € .Z(H) be a unitary operator, i.e., T is invertible with 7~! = T*.
Then T is normal with o(7) € T, and we can consider (iiyy)xyen, the associated
family of measures, as elements of M(T). By definition of j, ,, forn € Z,

(x] ") = / Ay
T

ie., (x|T") = fLry(n) is the n'™ Fourier coefficient of ji, .
In the case x = y the measure u, = [, is positive. Then, the sequence of its
Fourier coefficients has a special property as the following famous theorem shows.

Theorem 18.6 (Bochner-Herglotz). For a scalar sequence (ay),ez the following
assertions are equivalent:
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(1) There is a Hilbert space H, a unitary operator T on H and a vector x € H
such that

a, = (x|T"'x) foralln € Z.

(i) There is a positive measure pu € M(T) such that

a, = fi(n) = /z_” du(z) foralln € Z.
T
(iii) The sequence (a,),ez is positive definite, i.e.,

Z an—jknk_j >0 forall A € coo(Z),

nyj

where coo(Z) denotes the space of sequences having only finitely many
nonzero coordinates.

Proof. (i) = (ii): This is simply the spectral theorem.

(i1) = (iii): A short computation shows that

> Ay = / > AR du() = / [ 2 dp@) 2 0
nj T nj T n

for all A € coo(Z).

(iii) = (i): On cyp(Z) we define the sesquilinear form

(An) =" Aajan; (A 0 € con(2)),
nj
which is positive semi-definite by hypothesis. Since we are working over the
complex numbers, the form is also symmetric. Hence,

Al = (anx_jan-,-)l/z (A € coo(2))
nj

is a semi-norm on coy(Z) with kernel A" := {A € coo(Z) : ||A]| = 0}. Let H be the
Hilbert space that arises as the completion of the quotient space coo(Z)/.#" with
the induced inner product. The left shift 7(1,),ez ‘= (An+1)nez On coo(Z) leaves
the semi-inner product (-|-) invariant, and hence extends uniquely to a unitary
operator on H. Finally, let x := (Sox)rez + -4 € H. Then, as a short computation
reveals,

(x| T"x) = ay, (ne?)
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as desired. O

Remark 18.7. The Bochner-Herglotz theorem can be used to prove the spectral
theorem for unitary operators (see Exercise 6). This is the route taken, e.g., in
Queffélec (1987, Ch. 2) and Glasner (2003, Ch. 5).

Isometries and Contractions

A noninvertible isometry 7" on a Hilbert space H cannot be normal, and therefore
the spectral theorem is not applicable, at least not directly. Nevertheless, there is an
indirect way due to the following fact.

Lemma 18.8. If T is a linear isometry on a Hilbert space H, then for each x € H
the sequence (ay)nez, given by

(x|T'x)  forn=>0,
ay =
(T7"x|x) forn <O,

is positive definite.

Proof. Fixx € Hand A = (A))jez € coo(Z), and let N > 0 be so large that A; = 0
for all |j| > N. Then

Z an_jknk_j = Z Ank_j (x i T”_jx) + Z knk_j (Tj_”x | x)

nyj Jj=n j>n
= Z /\,,/\_j (TNx | T"_<i+Nx) + Z )Ln)k_j (Tj_"+Nx ’ TNx)
j<n j>n
= 3 ATy (T | T7) 30 AT (7| T )
j<n j>n
— ank_j(TiJrNx\ T Vy) = HZA_”THN)CHz > 0. O
jn n

Given an isometry T € .Z(H), by the Bochner—Herglotz theorem, to every x € H
one can associate a positive measure , € M(T) such that

(T"x|x) =/z"dpcx and  (7"*x|x) 2/1_"dux for n € Ny.
T T

Alternatively (and more or less equivalently), one can pass to a unitary extension of
T on a larger Hilbert space. This is a special case of a so-called unitary dilation,
which, by a famous theorem of Szdkefalvi-Nagy, exists even for every linear
contraction on a Hilbert space, see Theorem D.32. The spectral theorem can be
then applied to this dilation.
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18.2 Spectral Decompositions and the Maximal
Spectral Type

Before proceeding we need to recall some notions and facts from measure theory.
For simplicity, we restrict ourselves to measures on Ba(K) = Bo(K) for compact
subsets K of C.

A measure v € M(K) is called absolutely continuous with respect to u € M(K),
in notation v K [, if

[n|(By =0 = v(B)=0 forevery B € Bo(K).

The measures ;¢ and v are called mutually singular (denoted by u L v) if there is
B € Bo(K) with |u| (B) = 0 = |v|(B°), and equivalent (1 ~ v)if © < v and
v < . The basic properties of these relations are collected in Appendix B.10, in
particular in Lemma B.20.

Returning to spectral theory, we take 7 € £ (H) a normal operator on a Hilbert
space H, and (iyy)ryen the corresponding family of complex Borel (= Baire)
measures on K := o (7).

Lemma 18.9. In the situation above the following assertions hold:

a) One has |y = |f|2 Wy for all x € H and f € 12(wy). In particular, if
x € Handy € Z(x), then py < py. Conversely, if x € H and u € My (K) is
such that . <K [y, then there is'y € Z(x) with L = [Ly.

b) Forx,ye€H,
Pe Lty = pey=0 <— Z(x) L Z(y):

and ifx, y € Z(u) for some u € H, then i, 1, < Z(x) L Z(y).

C) [y ~ Wy ifand only if the operators T |z and T |z, are unitarily equivalent.

Proof. a) By Theorem 18.2.b the identity

/hdMﬂT)x Z/hlflz dyiy
K K

is true for f, h € C(K), and by approximation it continues to hold for f € 12(u,).
This establishes the first claim. For the second, suppose that © € M (K) is such that
i < iy By the Radon—Nikodym theorem (Theorem B.22) there is 0 < & € L' ()
such that & = hu,. Then f = +/h € I2(u,) and, by what we have just shown,
Hf(nx = leux =hity =

b) By Theorem 18.2.e, tyy < py and pyy, < iy, whence the first implication
follows from Lemma B.20. The proof of the equivalence i,y =0 < Z(x) L Z(y)
is left as Exercise 3. Finally, suppose that there is u € H such that x, y € Z(u). If
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f. g € 12(u,) are such thatx = f(T)u and y = g(T)u, then, as in a), iy = | f|* pu
and p, = | g|2 My Moreover, by Theorem 18.2.b and by approximation

Pexy = HfTugmu = f&Hu-

If j1y, = 0, then fg = 0in L*(u,), hence pt, L p,.

¢) It suffices to prove that the multiplication by z on I?(j1,) and the multiplication
by z on Lz(p,y) are unitarily equivalent if and only if u, ~ p,. Suppose first that

My ~ [y Then, by a), u, = |f|2 iy for some f € I*(u,) and p, = |g|2 y for
some g € ?(u,). It follows that fg = 1 j,-almost everywhere. Define

UiL(u) —»P(w).  Uh:=fh (he ().

Then U is a unitary operator intertwining the multiplications by z on I?(j4,) and on
L (1y).

For the converse implication suppose that the multiplications by z on L?(x,) and
on L?(u,) are unitarily equivalent under some U : I?(1y) — L?(4,). Then for each
neNy

/z”duy: ('1|1) = (U(Z'1) | U1) = (U1 | U1) =/z”|U1|2 A,
K K

and similarly for Z'. By the Stone-Weierstral theorem, [, f djty = [, f |U1* du,
for all f € C(K), whence u, = |U1|2 fty. This implies that , < u,, and hence,
by symmetry, p, ~ [iy. O

In assertion b) of the previous lemma the orthogonality of the cyclic subspaces
Z(x) and Z(y) does not imply the singularity of 1, and p, (cf. also Exercise 9).
Indeed, for H = C%, T = Iandx = (}), y = () we have Z(x) L Z(y) and
M = 81 = [Ly.

With the help of Lemma 18.9 one can transfer decompositions of M(K) into
lattice ideals to orthogonal decompositions of H. Recall from Appendix B.10 that
M(K) is a complex Banach lattice, and that for given u € M(K) one can think
of L'(Ju|) as the smallest closed ideal of M(K) containing u (Corollary B.24).
Moreover, if I and J are closed ideals of M(K), then

INJ={0} <= wvlpu forallvelandpu €/, (18.5)

by Corollary B.26. Now, with the usual meaning of 7, H and (iiyy)xyen, given a
closed ideal I € M(K) we form the space

H():={x€H : pu, €l}.
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Since py, < 1y forall x, y € H and / is an ideal, another description of H(/) is
H(I) ={x € H : pyy €l forally € H}. (18.6)

This implies readily that H (/) is a closed subspace of H. But more is true.

Theorem 18.10. For I, J C M(K) closed ideals the following assertions hold:
a) H(I) is a closed T-bi-invariant subspace of H.
b) IfINJ = {0}, then I ® J is a closed ideal and

H(I®J)=HI) ®H({J)
is an orthogonal decomposition.

Proof. a) This follows from (18.6). Note that p7yy = px7+y and pr+xy, = piy7y for
allx, ye H.

b) By (18.5) and Lemma B.20, ||u + v| = | +v|(K) = |p| (K) + |v|(K) =
|l + |lv|| for i € I and v € J. Hence, the canonical projection

Pr:l+J—1, nL4+vepu

is bounded. Since I and J are closed, they are complete; therefore, / +J is complete,
hence closed.

To see that / + J is an ideal, suppose that © € I, v € J and p € M(K) with
p < i+ v. Then there are ¢/, v/ € M(K) with ¢’ « pandv < vand p =
uw + v eI+ J (Exercise 10).

In order to prove orthogonality, let x € H(I) and y € H(J). Then, by (18.6),
Mxy € I and p,, = 1, € J since an ideal is conjugation-invariant. By hypothesis,
Mxy = 0, which implies that x L y, by Lemma 18.9.c.

Finally, we show that H(I & J) = H(I) & H(J). Only the inclusion “C” needs
to be shown. Let u € H(I + J), i.e., u, = u + v for some measures u € [ and
v € [. Since u, > 0, taking the modulus yields u, = |n +v| = |u| + |v| and
hence p = || > O0and v = |v| > 0.

Now, since @, = @ + v, both i and v are absolutely continuous with respect to
M. By Lemma 18.9 there are x, y € Z(u) with pt, = p and uy, = v. Take f, g €
12(p,) withx = f(T)u and y = g(T)u. Then pux = | f|* jt, and Hy = lg|* s, and
hence

o =1+ v = o+ fy = | £t + 181 pa = (I + 1817 -

This yields | f|* + |g|* = 1 w,-almost everywhere. But p, L My, Whence | f] -
lg] = 0 and then | f| + |g| = 1. Define x' := |f|(T)u and ¥’ := |g| (T)u. Then
e = | f1* = px = p € I, sox’ € H(I). Similarly, y' € H(J), and altogether we
obtainu = 1(Mu = (|.f| + |g)(Mu = x' +y € H(I) + H(J), as desired. ]
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Let us pass to a special case. For an arbitrary measure v € M4 (K) define
Hv):={xe€H : puy < v} (18.7)

Then, as explained above, H(v) = H(I), where I = L'(v) is the smallest closed
ideal containing v. In particular, Theorem 18.10 applies and yields that H(v) is a
closed T-bi-invariant subspace of H.

Corollary 18.11. For n, v € M4 (K) with u L v we have the orthogonal
decomposition

H(uw+v)=H(uw) & Hv).

The Maximal Spectral Type

In the next step, we construct one single measure on K = ¢(7) containing as much
information about the normal operator 7 as possible. From now on our standing
assumption is that the underlying Hilbert space is separable.

Theorem 18.12. Let T € £ (H) be a normal operator on a separable Hilbert space
H with associated family of measures (jiyy)xyen on K = o(T). Then there is,
up to equivalence, a unique positive measure [imax € M (K) with the following
properties:

1) py < fmax for everyy € H.

2) If0 < 0 K Wmax, then there isy € H with p, = p.
Proof. Uniqueness: Suppose that (max and u . satisfy 1) and 2). By 2), there is
x € H with 1y = max and 1) yields that fimax <K i BY Symmetry fimax ~ fha

as claimed.
Existence: Since H is separable we can write

H =z
n=1

for some orthogonal sequence (x,),en in H. (If dim(H) < oo, then only finitely
many x, are nonzero.) Define

o0
and  max = Mx-
Z 1+ ||xn||)2”

Then 2) follows from Lemma 18.9.a. In order to prove 1), fix y € H and let y, be
the orthogonal projection of y onto Z(x,). Then
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m
Sy = E Yy —y innorm
J=1

and hence pt;,, — py in M(K) as m — oo (Theorem 18.2.c). If i # j, then y; L y;
and hence u,, ,, = 0, by Lemma 18.9.b. By sesquilinearity it follows that

M, = Z Hy;-
Jj=1

As py, K iy, foreach j € N (Lemma 18.9.a), also
Ms,, = Z Hyj < Z HX] K Uy = Mmax
j=1 j=1

for each m € N, and hence jt, < ftmax, by Lemma B.20. O

The uniquely determined equivalence class [[imax] Of the measure py.x from
Theorem 18.12 is called the maximal spectral type of 7.

Proposition 18.13. Let H be a separable Hilbert space, and let T be a normal
operator on H with maximal spectral type [jimax]. Then

supp(fmax) = o(T).

Proof. The inclusion supp(uy) € o(7) is clear. Take x € H with (t, = fimax and
A € C\ supp(iy). Then f := (A1 —z)7! € L™®(u,), and since pty, <K fiy, We
obtain f € L*™(u,) with ||f||LO<,(My) < If lleo(u,) for every y € H. Hence, the
multiplication by f in each of the components in the decomposition (18.3) is a
bounded operator, with uniformly bounded norms. This yields an inverse of AT — T,
soA € ao(T). O

Remarks 18.14. 1) Theorem 18.12 about the maximal spectral type [Lmax 1S
just a part of a more sophisticated result. Indeed, one can find a (possibly
finite) sequence (x,),en With

Py 3> My S>> g, > -+

and such that

H= éZ(xn)
n=1

is an orthogonal decomposition. Each measure ft,, is uniquely determined
up to equivalence, and [ity,] = [imax] is the maximal spectral type.
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Even more is true: There is a decreasing sequence (B),),cn of Borel sets and
a sequence (y,),en of vectors of H such that

Z(xn) = Z(yn)’ i-e-, My, ~ My, and My, = 1B,,Mmax-

This leads to the definition of the multiplicity function,

M:K—NoU{ool, M=) 1g,

neN

and to a more precise description of properties of 7. The maximal spectral
type and the multiplicity function together provide a complete set of
invariants for unitary equivalence of normal operators. Therefore, they play
a central role in the spectral analysis of dynamical systems. Below, in
Section 18.4 we shall present some basic results of that theory. The previous
decomposition and the corresponding results are sometimes referred to as the
Hahn-Hellinger theorem. For more details, see Nadkarni (1998b, Ch. 1).

2) A normal operator T € Z(H) is said to have simple spectrum if the
multiplicity function satisfies M = 1 almost everywhere with respect to
Mmax- TWo operators with simple spectrum are unitarily equivalent if and only
if their maximal spectral types are equal. For a characterization of simple
spectrum we refer to Exercise 9.

3) The separability assumption about H cannot be easily dispensed with as the
following example shows. Consider H = ¢*(T) and the unitary operator
T € £(H) defined by Tf(z) := zf(z). It is easy to see that each Dirac
measure 8y, A € T, arises as 1y for some f € H.
On the other hand, no & € M(T) can have the property that §;, < pu for
each A € T. Hence, our definition of maximal spectral type is of no use
here. (There are, however, definitions of the spectral type and the multiplicity
function that work for the nonseparable case, see Halmos (1998) and Brown
(1974).)

By the definition of the maximal spectral type, we have H(iumax) = H. Hence,
according to Corollary 18.11, any mutually singular decomposition of jty,x provides
an orthogonal decomposition of the space H into T-bi-invariant closed subspaces.
We shall look at a particular example in the following section.

18.3 Discrete Measures and Eigenvalues

In this section we study eigenvalues and eigenvectors through the spectral theorem
and identify the Jacobs—de Leeuw—Glicksberg decomposition (Chapter 16) of a
normal contraction as a spectral decomposition (Corollary 18.19 and Remark 18.21
below).
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Eigenvalues and Eigenvectors

As always in this chapter, let T be a bounded normal operator on a Hilbert space H
with associated family (jty )y yen of complex measures on K = o(T). The following
result characterizes eigenvalues and eigenspaces of 7 via the functional calculus.

Proposition 18.15. In the situation just described, let x € H and A € C.
a) The following assertions are equivalent:
(i) Tx = Ax.
(i) f(T)x = f(A)x forall f € BM(K).
(iii) pry = (x|y)8x forally € H.
(iv) e = x| 8.
b) The operator Py := 14,(T) is the orthogonal projection onto ker(Al — T).
c) The following assertions are equivalent:
(i) pedA} > 0.
(i) [|Pax] > 0.
(iii) (x]|y) # O for somey € ker(AIl — T).
(iv) Z(x) Nker(AI—T) # {0}.
I_’y}l’oof a) Suppose that Tx = Ax. Then 7"x = A”x and hence, by normality, 7*"x =
A xforeachn € N (Lemma D.25). It follows by approximation that f(T)x = f(A)x
forall f € C(K). Next, by the standard argument (using Theorem E. 1), this identity

remains true for all f € BM(K). On the other hand, if f(T)x = f(4)x for all
f € C(K), then

[fdux,y=(f<T)x|y)=f<A> (x]y) = (xly)/fdé’x
K K

for all f € C(K) and hence p,, = (x|y)8,. Finally, suppose that 1, = [l 5.
Then, forall y € H,

|(x = Tx | y)[* < |AL=T)x|” y|* = /K A —z| 8x(dz) x| Ily]|* = 0.

It follows that Ax — Tx = 0 as desired.

b) Clearly, P, is a self-adjoint, hence orthogonal, projection (see Theorem D.21).
From (A —z)13;(2) = 0 it follows that (AI-T)P, = 0. Hence, ran(P;) < ker(AI—
T). On the other hand, if Tx = Ax, then Px = 1;;(A)x = x, by a).

¢) The equivalence (i) < (ii) follows from (18.4) with A = {A}; and the equivalence
(i1) < (iii) holds since (x| y) = (x| Pyy) = (Pyx|y) forall y € ker(AI — 7).
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For the implication (ii) = (iv) note that P, x € Z(x), and for (iv) = (iii) that the
space ker(Al — T) is T-bi-invariant. O
As a consequence of Proposition 18.15 we obtain that (in the notation of the
previous section)

H(S;) = ker(AL—T)

is the eigenspace of T associated with A € C.

Corollary 18.16. For a normal operator T on a Hilbert space H and A € C the
following assertions are equivalent:

i) A eop(T).
(i) H(5)) # 0.
(iil) u{A} > 0 for some x € H.

In the case when H is separable, (1)—(iii) are equivalent to

(iv) UmaxiA} > 0.

Discrete and Continuous Measures

Recall from Appendix B.10 that a complex Borel measure p on K is called
continuous if p{a} = 0 for every ¢ € K, and discrete if there are sequences
(An)nen in C and (ay),en in K such that

= Auba,.

neN

By Proposition B.27, the sets M (K) and My(K) of, respectively, continuous and
discrete measures on K are closed ideals of M(K) satisfying

M(K) = Mu(K) & M(K). (18.8)
Hence, given a normal operator 7 on a Hilbert space H with the family (ity)xyen
of measures on K 2 o(T), the decomposition (18.8) induces an orthogonal decom-
position
H=H;® H.

into the closed T-bi-invariant subspaces

Hy .= {x € H : uyis discrete}

and H.:= {x € H : p, is continuous}.
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Proposition 18.17. For a normal operator T € £ (H) we have
Hy = E{x € H : xis an eigenvector ofT}.

Proof. 1f x € H is an eigenvector of T with eigenvalue A € C, then ju, = ||x||* 83,
and hence x € Hy. Conversely, suppose that x € Hy, i.e., u, is discrete. Then
Mx(A®) = 0 for a countable set A C K. By (18.4) and by Theorem 18.5.c it follows
that x = Pyx = ZAGA Pj.x. Since P x € ker(Al — T), the proof is complete. O

An immediate consequence of Proposition 18.17 is an alternative description of
the two parts in the JALG-decomposition.

Corollary 18.18. For a unitary operator T on a Hilbert space H, the JdLG-
decomposition and the discrete-continuous decomposition coincide, i.e.

Hiey = Hy and H,ys = H..
Proof. Since the JdALG-decomposition is orthogonal (see Example 16.25), the

assertion follows from Proposition 18.17 and the description of the subspace H.y in
Theorem 16.33. O

One can refine the previous decomposition in the following way. For a Borel
subset A C K let

Mg (K) := { € Ma(K) : || (A°) = 0}.
Then My 4 (K) is an ideal of M(K) and
Ma(K) = Mg a(K) & My 4¢(K)

is a mutually singular decomposition. By Theorem 18.10 this induces an orthogonal
decomposition

Hq = Hyq a ® Hy pc
into T-bi-invariant subspaces, where, of course,
Hd,A = {x e H : My € Md,A(K)}.

In the case that T is a normal contraction and A = T, we recover the Jacobs—de
Leeuw—Glicksberg decomposition of 7.
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Corollary 18.19. Let T be a normal contraction on a Hilbert space H. Then

Hyey = Hyq1 and  Hyys = Hyre ® He.

Wiener’s Lemma

Let u € M(T) be a positive measure, let H := 1?(T, ) and let the operator T €
Z(H) be defined by (Tu)(z) := zu(z) forz € T and u € H. Then T is a unitary
operator on H. The Stone—Weierstral theorem implies that 2(T)u = hu for all h €
C(T). Hence, for f, g € Hand h € C(T)

/Thdﬂf,g = (D) f|g)=(hfl|g) =/Thf§du-
It follows that for f, g € H

Wrg = fEN.

In particular, i, = |u|* p foru € H, and f € 12(u,) if and only if fu € H; and in
this case, f(T)u = fu. So the functional calculus is simply a multiplier calculus,
cf. Exercise 4. In particular, the spectral projection P, onto ker(Al — T') is given by
the multiplication operator by 1¢;;.

It follows also that . = 1, and since H = Z(1), [4] = [{tmax] is the maximal
spectral type of T.

As an application, we can derive a classical result of Wiener characterizing
continuous measures on T in terms of their Fourier coefficients.

Proposition 18.20 (Wiener’s Lemma). Let v € M(T) be a complex measure.
Then

Jim —Z|v(n)| = il = 2N+1 Z MOl

A€T

Proof. Note that the second equality follows directly from the first one. Abbreviate

= |v| and let T be, as above, the operator of multiplication by z on H = L?(u).
Then, by Corollary B.23, v = hu for some 2 € BM(T) with |h| = 1 p-almost
everywhere. Consequently,

PP = | /T o] =| /T @ (@) = (| TP

On the other hand, (h|P)1) = (K(T)1|Py1) = [ h-1gydu = v{A} and hence
|(h| P;31)[* = [v{A}*. So the first equality follows from Proposition 16.37. O
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Remark 18.21. One can prove Wiener’s lemma directly, see Exercise 15. Based
on it, one can give an alternative proof for the Jacobs—de Leeuw—Glicksberg
decomposition of H for a normal contraction 7' First, split

H = Hy & Hre

with Hr = {x € H : (T = 0} and Hre = {x € H : u(T) = 0}. On Hre,
T" — 0 strongly (Exercise 14), and on Hr, T is unitary. Next, we split

Hr = HyT @ H. T,

then Hq1 = H,ey is the reversible part, generated by the eigenvectors to unimodular
eigenvalues. On the space H. T one has % 27:_5 [(TVx|y)|> — 0, by Wiener’s lemma.
So, indeed, ‘

rev

1n—l .
Hi ={veH: ;Z;|(T/x|y)|2—>0forallyeH} = Hays.
=

Details are left as Exercise 16.

18.4 Dynamical Systems

We now apply the previously developed theory to measure-preserving systems
(X; ¢). In order to employ the spectral theorem, we shall consider only invertible
systems here. This is, however, not a strong restriction, as we can always pass
to the invertible extension, see Section 13.5. (Passing to the invertible extension
of a system (X;¢) is essentially equivalent with passing to the minimal unitary
dilation of its Koopman operator, compare the construction on page 269 with
Example D.30.)

For statements that involve the maximal spectral type, it will be convenient to
suppose further that the occurring probability space X is such that the space 12 (X)
is separable. This is the case if and only if (X; ¢) is—up to isomorphism—a standard
system (Definition 6.8).

1. Systems with Discrete Spectrum

Recall that a measure-preserving system (X; ¢) is said to have discrete spectrum if
its Koopman operator 7 on L?(X) has discrete spectrum, which by definition means
that 12(X) is generated by the eigenvectors of 7. We can now make sense of this
terminology.
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Corollary 18.22. A unitary operator T on a Hilbert space H has discrete spectrum
if and only if each ., x € H, is a discrete measure. In particular, if H is separable,
then T has discrete spectrum if and only if [imax i a discrete measure.

Proof. Since all eigenvalues of a unitary operator are unimodular, 7" has discrete
spectrum if and only if H = Hy (cf. Proposition 18.17). O

Discrete measures are possibly infinite sums of point measures. Therefore,
instead of “discrete spectrum” also the term pure point spectrum is used, especially
in the older literature.

2. Mixing Properties

Let (X; ) be an invertible measure-preserving system with Koopman operator T
on [2(X). Since T leaves the constant functions fixed, it is only interesting what
happens on the orthogonal complement 1+. Therefore, spectral properties of a
measure-preserving system are usually defined in terms of the restriction 7Ty of T
to 1+. If [2(X) is separable, we may speak of its maximal spectral type, denoted by
[to] and called the (restricted) maximal spectral type of the measure-preserving
system.

Corollary 18.23. An invertible standard system (X; @) is ergodic if and only if its
maximal spectral type o] satisfies po{l} = 0.

Proof. By Proposition 18.15, {1} = 0if and only if dim fix(7p) = 0, which holds
if and only if dim fix(7") = 1, equivalent to ergodicity by Proposition 7.15. O

Next, let us turn to weakly mixing systems.

Proposition 18.24. Let T be a unitary operator on a separable Hilbert space H
with maximal spectral type [[imax]. Then T is almost weakly stable if and only if
Umax IS a continuous measure.

Proof. This follows from Corollary 18.18. Alternatively, avoiding the JALG-theory,
one can argue as follows:

By definition, fi,,(—n) = (T"x|y) forall x, y € H and n € N. Since iy is
continuous if and only if ., is continuous for every x, y € H, the claim follows
from Wiener’s lemma (Proposition 18.20), cf. also Remark 18.21. O

Proposition 18.24 together with Theorem 9.19 leads to the following result.

Corollary 18.25 (Weak Mixing). An invertible standard system (X; @) is weakly
mixing if and only if |1 is a continuous measure.

In order to describe strong mixing in spectral terms we need the following
notion. A Borel measure u© € M(T) is called a Rajchman measure if its Fourier
coefficients [i(n) converge to O for |n| — oo. The Haar measure m on T (and any
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complex measure absolutely continuous with respect to m) is a Rajchman measure,
this is the Riemann-Lebesgue lemma. We refer to Lyons (1995) for a survey on
Rajchman measures.

Lemma 18.26. The set of Rajchman measures
Mg(T) := {p, € M(T) : u is a Rajchman measure}

is a closed ideal of M(T).

Proof. 1t is straightforward to prove that Mg (T) is a closed subspace of M(T). Fix
® € MRr(T) and 2 € BM(T) with |h| = 1 and w = & |p|. Since the mapping

L'(uh = MEK).  fr fu= fhlul

is isometric, the space

Fi={f el'(u) : fieMp(T)}

is a closed subspace of L' (||). Since for k € Z

Fu) = pn—k) (el

and p € Mg(T), F contains the trigonometric polynomials, hence C(T), and hence
is equal to all of L' (||). It follows that L' (|u|) € Mg(T). O

From Lemma 18.26 we obtain a spectral characterization of the weak stability of
a normal contraction.

Proposition 18.27. Let T be a unitary operator on a separable Hilbert space H
with maximal spectral type [max]. Then T" — 0 in the weak operator topology if
and only if [imax IS a Rajchman measure.

Proof. Since, by Theorems 18.2.d and 18.12, j1,, < pmax for every x, y € H, the
assertion follows from Lemma 18.26. O

Proposition 18.27 together with Theorem 9.6 leads to the following result.

Corollary 18.28 (Strong Mixing). An invertible standard system (X; @) is strongly
mixing if and only if its maximal spectral type [[Lo] consists of Rajchman measures.

A unitary operator T on a separable Hilbert space H is said to have Lebesgue
spectrum if its maximal spectral type is [[4max] = [m], where m is the Haar measure
on T (the normalized Lebesgue measure). An invertible standard system is said to
have Lebesgue spectrum if the restriction T of its Koopman operator T to 11 has
Lebesgue spectrum.
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Proposition 18.29. An invertible standard system with Lebesgue spectrum is
strongly mixing.

The proof is left as Exercise 19.

Without proof, we conclude this section with the following beautiful result of
Host (1991), see also Nadkarni (1998b, Ch. 10), and cf. Remark 9.32. We say that
an invertible standard system has singular spectrum if its maximal spectral type
and the Haar measure on T are mutually singular.

Theorem 18.30 (Host). A strongly mixing, invertible standard system (X; @) with
singular spectrum is strongly mixing of all orders, that is, for each k € N and for
each Ay, ..., A—1 € X

1
w(Ag N @A N N @1 A) — l_[,u(A,-) as ny — 00, nj — nj_j — 00
i=0

forj=2,...,k— 1. In particular,

k—1
- *n *(k—T)n _ '
lim plAoNe™AN...Ng Ai—1) = <|_0| w(A;)

forevery Ay, ..., Ar—1 € X and k € N.

3. Countable Lebesgue Spectrum and Bernoulli Shifts

We say that a unitary operator 7" on a Hilbert space H has countable Lebesgue
spectrum if

H= éZ(xn)
n=1

with u,, = m, the Haar measure on T. In other words, jtmax = m and the multi-
plicity function is constant co. We say that an invertible standard system (X; ¢) has
countable Lebesgue spectrum if the restriction 7y of its Koopman operator 7T to
1+ has countable Lebesgue spectrum.

The following result is a direct consequence of the spectral theorem as discussed
in Sections 18.1 and 18.2.

Proposition 18.31. Any two unitary operators with countable Lebesgue spectrum
are unitarily equivalent.

We can characterize unitary operators with countable Lebesgue spectrum as
follows.
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Proposition 18.32. For a unitary operator T on a separable Hilbert space H the
following assertions are equivalent:

(1) T has countable Lebesgue spectrum.

(ii) There is an orthonormal system (x,)nen in H such that for each n € N the
sequence (T*x,) ez, is an orthonormal basis of Z(x,) and

H=z(x).
n=1

(iii) There is an infinite dimensional closed subspace Hy C H such that Hy L
T*H, for all k € Z and

H= @ T*H,.

kEZ

Proof. (i) < (ii): For a given x € H, the sequence (T¥x);cz is an orthonormal basis
of Z(x) if and only if

/T 27 () = (Thx |Tx) = 8 = /T ddm@)  forallj, k € Z;

and this is equivalent to ©, = m since a measure on T is uniquely determined by its
Fourier coefficients.

(ii) < (iii): Given an orthonormal sequence (x,),ecn as in (ii), then Hy := E{xn :
n € N} satisfies (iii). Conversely, if an infinite dimensional closed subspace Hj is
given as in (iii), any orthonormal basis (x;,),en of Hy will satisfy (ii). O

Corollary 18.33. A nontrivial two-sided Bernoulli shift B(po, . . . , px—1) has count-
able Lebesgue spectrum. As a consequence, all such Bernoulli shifts are spectrally
isomorphic.

(Recall from Section 17.2 that two measure-preserving systems are spectrally
isomorphic if their Koopman operators on the >-spaces are unitarily equivalent.)

Proof. Consider a Bernoulli shift B(py,...,pi—1) = (X;1), i.e., X = (#, X, 1)
with the corresponding Bernoulli measure i on the product o-algebra X' and 7 the
two-sided shift. Let F, denote the subspace of H := 12(#;, X, i) consisting of
functions that depend only on the coordinates x; of x € %} with j < n and let T
be the Koopman operator of the Bernoulli shift. Then F,, € F,4,, TF, = F, 4, for
each n € Z. Since cylinder sets form a (N-stable) generator of X', we have

H:EUF,,.

nez
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Let H, be the orthogonal complement of F), in F,,4;. Then H, and H,, are orthogonal
for m # n, and TH, = H,y, and hence T"Hy, = H, for each n € Z. As a
consequence

H=H, =P T1"H.

nez nez

Moreover, as easily seen, dim Hy = oo, hence by Proposition 18.32 the system has
countable Lebesgue spectrum. O

Corollary 18.33 implies that different Bernoulli shifts cannot be distinguished
by purely spectral information. It had been an open problem for quite some time
whether (nontrivial, invertible) Bernoulli shifts are all isomorphic. Only when
Kolmogorov (1958) introduced the fundamental concept of entropy could this
problem be solved in the negative. (Komogorov’s definition was later adjusted by
Sinai (1959), whence the now common name Kolmogorov-Sinai entropy.)

We shall not give the definition of entropy here, but content ourselves with
stating that it is an isomorphism invariant and that the entropy of the Bernoulli shift

B(po, - .., pr—1) (invertible or noninvertible) can be computed as
k—1
H(po.....pi-1) = — Y _pjlog,(p;)
Jj=0

(with the convention 0 - log, (0) := 0). Isomorphic Bernoulli shifts must possess the
same entropy and, by a famous theorem of Ornstein (1970a), the converse is also
true.

Theorem 18.34 (Ornstein). Two two-sided Bernoulli shifts over standard proba-
bility state spaces are isomorphic if and only if they have the same entropy.

For instance, the two-sided Bernoulli ShlftS B(E’ 3 g, g, §) and B( i
isomorphic, while B(2, 5) and B(4, I 4, ) are not.

The previous theorem applies also to two-sided shifts with infinite entropy (this
is only possible if the state space is infinite), see Ornstein (1970b). However, it
fails for the class of all Bernoulli shifts, as a one-sided and a two-sided Bernoulli
shift with the same probability vector (po, ..., pr—1) are not isomorphic but have
the same entropy. Moreover, and not that obviously, it also fails for the class of
one-sided Bernoulh shifts since, for example, the one-sided shifts B(E, 3 g, %, %
and B( T 4, 4, 4) are not isomorphic. In fact, two one-sided Bernoulli shifts
B(po, . ..,px—1) and B(qo, . .., qm—1) are isomorphic if and only if &k = m and the
probability vectors (po, . . ., px—1) and (qo, - . . , gm—1) are permutations of each other,
see Walters (1973).

Finally, we remark that entropy is not a complete isomorphism invariant for
invertible ergodic standard systems: Each ergodic group rotation (G, m;a) with
G being a metrizable compact group has zero entropy (see, e.g., Walters (1982,

Thm. 4.25)).

43 4’ 4) are
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We recommend Walters’ standard book (1982) for a quick introduction to the
theory of entropy, and Katok (2007) for a survey on the history as well as the
most recent developments. The articles Palm (1976b) and Palm (1976a) contain an
abstract, lattice theoretic approach to entropy. For more results on entropy, one can
consult the books Billingsley (1965), Parry (1969a), Ornstein (1974), Sinai (1976),
England and Martin (1981), Cornfeld et al. (1982), Petersen (1989), Downarowicz
(2011).

4. Kolmogorov Automorphisms

Let (X;¢) be an invertible standard system, X = (X, X, ). The mapping ¢ is
called a Kolmogorov automorphism (K-automorphism for short) if there is a
sub-o-algebra X’ of X' with the following properties:

() X' CoeX,
[e.e]

(pnzl) — E,
=0

n=

(ii) the generated o-algebra a(

o0
(i) ()¢ = {0.X},
n=0
where the equality of sets is understood in the measure algebra, i.e., almost
everywhere. The system (X; ¢) is then called a K-system.

It is Exercise 23 to show that a two-sided Bernoulli shift is a K-system (see
e.g., Walters (1982, Thm. 4.30)). By a result of Ornstein (1971) not every K-
system is isomorphic to a Bernoulli shift. This implies that entropy alone is
not a complete isomorphism invariant for the class of K-systems. This becomes
particularly interesting in view of the next result (for a proof we refer to Rokhlin
(1967, §14) or Walters (1982, Thm. 4.33)).

Theorem 18.35 (Rokhlin). Each nontrivial K-system (X;¢) has countable
Lebesgue spectrum, and in particular, is strongly mixing and spectrally isomorphic
to each nontrivial two-sided Bernoulli shift.

5. Skew Rotation

Consider the skew rotation (T2, m; v/,) from Example 5.15 and let T be its Koopman
operator on H := [?>(T?) which is unitary. We determine its maximal spectral type.
The Kronecker factor (restricted to I?) of the skew rotation is Kro = H,ey = 12 (T)
(see Section 17.4.4), and the Koopman operator has discrete spectrum (pure point
spectrum) thereon. More precisely

Kro =lin{e; ® 1 : j € Z},

where ¢j(z) = 7, j € Z. Hence, the almost weakly stable part is
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Huws =lin{e; ® e @ j, k € Z, k # 0}.
If we denote by y +— @i"] y the cocycle of the skew rotation, cf. Remark 2.21, we

can find by an induction argument that

n(n—1)

olly =47 x"y forallx, ye T,neN.

Hence, forj, j/, k, k' € Z we obtain

(ef ®ex

T'(e;®er)) = /T L& (®ew (ej(a"x)er(Pry) dxdy (18.9)

(n—=1)
_ e_j(an)a(a n ”2

) [ ar [ ammma

e n(n—1) g ’_
=g T k / ¥ nkd)C' / yk kdy
T T

This implies that (¢; ® ex | T"(ey ® er’)) = 0 if and only if k # k' orif k = k’ and
J —j—nk # 0. In particular, it follows that fork € Z\ {0} andj = 0, ..., |k| — 1 the
cyclic subspaces Z(e; ® e;) are pairwise orthogonal, and that the sequence (7" (¢; ®
ex))nez is an orthonormal basis in Z(e; ® ey).

We now claim that

|k|—1

ans: @ @Z(ej®ek)-

ke€Z\{0} j=0

Indeed, suppose that f is orthogonal to the right-hand side, and consider its Fourier
expansion

f = Z ajy ey R ey.
j K e
For k € Z \ {0} and m € 7 arbitrary take n € Z,j € {0,...,|k|] — 1} with

m — j — nk = 0. Then we can write

0= (f | T"(ej X ek)) = Z aj’k' (e]/ X ey

J K€L

T"(¢; ® ek))

 nn—1)
= Zaj/k (ej/ ® ey | T”(ej ® ek)) = a_nj—n Tk

jez

Ak -

So that a,; = 0 forevery m € Z and k € Z \ {0}, implying f € Kro.
These considerations together with Proposition 18.32 yield the following result.
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Proposition 18.36. The Koopman operator T on 12(T?) of the skew rotation
(T?, m; V) has countable Lebesgue spectrum when restricted to the almost weakly
stable part Eyys.

6. Automorphisms on Groups

Let G be a compact metric Abelian group, and let ¢ : G — G be a continuous' group
automorphism. The Haar measure m is invariant with respect to ¢ (Exercise 24),
thus (G, m; @) is a measure-preserving system. Our aim is to prove that if (G, m; ¢)
is ergodic, then (G, m;¢) has countable Lebesgue spectrum and, hence, that it is
strongly mixing.

Obviously, the Koopman operator T := T, on L*(G, m) of ¢ maps characters to
characters, and restricts to an automorphism of the dual group G*.

Proposition 18.37 (Halmos, Rokhlin). The measure-preserving system (G, m; @)
is ergodic if and only if the group automorphism T = T, : G* — G* has no
periodic points other than the trivial character 1. As a consequence, every ergodic
automorphism (G, m; @) is totally ergodic.

Proof. Suppose that the system (G, m; ¢) is ergodic. Let y € G* be such that 7" y =
x for some n € N being minimal with this property. Then we have (77y |x) = 0 for
j=1,...,n—1by minimality of » since different characters are orthogonal. For

fr=x+Tr+-+T""y
we have Tf = f and hence, by ergodicity, / = c1. This implies, provided y # 1,

c=(fI1)=0 and [c>=(f|f)=n>0,

which is impossible.
For the proof of the converse implication let f € I?(G, m) be with Tf = f. By
looking at its Fourier expansion we obtain for eachn € N

Z al'y=Tf=f= Z ayx.

XEG* YEG*

If the characters y, T*! Xo-nes T*" X ... are all different, then we conclude ar», =
a, for each n € Z. In this case we must have a, = 0. Therefore, if a, # 0, then
there is n € N with 7"y = y. But then y = 1 by assumption, i.e., f is constant.

! A Borel measurable automorphism ¢ : G — G is automatically continuous, see Exercise 15.16,
or Banach (1932, Ch. 1, Thm. 4), Hewitt and Ross (1979, Thm. 22.18).
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The last assertion follows from the fact that 7, has nontrivial periodic points if
and only if T« does (for some/all k € N). O

The following result was found independently by Halmos and Rokhlin. For a
proof, which is purely group theoretic, we refer to Halmos (1956, p. 54).

Lemma 18.38. Let A be a nontrivial Abelian group and let ¢ be an automorphism
of A. Suppose that the orbits of ¢ different from {1} are all infinite. Then ¢ has
infinitely many orbits.

We can now prove the result promised at the beginning.

Theorem 18.39. Let G be a nontrivial compact metrizable Abelian group and let
¢ : G = G be a continuous automorphism of G. If (G, m; @) is ergodic, then it has
countable Lebesgue spectrum. In particular, it is strongly mixing.

Proof. Let y € G* be a nontrivial character. Then 7"y # y by Proposition 18.37
and hence (T"y|y) = O for every n € N. This yields that (7" x),ez is an
orthonormal basis in the cyclic subspace Z(). Since the Koopman operator T
is an automorphism of the dual group G* and the orbits are all infinite by
Proposition 18.37, Lemma 18.38 yields that 7 has infinitely many orbits, and by
assumption actually countably many. Therefore, we can take a sequence (yx)ken in
G* such that

G* = U{Tn)(k L ne Z}
keN

with the sets on the right-hand side being disjoint. We therefore obtain

(G.m) = P Z(x),

keN
and an application of Proposition 18.32 concludes the proof. O

As a consequence, if ¢ is an ergodic automorphism of the d-dimensional
torus T, then the measure-preserving system (T¢, m;¢) is spectrally isomorphic
to a Bernoulli shift. In (1971) Katznelson proved that such systems are (point)
isomorphic to Bernoulli shifts.

After several other particular cases had been established, Lind (1977) and,
independently Miles and Thomas (1978a, 1978b) found the following beautiful
result.

Theorem 18.40 (Lind—Miles—-Thomas). Let G be a compact metrizable Abelian
group and let ¢ : G — G be a continuous automorphism of G. If the system
(G, m; ) is ergodic, then it is (point) isomorphic to a Bernoulli shift.
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7. The Isomorphism Problem

The first explicit formulation of the isomorphism problem goes back to von
Neumann (1932c), where he wrote on page 593:
Daf} die Koopmansche Methode wirklich alle Wahrscheinlichkeitsfragen der klassischen

Mechanik erfal8t, wire belegt, wenn wir wiifiten, daf} alle isomorphieinvarianten Eigen-
schaften auch unitér invariant sind.

In free translation and in our terminology this reads as:

That the method of Koopman indeed answers all probabilistic questions of classical
mechanics would be established if we knew that all (point) isomorphism invariants are also
invariants for spectral isomorphism.

Yet in other words: Is it true that spectrally isomorphic systems are isomorphic?

A few years later this question was answered in the negative by Halmos and von
Neumann himself, as sketched in Section 11 of the survey article by Halmos (1949).
But no detailed paper of them was published on this matter, and their solution
became obscured. Rédei and Werndl have traced back the sources and found a
letter of von Neumann to Ulam from 1941 describing the same counterexample.
We refer to Rédei and Werndl (2012) where the full story is told and where also
von Neumann’s letter can be found along with some historical information on the
isomorphism problem and its later developments.The example of von Neumann and
Halmos is in Exercise 26. In what follows, we present the solution of Anzai (1951)
that can be based on arguments similar to the ones for the skew rotation above.

For given m € N consider the measure-preserving system (T2, mp; ¥,.,.)
given by

Vam(x,y) = (ax,x"y),

where a € T is not a root of unity. Recall from Exercise 17.9 that this system is
strictly ergodic and its Kronecker factor is the rotation factor (T, m; a)

Kro =lin{e;® 1 : j € Z}.
Now, by analogous calculations as in Section 18.4.5 above, one can establish the

following.

Proposition 18.41. a) The Koopman operator T := Ty,, (on 1*(T?)) of the
system (T2, mq2; Yum) has countable Lebesgue spectrum when restricted to
the almost weakly stable part.

b) These systems are spectrally isomorphic for all m € N.

The proof is left as Exercise 25. Combining this with the next result yields
nonisomorphic but spectrally isomorphic systems.
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Theorem 18.42 (Anzai). Let a € T be not a root of unity, and let k, m € N.

a) The point isomorphisms between the systems (T? mp;V,,) and
(T?, mq2; Yar) are precisely the transformations

0:T> =T, 6(x,y) = (bx.§)y")

for some b € T, n € {—1, 1} and a measurable transformation § : T — T
satisfying

E(ax)E(x) = (bx)*x™™  for almost every x € T. (18.10)

b) For k # m the systems (T2, mp; Y,,,) and (T?, mp2; Va) are not isomor-
phic.

Proof. a) If n, b, & satisfy (18.10), then 6(x,y) := (bx,&(x)y") defines an
isomorphism between the two systems (see Exercise 27).

For the converse, denote by L, and 7, ,, the Koopman operators of the left rotation
(T, m;a) and (T?, mq2; ¥,,,), respectively. Suppose that 6 : (T2, mq2: Yam) —
(T?, mp2; ¥,y) is a point isomorphism with O(x,y) = (0;(x,y).6(x,y)). By
comparing the coordinates we conclude

01 (ax, x"y) = aby(x,y) and 6 (ax,x"y) = 0,(x,y)*6:(x.y).
The first of these equalities implies that 6, is an eigenfunction of 7,,, to the
eigenvalue a € T. Since the coordinate function (x, y) — x is such an eigenfunction,
we obtain 6,(x,y) = bx for some b € T (see Proposition 7.18). From this we
conclude

0 (ax, x™y) = b*x*0(x,y) for almostall x, y € T. (18.11)

By expanding 6, in its Fourier series we obtain

HZZan®env

nez

where e, (y) = y" for each n € Z and ( f;,) ez is the sequence in L?(T) given by

1,0 = [ 0070 .
A short computation based on (18.11) then yields

fulax) = b5 f,(x)  for almost all x € T. (18.12)
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This implies |L, f,| = | f.|, and by ergodicity we obtain that | f,,| is constant for each
n € Z. Suppose i, j € Z are such that f; # 0, f; # 0, and define

i—j fZ(x) 7]()5)
| /i@ | fix)|

gx,y) ==y

Then |g| = 1 and g is a fixed vector of T,,,, which is nonconstant if i # j. So by
ergodicity we must have i = j, i.e., there is precisely one n € Z such that f, # 0,
and with £ := f,, we have

0,(x,y) = £(x)y" andhence 6(x,y) = (bx, E(x)y").

Since such a mapping 6 is only invertible if n = +1, and since by (18.12) £ satisfies
the identity (18.10), the assertion is proved.

b) It is Exercise 27 to show that there are no n, b, £ satisfying (18.10)if k # m. O

We remark that part a) of the previous theorem is true for more general skew
product systems where the transformation is given by

T? - T2, (x,y) — (ax,c(x)y) (c:T — T measurable).

The proof is essentially the same as the one above, see Anzai (1951).

Exercises

1. LetT, A, K and (fiy,).yen be as in Theorem 18.2. Prove that the mapping
Hx H — M(K), (2, ) = ey

is sesquilinear and satisfies jt, , = iy,.

2. LetT, A, K and ({4xy)+yer be as in Theorem 18.2. Prove that
|1xy| (B) < pue(B)'/? p1y(B)'/? for all B € Bo(K).

(Hint: Use Theorem 18.2.d.)

3. Let T be a normal operator on a Hilbert space H with associated family of
measures (fyy)x, yerr. Show that

y1lZx) <— ., =0.
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4 (Borel Functional Calculus, Multiplier Form). Let X = (X, X, ) be a
measure space and let m : X — C be a bounded measurable function. Let further
H:=1*>(X)and T = M,, € Z(H) be the multiplication by m, i.e., Tf = mf for
all f € H.

a) Show that T is normal.
b) Showthato(T) ={A € C : u[m € B(A,¢e)] > 0forall e > 0}.

¢) Show that for f € BM(o(T)) the function f o m is defined p-almost
everywhere, and f(T) = M o, is multiplication by f o m. (Hint: Consider
first f € C(o(T)) and then use the same technique as in the proof of
Theorem 18.5.b.)

d) Show that for f, g € H the measure ji,, is the push-forward measure of
(f2) i under the mapping m.

Finally, use the multiplier form of the spectral theorem (Theorem 18.4) to give
an alternative construction of the Borel functional calculus for a general bounded
normal operator on a Hilbert space.

5 (Spectral Measures). Let T be a bounded normal operator on a Hilbert space H.
Given a Borel set B € Bo(o(7)) we define E(B) := 15(T). The function E : B
E(B) is called the spectral measure of the operator T (see page 373). Show that it
has the following properties:

a) Each operator E(B), B € Bo(c(T)), is an orthogonal projection.
b) E(o(T)) =1and E(¥) = 0.

c¢) For a pairwise disjoint sequence (B,),en in Bo(a(7)),

E(U B.) =Y E®.

where the sum converges in the strong operator topology.
d) For B,C € Bo(o(T)) one has E(BN C) = E(B)E(C).

e) An operator S € .Z(H) commutes with 7 and T* if and only if it commutes
with the spectral measure, i.e., E(B)S = SE(B) for all B € Bo(o(7)).

f) Forx, y € H we have
(Tx|y)=f d(E@xly).
o(T)

g) If B € Bo(o(T)) with B° # @ (relative interior in 6(7’)), then E(B) # 0.

6 (Spectral Family via Positive Definite Functions). In this exercise we show how
the spectral theorem can be based on the Bochner—Herglotz theorem.
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Let T be a unitary operator on a Hilbert space H. Prove the following assertions
directly (i.e., not using the spectral theorem itself):

a) Foreach x € H the sequence ((T"x | x)),ez is positive definite.

b) Foreach x € H there is a Borel measure i, € M(T) such that

(T'x|x) = /Tz"d,ux(z) (n € 7).

(Hint: Use the Bochner—Herglotz theorem.)

c) Foreachx, y € H there is a Borel measure ., € M(T) such that

(T'x|y) = /T P A, @ (e D).

(Hint: Use polarization.)
7. Prove the following assertions:
a) A power-bounded normal operator is a contraction.
b) A normal operator 7 on a Hilbert space is unitary if and only if 6(7) C T.

¢) A Hilbert space contraction with discrete (unimodular) spectrum is unitary.
8. Prove von Neumann’s mean ergodic theorem based on the spectral theorem.
9 (Simple Spectrum).

a) Prove that for a normal operator T € .Z(H) on a separable Hilbert space H
the following assertions are equivalent:

(i) T has simple spectrum.
(ii) There is a cyclic vector x, i.e., with Z(x) = H.
(iii) Foreveryx, y € H one has Z(x) L Z(y) if and only if p, L p,.

b) Prove that the Koopman operator T on I?(T) of an irrational rotation
(T, m; a) has simple (discrete) spectrum.

10. LetK C C,let u, v, p € M4 (K) with L v and p < u + v. Show that there
are unique measures i/, v/ with ’ <« p, v <K vandp=pu +v'.

11. Let K € Cand i, v € My (K) with & L v. Show that
L'(w) +L'(w) = L' (1 +v)

as subsets of M(K). (Hint: Exercise 10 and the Radon—Nikodym theorem.)

12. Let T be a contraction on a Hilbert space H, and consider its Szokefalvi-Nagy—
Foias decomposition into unitary and completely nonunitary parts (see Section D.7)
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H = Hyyi © Hepu.

Since T acts unitarily on Hyj, we can decompose H,, as in Section 18.3 into
discrete and continuous parts Hy,j = Hgq @ H.. Show that

Hyey = Hy and  Huys = He @ Heny,
where H = H,.y @ H,ys is the Jacobs—de Leeuw—Glicksberg decomposition of H
with respect to 7.
13. Let H be a separable Hilbert space, and let T € .2 (H) be a normal operator

with maximal spectral type [{tmax]. Decompose

Mmax = Hd + He

into a discrete and a continuous part. Show that Hy = H(q) and H. = H ().
14. Let T be a norma_l contraction on a Hilbert space H, with associated measure
family (ptyy)xyen onD = {z € C : |z| < 1}. Show that

lim |77 = ().

n—>o00
Show further that

ITx| = [lx] <= w(T)=0 <= x€Hui

(where H,y; is the unitary part, see Appendix D.7). Conclude that for a normal
contraction T the decomposition

H={xeH: |Tx| = |x|}® {x€H : T"x - 0}
coincides with the Székefalvi-Nagy—Foiag decomposition of H into the unitary and

the completely nonunitary part.

15. Give a direct proof of Wiener’s lemma using only Fubini’s theorem and
dominated convergence.

16. Give a proof of the Jacobs—de Leeuw—Glicksberg decomposition for normal
contractions 7 on a Hilbert space H by using the spectral theorem, i.e., prove the
following assertions:

a) The space H decomposes orthogonally as H = H| & H,, where
Hy = lin{x : Tx = Ax for some A € T},

and Hy, H, are T-invariant subspaces and T restricted to H, is unitary and
has relatively compact orbits.



402 18 The Spectral Theorem and Dynamical Systems

b) x € Hy if and only if

N
: 1 n 2
nggoﬁ E_l|(Tx|)’)| =0

forally € H.

17. Prove that a measure-preserving system (X; ¢) is totally ergodic if and only if
it is ergodic and its Koopman operator has no eigenvalue (except 1) that is a root of
unity. (Hint: Suppose first the system to be invertible and use the spectral theorem.)

18. Prove that a measure u € M(T) is a Rajchman measure if and only if fi(n) — 0
as n — oo if and only if fi(—n) — 0 as n — oo.

19. Prove that a unitary operator on a separable Hilbert space with Lebesgue
spectrum is weakly stable. As a consequence, prove that an invertible standard
system with Lebesgue spectrum is strongly mixing.

20 (Simple Lebesgue Spectrum). Let 7 be a unitary operator on a Hilbert space
H. We say that T has simple Lebesgue spectrum if there is a cyclic vector x € H
(i.e., Z(x) = H) and for the maximal spectral type we have [(tmax] = [m], where
m is the Haar measure on T. Prove that T has simple Lebesgue spectrum if and
only if there is y € H such that (7"y),cz is an orthonormal basis in H. (The still
unsolved question whether an ergodic system exists with simple Lebesgue spectrum
is attributed to Banach? and hence is sometimes referred to as Banach’s problem.)

21. Prove that for every o > 0, there is a two-sided Bernoulli shift B(py, . .., px—1)
with entropy exactly «. (Hint: Use the formula on page 391 for the entropy of a
Bernoulli shift.)

22. Prove the following assertions:

a) Every two-sided Bernoulli shift B(po,...,pi—1) is, for each m € N,
isomorphic to the m™" iterate of some Bernoulli shift.

b) Every two-sided Bernoulli shift B(po,...,pi—1) is the product of two
nontrivial Bernoulli shifts.

c) Every two-sided Bernoulli shift B(po, . . ., px—1) is isomorphic to its inverse.

(Hint: Use the formula given on page 391 for the entropy of a Bernoulli shift
B(po. - .., pr—1), that entropy is an isomorphism invariant, Exercises 21, 12.15 and
Ornstein’s theorem.)

23 (Bernoulli Shifts are K-Systems). Let Y = (Y, Xy, v) be a standard proba-
bility space and consider the two-sided Bernoulli shift (X; 7) with state space Y,

2As a matter of fact, Banach asked this for transformations preserving the Lebesgue measure on
R, see S. M. Ulam, Problems in Modern Mathematics. Science Editions John Wiley & Sons, Inc.,
New York, 1964 - page 76.



Exercises 403

ie, X = (X, X, n), X = [[,e;, Y with the product measure ux = ),V
on the product o-algebra ¥ := &), , Xy and 7 the left shift (see Section 5.1).
Prove that (X; 7) is a K-system. (Hint: Denote by 7y : X — Y the 0™ coordinate
projection and let £’ := o J,ey, 7 {15 'A © A € Zy}, ie., the o-algebra of
sets “depending” only on coordinates n > 0. Verify that X’ has the properties
as required for a K-system. For that purpose show that for a given A € X the
set D := {B € ¥ : uw(ANB) = pu(A)u(B)} is a Dynkin system, and if
A€(Nen, T "2, thenA € D))

24 (Automorphisms on Groups). Let G be a compact group with Haar measure
m, and let ¢ be a continuous group automorphism. Prove that (G, m;¢) is an
invertible measure-preserving system. (Hint: Uniqueness of the Haar measure.)

25. Prove Proposition 18.41. (Hint: Use arguments as in Section 18.4.)

26 (Example of Halmos and von Neumann). Consider the skew rotation system
(T2, mp2: ¥,) (i-e., Yo (x,y) = (ax, xy)) with a not a root of unity, and the product
system (T, m; a) ®B(%, %), where B(%, %) is the two-sided Bernoulli shift. Prove that
the two systems are spectrally isomorphic. (The proof that they are not isomorphic
can be found, e.g., in Halmos (1956, pp. 57-60).)

27. Letk, m € N, and let a € T be not a root of unity.

a) Letn € {—~1,1}, b € T, and § : T — T be measurable satisfying
(18.10). Prove that 6(x,y) = (bx, £(x)y") defines an isomorphism between
the systems (T2, mp2; ¥,.,,) and (T2, mp2; Yax).

b) Prove that for k, m € N, k < m, the systems above are not isomorphic.
(Hint: Assume the two systems to be isomorphic under 6 given by 6(x,y) =
(bx,£(x)y"). Then the system (T2, mpe;v,,—) and the group rotation
(T?, my; (a, b*)) must be isomorphic, a contradiction to Proposition 18.41.)






Chapter 19
Topological Dynamics and Colorings

La couleur est mon obsession quotidienne, ma joie et mon tourment.’
Claude Monet?

In this chapter we explain the connection between coloring results from com-
binatorics and topological dynamical systems, an aspect that was discovered by
Furstenberg and Weiss. Since their seminal paper (Furstenberg and Weiss 1978b)
anew area has emerged that has been an active field of research ever since.

A basic result is the classical theorem of van der Waerden (1927) about arithmetic
progressions. An arithmetic progression of length k € N is a set A of natural
numbers of the form

A= {a,a+n,a+2n,...,a+(k—l)n}:{a+jn : O§j<k}

for some a, n € N. The number a is called the starting point and n the difference
of this arithmetic progression. An arithmetic progression of length k is also
called a k-term arithmetic progression. A subset A C N is called AP-rich if it
contains arbitrarily long (finite) arithmetic progressions, or which is the same, it
contains k-term arithmetic progressions for every k € N.

Theorem 19.1 (Van der Waerden). If one colors the natural numbers with finitely
many colors, then there is a monochromatic AP-rich set. In other words: If N =
AL UA, U ... UA, for some r € N, then there exists jy € {1,...,r} such that for
every k € N there are a, n € N such that

a,a+n,a+2n,....a+ (k—1n € Aj.

IColor is my day-long obsession, joy and torment.

2Encyclopédie Larousse: Claude Monet.
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One aspect of combinatorial number theory deals with similar questions: If we color
the natural numbers with finitely many colors arbitrarily, is there a monochromatic
part in which a specific structure can be found?

We shall actually prove van der Waerden’s theorem in two ways, and in
strengthened versions at that. As a preparation we investigate the Stone—Cech
compactification BS of a discrete semigroup S, and on our way we shall encounter
Hindman’s theorem about colorings of N. We first prove van der Waerden’s theorem
by using the right-topological semigroup BN and deduce then a generalization of
Birkhoft’s recurrence theorem from it. But that is not the whole story: We prove
this latter generalization, the Furstenberg—Weiss multiple recurrence theorem, by
a direct and elementary topological argument, and deduce from it combinatorial
statements, such as the Gallai—-Witt theorem. Thus closing the circle, we present
an introduction to the fascinating interplay between topological dynamics and
combinatorial number theory.

19.1 The Stone—Cech Compactification

First we take a small detour to explore the C*-algebra
£°(8) := {x : xis a bounded function from S to C}

in some detail, where S is a nonempty set. On S we shall consider the discrete
topology. The operations are defined pointwise, and the norm is given by

[x]loo = sup |x(s)] .
SES

Denote by BS the Gelfand representation space of £°°(S), and recall from Section 4.4
that BS is the set of nonzero multiplicative linear functionals on £°°(S). The space
BS carries the weak™ topology of (£2°(S))’ restricted to BS, and by Gelfand’s theory
one has the isomorphism

£2(5) ~ C(BS). x> (pr>pl).

In BS there are the point-evaluations §; for all s € S. If we identify s with §;, we can
consider S as a subset of BS. Notice also that by Theorem 7.23 every p € fS is a
positive functional.

Proposition 19.2. The mapping
t:S—>BS, s> €pPS

is a homeomorphism onto its range, when S is endowed with the discrete topology.
Furthermore, the range 1(S) is dense.
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Proof. The mapping ¢ is trivially injective, and it is continuous since S is discrete.
Let so € S and ¢ > 0 be given. For s € S define x(s) := ¢ if s # 50 and set
x(s9) = 0. Then x € £°°(S), and |x(s) — x(s0)| < ¢ holds if and only if s = s, i.e.,
when §; = §,. This proves that ¢ is a homeomorphism.

Assume that ((S) is not dense in BS, and take p € BS, x1,...,x, € £°(S),e > 0
with

> Ixi(s) = p) P = D 18:(x) — plx))|* = &7 forall s €S.

j=1 j=1
Since p is positive, we conclude
n

e = 3 (I —pep11?) = 3 p( (5 = pCs) DG —pC5)D) )
j=1

j=1
= zn:p<xj —P(Xj)l) 'P(xj —P(Xj)l) = 0.
j=1

But this is a contradiction, so that ¢(S) is dense in BS. O

The next proposition summarizes properties of elements of $S. By means of
the previous proposition we may identify S with a dense subspace of BS when
convenient.

Proposition 19.3. Let x : S — C be a bounded (continuous) function. Then there
is a unique continuous extension x : pS — C.

Proof. For p € BS define

x(p) == p(x).

Continuity of X follows since PBS has the restriction of the weak™ topology
o (£°(S), £°(9)). O

We obtain the following corollary.

Proposition 19.4. Let K be a compact space, and let x : S — K be a (continuous)
function. Then there is a unique continuous extension X : S — K, i.e., a unique
continuous function X such that the diagram below commutes.

Proof. Let f € C(K) be arbitrary. By Proposition 19.3 we can uniquely extend
f oxto acontinuous function ( f o xJ: BS — C. The mapping

C(K) = CBS). [ (foxy
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is a C*-algebra homomorphism, so by Theorem 4.13 there is a continuous mapping
X:BS — Kwith f ox = (f ox) forall f € C(K). Therefore, f oX(s) = f ox(s)
for s € S. By Urysohn’s Lemma 4.2 we have x(s) = X(s), i.e., X is an extension of x.
Uniqueness follows from denseness of S in BS, see Proposition 19.2. O

It can be easily seen that, up to homeomorphism, BS is the unique compact
topological space with the property in the previous proposition, see Exercise 1. The
space PS is called the Stone—Cech compactification of the discrete space S.

Given a function x : S — K and p € BS, we introduce the notation

lim x(s) := X(p),
s—p

where X is furnished by the proposition above. We call lim,_,, x(s) the p-limit of x.

Proposition 19.5. Let K, L be compact spaces, let x : S — K be a function, and let
f : K — L be continuous. Then for every p € BS we have

f(limx(s)) = lim f(x(s)).
s—>p s—>p

Proof. Letx : pS — C be the unique extension of x yielded by Proposition 19.4.
For s € S we have f oX(s) = (f ox)7(s). By continuity of f oX and by uniqueness
of the extension we obtain f oXx = (f ox)". O

The terminology “p-limit” is underlined by the proposition below showing
that nontrivial elements of BN extend the usual notion of the limit of convergent
sequences. We first need a lemma.

Lemma 19.6. a) Letp € BSand A C S. Then p(14) € {0, 1}.
b) Ifp € BS\ S, then p(14) = O for every finite set A C S.
©) IfS=A UAyU---UA,, then there is jo € {1,...,r} with p(1;,) = 1.

Proof. a) We have 14 = 1,414, so by multiplicativity of p we obtain

p(1a)” = p(A)p(1a) = p(1als) = p(Ly).
which implies the assertion.

b) Let p € BS \ S, and notice first that p is also a positive functional (see
Theorem 7.23). By additivity of p it suffices to prove that for ¢ € S one has
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p(1ysy) = 0. If this is not so, by part a) we have p(1y,;) = 1, and by additivity
p(1s\(q3) = 0. For a positive function x € £°°(S) we have

x(a) = p(x(a)lgy) = p(x) = p(x(@)lay) + [[x[lcor(Ls\(a}) = x(a).
This shows that p = §,, contradicting the choice of p.

¢) Since p is a positive functional, 1 = p(1) < p(14,) + p(14,) + -+ + p(14,).
By part a) p(14,) € {0, 1}, hence the assertion follows. O

Proposition 19.7. a) Ifx € £L*°(N) is a convergent sequence, then for every
pEePN\N

lim x, = p(x).
n—>o0

b) Let K be a compact space and let x = (x,),en be a convergent sequence in
K. Then for every p € PN\ N

lim x, = p(x).
n—>oo

Proof. a) Denote by « the limit of x = (x,),en and let ¢ > 0 be fixed. Take np € N
such that

|x, —a| <& foralln € N with n > ny,

and let A := {1,...,no}. Then by Lemma 19.6 we have p(14) = 0, so p(14c) = 1.
By the algebraic properties of p we obtain

P —af =p(x—e1P) = p(ix — a1 1) < p(el) = &.

Since ¢ > 0 was arbitrary, the claim is proved.

b) Let f € C(K) be arbitrary. Then by part a), by Proposition 19.5, and by continuity
of f we obtain

1 (tim ) = fim 7 = lim, f ) = £ (Jim ).

Urysohn’s lemma finishes the proof. O

19.2 The Semigroup Structure on S

We now suppose that S is a semigroup and extend the semigroup structure from S
to BS. Denote by L, the left rotation on £°°(S) by an element r € S, i.e.,
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(L,x) (s) = x(rs).

(In case of § = N we speak of translation (L,,x)(n) = x(m + n).) Now, given an
element p € BS and a function x € £°°(S), the function

r—p(Lx)eC

is bounded. So for two elements p, g € BS we can define their convolution by

(p*xq)(x):= p(r > q(L,x)) = lim (lim x(rs)).

r—>p \s—>q

The next proposition summarizes the algebraic properties of this operation.

Proposition 19.8. a) Fors, t € S we have
8S k 8[ = 851.

b) Forp, q € BS we have p x g € BS.
c) Forp, q, u € BS we have

(p*q)*u=p=*(q*u),
i.e., * is associative, hence (BS, ) is a semigroup.

Proof: a) Letx € £°°(S) and let s, ¢t € S. Then
85 x 8,(x) = 85(r > 8,(Lyx)) = 8;(r > x(rt)) = x(st) = 85(x).

b) Since p, ¢ € PS and for every r € S the mappings L, are C*-algebra homo-
morphisms (preserving 1), so is p * ¢, hence an element of BS.

c¢) Take p, g, u € pS and x € £°°(S). Then we have

(% q)*ulx) = lim <limx(st)) — lim <lim <limx(rst)))

s—>pxg \t—>u r—>p \ s—>q\t—>u
= lim( lim x(rs)) =p*x(q*u)(x). O
r—>p \s—>q*u

Since the mapping s > d; is injective, we may identify s with §;. So by virtue of a)
we can consider S as a subsemigroup of pS.

The next proposition describes continuity properties of the convolution. Recall
again that the topology on BS is the weak™® topology of £%°(S)’ restricted to BS.
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Proposition 19.9. a) Foreach p € BS the right multiplication by p

qr=>qg*p
is continuous on PS.

b) Foreach s € S the left multiplication by s
g s*q

is continuous on PS.

c) BSis compact right-topological semigroup with S a dense subsemigroup.

Proof. a)Lete > 0, let x € £°°(S), and let ¢ € BS. For ¢’ € BS we have

lg % p(x) —q' * p)| = |(g—q)(r = p(Lwx))| <&,

if ¢ is such that |(¢ — ¢')(y)| < & for y(r) := p(L,x).
b) Let g € BS, let ¢ > 0, let x € £°°(S), and let s € S be fixed. Then

|s * q(x) — s % q/(x)| = i(q — q/)(LXx)| <e,

whenever ¢’ € BS is in an appropriate weak™*-neighborhood of g.

c¢) The assertion follows from Theorem 19.2 and part a). O

Exercise 2 shows that the left multiplication by an arbitrary element is not
always continuous, so fS is not commutative in general. In particular, PN is not
commutative. Nevertheless, from now on we shall use the symbol + for the
operation * in BN and in BS when S is commutative. Furthermore, we note that
even if S is a group the resulting compactification BS need not be so. In fact, it
may contain many idempotents, hence in general is not a group. For example, BZ
contains 22 idempotents, see Hindman and Strauss (1998, Ch. 6).

The following is an important property of p * g-limits.

Proposition 19.10. Ler K be a compact space, let x : S — K and let p, g € PS.
Then

lim x(r) = lim(limx(st)).
r—>p*q s—>p \I—>¢q

Proof. The statement for scalar-valued sequences is just the definition of the
convolution. For the general case one can employ the standard argument using
Urysohn’s lemma, already familiar from the proof of Proposition 19.7. O
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19.3 Topological Dynamics Revisited

We now return to topological dynamical systems where the semigroup N will yield
new insights. In what follows, we shall write p + ¢ instead of p * g even though this
operation is noncommutative.

Proposition 19.11. Ler (K; ¢) be a topological system. For x € K and p € BN we
define

P (x) := lim ¢" (x).
n—p
Then

&:={¢" : p e BN}

is a semigroup of transformations on K. The mapping @ : BN > p — ¢f € & is
a semigroup homomorphism, continuous when & is endowed with the topology of
pointwise convergence.

Proof. For p, q € BN we have by Propositions 19.10 and 19.5 that

¢"T9(x) = lim lim ¢"""(x) = lim go"(lirn (p”’(x)) = (pp(qu(x)).
n—p m—q

n—>p m—>q

This shows that & is a semigroup and @ is a homomorphism. To see continuity
take p € BN, x € K and U C K open with ¢”(x) € U. Choose f € C(K;R) with
0< f <lonKand f(¢”(x)) = 1,[ f > 0] € U. Then, by using Proposition 19.5,

f@?) = lim f(¢"(x)) forallg & pN.

Whence, f(¢?(x)) > 0, i.e., p?(x) € U, whenever ¢ is in an appropriate weak™
neighborhood of p. O

The semigroup & in the proposition above is called the enveloping semigroup
or Ellis semigroup of the topological system (K ¢). Here is another description.

Proposition 19.12. For a topological system (K; @) define
T = {qp" : neN}gKK,
where the closure is understood in the topology of pointwise convergence of the

compact space KX (see Tychonoff’s Theorem A.5). Then T = &, the enveloping
semigroup.
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Proof. For ¢ € .7 there is a net (ny), with ¢"« — 3 in KX, Since BN is compact,
(ny)o has a convergent subnet (ny) With limit p € PN. By continuity of p > ¢?
we have ¢ = . On the other hand, if p € BN, then there is a net (ny)e € N
converging to p. By compactness of .7 there a subnet (¢" ), with limit ¥ € 7.
By continuity of p +— ¢” we conclude { = ¢”. O

As a corollary we obtain the following.

Proposition 19.13. Let (K; ¢) be a topological system.
a) ForxekK

orb-o(x) = {¢”(x) : p € BN}.
b) If (L; @) is a subsystem, then L is invariant under ¥ for every p € BN.

Proof. a) Let .7 be as in Proposition 19.12. By compactness of .7 and by the
continuity of point evaluations on KX the equality 7x = {Yy(x) : ¥ € T} =
orb-.o(x) holds. Since & = .7 by Proposition 19.12, the assertion is proved.

b) follows from a). O

Given a topological system (K; ¢) two points x, y € K are called proximal (with
respect to the system) if there is a point z such that for every open neighborhood U
of z there is n € N with

9" (). ¢"(y) € U.

For metrizable spaces we have the following characterization.

Proposition 19.14. For a topological system (K; @), K metrizable with metric d,
and for x, y € K the following statements are equivalent:

(1) x, y € K are proximal.
(ii) Forevery e > 0 there is n € N with d(¢"(x), ¢"(y)) < €.

(iii) There is a subsequence (ny)ien in N such that
d(™(x), 9™ () - 0 ask — oco.

We leave the proof as Exercise 3. Being proximal is a symmetric and reflexive
relation on K as it is easy to see. By a result of Ellis it is an equivalence relation
if and only if the enveloping semigroup & contains exactly one minimal right ideal,
see Ellis (1960).

Proposition 19.15 (Idempotents and Proximal Points). Let (K; @) be a topolog-
ical system. For x, y € K the following assertions (1)—(iii) are equivalent:
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(1) The points x, y are proximal.
(ii) There is p € BN with

¢r ) = ¢" ().
(iii) There is an idempotent p € BN (i.e., p* = p) with
P'(x) = @"(y).

The next two assertions are equivalent and any one of them implies each of (1)—(iii):
(iv) There is an idempotent p € BN with ¢P (x) = y.
(v) Thereis p € PN with ¢ (x) = y and ¢”(y) = y.
If the system (K; @) is minimal, (1)—(v) are all equivalent.
Proof. (1) = (ii): Suppose x, y € K are proximal points, and let z € K be point as
in the definition of proximality. Then for every open neighborhood U of z we can
take the corresponding minimal ny € N with ¢"V(x), ¢"V(y) € U. By compactness

a subnet of (ny) converges to some p € BN (U ranging in a neighborhood basis),
and clearly ¢ (x) = z = ¢”(y).

(i1) = (iii): Define
S:={qeBN : ¢I(x) = ¢?(y)}.
By assumption S is nonempty, and it is compact by Proposition 19.11. Evidently S

is a subsemigroup of BN, hence by Ellis’ Theorem 16.3 contains an idempotent p.

(iii) = (i): Given p € BN with ¢”(x) = ¢”(y), let U be an arbitrary open neigh-
borhood of z := ¢”(x). Then by Proposition 19.11 there is n € N with
¢"(x), ¢"(y) € U.

(iv) = (v): Take an idempotent p € BN as in (iv). Then y = ¢”(x) = ¢”¢?(x) =
@' ().

(v) = (iv): Consider the set

S:={g € BN : ¢/(x) = yand ¢(y) = y},
which is nonempty by assumption (v). By continuity of p — ¢” it is closed, hence
compact. Since it is evidently a subsemigroup, it contains an idempotent p € BN.
The implication (v) = (ii) is trivial.
Suppose now that the system (K; ¢) is minimal.

(i) = (v): Let g € BN be such that ¢?(x) = ¢?(y). By minimality one has
orb-o(p?(x)) = K, so by Proposition 19.13 there is u € BN with ¢“¢i(y) =
@ pi(x) =y, i.e.,p:=u+ qis as asserted. O



19.3 Topological Dynamics Revisited 415

Theorem 19.16 (Auslander, Ellis). Let (K: ¢) be a topological system. For x € K
let L := orb-(x).

a) Then for any subsystem (M; @) of (L; @) there is y € M proximal to x.

b) There is a uniformly recurrent point proximal to x.

Proof. a) Define
S:= {p e BN : ¢ (x) € M},

which is nonempty by Proposition 19.13 and a closed subset of BN by the definition
of the topology of pointwise convergence and by the continuity of p — ¢”(x), see
Proposition 19.11. If z € M, then z = ¢?(x) for some ¢ € BN by Proposition 19.13,
but then ¢ € S. We conclude M = {¢”(x) : p € S}. For g € BN, p € S we have
@’ (x) € M, 949 (x) € M by Proposition 19.13.b, so that BN+ .S C S, in particular S
is a semigroup. By Theorem 16.3 it contains an idempotent u. By Proposition 19.15
y := ¢"(x) € M and x are proximal.

b) Take a minimal subsystem (M; ¢) of (L; ¢) (see Theorem 3.5). By Theorem 3.11
each point in M is uniformly recurrent. By part a) there is one proximal to x. O

A topological system is called distal if every point is proximal only to itself.

Examples 19.17. 1) An isometric system (or, which is the same by Exer-
cise 2.17, an equicontinuous system) is distal. This is Exercise 3 below.

2) Let (H; ) be a group extension of a distal system (K; ¢) along @ : K — G.
Then two points (x, g1), (v, g&2) € H can only be proximal in (H; ) if x = y.
For (x, g1), (x, g2) € H we have

Y (x,g1) = (¢"(x), PMgr) and  Y'(x,g2) = (9" (x). D).

where @,E"] is the cocycle of the group extension, see Remark 2.21.4. Suppose

that g; # g and let U be an open neighborhood of 1 € G such that U gl_1 N
Ugy! = 0.1f (y,h) € K x G is an arbitrary element, then V = K x hU is an
open neighborhood of (y, 7). If ¥"(x, g1) € V and ¥"(x, g2) € V, then

ol e Ugr' nUgy !,
which is impossible. Hence, (x, g;) and (x, g2) can be proximal only for g; =
g2. The system (H; v) is therefore distal.

3) A group rotation (G; a) is distal. Indeed, (G; a) is (isomorphic to) the group
extension of the trivial system ({0};id) (trivially distal) along @ : {0} — G
given by @(0) = a. So the preceding statement applies.

4) The skew shift ([0,1) x [0, 1); 1) is distal, but by Exercise 2.18 is not
equicontinuous (i.e., cannot be made isometric with a compatible metric).

5) A Heisenberg system (H [, 8, y]) is distal. This is Exercise 5.
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In view of the preceding list of examples it is interesting to note that Glasner (2006)
gives a characterization in terms of the enveloping semigroup of those minimal and
distal systems that are isometric (in a compatible metric), see also Glasner (2007b).

Proposition 19.18 (Ellis). A topological system (K; @) is distal if and only if its
enveloping semigroup & is a group.

Proof. Suppose that the enveloping semigroup is a group. Then the only idempotent
element in & is id : K — K, i.e., ¢ = id for every idempotent p € PBN. By
Proposition 19.15 a point can be only proximal to itself.

Suppose (K; ¢) is distal, and let y € & be an idempotent. For x € K sety :=
¥ (x), then by Proposition 19.15 y and x are proximal, hence they must be equal
by assumption. This shows that ¥ = id, i.e., the only idempotent in & is id. By
Lemma 16.4 there is a minimal idempotent in &, which is then the only idempotent
id. Lemma 16.1 shows that & = id & id is a group. O

As a consequence we obtain that a distal system is in fact invertible. Distal
systems have a simple “structure theorem” similarly to isometric systems, cf.
Corollary 3.7, see also Exercise 3.

Proposition 19.19. A distal topological system is a disjoint union of its minimal
subsystems.

Proof. By Theorem 19.16 every point x is proximal to a uniformly recurrent point z
in its orbit closure. By distality we must have x = z, hence every point is uniformly
recurrent. This proves the statement by Theorem 3.11 and Remark 3.2.4. O

Furstenberg in (1963) proved a more detailed structure theorem for distal
systems, see also Glasner (2003, Ch. 10).

19.4 Hindman’s Theorem

In this section we shall apply the foregoing results to one particular topological
system, namely the shift, and thereby arrive at a first result in combinatorial number
theory. The following proposition describes proximality in the shift system (see
Example 2.5).

Proposition 19.20. For given r € N consider the shift system (¥, ; T). Two points
x, y € Wt are proximal if and only if the set

{n e Ny : x(n) = y(n)}

is thick, i.e., contains arbitrarily long blocks of consecutive integers.
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Proof. By the definition of the topology on #,", for each compatible metric d
on #,7 and every N € N there is ¢ > 0 such that d(x,y) < ¢ if and only if
the first N letters of x and y coincide. This observation implies the assertion by
Proposition 19.14. O

Given an infinite sequence (n;)jen in N we define

FS(nj) := {Z n; : F C N finite and nonempty},

jeF

the set of nonempty finite sums of distinct members of the sequence. A finite
sequence (n1,...,n;) € N¥ we complete by zeros to an infinite one and interpret
FS(ny,...,n;) accordingly. A set I containing FS(n;) for some infinite sequence
(ni)ken in N is called an IP set.’

Remark 19.21. Some authors use the term IP set for sets that are of the form
FS(ny), see, e.g., Furstenberg (1981, Def. 2.3) and Bergelson (2010).

Clearly, N and 2N are IP sets, while N \ 2N is not, see also Exercise 8.

Theorem 19.22 (Hindman, Arithmetic Version). If N = A UA, U... UA, is
a partition, then there is jo € {1,...,r} such that Aj, is an IP set. More precisely,
there is a strictly increasing sequence (ni)ken in N such that FS(ny) is contained
in AjO'

Proof. LetN = A; UA, U---U A, be a partition. Consider the one-sided shift
topological system (%,"; 7) and define x € #," by x(0) := 1, and for n € N by

x(n):=j ifneA.

Then by Theorem 19.16 there is a uniformly recurrent point z proximal to x. Set
Jo := 2(0). We claim that A;, has the asserted properties. For the proof, recall that
z € #,* is uniformly recurrent if every finite block (word) that occurs in it, occurs
actually infinitely often with bounded gaps (i.e., syndetically, see Example 3.10.b).

By Proposition 19.20, x and z are proximal if and only if x and z coincide
on arbitrarily large blocks occurring at the same position in x and z. Since every finite
block of z appears in every sufficiently large segment of z, it follows that every
finite block of z appears infinitely often somewhere at the same position in x and
in z.

Consider the block b; = (jy) that occurs—by what is said above—in x and z at
position n; € N. Then x(n;) = z(n;) = z(0) = jo. Next consider the block b, of
the first n; + 1 letters of z. Also the block b, occurs in x and z at the same position
ny € N with n, > n;. We therefore have

3The terminology “TP” may refer to “Infinite Parallelepiped.” In fact, FS(n) = {n,ny,n; +
ny,n3,ny + n3,no + n3,n; + ny + n3, ...} resembles an infinite parallelepiped.
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2(0) = z(ny), z() =z + 1), ... z(ny) = z(ny + ny),
x(n2) = z(nz),  x(ma+ 1) =zma+1), ... x(ma+n)=2zm+mnm).
These yield

x(ny 4+ n2) = z(ny + na) = z(ny) = jo,

hence ny, ny, ny + ny € Aj;;. We continue this construction inductively. Suppose
np < ny < --- < ny have been found such that for any N € FS(ny, ..., ng) we have
Z(N) = jo. Then let by be the block of the first ny + ny + ---n + 1 letters of z to
be found at the same position, say at n;4; > ny both in x and z. This yields

z7(j) = z(ng+1 +j), forallj=0,...,n +ny +---ny,
z2(ng41 +Jj) = x(ngg1 +j) forallj=0,...,n +ny+---ny.

If N € FS(ny, ..., n), then x(N + njy1) = z(N + ng+1) = z(N), the latter being
equal to jo by assumption. Thus we obtain N + n;41 € Aj. Hence, by construction
we have FS(n;) C Aj,. |

We denote by .% := % (Ny) the set of finite nonempty subsets of Ny, and for a
given sequence (o )ren in % of pairwise disjoint sets we define

FU(w)j) := {U a; : F C N finite and nonempty} c 7.

jeF
We arrive at the following consequence of Hindman’s theorem.

Theorem 19.23 (Hindman, Set Theoretic Version). If.% = @ Uah U ... U <,
is a partition, then there is jo € {1, ... ,r} and a sequence ())jen in F of pairwise
disjoint finite sets such that FU(oj) € . The sequence (oj)jen can be chosen such
that max o; < mina;y1 forall j € N.

Proof. ldentify N with the set of nonzero, finite 0-1-sequences via the binary
expansion of n € N, and in turn identify this latter set with .%. That is, we consider
the bijection

1:.F >N, L(O()l—)ZZjZH.

JjE€a

The partition of .% therefore induces a partition N = ((A;)U...Ut(A,). Hindman’s
Theorem 19.22 yields a strictly increasing sequence (nx)reny With FS(n) € t(Aj)
for some jj € {1,...,r}. The proof will be finished if we find a subsequence (1) )ken
in FS(ny) such that .~ (n}) are pairwise disjoint for k € N and FS(n}) < FS(n).
Indeed, in that case o; := L_l(nj’.), J € N, have the asserted properties, because
Lo Uay) = t(ay) + tloy).

To construct the required sequence we first show that for every finite set A4~ C .F
and forevery K € N there is m € FS(n;) such that BNe~!(m) = @ forall B € .4 and



19.5 From Coloring to Recurrence Results 419

such that m is the sum of elements n; with j > K. This assertion is trivial if there are
only finitely many members of (n;)ren that intersect some element § of 4. So we
can suppose that this happens for infinitely many of the members. Let N be greater
than the maximum of any element of any € .4. Then for infinitely many members
of (n;)ren we have n; = constant modulo 2%, i.e., that « ! (n;) N {0, ..., N} = y for
some y. We add up 2" of such n; with k > K, the result m then belongs to FS(n;)
and has the asserted properties.

Letnow n| = ny, and suppose n}, ..., n; € FS(ni) have been defined. Let .4 :=
{L_l(n;) :j=1,...,k} andlet K € N be greater than the index j of elements n; that
occur in the sums giving n}, ..., n}. Take m € FS(ny) as above and set nj | := m.
By construction we have FS(n;) € FS(nx) and (1 )xen is as required. Note also that
the construction yields (¢;)jeny With the asserted additional property. O

A subset A C N is called an IP* set if it intersects every IP set. Trivially, N is
an IP* set. In some sense IP* sets are large (near infinity). In fact, an IP set may
contain arbitrarily growing gaps, so a set intersecting any such set must be indeed
“large near infinity.” By Exercise 14 an IP* set is syndetic (i.e., has bounded gaps).
If I* € Nis an IP* set, then N = [* U [* is a partition, hence by the arithmetic
version of Hindman’s theorem, I* is an IP set. See also Exercise 21.

Corollary 19.24. a) Letl CNbeanlIP setandletl = Ay UA, U---UA, be
a partition. Then there is jo € {1, ..., r} such that A;, is an IP set.

b) IfI* and J* are IP* sets, so is I* N J*.

Proof. a) Let (ny)ren be a sequence in N with FS(n;) € I.Forj = 1,...,r we define
o = {oc : an eAj}.
k€a

Then . = &) U --- U o7, and Hindman’s Theorem 19.23 yields (o )ren pairwise
disjoint with FU(ayx) C 7, for some jo. Then with my := t(cx) we have FS(my) €
Aj,i.e., Aj, is an IP set, where ¢ is as in the proof of Theorem 19.23.

b) Let I* and J* be IP* sets, and let I be an IP set. Then I = (I \ I*) U (I N I*) is
a partition, hence by part a) one of the sets contains an IP set, but since I* is an IP*
set, this cannot hold for 7 \ I*. Hence, there is an IP set J € I N I*, which is then
intersected by J*. This shows that I* N J* intersects any IP set /, i.e., I* N J* is an
IP* set. O

19.5 From Coloring to Recurrence Results

In this section we give a proof of van der Waerden’s theorem on arithmetic
progressions using directly the semigroup BN. Then we show how topological
recurrence results can be deduced from this theorem.



420 19 Topological Dynamics and Colorings

Theorem 19.25 (Van der Waerden). Let
N=A UAU...UA, forsomer e N.

Then there is jo € {1,...,r} such that Aj, contains arithmetic progressions of
arbitrary length, i.e., for all k € N there are a, n € N such that

a,a+n,a+2n,...,a+ (k—1)n€Aj.
We prepare the proof by defining the sets
I = {(a,a+n,a+2n,...,a+(k—l)n) ta €N, neN} CNxNx---xN
forall k € N. A set A C N contains a k-term arithmetic progression if and only if
LLNAXAX---xXA#Q.
In order to have compact spaces we consider the k-fold product
(BN)* = BN x BN x --- x BN,

which is a right-topological semigroup with the coordinatewise operation and the
product topology. The closure I; of I; is a compact set in (BN)*. Clearly, I; is a
subsemigroup, and if we take the semigroup

Sy = {(a,a+n,a+2n,...,a+(k—l)n) caeN, neNo} - (BN)k,

then [; becomes an ideal in Si. We next prove a general result about right-topological
semigroups.

Proposition 19.26. Let S be subsemigroup in a compact right-topological semi-
group H such that the left multiplications by elements from S are continuous, and
let I be a two-sided ideal in S. Then S is a compact right-topological subsemigroup
of H, and 1 is a two-sided ideal of S.

Proof. Compactness of S and the continuity of right multiplications is clear. To show
that S is a semigroup take x, y € S and W an open neighborhood of xy. By the
continuity of the right multiplication by y there is an open neighborhood V of x with
Vy € W. Take z € V N S. By the continuity of the left multiplication by z, there is
an open neighborhood U of y with zU € W. Forw € U N § we have wz € WN S.
This proves xy € S. The arguments to show that 7 is an ideal in S are similar. O

By this proposition Sy is a right-topological subsemigroup in (BN)¥, and I is a
two-sided ideal of Si. In the search for a k-term arithmetic progressionin A C N it
suffices to show that for the set
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A* = {p e BN : p(1y) = 1}
one has

LiNA* XA* x - x A* £ 0.
Indeed, the set A* is open since by Lemma 19.6 we have

A* = {p e BN : p(1,) # 0}.

Hence, the product set A* x A* x - -- x A* is open in (BN)X. So if it intersects I;, then
for some a, n € N one has
(@a+n,...,a+(k—1n) e A" xA" x---x A",

meaning that a,a+n,...,a+ (k—1neA.

We therefore try to find elements of 7.

Theorem 19.27. Let p € BN be contained in a minimal right ideal of BN. Then

®.p.....p) €I

Proof. Notice first that (p,p,....p) € S. Since by Proposition 19.26 I} is a two-
sided ideal, by Lemma 16.4 it is enough to show that (p,p,...,p) is contained in
a minimal right ideal. Let R be a minimal right ideal containing p, which exists
by assumption. Since the right ideal R x R X --- X R is not minimal in general,
we need the following considerations. Of course, (p,...,p) + S is a right ideal
in Sy, hence contains a minimal right ideal J. This right ideal is itself a compact
right-topological semigroup, so contains an idempotent element (g1, g2, - . . , gx) by
Ellis’ Theorem 16.3. By construction there is (uy, u2, ..., u;) € Sk with

p+u=gq fori=1,... k
Hence, from p € R we obtain ¢; € R since R is a right ideal. Thus ¢; + N € R
and by minimality of R even the equality ¢; + BN = R is true. For some elements
q; € BN one has g; + ¢! = p and then
qi+p = qi+4i+q; = g +q; = p.
To conclude the proof notice that

@.....0)=(q1....q)+ (.....p) €T+ S =1,

so (p,...,p) is contained in a minimal right ideal. O
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Proof of van der Waerden’s Theorem 19.25. Notice that it suffices to prove that for
every k € N there is a jo(k) € {1,...,r} with Aj 4 containing a k-term arithmetic
progression. Indeed, we have jo(k) = jo for some jo € {1,...,r} and for infinitely
many k € N. This j, will serve our purposes.

By Theorem 16.3 there is a minimal right ideal R in BN. Take p € R. From
Theorem 19.27 we obtain (p,p,...,p) € I;. By Lemma 19.6.c, p(ly,) = 1 for

some jo € {1,...,r},ie.,p € A;(‘). Whence it follows that
T * * *
L mAjo XAjo Ko XAjo 7 0,
proving that Aj; contains a k-term arithmetic progression. O

We show how to deduce recurrence results from combinatorial ones. Recall
Birkhoft’s recurrence theorem from Chapter 3: In any metric topological system
(K; @) there is point xo € K which is recurrent, meaning that ¢"(xy) — xo as
J — oo for a subsequence (;);en in N. We now search for a point xo which enjoys
even stronger recurrence properties, such as

(pnj(X()) — X0 and (pznj(x()) — X0 asj —> OQ.

We saw in Exercise 11 that any point x( that is recurrent for ¢ is also recurrent for
@ (actually for every ¢™, m € N). So there are subsequences (1;);en and (n]’.)jeN in
N such that

@" (x0) = xo and (pz”f/' (x0) — xo asj— oo.

But nothing prevents these subsequences from being disjoint. However, we shall
derive the existence of such an xo from van der Waerden’s theorem.

Theorem 19.28 (Furstenberg, Weiss). Let (K; @) be a topological system.

a) Let Uy,U,,..., U, C K be open subsets covering K. Then there is jy €
{1,...,r} such that for all k € N there is n € N with

U/o n (p_nto N (p_anjo n---nN (p_anjo 7’é 9.

b) If (K; @) is a minimal TDS, then for every @ # U C K open set and for every
k € N there is n € N such that

UNe™UNe 2'UN---Ne XU £ @.
Proof. a) Let x € K be arbitrary, and forj € {1,...,r} let

Aj:={neN: ¢"(x) € Uj}.
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Now, by van der Waerden’s Theorem 19.25, there is jo € {1,...,r} such that A;,
contains arbitrarily long arithmetic progressions. This means that for every k € Ny
thereis a, n € Nsuchthata, a +n, a+2n,...,a+kn € Aj , i.e.

¢'(x) € Uy N@™" Uy N9 "Ujy NN 9~ Uj,
hence the assertion follows.
b) In a minimal topological system we have
k=Jo V),
ieN

see Proposition 3.3. So one can apply part a) to a finite subcover (which exists by
compactness) to obtain the assertion (see also the proof of Lemma 19.32). O

Let (K; ¢) be a topological system with (K, d) a metric space, and let k € N.
A pointx € K is called simultaneously k-recurrent if there is a subsequence (1)) jen
in N such that

P(xX) > x, 9P (x) > x, ..., 0" (x) > x asj— oo.

Theorem 19.29 (Multiple Recurrence). Let (K; @) be a topological system with
(K,d) a metric space, and let k € N. Then there is a simultaneously k-recurrent
point x € K. If the system is minimal, then the set of k-recurrent points is residual.

Proof. By passing to a subsystem we may assume that (K;¢) is minimal, see
Theorem 3.5, so it suffices to show the second assertion only. Consider the set

G.:={x€K : d(¢"(x).x) < & forsomen € Nandforall i=1,... k},

which is evidently open in K. We now show that it is even dense. Let U C K be a
nonempty open set, then by compactness and minimality

K= U(p_j(U) for some r € N.

J=1

For a given ¢ > 0 let § > 0 be chosen, by the uniform continuity of the occurring
mappings, such that

d(v.2) <§ = d@().¢@)<e j=1,...r

Theorem 19.28.b applied to an arbitrary ball of radius §/2 yieldsn € Nandy € K
with d(¢™(y),y) <8,i=1,...,k. Theny € ¢ 7 (U) for some j, € {1,...,r}, and
hence x := ¢°(y) € UN Gs,.

The set G := ("), Gi/x is a dense G;s set by Baire’s Category Theorem A.11.
Every x € G is k-recurrent. O
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19.6 From Recurrence to Coloring Results

In this section we shall give a direct proof of the multiple recurrence theorem
of Furstenberg and Weiss (1978b), and deduce coloring results from it. The
surprisingly simple proof will yield some additional structural information about
the sequences (7;);en that occur in the multiple recurrence theorem.

Theorem 19.30 (Furstenberg, Weiss). Lef ¢1,...,¢r : K — K be commuting

homeomorphisms of the compact space K, and let Uy, U,,..., U, < K be open
subsets covering K. Then there is jo € {1,...,r} andn € N with
Ujy m§0l_nt0 m‘/)z_nto ﬂ"'ﬂqﬁk_ntO # 0. (19.1)

For an invertible topological system (K;¢) and ¢; := ¢',i = 1,...,k the above
reduces to Theorem 19.28. As a further generalization, we prove that the good n’s
can be taken from an arbitrarily chosen IP set.

Theorem 19.31. Let K be a compact space, let ¢y, ..., ¢ : K — K be commuting
homeomorphisms, and let I C N be an IP set. Take Uy, U,,..., U, C K open
subsets covering K. Then there is jo € {1,...,r} and n € I such that

Ui, N "Ujy Ny "Ujy N === N g Uy, # 0.

For the proof we need some preparations. Let . be a semigroup of continuous
self-mappings of the compact space K. We say that . acts minimally on K if
whenever a closed set F C K is invariant under every ¢ € ., then either F = @ or
F = K, cf. Section 3.1.

Lemma 19.32. Let K be a compact space, let ¥ be a commutative semigroup of
self-homeomorphisms of K acting minimally on K, let ¢y, ..., ¢ € . andlet] C N
be an IP set. Suppose that for every r € N, for every finite open covering K C
U UUyU---UU, thereis jo € {1,...,r} and n € I such that the intersection
in (19.1) is nonempty. Then for every @ # V C K open set we have

Ve "VNe,"VN---Ne"V#D forsomen el

Proof. Let® # V C K be an open set. Since K \ Uwey ¥~V # K is closed
and invariant under the action of .#, it must be empty by minimality of the action.
By compactness there are ¥y,..., ¥, € . such that K = U;=l 1//j_1V. By the
assumption there is jo € {1,...,r} and n € I with

This implies the assertion. O
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Lemma 19.33. Let K be a compact space, let ¥ be a commutative semigroup of
self-homeomorphisms of K. Then there is a nonempty closed set F C K invariant
under the action of . such that . acts minimally on F.

We leave the proof of this lemma as Exercise 19, cf. the proof of Theorem 3.5.
The idea of the following proof is taken from Leibman (1994) and Bergelson and
Leibman (1996).

Proof of Theorem 19.31. We may suppose without loss of generality that / = FS(z;)
for some strictly increasing sequence (#;);en in N. The proof is by induction on the
number of transformations k. For the case k = 0 the statement is trivial.

Suppose the assertion is proved for k € Nj transformations. Let ¢, ..., @r+1
be given, and let . be the group generated by these mappings. By Lemma 19.33
we may pass to a nonempty closed subset F € K invariant under the action of
. with the action being minimal. In the induction step (from k to k + 1), we
first find a sequence x1,...,X41 € K, ji,...,jr+1 € {l,...,r} and a sequence
no,ns,...,n-4+1 € I such that for every £, m € N with £ < m < r + 1 one has
ng+1 + -+ ny, € Iand

ng41+etny
i

(xn) €U, fori=1,....k+ 1.

(For £ = m in the exponent we have the empty sum, so that the condition is x,, €
U;,..) Now k is fixed and we define these sequences by recursion on m. Let x; € K
be arbitrary and let j; be minimal with the property x; € Uj,. Then suppose that all
the elements of these sequences have been chosen until index m > 1. By continuity
of the mappings appearing above there is an open set V with x,, € V and

QT )y c Uy, foralli=1,... . k+1land1 <€ <m.

(For m = 1 there is no restriction on V except x; € V, so we may take V = Uj,.)

We have ny,...,n, € FS(ty,...,ty) for some N € N, and we pass to the IP set
J := FS((t;,)i=n) € I (for m = 1 we have no restriction here, as n, is still to be
chosen). Fori =1, ..., k consider

Vi = Gigiis

and apply the induction hypothesis together with Lemma 19.32 to these mappings,
to V and to the IP set J. We thus obtain n,,,4+1 € J and y,,,+1 € V with

VT 1) = 0" ot Omgr) €V foralli = 1,... k.

If we set Xut1 1= @17 (Vm41), thenforall i = 1,... .k + 1

0" () €V

TR S i

and hence o ©;" " (xmy1) €U, forl <L <m.
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Letj,+1 € {1,...,r} be minimal with the property x,,+1 € U, . ,. The construction

m+1"°
of the sequences (for the fixed k) is completed successively. ’
Given these sequences, by the pigeonhole principle we find £, m € N with £ < m
such that j, = j,,. For jy := j, and for n := ny4 + - - - + n,, we have by construction
n €I and

Ol tm) = @i T ) e Uy, foralli= 1, k+ 1,
Le., Xm € Ujo N (pl_nto N </’2_nto n---N (pk_—(-llUj()' o

Remark 19.34. Let . be the semigroup generated by the transformations
@1, ..., ¢ Lemma 19.32 and Theorem 19.31 imply that if the action of .¥ is
minimal on K, then for every nonempty open set V we have

VO "VNe,"VN--Ne "V #0.
Even more, the set
A={neN:VNe"VNe,"VN---Ng "V # 0}

intersects an arbitrary IP set I nontrivially, i.e., it is an IP* set. By Exercise 14 an
IP* set is syndetic, so that we see that the set A of simultaneous return times for
@1, ..., ¢ has bounded gaps. Compare this with Birkhoft’s Theorem 3.14.

We conclude this chapter by showing how to obtain combinatorial results from
topological ones, thereby putting the last color (in this book) to the landscape
of topological dynamics and combinatorics. Rado (1943) attributes the following
multi-dimensional van der Waerden type result to Gallai. It was Witt who gave the
first published proof in (1952). Using the result of Furstenberg and Weiss a proof is
readily at hand.

Theorem 19.35 (Gallai, Witt). Let
N"=A;U...UA, forsomer € N.

Then there is jo € {1, ...,r} such that for any finite set F € N" there are n € N and
a € N" such that

a+nl CAj.

Proof. Of course, it is enough to prove the assertion for disjoint sets Ay, ..., A, and
finite configurations of the form

F = {(bl,bz,...,bm) . bjE {1,,/(}}

for some k € N.
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Consider the r-letter alphabet {1, ..., r} and the compact space L := {1, ..., r}*"
of all r-colorings of Z™. Define the function x € L by

j ifb=(by,...,by),b; > 0foralliand b € A; with j minimal,

x(b) :=
1 ifb=(by,...,b,)and b; < 0 for some i.

Let 7; be the two-sided shift in the i coordinate, i.e.,

r,-(x)(bl,...,b,-,...,bm) :x(bl,...,b,-—i— 1,,bm)

Fora € NJ, a = (ai,...,a,) we introduce the notation t := 7} 75> - - - 7. Let K
be the set of limit points of the sequences 7%(x) as min{ay, ..., a,} — oo. Itis easy
to see that K is closed (use a diagonal argument) and invariant under t; and ri_l, so
(K; 1;) is an invertible system foreach i = 1,...,m.

Forj e {1,...,r} define
Up={z:z€K, 20,0,...,0) = j}.

Theorem 19.31 applied to this open covering of K, to I := N and to the
homeomorphisms z°, b € F yields jo € {1,...,r},n € Nand z € K with

2(0,0,...,0) = z(byn,byn, ..., byn) = j, forallb e F.

By the definition of K we can take a = (ay, . .., a,) so large that t¢(x) € L coincides
with z € K on all points z € Z™ with |z;| < kn+ 1,i = 1,...,m. We therefore
obtain

x(ay,ay,...,ay) = x(a; + nby,ay + nbs, . .., a, + nby) = jo,
ie, (a1 +nbi,ay +nby, ... a, + nby) € Aj, forall b € F. |

We conclude this chapter by indicating how topological considerations may be used
to prove finitary combinatorial versions of coloring results.

Theorem 19.36 (Gallai, Witt, Finitary Version). Let r, m € N and let F € N”
be a finite nonempty set. Then there exists N = N(r,m, F) € N such that whenever

{1.2,....N}" =A;UA,U---UA,
is a partition, then there is jo € {1,...,r}, a € N", n € Nwitha + nF C Aj,.

Proof. Fix k € Nwith F C {1,...,k}". Let K := {1,...,r}"" be the space of all
r-colorings of N and define the mapping

A:K—N, A(x) :=min{n+|a| : n€N,a € N", xisconstant on a + nF},
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which is well defined by Theorem 19.35. Here we abbreviate |a| = |a;| + |az| +
-+« 4+ |a,|. We claim that A : K — N is continuous. Indeed, let n, a be such that x is
constant on a + nF and the minimum above is attained, i.e., A(x) = n+|a|. Ify € K
is any other mapping coinciding with x on a + nF, then clearly A(y) < A(x). Define

U :={y :y(b) = x(b) wheneverb € ' + n'F
for some n’ < nand a € N with || < |a|} € K.

Then U is an open neighborhood of x and for any y € U we have A(y) = A(x) by
the minimality of n + |a| for x. This proves the continuity of A.
Define
N := (k+ 1) sup{A(x) : x € K},

which is finite (and attained as maximum) by compactness and by the proven

continuity of A. By construction for every coloring x : N” — {1,...,r} there is
a, n such that x is constant on a + nF and a + nF C {1,2, ..., N}™, and this was to
be shown. O

Notes and Further Reading

Van der Waerden’s theorem solves a conjecture of Baudet* and was published in
van der Waerden (1927), see also van der Waerden (1971, 1998). Our proof in
Section 19.5 is from Todorcevic (1997, Ch. 2). The Stone—Cech compactification
can be constructed for every completely regular topological space X via the universal
property described in Proposition 19.4 and Exercise 1, see, e.g., Willard (2004,
Sec. 19). This compactification pX is the Gelfand representation space of the C*-
algebra Cy(X) of bounded and continuous functions on X. Our treatment of BS
follows this route, in contrast to the more standard way in topological dynamics
of utilizing ultrafilters. See Haase (1997) for a detailed account on the various
approaches to PN and for applications in topological dynamics. A standard reference
on the semigroup BS is Hindman and Strauss (1998), where the notions introduced
in this chapter are studied systematically in the utmost detail. The enveloping
semigroup goes back to Ellis (1960) and to Ellis and Gottschalk (1960), see also
Glasner (2007a). Ellis (1958) proved Proposition 19.18 for general group actions,
and the proof we presented carries over for the case of semigroups actions as well.
Theorem 19.16 is due to Auslander (1960) and Ellis (1960). The notion of
distality can be traced back to Hilbert (1902) where he attempts the foundation
of plane geometry via axiomatizing rigid motions, see the discussion after his
Axiom IIT in Hilbert (1902). Distal dynamical systems gained considerable attention

4PJ.H. Baudet (1891-1921), Professor of Pure and Applied Mathematics and Mechanics at the
Technische Hogeschool te Delft
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during the years, see Gottschalk and Hedlund (1955), culminating in the famous
Furstenberg structure theorem for distal systems, see Furstenberg (1963). The
attention was even intensified after the tight connection to combinatorics was
discovered.

Hindman’s theorem appeared in Hindman (1974), the presented proof is due
to Furstenberg and Weiss (1978b). The results of Section 19.3 were taken from
Furstenberg’s book (1981, Ch. 8), but there are a number of other sources that were
helpful, among which Bergelson’s papers (1987), (1996), (2000) and (2010) were
the most inspiring. For more on this circle of ideas, for extensions we refer to these
papers and the references therein.

The proof of Theorem 19.31 is extracted from two papers by Bergelson and
by Leibman. They proved that the multiple recurrence theorem remains valid
even if the powers ¢, ..., ¢ are replaced by ¢} @ (pf"(") for some integer
polynomials, see Bergelson and Leibman (1996). Further, instead of commutativity
of the transformations it suffices to suppose that the homeomorphisms ¢, ..., @k
generate a nilpotent group, see Leibman (1994). However, the core of the presented
proof goes back to the seminal paper Furstenberg and Weiss (1978b).

The first published proof of the Gallai-Witt theorem was by Witt (1952).
However, according to Rado (1943), Gallai (Griinwald) had his proof for this
beautiful result some 20 years before. Section 42 of Soifer (2009) contains historical
information on the Gallai—Witt theorem together with a combinatorial proof.

Exercises

1. Let S be a nonempty set (with the discrete topology) and let K, L be compact
spaces with the property that for an arbitrary compact space M any (continuous)
function f :S — M factorizes through both K and L. Prove that K and L are
homeomorphic and that S is homeomorphic to a topological subspace of K
and L. A compact space K with the above property is called the Stone-Cech
compactification of the discrete space S, which we see, by virtue of this exercise,
to be unique up to homeomorphisms.

2. Prove the following assertions:
a) Forne Nandp € fNonehasn+p =p + n.
b) PNy contains at least two idempotents.

¢) PNy and BN are homeomorphic, but not isomorphic as right-topological
semigroups.

d) BN is noncommutative, and not left-topological.
3. Prove that an isometric system is distal. Then prove Proposition 19.14.

4 (Homogeneous Systems). A topological left G-system (K; G) is called distal if
whenever x, y, z € K are such that for every open neighborhood U of z thereis g € G
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with g-x, g-y € U, then x = y. In this exercise we study the distality of homogeneous
systems. Let G be a Hausdorff topological group, I a closed cocompact subgroup.
Consider the homogeneous G-system (G/I"; G) (see Example 15.20).

a) Verify that if a homogeneous G-system (G/I"; G) is distal, then for every
a € G the homogeneous system (G/I; a) is distal.

b) Prove that for a homogeneous G-system the following assertions are
equivalent:

6 F:ﬂ{FUF : Uisopen, 1 € U}.
(i) 1g € I'gl' implies g € I" foreach g € G.
(iii)) The system is distal.
5 (Heisenberg System). Perform the following steps to prove that a Heisenberg

system from Example 2.13 is distal: Recall from Section 17.4 that the center of the
Heisenberg group G is

C =1{[0.0,7] : zeR}.

a) Determine the action of G on G/CI" and prove directly that the homoge-
neous G-system (G/CI;G) is distal (in the sense given in the foregoing
exercise).

b) Determine the action of CI" on CI"/I" and prove directly that the homoge-
neous CI -system (CI"/I"; CI") is distal.

¢) Use Exercise 4 to conclude that the G-system (G/I"; G) is distal and, as a
consequence, that each Heisenberg system is distal.

6. Let (K; ¢) be a topological system with K metrizable for a compatible metric d.
Prove that if x, y € K are proximal, then for every ¢ > 0 the set

{neN:d"x).¢"() <e¢}
is thick, i.e., contains arbitrarily long sequences of consecutive integers.

7. Prove that an infinite subshift (F; ) of (#;";1) is not distal. More precisely,
prove that F' contains two points x and y with x(0) # y(0), but x(n) = y(n) for every
n € N. (Hint: Show first that for each N € N there are x, y € F such that x(0) # y(0)
and x(n) = y(n) foreveryn € {1,...,N}.)

8. This exercise provides some examples of IP sets.

a) Show that the set of natural numbers having only two different decimal digits
is an IP set.

b) Determine those pairs a, n € N for which a+nN = {a+n,a+2n,a+3n, ...}
is an IP set.

¢) Fora € [0, 1] give an example of an IP set / with density d(/) = «.

9. Deduce van der Waerden’s theorem from Theorem 19.29.
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10. Formulate and prove by topological arguments the finitary version of van der
Waerden’s theorem, i.e., Theorem 19.36 form = 1, F := {1,2, ..., k}. Determine
the minimal number W(r,k) := N(r,1,{1,2,...,k}), called van der Waerden
number, for » = 2 colors and k = 3.

11. A set # C P(N) is called partition regular if whenever A € .% is partitioned
into finitely many pieces then one of the pieces is contained in .%. We define

F*:={B:BNA#@ forallAec Z}.

Prove that if .% is partition regular, then .7 ™* is N-stable (i.e., A, A; € Z#* implies
A1 NA; € %), and conversely if & is N-stable, then . ™* is partition regular. Prove
also that # C .7**, and give an example for a strict inclusion here.

12. A set A C N is called AP-rich if it contains arbitrarily long arithmetic
progressions.

a) Prove that a syndetic set is AP-rich, but the converse is not true.
b) Give an example of an AP-rich set which is not an IP set.

¢) Give an example of an IP set which is not AP-rich (hence a fortiori not
syndetic).

13. Prove that if an AP-rich set A € N is partitioned into finitely many pieces,
one of the pieces contains arbitrarily long arithmetic progressions. In other words,
AP-rich sets form a partition regular family.

14. Prove that a subset / € N has bounded gaps, i.e., is syndetic if and only if
F + I — F = N for some finite set F C N, where — is understood as

A-B={c:ceN c=a—bwithacAandb € B}.

Prove that an IP* set A C N is syndetic.

15. Let (S, +) be a commutative semigroup and call a subset I € S an IP set
if FS(s;) < I for some infinite sequence (s;)jeny in S, where FS(s;) denotes the
set of nonrepeating, nonempty finite sums formed from the elements of (s;)jen as
in the case of § = N. Formulate and prove Hindman’s theorem for IP sets in S.
An IP* set I* C S is one that intersects each IP set nontrivially. Show that each
idempotent element in S is contained in every IP* set. Prove that IP* sets have the
finite intersection property.

16. Consider the shift (#5; t). Give an example of a point x € #5 which is recurrent
but not 2-recurrent.

17. Give an example of an invertible topological system (K; ¢) and x € K such that
x is recurrent for (K; ¢), but not for (K; ¢~ !).
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18. Deduce Theorem 19.30 for commuting but not necessarily invertible continuous
mappings ¢, ..., ¢x : K — K from an appropriate combinatorial statement.

19. Prove Lemma 19.33. (Hint: See the proof of Theorem 3.5.)

20. Prove directly that in a group rotation system (G;a) every point is simulta-
neously k-recurrent for each k € N.

21. This exercise establishes a connection between IP sets and idempotents in BN.’

a) Prove that if A € N is such that p(14) = 1 for some idempotent p € BN,
then A is an IP set. (Hint: Use that m +— p(L,1,4) is a characteristic function
of some set B and use that p is multiplicative. Construct a sequence (1 )ien
in N with FS(n;) € A successively.)

b) Prove the converse: If A is an IP set, then there is an idempotent p € BN with
p(14) = 1. (Hint: Suppose FS(nx) € A and set S := ()72 FS(1)x>, where
the closure is in BN. Prove that S is a subsemigroup of BN and conclude that
there is an idempotent p € S. Prove that p(1gs(,,)) = 1.)

c) Provethat A C Nis an IP* set if and only if p(14) = 1 for every idempotent
p € BN.

3 According to some authors the terminology IP set refers to IdemPotents.



Chapter 20
Arithmetic Progressions and Ergodic Theory

If I have seen less than other men, it is because I have walked in the footsteps of giants.

Paul R. Chernoff

In Chapter 19 we saw van der Waerden’s theorem (1927) as an application
of topological dynamics: If we color the natural numbers with finitely many
colors, then we find arbitrarily long monochromatic arithmetic progressions, i.e.,
progressions all of whose members carry the same color.

Many years later, a major extension of this result was proved by Szemerédi
(1975) using the concept of the upper density

_ dAan{l,...,
d(A) := limsup card( { n})

n—00 n

of a subset A € N (in connection with the upper density see also Section 9.2,
Exercises 9.4 and 9.5).

Theorem 20.1 (Szemerédi). Any subset A C N with a(A) > 0 is AP-rich, i.e.,
contains arbitrarily long arithmetic progressions.

Note that by Exercise 9.5, van der Waerden’s theorem is indeed a consequence of
thiss IN=A; U---UA,,reN, thena(AjO) > 0 for at least one jy € {1,...,r}.

Furstenberg and Weiss showed how to deduce number theoretic statements like
van der Waerden’s theorem from multiple recurrence properties of topological
dynamical systems. The forerunner for this was a ground-breaking discovery
of Furstenberg who transferred Szemerédi’s theorem to a multiple recurrence
statement about measure theoretic dynamical systems, yielding an alternative proof
of Szemerédi’s theorem relying on ergodic theory.

Furstenberg’s ideas—building heavily on the structure theory of ergodic
measure-preserving systems—were further developed by many authors and finally
led to one of the most striking results in this area so far.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 433
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_20
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Theorem 20.2 (Green-Tao). The set P of prime numbers is AP-rich.

We refer to Green and Tao (2008) and in particular to Tao’s ICM lecture (2007)
and Kra (2007) for the connection with ergodic theory. Newer developments in this
direction concerning patterns in the set of primes can be found in Green and Tao
(2010a), Tao and Ziegler (2008), and Tao and Ziegler (2013).

The discovery of such a beautiful structure within the chaos of prime numbers
was preceded and accompanied by various numerical experiments. Starting from
the arithmetic progression 7,37, 67,97, 127,157 (of length 6 and difference 30)
the actual world record (smallest difference, as of November, 2014) by Fryl is a
progression of length 26 starting at

3486107 472997 423
with difference
371 891 575 525 470.

However striking, the Green—Tao theorem still falls short of the following
audacious conjecture formulated by Erd6s and Turdn in 1936, cf. Exercise 1.

Conjecture 20.3 (Erdds—Turdn). Let A € N be such that ZaeA % = 00. Then A is
AP-rich.

The Green—Tao theorem is—even in its ergodic theoretic parts—beyond the
scope of this book. However, we shall describe the major link between “density
results” (like Szemerédi’s) and ergodic theory and apply it to obtain weaker, but
nevertheless stunning results (the theorems of Roth and Furstenberg—Sarkozy). Our
major operator theoretic tool will be the JALG-decomposition.

20.1 From Ergodic Theory to Arithmetic Progressions

We first translate assertions about arithmetic progressions to the language of ergodic
theory. Let us fix a subset A € N with positive upper density d(A) > 0. For given
k € N consider the following statement.

There exist a, n € Nsuch thata,a +n,a+2n,...a+ (k— 1)n € A. (APy)
Our goal is to construct an associated dynamical system that allows us to reformu-

late (APy) in ergodic theoretic terms. This construction is known as Furstenberg’s
correspondence principle.

Uhttp://www.primerecords.dk/aprecords.htm
The quest for a 27-term arithmetic progression still continues.
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Consider the compact metric space 7/2+ = {0, 1} and the left shift T on it.
A subset B C Nj can be identified with a point in 7/2+ via its characteristic function:

BCN, <«— lge;t.
We further define
K := {‘C"lA . ne NO} - %+.

Then K is a closed t-invariant subset of 7/;’, i.e., (K; 1) is a (forward transitive)
topological system. The set

M = {(x)nen, €K @ xo =1}

is open and closed in K, and hence so is every set 77 (M) (j € Np). Note that we
have

neA ifandonlyif t"(14) € M. (20.1)

We now translate (APy) into a property of this dynamical system. By (20.1), we
obtain for a € N and n € Nj the following equivalences:

a,a+n,...,a+k—-1neA
<= tlyeM, t"t1peM, ..., t(k_l)"r“lA eM

=l eMn'M)N ... N Dy,

Since each T/ (M) is open and {t°1, : a € N} is dense in K, we have that (APy) is
equivalent to

In e Nsuchthat M Nt (M) N...N =&V ) £ @. (20.2)

The strategy to prove (20.2) is now to turn the topological system into a measure-

preserving system by choosing an invariant measure u in such a way that for some
n € N the set

Mor™"(M)N... .0t D

has positive measure. Since d(4) > 0, there is a subsequence (nj)jen in N such that

j—oon

1 & _
lim — > "14(k) = d(4) > 0.
T k=1
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We define a sequence of probability measures (vj)jeny on K by

1j

1
vi(B) = — Y 844,(B)  (BeBa(K),jeN),
7 k=1

where 6,1, stands for the Dirac measure at 7¥1,4. By (20.1) we have

oy(M) = nlz Lu(k) — d(A) as j— oo. (20.3)
J k=1

The metrizability of the compact set M'(K) for the weak*-topology implies that
there exists a subsequence (again denoted by (v;);en) weakly™ converging to some
probability measure v on K. Since M is open and closed, the characteristic function
1y : K — R is continuous, hence (20.3) implies that v(M) = d(A).

To show that v is t-invariant, take f € C(K) and note that

o
[ o [ ray =3 (5611 - )

7 k=1

= L (fE ) - fe1y)

7

for every j € N. By construction of v, the first term in this chain of equations

converges to
/(fOI)dv—/fdv
K K

as j — oo, the last one converges to 0 since n; — oo, implying that v is t-invariant
(cf. Remark 10.3.3).

In this way we obtain a topological measure-preserving system (K, v; 7) such
that v(M) = d(A) > 0. Recall from (10.1) in Chapter 10 that

ML(K) = conviu € ML(K) : p is ergodic}.

By the above there is at least one v € M!(K) with Jelydv = v(M) = d(A) > 0,
so there must also be an ergodic measure p with (M) > d(A) > 0. Hence, we
obtain an ergodic measure-preserving system (K, u; t) with w(M) > 0.

Consider now the associated Koopman operator 7' := T, on C(K). As said above,
to prove the existence of a k-term arithmetic progression in A, i.e., (APy), we need
to establish (20.2), or which is the same

IeN: 1y-T'y---TE D1, £0
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(recall that 1, is continuous because M is clopen). Hence, (AP;) follows from the
ergodic theoretic statement about the Koopman operator 7 := T, on [*(K, 1)

lim sup — Z / Ly - (T"1y) - - - (T*D"1,) dp > 0. (20.4)

N—o0

We have established the most important part of Furstenberg’s correspondence
principle, see Furstenberg (1977).

Theorem 20.4. Let k > 2 be fixed. If for every ergodic measure-preserving system
(X; ¢) the Koopman operator T := T, on 1*(X) satisfies

lim sup — Z / £y (1 ) > (20.5)

N—o00

forall0 < f € L°(X), then (AP}) holds for every A € N with d(A) > 0.

(Here and in the following we write f > 0 when we mean f > 0 and f #
0.) In Furstenberg (1977) it was shown that (20.5) is indeed true for every ergodic
measure-preserving system and every k € N. This completed the ergodic theoretic
proof of Szemerédi’s theorem. As a matter of fact, Furstenberg proved the truth of
the seemingly stronger version

11m1nf—Z / forf) (1) > (20.6)

N—o00

of (20.5) As we shall see in a moment, this makes no difference because, actually,
the limit exists.

20.2 Back from Arithmetic Progressions to Ergodic Theory

We have seen how to obtain Szemerédi’s theorem from ergodic theoretic results. In
this section, we go in the opposite direction and show how to deduce statements
about measure-preserving systems from Szemerédi’s theorem.

First of all we need a finitary reformulation of Szemerédi’s theorem, in analogy
to the finitary version of Gallai’s Theorem 19.36. We deduce it from Theorem 20.1,
while the converse implication is direct, see Exercise 2.

Theorem 20.5 (Szemerédi, Finitary Version). For everye > 0andk € N, k > 2
there is N = N(g, k) such that whenever A C N is contained in an interval of length
£ > N and card(A) > el, then A contains a k-term arithmetic progression.
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Proof. Suppose by contradiction that the statement is false, i.e., that there is ¢ >
0 and k € N such that for every N there is Ay € N without k-term arithmetic
progressions but contained in an interval of length £ > N and having cardinality
card(A) > [fe. This indirect assumption for N = 1 yields £; and A; C [1,¢;]
without k-term arithmetic progressions and with cardinality card(4,) > £,&. We set
I := [1,41], by := £1, a1 := 1. Inductively, by using the indirect assumption and
shifting the sets, we find intervals /; = [}, b;] of length £; = b; —a;+ 1 such that for
every j € N we have {1 > b; and the gap g; := aj+1 — b; — 1 between /; and ;4
equals b; 4 £; 11, and such that each [; contains a set A; w1th card(4;) > sﬁ > gj but
without k term arithmetic progressions. If we set

A= A

iy

o

—_

J

then any k-term arithmetic progression (k > 3) contained in A must belong to one
of the finite sets A;. This is impossible by construction, so A contains no k-term
arithmetic progressions. However, the set A has upper density

n e
d(A) > lim sup Z’ L
n—00 Z, 4 +Z, l(b +4iy1)
=184

> lim sup >

&
n—>00 Z, 4 +Zn12€ 3’

a contradiction with Szemerédi’s Theorem 20.1. O

We can now exploit this finitary version to obtain the following information about
measure-preserving systems.

Proposition 20.6. Let (X, X, 1) be a probability space, let e > 0 andk € N, k > 2
be given, and N := N(g/2, k) obtained from the finitary Szemerédi Theorem 20.5.
Suppose that Ay, ..., An € X satisfy w(A;) > e fori = 1,...,N. Then there is a
k-term arithmetic progression a,a + n,...,a + (k—1)n € {1,2,...,N}, n € N
such that

k—1
:u*(ﬂAa+nj) >
=0
Proof. Define
A(x):={i:i€{l,2,...,N}, xeA;} N

For the function f defined by f(x) := Zf\;l 14,(x) = card(A(x)) we have || f||, >
Ne. Since 0 < f < N, we conclude
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plf=%]> -z (20.7)

Foreveryxe[ f > %
a(x),a(x) +n(x), ...,

] we have by Theorem 20.5 a k-term arithmetic progression
alx) + (k—n(x) C A(x), i.e.,

k—1
[f z %] < U ﬂAa-Hn-
an€{l,...N} j=0

Thus for some a, n € {1,..., N} we have by (20.7)

k—1
&
Awtn) > 3. O
”(Q) ) = N2

The following multiple version of the Poincaré Recurrence Theorem 6.13 is a direct
corollary of the above result (recall we have assumed the validity of Szemerédi’s
theorem).

Theorem 20.7 (Furstenberg, Multiple Recurrence). Let (X;¢), X = (X, X, ),
be a measure-preserving system, and let A € X with (A) > 0. Then for every
k € N there is n € N such that

pL(A Ne™(A)N---N go—“‘—”"(A)) > 0.

Proof. Take A; := ¢7(A), ¢ := p(A), and let n, a € {1,2,...,N} be as in
Proposition 20.6. Since ¢ is measure-preserving, the assertion follows. O

Corollary 20.8. Ler (X;¢), X = (X, X, i), be a measure-preserving system with
Koopman operator T := Ty, and let 0 < f € I°(X). For every k € N there is
n € N such that

/ f- (T”f)...(]‘(k—l)nf) dp > 0.
X

Proof. Apply Theorem 20.7 to the set A := [ f > 3| f llo, | and use that TV f >
1 fllooT'14 for each j € N. 0

We now show assuming Szemerédi’s theorem that the ergodic averages

N

1 _

5 /X L (") -~ (T dpe (20.8)
n=1

as in (20.5) in Theorem 20.4 can be bounded from below independently of the
measure-preserving system and the occurring function f > 0.
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We begin with an auxiliary lemma.

Lemma 20.9. Let (K; @) be a topological system with K metrizable, T := T, be
the Koopman operator on C(K) and 0 < g € C(K). For everyk € Nand e > 0
there is a constant c(k, €) > 0 and there is an arbitrarily large Ny := Ny(k,e) € N
such that for every g-invariant Baire probability measure p on K with [, c8du > ¢
one has

No
]% Z/ g (17g) - (T* Vg) dp > c(k, ).
0 =1 K

Asa consequence,

lim sup% Z/Kg (T”g) e (T(k_l)”g) du > c(k,e) >0

for every @-invariant Baire probability measure (1 on K with fK gdu > e.

Proof. Suppose by contradiction that there are k, nop € N and ¢ > 0 such that for
every j € N and for every Ny € N with Ny > ny there is an invariant probability
measure [y, with (g, /t;5,) > € and

No

: 1
A AT o (TE DY dyp v <
No ; /K g+ (1"g) -+ (T* Dg) dusy, < =

By weak™ compactness (see Section 10.1) and by passing to a subsequence we may
assume that p;; — p in the weak™ topology for some invariant probability measure
e Mi} (K). For n € N arbitrarily fixed and j > n, ny we obtain

J
n —1)n i —1)i 1
/g- (T"g) -+ (T""g) duy; = Z/g-(Tg)---(T‘k V'g) dpyy < -
K = /K

Then, by the definition of weak™ convergence, we conclude

/ gdu >e¢ and / g (T"g) - (T(k_l)”g) du =0,

K K

a contradiction to Corollary 20.8. O

Recall from Chapter 12 the following construction connecting an arbitrary
measure-preserving system with the fixed compact shift system (#;; 7). Consider
a measure-preserving system (X;¢), M € X and the shift system (#,";7).



20.2 Back from Arithmetic Progressions to Ergodic Theory 441

In Example 12.2 we constructed a shift invariant measure v on 7/;’ and a point
factor map 0 : (X:¢) — (#,7, X', v;1), where X’ is the product o-algebra. The
factor map is given by

0 == (yrem®),cn, = (T () e, - (20.9)

where T is the Koopman operator of (X; ¢).
The relevance of this construction in the context of multiple recurrence becomes
evident from the following simple lemma.

Lemma 20.10. Let (X;¢) and (Y;¥) be measure-preserving systems and let
S € M(Y; X) be a Markov embedding that intertwines the Koopman operators T,
and Ty. Then for all f € L°(Y) and alln € N

/f-(T]'/if)...(Tl(pk—l)nf):/Sf,(T;lsf),”(Ték—l)nSf)'
Y X

Proof. By Theorem 13.9 a Markov embedding is multiplicative, the assertion hence
follows from the identity 7,S = STy,. O

The next lemma is a multiple recurrence result for a single N but with a lower
bound independent of the measure-preserving system (again based on Szemerédi’s
theorem).

Lemma 20.11. For every k € N and ¢ > 0 there is a constant ¢ (k,e) > 0 and
there is Ni := Ni(k,e) € N such that for every measure-preserving system (X; @)
with Koopman operator T, for every f € LX) with f > 0, | flloc = 1 and

x f>e¢
L%/ f.(T”f)...(T(k—l)nf) > ci(k, €)
Nl o ” 1 ) .

Proof. Consider the shift system (#5; ), and let g € C(%”L) be the 0™ coordinate
projection, i.e., g((xn)nen,) = Xo. For k and ¢ take Ny := No(k,&/2) and c(k, &/2)
as in Lemma 20.9. Let (X;¢), X = (X, X, u), be a measure-preserving system.
For f € I°(X) with f > Oand || f|lo = 1 weset M := [f >¢/2]. By
the construction preceding Lemma 20.10 we have a point homomorphism 6 of the
measure-preserving systems (X; ¢) and (#;7, X/, v;t) = (Y; 7). By Remark 12.8
and by Proposition 12.10, the Koopman operator S := Ty € M(Y; X) is a Markov
embedding. From (20.9) one easily sees that Sg = 1. Since

&
SS/fd,u=/ fdu+/ fdu =< =+ pM),
X [f=e/2] [f>e/2] 2
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we obtain fW* Sgdv = u(M) > 3. Since f > 51y, we conclude from Lemma
2
20.9 that

L
IVIZ/Xf'(T"f)"'(T(k_”"f)du

n=1

Kk M

&
> — E 1y - (T"1y) - - (T* D1, d
= 2kNl n=1/X M ( M) ( M) M

koM
€ —1)n
= 7 2 /X Sg - (T"Sg) -+ (T*"1"Sg) du

n=1

koM k
€ n —1)n £ .
==§M§:Lﬁg%ﬂ@~%ﬁk”@dW>?dh9=wﬁhd-D
n=1 2

Finally, we are able to deduce a general multiple recurrence result from Sze-
merédi’s theorem.

Theorem 20.12. For every k € N and ¢ > 0 there is a constant c(k,e) > 0 and a
natural number Ny := Ny(k, €) € N such that for every measure-preserving system
(X; ), for every f e LX) with f > 0, || fllec = 1 and fX fdu > &, and for
every N € N, N > Ny, we have

N i/ foATf) (T f) dp > (ko)
Nn=l X e

As a consequence,

s s 1 - n —1)n
l}vrgng;/Xf(Tf)(T(k b f)dp,zc(k,s)>0

for every measure-preserving system (X; @) and for every f € 1>°(X) with f > 0,
1flloo = Land [ fdu > e.

Proof. For every a € N we apply Lemma 20.11 to the measure-preserving system
(X; ¢?) to obtain

gt
Fl Z /}; f . (Tanf) . (Ta(k—l)nf) d,u > ¢ (k, 8)

n=1
with some 2 < N; := N (k, ¢) independent of a. For given M € N we average over
a€{M(N,—1)+1,...,MN,} and obtain

MN;
1

Ny
M Z ]%1 Z /X f- (Tanf) . (Ta(k—l)nf) du > 1k, €). (20.10)

a=M@N—D+1" " n=1
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Foraj,ap € {(M(N; — 1) +1,...,MN,} and ny, np € {1,...,N;} with n, > n; we
have

any —apng > M(Nl — l)l’lz—MNll’ll = MNl(l’lz —nl) —Ml’lz > MN1 —MN1 = 0.

Hence, for a and n as specified in (20.10) the products an are pairwise different, and
therefore

MN?
n (k—1)n
BB
| MN;
S 3 [ £yt g

a=M(N;—1)+1 n=1

Together with (20.10) we obtain

MN?}
n n Cl(k, 8)
Msz/f (1) (T ) dp Ny

I p=1

If N € N is such that Mle <N < (M + 1)N?, then

_Z/f Tnf T(k l)nf)

MN?

— _Z/f Tnf T(k l)nf)
Z /f Tnf T(k l)nf)

—MN2+1
MN? M k,
MV ke s — M ey > Ok
NN; (M + 1)N, 2Ny
The assertion now follows with Ny := Nf and c(k, €) := c1(k, &)/ (2Ny). O

The Furstenberg Correspondence Principle: The Full Version

We now summarize in a final statement the connections discovered in the preceding
paragraphs.
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Theorem 20.13 (Furstenberg Correspondence Principle). Each of the following
statements implies the others:

(1) (Furstenberg’s Multiple Ergodic Theorem I). For every measure-
preserving system (X; @) the Koopman operator T := T, satisfies

11§£f—2/ fo(Tf) - (T ) > (20.11)
forall0 < f € [*°(X).

(ii)) (Furstenberg’s Multiple Ergodic Theorem II). For every ergodic
measure-preserving system (X; ) the Koopman operator T := T, satisfies

lim sup — Z/f T”f T(k 1)”f)
forall0 < f e I>*(X).

(iii) (Furstenberg’s Recurrence Theorem). For every measure-preserving sys-
tem (X;¢), X = (X, X, n), for every A € X with n(A) > 0 and for every
k € N there is n € N such that

M(A Ng™A)N---N qo_(k_l)"(A)) > 0.

(iv) (Szemerédi’s Theorem). A subset A C N with d(A) > 0 is AP-rich, i.e.,
contains arbitrarily long arithmetic progressions.

(v) (Szemerédi’s Theorem, Finitary Version). For every ¢ > 0 and k € N
there is N = N(e, k) such that whenever A C N is contained in an interval
of length £ > N and card(A) > &l, then A contains a k-term arithmetic
progression.

20.3 The Host-Kra Theorem

As we saw before, Furstenberg (1977) in his correspondence principle worked with
expressions of the form

1y (T (k=D 0y (k=D
VXL = [ )

1
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In (2005b), Host and Kra and later independently Ziegler (2007) by a different
method answered affirmatively a quite long-standing open question regarding the
multiple (k — 1)-term Cesaro sums on the right-hand side.

Theorem 20.14 (Host-Kra). Let (X; @) be an ergodic measure-preserving system,
and consider the Koopman operator T := T, on 12(X). Then the limit of the multiple
ergodic averages

N

.1 n " —1)n
iy DT (T ) (T i) 20.12)

exists in 12(X) for every fi,..., fic1 € L°(X) and k > 2.

Note that for k = 2 the Host—Kra theorem is just von Neumann’s mean ergodic
Theorem 8.1 (and holds for arbitrary f; € 12(X)). (Of course, the difference in
summation index of the Cesaro averages is immaterial.) We shall give a proof of the
Host—Kra theorem for general ergodic systems only for the case k = 3. But before
doing that we discuss the statement for arbitrary £ € N but for two special classes
of ergodic measure-preserving systems.

Weakly Mixing Systems

The following result proved in Section 9.4 is actually the Host—Kra theorem for
weakly mixing systems.

Proposition 20.15. Let (X; @) be a weakly mixing measure-preserving system and
let T := T, be the Koopman operator on 12(X). Then

N

Nli)n;O]%]nZ::l(Tnfl) X (Tznfz)"'(T(k_l)nfk—l) — (/);fl "'/ka—l)'l

in 12(X) for every k > 2 and every f1, ..., fi-1 € L°(X).

Recall that the van der Corput Lemma 9.28 played the central role in the proof.

Systems with Discrete Spectrum

Proposition 20.16. Ler (X; @) be an ergodic measure-preserving system and let
T := T, be the Koopman operator on L*(X). If T has discrete spectrum on I*(X),
then the limit

N

i ) () (1
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exists in 12(X) for every k > 2 and every fi,..., fi—1 € L®°(X).

Proof. Let f1, ..., fi—1 € L*°(X) be eigenvectors of T corresponding to unimodular
eigenvalues A1, ..., Ax—;. Then we have

N | X

; T'fi) (1% fo) - (T4 fi) = N;(Alxé---x’zzi) S feers

and hence the limit as N — oo exists as asserted. This implies convergence
also when fi,..., fy—; are linear combinations of [>*-eigenvectors of 7. By
Proposition 7.18, these form a dense subspace of 12(X).

Take now arbitrary fi,..., fi—1 € L°°(X) and ¢ > 0. For each g; € L*°(X) we
have

N N
Z T'f) - (T% " fict) Z T'(fi —g1) - (T o) -+ (T D" i)

N
Z Tan) (T(k_l)nfk—l)-

Choose now g as a linear combination of L>°-eigenvectors such that

N
NZ T'(fi — 1) - (T fo) - (T V" fih)

2

<A =gl 1 2lleo I fimtlloo = %

holds for every N. Proceeding by carefully choosing the linear combinations of L*°-

eigenvectors g, ..., gk—1 that approximate f5, ..., fy—; we arrive at
N . £ &
TV! T(k l)n TV! e T(k—l)n _ < k_ — _
) (1 i) = 3T (1 )| <k =S
n=1 n=1 2
for every N. From this we obtain, by the already proved convergence for linear
combinations g, ..., gr—1 € L of eigenvectors, that
N M

<é

N

2

whenever N, M € N are sufficiently large. The proof is complete. O



20.3 The Host—Kra Theorem 447

The Host-Kra Theorem for k = 3

The proof is based on the foregoing particular cases. Our major tool is the JALG-
decomposition of E := I>(X) with respect to the semigroup .7 := {I,T,T%,...}:

L*(X) = ran(Q) @ ker(Q) = Erev ® Equs,
see Section 17.1. The space E\y is the Kronecker factor and the projection
0 : X(X) = Erey

is a Markov projection. Let us recall some facts from Chapters 13, 16, and 17.

Lemma 20.17 (Properties of the Kronecker Factor). The space E.., N L (X) is
a closed subalgebra of L*°(X) and

o(f-8)=(Qf)-¢ (20.13)

for all f € I°(X) and g € Erey N L°(X). Moreover, E., is generated by eigen-
functions corresponding to unimodular eigenvalues of T.

In order to prove that

N

iy ;(T £)-(1%9) (20.14)

exists forevery f, g € L>°(X), we may split f according to the JALG-decomposition
and consider separately the cases

(1) f € Eaws and (2) f € Ery.
Case (1) is covered by the following lemma which actually yields more information

than just convergence.

Lemma 20.18. Letr (X; @) be an ergodic measure-preserving system. Let f, g €
L°(X) such that f € E,ys or g € Eus. Then

N

. 1
Jim_ 5 2(f) - (1) =0

in 12(X).
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Proof. The proof is an application of the van der Corput lemma. We let u, :=
(T"f) - (T*"g) and write

(U | Ungm) = /X(T”f) TZ” (T”+’"j (T2n+2m—)
= /XTn[(f . Tmf) . T”(g-Tz’"g)]

= /X(f Tf) - T"(g- T°"3).

Hence, for fixed m € N

Ilvré(”"|”"+m):/ fT"f)— ZTn - 72mg) /mef /‘ -

as N — oo since (X; @) is ergodic. Therefore we have

ymzleLn;O\}V:Zl(un|un+m>\ [T - [ 1)
= |1 (g]728)].

If f € E,ys, by Theorem 16.34 we obtain that
1 & 1 &
S5 m =g 2T O] lgle — 0 as N = oo,
m=1 m=1

In the case when g € E,ys, the reasoning is similar, cf. Corollary 9.18. Now, the van
der Corput Lemma 9.28 implies that

N

N
ZT”f (1*"g —%Zun—w. 0
n=1

Proof of Theorem 20.14, case k = 3. By Lemma 20.18 and the JALG-decomposi-
tion we may suppose that f € E.,. Let g € L*°(X) be fixed, and define (Sy)yen <
Z(E) by

N

Syf = zlv Z(T”f) (17"g).

n=1

If f is an eigenfunction of T with corresponding eigenvalue A € T, then

N
Svf = fy Y01
n=1
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holds. Since the operator AT? is mean ergodic as well (see Theorem 8.6), we have
that (Sy f)ven converges as N — oo. This yields that (Sy f)yen converges for
every

f e lin{h : Th = Ah for some A € ']T},

which is a dense subset of E., by Theorem 16.33. Since the estimate ||Sy|| < [|g]lco
is valid for all N € N, we obtain the convergence of (Sy)yen on all of El,. O

Some Ideas Behind the Proof for k > 4

We very briefly present the general strategy to prove Theorem 20.14 and highlight
some of the main ideas. First we recall some facts about factors of measure-
preserving systems (see Chapters 13 and 17). Let X = (X,X,u) and Y =
(Y, X', v) be probability spaces and let (X;¢) and (Y; ) be measure-preserving
systems with Koopman operators T := T, and S := Ty, respectively. The system
(Y; V) is called a factor of (X;¢) if there is a Markov embedding R : L'(Y) —
L!(X) intertwining the Koopman operators, i.e., with TR = RS. In this case, (X; ¢)
is called an extension of (Y; ). The range F' := ran(R) of R is a unital Banach
sublattice of L'(X) and is the range of the Markov projection Q = RR’. Moreover,
there is a sub-o-algebra X7 with F = L! (X, X, u), and we have

Qf =E(f| XYFr) the conditional expectation.

For the sake of convenience and without loss of generality, we shall assume that
the system (X; ¢) is standard. Then by Theorem 13.42 we can pass to the minimal
invertible extension, which is ergodic if the original system was ergodic. Exercise 16
yields that it suffices to prove the Host—Kra theorem for invertible systems.

A factor (Z; 6) with corresponding Markov projection Q is called characteristic for
the (k — 1)-term averages

1
Jim (TR (T ) (20.15)

if for every fi,..., fi—1 € L°°(X) one has

N

N
Z Tnf T(k l)nf Z Tan T(k l)an )

lim = 0.
N—>o0

2

This means that to show the existence of the limit of (20.15) and to calculate its
value we can replace each f; by its projection Q f; on the factor. Thus, provided
one has enough structure in the characteristic factor to compute the averages, the
problem may become easier.
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For k = 2, the fixed factor is characteristic for one-term averages as we saw in the
proof of von Neumann’s Theorem 8.1. On the other hand, Lemma 20.18 shows that
the Kronecker factor E,., is characteristic for two-term averages, and it was simple
to compute the averages for functions coming from this factor. Note that in general
the Kronecker factor is not characteristic for (k — 1)-term averages for k > 4, see
Exercise 15.

For k > 4, the philosophy remains the same: One looks for a characteristic factor
with enough structure such that the limit of the averages (20.15) can be computed
whenever all functions are from this characteristic factor. In general, however, the
characteristic factors are considerably more complicated than the Kronecker factor.
One way to find these factors is to start with the “negligible” part for the multiple
averages. We define for f € L>(X)

1 o o= 1/ N 2= Jim \1i/T"f-7\”2—<Pf|f)”2— 1271
vy = I g = fim N Z )y = = 2

where P is the mean ergodic projection corresponding to 7. For d € N we continue
recursively

T'f - f

’

2d )1/2d+1

yd

N
. 1
| fllgasiry i= | f lgasr == lim Sup(]T] 3 )
N—>o0 n=1

called the Gowers—Host—Kra (or uniformity) seminorms. Note that by ergodicity
of (X; ¢) and by Theorem 8.10,

110 = || ]

Exercise 13 contains some properties of these seminorms. Host and Kra (2005b)
defined the seminorms |||« differently and showed that their definition coincides
with the previous ones, and also that one can take the limit instead of the limsup in
the definition above.

We have ker |-« = {f € I°°(X) : f L 1} and the trivial orthogonal decom-
position

L(X) = C1 & ker |||,

which is precisely the decomposition used in the proof of von Neumann’s mean
ergodic theorem (i.e., the convergence of one-term averages). For ||| 2 we have

M
1 _ 2
4 .
= limsup — E )/T’" . )
||f”U2 M—>oopMm=1 X f f
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This implies by Theorem 16.37 that E,,s N L>°(X) = ker||-|| 2. By Exercise 14 we
have that E,s N L (X) is dense in E,ys, so that

Erey = (ans n LOO(X))J_ (ker ”'“UZ)J_'

aws
This corresponds to the JALG-decomposition used to show convergence of two-
term averages. Also for d := k — 1 > 3 the kernel of Gowers—Host—Kra seminorms
plays a central role. The orthogonal complement of ker |||« can be proved to be
a unital sublattice of 1?(X) being invariant under 7, hence giving rise to a factor
(Zg—1;04—1) of the system (X;¢). As we saw above Z, is the fixed factor, Z;
is the Kronecker factor. In general, an application of the van der Corput lemma,
see Exercise 13, implies that the factor (Z,—1; 64—1) is characteristic for the d-term
multiple averages, and it is sometimes called the universal characteristic factor.
The main difficulty is to find enough structure for these factors. One can show that
the factors (Zy—1; 64—1) come from homogeneous systems G/I" for a (d — 1)-step
nilpotent Lie group G and a discrete cocompact subgroup I" of G rather than from
rotations on compact Abelian groups as for the Kronecker factor. For such systems
(even pointwise) convergence of multiple ergodic averages had been known for
some time, so the Host—Kra theorem could be proved this way. We refer to Parry
(1969b), Parry (1970), Lesigne (1991), Host and Kra (2005b), and Kra (2007) for
details.

The above construction of the uniformity seminorms and their equivalent
geometric characterization due to Host and Kra (2005b) goes back to Gowers
(2001) who used analogous seminorms on finite Abelian groups in his Fourier
analytic proof of Szemerédi’s theorem. For further properties of the Gowers—Host—
Kra seminorms, see Eisner and Tao (2012).

20.4 Furstenberg’s Multiple Recurrence Theorem

In order to obtain Theorem 20.1 it remains to show that the limit in the Host—Kra
theorem is strictly positive whenever0 < f = fi = ... = fi_;.

Theorem 20.19. Let (X; @) be an ergodic measure-preserving system, and con-
sider the Koopman operator T := T, on E := 1?(X). Then

lim —Zf (T"f) - (T*" f)--- (T D" f) >0

if0 < f e L(X).

Again, we prove this result for k = 3 only. Our argument follows Furstenberg (1981,
Thm. 4.27).
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Proof for the case k = 3. For f > 0 we need to show

lim — / f-(Tf)-(T* f) > 0. (20.16)

We have f = fiws + frev With frev := Of € Erey and fows = f — Of € Eays,
where Q is the projection onto E\., coming from the JdALG-decomposition. Since O
is a Markov operator and f > 0, it follows that f., > 0 as well. Let g, h € L°(X)
be arbitrary. By Lemma 20.18 we have

1 - n 2n
N;/Xf-(Tg)-(T h) — 0

if at least one of the functions g, & is from E,ys. Since Ery L Euys in LZ(X), it
follows from Lemma 20.17 that

/X (") (Th) =0,

whenever two of the functions f, g, h are in E .y and the remaining one is from Epys.
So we have

lim —Z [y = i —Z N R

We may therefore suppose without loss of generality that f = fiey.

Take now 0 < ¢ < [y 3 and suppose that || f||ooc < 1. We show that there is
some subset B € N with bounded gaps (also called relatively dense or syndetic,
see Definition 3.9.b) such that

/f-(T”f)-(Tz”f) >/f3 —¢  foralln € B. (20.17)
X X

Recall that this property of B means that there is L € N such that every interval of
length L intersects B.

Since f € Ei., there exists ¥ of the form ¢ = c1g1 + ... + ¢;g; for some
j € N, cp,...,¢; € C and some eigenfunctions gi,...,g; of T corresponding to
eigenvalues Ay, ..., A; € T such that || f — [ < g. Observe first that for every
8 > 0 there is a relatively dense set B C N such that

AT =11 <8, ..., [Af = 1] <8 foralln € B.
Indeed, if we consider the rotation by (1, ..., A;) on TV, this is precisely the uniform
recurrence of the point (1,...,1) € T (see Proposition 3.12). Now, by taking a

suitable § > 0 depending on the coefficients ci, . .. ¢;, we obtain
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17"y =yl < —
T2
n n M M 8
and IT"f = fll2 < IT"f =TVl + 1TV =¥l + ¥ — fl2 < 3
for all n € B. Moreover, for n € B one has

IT* f — fllo < IT*f =Tl + 1T =T + 1TV — ¥l + ¥ — fl2

<2f =yl +20Ty — v < 3.
Altogether we obtain forn € B
. n . 2n _ 3 < . n N ZZarass 2 |gnge
[r-an-an = [ rl= [ r@n-r s+ [ -]
<A1 (T f = flla + 1T = fl2) <e,

and (20.17) is proved. Since B N [jL, (j + 1)L) # @ for some L € N and all j € Ny,
it follows that

A%

1 LN ,
w2 [

n€eB.n=1

%(/Xﬁ —s)>0.

Thus the limit in (20.16), which exists by the considerations in the previous
subsection, is positive. 0

1 LN ,
D RGN

v

Combining the above results leads to the classical theorem of Roth (1953), a
precursor of Szemerédi’s Theorem 20.1.

Theorem 20.20 (Roth). If A C N has positive upper density, then A contains
infinitely many arithmetic progressions of length 3.

Sketch of the Proof of Furstenberg’s Theorem for k > 4

The above proof of convergence and recurrence for k = 3 is due to Furstenberg
(1977). The case k > 4 is substantially more complicated. There are several
ergodic theoretic proofs of Szemerédi’s theorem: the original one from Furstenberg
(1977) using diagonal measures, one using characteristic factors due to Fursten-
berg et al. (1982), one using the construction in the proof of Host and Kra,
see Bergelson et al. (2008). There are also several further proofs using tools from
other areas such as “higher-order” Fourier analysis, see Gowers (2001), model
theory, see Towsner (2010), hypergraphs, see Gowers (2007), Tao (2006), Nagle,
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Rodl, Schlacht (2006), Schlacht, Skokan (2004), and more, see, e.g., Green, Tao
(2010b). Thus the fascinating story of finding alternative proofs of Szemerédi’s
theorem seems not to be finished yet.

We now sketch very briefly the proof due to Furstenberg, Katznelson, Ornstein
(1982), and for details we refer to Furstenberg (1981, Ch.7), Petersen (1989,
Sec.4.3), Tao (2009, Ch. 2), or Einsiedler and Ward (2011, Ch. 7).

If (Y; ¥) is the trivial factor, i.e., Xy = {@, Y}, then the corresponding projection
is 0f = [, f,LI(Y) = C1, [, c1 = c. By Theorem 17.19 a measure-preserving
system (X; ¢) is weakly mixing if and only if its Kronecker factor is trivial, and if
and only if it has no nontrivial compact factors (i.e., factors that are isomorphic to a
compact Abelian group rotation).

We say that a measure-preserving system (X; ¢) has the SZ-property (SZ for
Szemerédi) if for every k > 2 and every f € L*°(X) with f > 0 (20.11) holds.
Theorem 20.19 thus expresses that each ergodic measure-preserving system has the
SZ-property. By Proposition 20.15 we know that weakly mixing systems do have
the SZ-property, and so do systems with discrete spectrum by Exercise 3.

To prove Furstenberg’s theorem, one needs relativized versions of the notions
“weak mixing” and “discrete spectrum.” Let (X; ¢), (Y; ) be measure-preserving
systems with Koopman operators 7" and S, respectively, and suppose (Y; V) is a
factor of (X; ¢) with the associated Markov projection Q € M(X;Y). We call (X; ¢)
weakly mixing relative to (Y; ), or a relatively weakly mixing extension of (Y; )
if

1 N
lim —Z/ |O(T"f ) = S"Qf - Qg =0
=YY

N—>oco N
n=

holds for every f, g € L*°(X). For the trivial factor (Y; 1) this means

i.e., weak mixing by Theorem 9.19 (and Remark 9.20). One can prove the following
result:

1) Suppose (Y; ¥) has the SZ-property and (X; ¢) is a relatively weakly mixing
extension of (Y; ¥), then also (X; ¢) has the SZ-property.

The proof uses the van der Corput lemma and is almost literally the same as for
Proposition 20.15.

Another notion needed is that of compact extensions which can be defined in
purely measure theoretic terms. We shall not give the definition here but note that
for the proof of Furstenberg’s theorem only the following two properties of compact
extensions are needed:
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2) If (X;¢) is a not relatively weakly mixing extension of (Y; 1), then there
is an intermediate factor (Z; ) of (X;¢) which is a compact extension of

(Y:9).
3) If (Z;0) is a compact extension of (Y; ) and (Y; ) has the SZ-property,
then so does (Z; 6).

Consider now the set .% of all factors with the SZ-property which is nonempty
since it contains the trivial factor. The set .# can be partially ordered by the
relation of “being a factor.” By an argument using Zorn’s lemma, after checking the
chain condition, one finds a maximal element (Y; ) in .%. If (X; @) is a weakly
mixing extension of (Y;v), then by 1) above also (X;¢) has the SZ-property.
Otherwise, by 2), there is a compact extension (Z; 8) of (Y; ), which by 3) has
the SZ-property, contradicting maximality.

20.5 The Furstenberg-Sarkozy Theorem

We continue in the same spirit, but instead of arithmetic progressions we now look
for pairs of the form {a, a + n*} for a, n € N, see Furstenberg (1977) and Sarkozy
(1978a).

Theorem 20.21 (Furstenberg-Sarkozy). If A € N has positive upper density,
then there exist a, n € N such that a, a + n® € A.

In order to prove the above theorem we first need an appropriate correspondence
principle.

Theorem 20.22 (Furstenberg Correspondence Principle for Squares). If for
every ergodic measure-preserving system (X; @), its Koopman operator T := T,
on12(X) and every 0 < f € L°(X) there exists n € N such that the condition

/f-(T"zf) >0 (20.18)
X

is satisfied, then Theorem 20.21 holds.

The proof of this correspondence principle is analogous to the one of Theorem 20.4.
Then, to prove Theorem 20.21 one first shows that for a measure-preserving system
(X; @) and its Koopman operator T := T, the limit

1 2
NILH;ONZ]’-T f (20.19)

exists in I2(X) for every f € L°(X), see Theorem 21.17 below for a more general
case. To complete the proof it remains to establish the next result.
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Proposition 20.23. Let (X; @) be an ergodic measure-preserving system. Then the
limit (20.19) is strictly positive for every 0 < f € L*(X).

The proof is analogous to that of Theorem 20.19 for k = 3 and again uses the
decomposition 2 (X) = Euws D Erey, the vanishing of the above limit on E,ys and a
relative denseness argument on E.., see Exercise 4.

A sequence (ny)rey is called a Poincaré sequence (see, e.g., Def.3.6 in
Furstenberg (1981)) if for every measure-preserving system (X; ¢), X = (X, X, ),
and A € ¥ with u(A) > 0 one has

n(AN @™ (A)) >0 forsomek € N.

In this case the set {n; : k € N} is called a set of recurrence. Poincaré’s Theo-
rem 6.13 tells that (n),ey is a Poincaré sequence, explaining the terminology. One
can prove that Proposition 20.23 remains valid even for not necessarily ergodic
measure-preserving systems, so we obtain that (n?),ey is a Poincaré sequence. More
generally, we will see in the next chapter that (p(n)),en is a Poincaré sequence for
every integer polynomial p with p(0) = 0, see also Exercise 17.

Furthermore, Sarkozy (1978b) showed that Theorem 20.21 also remains valid if
one replaces the set of differences {n> : n € N} by the shifted set of primes P — 1,
i.e., if A has positive upper density then therearea € N, p € Pwitha, a+p—1 € A.
As in the case of arithmetic progressions handled earlier in this chapter, one can
establish a Furstenberg correspondence principle in both directions and show that
Sarkozy’s result is equivalent to the statement that P — 1 is a set of recurrence. For
more examples of sets of recurrence such as P+ 1 and sets coming from generalized
polynomials as well as properties and related notions see, e.g., Bourgain (1987),
Bergelson and Haland (1996), and Bergelson et al. (2014).

Host and Kra (2005a) proved convergence of multiple ergodic averages for totally
ergodic systems with powers p;(n), ..., py—1(n) replacingn, . . ., (k—1)nin (20.12):

N
s 1 p1(n po(n —1(n
NILH;O v Z_:I(Tu( )fl) . (Tzz( )fz)"'(T”k 1 )fk—l)s
where py,...,pr—1 are arbitrary polynomials with integer coefficients. Leibman

(2005a) tackled the case of general ergodic systems. With an additional assumption
pj(0) = O for every j € {I,...,k — 1}, this leads to an alternative proof of the
so-called polynomial Szemerédi theorem, i.e., the existence of a subset of the form
{a,a+pi(n),...,a+pi—1(n)} inevery set A C N with positive upper density. This
has been proved originally in Bergelson and Leibman (1996), see Bergelson et al.
(2008) for details and for the weakest possible assumption on the polynomials.

The results of Szemerédi and Furstenberg-Sarkozy presented in this chapter remain
true in a slightly strengthened form. One can replace the upper density d by the
so-called upper Banach density defined as
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)

— d(AN cee
Bd(A) := lim sup card@d 0 {m, ..., m + n})

while the lower Banach density Bd(A) is defined analogously by the liminf. The
actual change to be carried out in order to obtain these generalizations is in
Furstenberg’s correspondence principle(s), see Furstenberg (1981) and Exercise 5.

Banach densities and Banach limits (see Exercise 10.3) are intrinsically con-
nected: By Jerison (1957) the upper Banach density of A € N is the supremum of
the values of Banach limits on 14, and in turn, the lower Banach density is given by
the infimum of all these values.

Exercises
1. Prove that
ep

Hence, the Green—Tao theorem would follow from the validity of the Erd6s—Turan
conjecture. (Hint: Prove that

"BIH

1 F 1 w1 Y1
SLfl(+d) S cen( ) Sk
7 =
n=1 n p=1 p n=1 n p=I p
PEP pEP
for each N € N. Use this to estimate the partial sums of the series ZPGP 5 from

below.)
2. Deduce Theorem 20.1 directly from Theorem 20.5.

3. Let (X;¢) be a measure-preserving system with discrete spectrum and with
Koopman operator T := T, and let k € N. Prove that

11m1nf—Z/f (1"f) - (1% ) >

forall f € L*°(X) with f > 0.

4. Prove Proposition 20.23 for E := 1>(X), f € Ey. (Hint: Use a similar scheme
as in the proof of Theorem 20.19 for k = 3 and results from Sections 10.4 and 10.5.)

5 (Szemerédi’s Theorem with Banach Density). If A € N is a subset with
Bd(A) > 0, then A is AP-rich, i.e., contains arbitrarily long arithmetic progressions.
Prove that this result implies and follows from the finitary version of Szemerédi’s
Theorem 20.5.
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6 (Density vs. Banach Density). Give an example of a set A € N with d(4) = 0
and Bd(A) = 1.

7. Let (X;@) be a measure-preserving system with Koopman operator 7 on
E = I2(X). Prove that forevery 0 < f € L®°(X), f € Erey

N+M

hmmf— Z/f (T"f)--- (T D" f) >

N.M—oco M

8 (Van der Corput Lemma II). Let H be a Hilbert space and let (u,),cn be a
sequence in H with |ju,|| < 1. Forj € N define

| NEm
y; := lim sup ¥ Z (un | un+j)‘.

N.M—00 n=M

Prove the inequality

Ay
< lim sup — Z Vj.

lim sup H — u,,
J,L—00

N, M—0o0

9. Let (X;¢) be a weakly mixing measure-preserving system with Koopman
operator T on E = I>(X). Letk € N, k > 2 and f € [*°(X).

a) Prove thatif f € E,ys, then

N+M

b) Prove that

N+M

N}‘}QOONZ/J’ (T"f) - (T* D" ) = /fl “/ka_l)

(Hint: Use the result of the foregoing exercise.)

10. Let (X; ) be a measure-preserving system with Koopman operator 7 on E =
[2(X). Prove that for 0 < f € [*°(X)

N+M

hmmf—Z/f (T"f) (1™ f) > 0.

NM—oco N

(Hint: Carry out a proof similar to the ones of the Host—Kra and the Furstenberg
theorems for k = 3 by using the results of the previous exercises.)
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11 (Syndetic Return Times). Let (X;¢) be a measure-preserving system and let
A € ¥ with u(A) > 0. Show that the set of all n € N with

pAN@™A) N 2 (A) >0

is syndetic. (Hint: Use the result of Exercise 10.)

12 (Furstenberg Correspondence for General Sequences). Prove the following
statement:

Let (ap)neny be a subsequence in N. Suppose that for every ergodic measure-
preserving system (X; @), its Koopman operator T := T, on 12(X) and every
0 < f € L*°(X) there exists n € N such that

/ f-(T*"f) > 0. (20.20)
X

Then for every set A C N with d(A) > 0 there isn € Nand a, a + a, € A.

For a,, = n? this is Theorem 20.22. Of course, this is useful only for those sequences
(an)nen for which Theorem 20.21 and the corresponding recurrence result holds,
such as N, N2, the shifted primes P — 1, P + 1, etc.

13 (Gowers—-Host-Kra Seminorms). For an invertible ergodic measure-
preserving system (X; ¢) with Koopman operator 7 consider the Gowers—Host—Kra
seminorms ||-| ey on L (X).

a) Prove that [|-|| 17 is seminorm on L**(X) and that

N
) 1 "
o = g |35,

b) Prove that the limsup in the definition of ||-|| ;2 is in fact a limit. Prove also
the following identity

Il = fim tim L iXN:/X(T"””f) H(T"F) - (T"F) - f.

" M—ooN—oo NM
m=1 n=1

(Hint: One can, e.g., apply Proposition 16.37.)
c) Provethat || f Iy =< I|.f lyper1 ) < IIf |l foreachk € Nand f € L>(X).

d) Show that (X; ¢) is weakly mixing if and only if || /||y« () = [|.f [l () holds
for every k € N and f € L>*(X).

e) Prove that ||||U]‘(T) = ||'||Uk(T—1).
f) Prove that ||| yu(zm) < mi/% |l % (ry holds for every m, k € N.

g) Prove the following fact, called the Gowers—Cauchy-Schwarz inequality:
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Foreveryk > 2, a1 < ay < -+ < ay—1 € Z\{0} there is C > 0 (actually
independent of the measure-preserving system) such that for fi, ..., fi—1 €
LX) with | filloo < 1,j=1,....,k—1, one has

lim supH — T‘”"fl (T frmr)

N—00

<C min k—1
oo = € jemin ”f]”U (1)

(Hint: Use van der Corput’s lemma.)

h) Deduce that the factor (Zy—;; 6y—>) mentioned on page 451 is characteristic
for the (k — 1)-term multiple ergodic averages (20.15).

14. Let P € M(X) be a Markov projection. Prove that P leaves L>°(X) invariant and
that L°(X) N ker(P) is dense in I?(X) N ker(P) with respect to the [>-norm.

15. Consider the skew rotation (T2, m;v,) from Example 5.15. Prove that its
Kronecker factor is not characteristic for three-term averages. (Hint: Consider the
functions fi(x,y) = ¥, fo(x,y) = y~> and f3(x,y) = y.) Let it be remarked here
that from the general structure theory of Host and Kra (2005b) it follows that Z, is
already the whole system.

16. Prove that if the Host—Kra theorem holds for some measure-preserving system
(X; @), then it holds for each of its factors (Y; ).

17. As we will see in the next chapter, one can replace p(n) = n” in the

Furstenberg—Sarkozy Theorem 20.21 by any integer polynomial with p(0) =
Show that the condition p(0) = 0 cannot be dropped.



Chapter 21
More Ergodic Theorems

Jede wahre Geschichte ist eine unendliche Geschichte.!
Michael Ende?

As we saw in previous chapters, ergodic theorems, even though being originally
motivated by a recurrence question from physics, found applications in unexpected
areas such as number theory. So it is not surprising that they attracted continuous at-
tention among the mathematical community, thus leading to various generalizations
and extensions. In this chapter we describe a very few of them.

21.1 Weighted Ergodic Theorems

As a first generalization we study convergence of weighted ergodic averages and
characterize weights which are “good” for the mean ergodic theorem.

Definition 21.1. A sequence (a,)en in C is called a (universally) good weight for
the mean ergodic theorem if for every Hilbert space H and every linear contraction
T on H, the weighted averages

AN TS = ZanT"f (21.1)

converge for every f € Has N — oo.

Every real story is a Neverending Story.

2Die unendliche Geschichte, Thienemann Verlag, 2012 - Translation from: Michael Ende, The
Neverending Story, translated by Ralph Mannheim, Puffin Books, 1983.

© Tanja Eisner, Balint Farkas, Markus Haase, and Rainer Nagel 2015 461
T. Eisner et al., Operator Theoretic Aspects of Ergodic Theory, Graduate
Texts in Mathematics 272, DOI 10.1007/978-3-319-16898-2_21
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The following is a surprisingly simple criterion for a sequence to be good in the
previous sense, see, e.g., Berend et al. (2002).

Theorem 21.2. For a bounded sequence (a,)qen in C the following assertions are
equivalent:
(1) The sequence (a,)nen is a good weight for the mean ergodic theorem.

(ii) Forevery isometry T on a Hilbert space H the weighted averages Ay (a,)[T] f
converge strongly for every f € H.

(iii) For every isometry T on a Hilbert space H the weighted averages
AN ) [T]f converge weakly for every f € H.

@iv) The limit

N
3 1 n .
Jim N;ank =:c(}) (21.2)

exists for every A € T.

In this case, for every contraction T € £ (H) one has

N
. .1 L
Jim_ Ay [T]f = lim Nzam = > cWPrf. (21.3)
n=1 A€oy (T)NT

where the operators P)_are the orthogonal projections onto the mutually orthogonal
eigenspaces ker(T — Al) for A € o,(T) N'T.

Proof. First of all we note that the sum on the right-hand side of (21.3) is strongly
convergent for every bounded function ¢ : T — C, because by Exercise 16.19
eigenvectors of a contraction to different unimodular eigenfunctions are orthogonal.
The implications (i) = (ii) = (iii) are trivial, and (iii) = (iv) follows by considering
the multiplication by A as an operator on H = C.

Now, we show that for an isometry 7 one has Ay (4,)[T]f — O forevery f € Hyys.
For f € Hyys we define u, := a,7"f . Then with C := sup, ¢y |a,| we have

| |
NZ(”n+k|”n) = ‘]T] Zan+ka_n(Tn+kf|Tnf)
n=1 n=1

N
=SS (T ) = T 1)
n=1

So the averages (21.1) converge to 0 by the van der Corput Lemma 9.28.

To prove (iv) = (ii), we take an isometry 7 on a Hilbert space H. By the JALG-
decomposition, see Section 16.3, it suffices to prove convergence of the weighted
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averages for f € H,, and f € H,ys separately. By the previous paragraph we know
convergence to 0 on H,ys. If f is an eigenvector to some eigenvalue A (necessarily
unimodular), then

N
1
AvalTlf = 3 Y al"f.
n=1

So by assumption (iv) and by Theorem 16.33 we obtain convergence on H,.y, hence
on H, and the formula (21.3) in the case of isometries.

Finally, we prove the implication (ii) = (i) and the formula (21.3) for contractions.
Let T be a contraction on a Hilbert space H. By the Foias—Szokefalvi-Nagy
decomposition in Section D.7, one has the orthogonal decomposition H = Hyn;
H.,, into two T-invariant subspaces, where T is unitary on Hy,; and completely
nonunitary and weakly stable on H.y, i.€., the powers 7" restricted to H.,, converge
to 0 in the weak operator topology. By (ii) and by the already proven formula (21.3)
for isometries, we may assume that H = H.y,. In this case we need to prove that
AN ap[T]f — Oforevery f € Has N — oo. By the Szkefalvi-Nagy dilation
theorem in Section D.8 there is a Hilbert space K © H and a unitary operator U
on K such that 7" = Py U"|y holds for every n € N. Since the weighted ergodic
averages converge for U by assumption, they also converge for 7. It remains only to
show that the limit (21.3) is zero. Since T is weakly stable, the operators S, := a,T"
converge weakly to 0 as n — oo, and we obtain that

1 N
N;Snf

converges weakly hence strongly to 0 for every f € H. O

An alternative proof for unitary operators based on the spectral theorem is
Exercise 1.

Remarks 21.3. 1) One can show that (iii) implies that c(A) # 0 holds for
at most countably many A € T, see Kahane (1985, p. 72) or Boshernitzan’s
proof in Rosenblatt (1994). Moreover, the assertion of Theorem 21.2 can be
generalized to some classes of unbounded sequences (a,).cn, see Berend et
al. (2002) and Lin et al. (1999) for details.

2) Again using the JALG-decomposition, see Section 16.3, one can add another
equivalent condition to the list in Theorem 21.2:

(v) For every operator T with relatively (strongly) compact orbits on a
Banach space E, the averages (21.1) converge strongly/weakly for
every [ € E, and the limit is as given in (21.3). Here, P) denotes
the mean ergodic projection of the operator AT for A € T and the
sum on the right-hand side of (21.3) becomes for fixed f a strongly
convergent series.
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Note that for such operators, 7" converges strongly to 0 on Ejy.

3) We see that only the reversible part of H,., contributes to the limit in (21.3).
Therefore, for Koopman operators the Kronecker factor is characteristic for
averages (21.3), cf. page 449 in Chapter 20.

4) By considering rotation systems (T, m;A) for A € T we can formulate one
more condition equivalent to the ones in Theorem 21.2.

(vi) For every measure-preserving system (X; ¢) with Koopman operator
T := T, the weighted averages Ay (a,)[T]f converge in I for every
f e 2(X).

Example 21.4. As examples of good weights we can take polynomial sequences of
the form

(an), e = (A1), withA € Tand g : Z — Z a polynomial,

neN T
see Exercise 2. More examples appear in the next section.

Analogously, one defines (universally) good weights for the pointwise ergodic
theorem on 17, p € [1, 00), as weights (a,),en for which the averages Ay, 4,)[T]f
converge a.e. for the Koopman operator 7' := T, of every measure-preserving
system (X; ¢), and every f € I?7(X). There seems to be no pointwise analogue
of Theorem 21.2.

For an extension of Birkhoff’s pointwise ergodic theorem for weights coming
from orbits of measure-preserving systems see Theorem 21.10 and the discussion
below. For more examples of pointwise good and bad (i.e., not good) weights
see, e.g., Section 21.2 below, Conze (1973), Bellow and Losert (1985) or Krengel
(1971).

21.2 Wiener—Wintner and Return Time Theorems

In this section we study sequences of weights coming from a measure-preserving
system, i.e., having the form (a,),en = (f(¢"(x)))nen for a system (X; ), x € X
and f € L>°(X). We will see that for almost every x such weights are good for both
the mean and the pointwise ergodic theorem.

We begin with the following classical result due to Wiener and Wintner (1941)
showing almost everywhere convergence of weighted ergodic averages with weights
a, = A", A eT.

Theorem 21.5 (Wiener-Wintner). Let (X;¢), X = (X, X, u), be a measure-
preserving system and f € 1LN(X). Then there exists a set X' € X with n(X') = 1
such that

1 N
5 2 A (@' @) (21.4)
n=1

converges
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At the first glance, the coefficients (1"),en in (21.4) can be considered as a sequence
of weights. However, we can change perspective and consider instead the sequence
(an)nen = (f(¢"(x)))nen as a weight. With this point of view the averages (21.4)
coincide with those in (21.2) in Theorem 21.2. We thus immediately obtain the
following corollary relating Theorems 21.2 and 21.5.

Corollary 21.6. Let (X; ¢) be a measure-preserving system and f € L°°(X). Then
for almost every x the sequence of weights (f(¢"(x)))nen is good for the mean
ergodic theorem.

The almost everywhere convergence of (21.4) for a fixed A € T follows from
Birkhoff’s Theorem 11.1 applied to the product system (Y, v;v) and g € L'(Y,v)
for Y := T x X with product measure v, ¥ (z,x) := (Az, ¢ (x)) and g(z,x) := z.f (x).
The difficulty is to find a set X’ of full measure independent of A € T.

For the proof of Theorem 21.5 we first need a simple lemma responsible for
a density argument. Here, for an ergodic measure-preserving system (X; ¢), X =
(X, X, 1) and an integrable function f on X we call a point x € X generic for f if

- .
NI (x))—>/Xf ap.

cf. Exercise 11.4 for the topological case. By Birkhoff’s Theorem 11.1, for an
ergodic measure-preserving system (X;¢) and f € L'(X) almost every point is
generic for f.

Lemma 21.7. Take a bounded sequence (ap)nen in C, an ergodic measure-
preserving system (X;¢) and f, fi, fa,... integrable functions on X with
limjoo | f — filli = O. Let x € X be generic for | fj| and for | f — fil.j € N,
and suppose that

hrn —Zanﬁ P"(x) =

exists for every j € N. Then lim;_, o b; =: b exists and

Jlim —Zanf 9" (x) =

Proof. Since x is generic for | f;| and the sequence (|| f;ll1)jen is bounded, the
sequence (b;)jen is bounded and hence has a convergent subsequence, say b;, — b
as m — oo. For a given ¢ > 0 we obtain with M := sup,cy|a,| and m € N
sufficiently large that
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N

1
5 2 anf (¢") -
n=1
1< 1<
< 5 2 MG = 1@ @) + |5 D anfi, (6" () = by, | + [by, ~ ]
n=1 n=1
N
ZMMm FHe @) + |5 D anfin (9" () = by, | + e
n=1
Since x is generic for | f;, —
hrn — Z a, f (x)
and, in particular, that b is independent of the subsequence (b}, ) men. O

We now prove the Wiener—Wintner theorem under the additional assumption that
the system (X; @) is ergodic.
Proof of Theorem 21.5 for ergodic systems. In the whole proof we work with
arbitrarily chosen representatives instead of equivalence classes in 12, still denoted
by the same letter. Let H := 1>(X), T := T, be the corresponding Koopman
operator, and consider the JALG-decomposition H = Hiy © Hays, See Section 16.3.
We first prove convergence of (21.4) for f in the reversible part H,. Let f be an
eigenfunction of T for an eigenvalue v € T. Then there is a set X, € X with full
measure such that (7"f)(x) = v" f(x) for every x € X, and n € N. For such x we
have

< 2 A fe") == ) (Av)" f(x),
N n=1 N n=1

and convergence follows for every A € T. Clearly, if f is a finite sum of eigen-
functions corresponding to unimodular eigenvalues, then the asserted convergence
holds.

Let now f = limj f; in L2, where each f; is a finite sum of eigenfunctions
corresponding to unimodular eigenvalues. There are only countably many eigen-
functions g; that occur as a summand in any of the functions f;. Let X’ be the
intersection of the sets of convergence corresponding to each g; obtained from the
previous argument together with the generic points of each | f;| and | f — f;|. This
set is of full measure, and from Lemma 21.7 one obtains the convergence of the
averages in (21.4).

Suppose now that f* € H,ys. Define X’ to be the set of the generic points of every
function T* -7, k € N. We show that the limit of (21.4) is 0 for all x € X’ and all
A € T using the van der Corput lemma. We take x € X’ and set u,, = A" f(¢"(x))
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forn € N. For k € N we have

1 N
N Z Mn+ku_n
n=1

N

NZ (T*f - F) (")

‘meﬂww

—>‘/}(ka'7¢1¢‘:‘(ka‘]’)‘ as N — oo.

Since f € H,ys, by Theorem 16.34 the Cesaro averages of the right-hand side above
converge to 0. By the van der Corput Lemma 9.28 we obtain

hrn —ZA" 0] (x)

forevery A € T finishing the argument in case [ € Hyys.

If f € L>(X) is arbitrary, then its reversible and stable parts fi.y and f,ws both
belong to L™ (X), see Lemma 20.17. By what is said above we obtain the statement
forevery f € L>°(X).

Take now f € L!'(X) and a sequence (f))jen in L*(X) withlimj 0 || £ = fill1 =
0. For each j, let X; be the set of full measure from the previous consideration
corresponding to f; intersected with the generic points of | f;| and | f — f;|. Then
the set X’ := ("), X; has full measure, and for every x € X’ the averages in (21.4)
converge by Lemma 21.7. O

As we see from the proof, only functions from the reversible part contribute to
the limit of (21.4), or, in other words, the Kronecker factor is characteristic for the
Wiener—Wintner ergodic averages. In fact, one has even stronger convergence on
the stable part, as the following extension due to Bourgain (1990) shows, see also
Assani (2003, Thms. 2.4, 2.10).

Theorem 21.8 (Uniform Wiener-Wintner Theorem). Let T be a Koopman
operator as above and let f € 11(X) be orthogonal to all eigenfunctions of T.
Then

lim sup |—
N—o0 AET

1 N
2 A0 W)| =
n=l

for almost every x € X. If, in addition, the (K, |t; @) is a uniquely ergodic topological
measure-preserving system and f € C(K), then one has

1 N
ZA”T"f
n=l 00

lim sup =0.

N—>00 T, xek

szwm)

n=1

= hm sup
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In particular, in the latter case the sequence (f (¢"(x)))nen is a good weight for the
mean ergodic theorem for every x € K.

The proof is analogous to the one of Theorem 21.5 using a finitary version of the
van der Corput lemma, see, e.g., Assani (2003, Ch. 2) and Schreiber (2013a).

Remark 21.9. For extensions of Theorems 21.5 and 21.8 to more general classes
of weights, see Lesigne (1990, 1993), Frantzikinakis (2006), Host and Kra (2009)
and Eisner and Zorin-Kranich (2013).

We also refer to Lenz (2009b) for the connection of topological Wiener—Wintner
theorems to diffraction in quasicrystals. More topological Wiener—Wintner type
results are in Robinson (1994), Lenz (2009a, 2009b), Walters (1996), Santos and
Walkden (2007), and Schreiber (2014).

We now discuss the more difficult situation regarding pointwise convergence.
Viewing the sequence ( f(¢"(x)))qen in the averages (21.4) as a sequence of weights
we can reformulate the Wiener—Wintner Theorem 21.5 as follows: For every rotation
system (T,dz; 1), for g = id* (k € Z), f € L*°(X), and for almost every x, the
averages

N

Z (¢"(x)g(A"y)

converge for (almost) every y € T. By linearity and by density argument we can
actually allow here arbitrary g € L'(T).

A celebrated result of Bourgain, first published in the preprint Bourgain (1988b)
with a subsequent proof given in Bourgain et al. (1989), shows that one can replace
the rotation system (T, dz; A) by an arbitrary measure-preserving system.

Theorem 21.10 (Bourgain Return Time Theorem). Letr (X;¢) be a measure-
preserving system and f € 1°°(X). Then for almost every x € X, the sequence
(f(@"(x)))nen is a good weight for the pointwise ergodic theorem, i.e., the averages

1 N
5 2 /(" @)2(v" ()
n=l

converge for every measure-preserving system (YY), g € LI(Y) and for almost all
yevY.

The name “return time theorem” is explained by taking f = 1, as the characteristic
function of a measurable set A. Then f(¢"(x)) = 1 if x returns to A at time n
while f(¢"(x)) = 0 otherwise, and so the sequence (f(¢"(x)))nen i8 a return time
sequence.

For the proof we refer to the original paper of Bourgain (1989) or to a more
detailed version in Assani (2003). Further proofs and generalizations are in Rudolph
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(1994, 1998), Ornstein and Weiss (1992) and Zorin-Kranich (2014a, 2014b), see
also Demeter et al. (2008) and the survey article by Assani and Presser (2013).

Remark 21.11. The following natural question seems still to be open, cf. Assani
(2003, Prop. 5.3): Let (K; ¢) be a uniquely ergodic topological system with invariant
probability measure p, and let f € C(K). By Theorem 21.8, the sequence
(f(@™(x)))nen is a good weight for the mean ergodic theorem for every x. Is it
also a good weight for the pointwise ergodic theorem, i.e., does the assertion of
Theorem 21.10 hold for every x?

21.3 Linear Sequences as Good Weights

In the previous section we encountered two classes of good weights for the
pointwise ergodic theorem: “deterministic” sequences of the form (1"),ey for A € T
and the “random” sequences of the form ( f(¢"(x))),en for a measure-preserving
system (X; ¢), f € [°(X) and x from some “good” set X’ C X of full measure. In
the latter case, although the proof gives conditions on the set X', it can be difficult
to identify a concrete x € X’. In this section we present a different class of good
weights being deterministic and hence easy to construct. This class comes from
orbits of operators instead of orbits of measure-preserving transformations.

Definition 21.12. We call a sequence (a,),en in C linear if there exist an operator
S € Z(F) with relatively weakly compact orbits on a Banach space E and y € E,
y' € E’ such that @, = (S"y, ') holds for every n € N.

For details about operators having relatively weakly compact orbits see Section 16.2.

Using the Wiener—Wintner Theorem 21.5 and the JALG-decomposition, we show
that linear sequences are good weights for the pointwise ergodic theorem, where the
set of convergence of full measure can be chosen to be independent of the linear
sequence, see Eisner (2013).

Theorem 21.13. Let (X;¢), X = (X, X, u), be a measure-preserving system and
f be an integrable function on X. Then there exists a set X' € X with u(X') = 1
such that the weighted averages

N
= ') L5)
n=1

converge for every x € X' and every linear sequence (a,),en. In particular, every
linear sequence is a good weight for the pointwise ergodic theorem.

Proof. By the approximation argument based on Lemma 21.7, cf. the proof of
Theorem 21.5, it suffices to take f € L*°(X). Let S be an operator on a Banach space
E with relatively weakly compact orbits (hence power-bounded), y € E, y € E/,
and take (a,),en to be the corresponding linear sequence a, := (S"y,y’). Due to
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the JALG-decomposition E = Eyey @ E,ys corresponding to S, see Section 16.3, it
suffices to prove the statement separately for y € E,ys and y € E,,. Suppose first
y € E,ws. Then by Theorem 16.34 we have

| X
ng‘;oﬁzw'l' =0.

n=1
This implies that for every x € X

N

1 n
~ 2 anf (¢"()

n=1

lim sup
N—o00

N
.1
leggoN;mnnlfnm =0.

Suppose now that Sy = Ay for some A € T. Then we have

—Zanfqo(x) Zk" (¢"@) ().

By Theorem 21.5 there exists X’ € X with full measure such that the averages
above converge for every x € X’ and every A € T. Note that this set is independent
of (a,)nen. Of course, one obtains the convergence for finite linear combinations of
eigenvectors corresponding to unimodular eigenvalues.

Suppose now y € Ey,. Then, by Theorem 16.33, y is the norm limit of finite
linear combinations y; of eigenvectors. Since

(8" = ya), )| < Mlly = willlly'll

where M := sup,¢y [|5”]], the £°°-distance between (a,),en and the linear sequence
corresponding to y, tends to 0 as k — oo. By the triangle inequality, convergence of
the averages (21.5) for every x € X’ follows. O

Using the same kind of argument and some further results, one can show that
linear sequences are good weights for more classes of ergodic theorems as well, see
Eisner (2013).

21.4 Subsequential Ergodic Theorems

A second class of extensions of the classical ergodic theorems has been touched
upon in Chapter 9 when we discussed the Blum—Hanson theorem. In this case the
sequence (n),en for the operator powers 7" is replaced by a subsequence.

We begin with the following analogue of Theorem 21.2 for subsequences, see
Rosenblatt and Wierdl (1995) and Boshernitzan et al. (2005).
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Theorem 21.14. Let (k,)nen be a subsequence of N. Then the following assertions
are equivalent:

(i) For every contraction T on a Hilbert space H, the averages
| X
v d Ty (21.6)
n=1

converge strongly for every f € H as N — oo.

(i) The averages (21.6) converge strongly for every isometry T on a Hilbert
space H and every f € H.

(iii) The averages (21.6) converge weakly for every isometry T on a Hilbert space
H and every f € H.

(iv) The averages

|
kn
T
n=1
converge for every A € T.

The proof of the implication (iv) = (ii) is Exercise 4, and (ii) = (i) follows as in the
proof of Theorem 21.2.

Definition 21.15. A subsequence (k,),eny in N is good for the mean ergodic
theorem (or norm good) if it satisfies the equivalent assertions in Theorem 21.14. A
subsequence (k,),en in N is good for the pointwise ergodic theorem (or pointwise
good) in [7(X), p > 1, if the averages (21.6) converge almost everywhere for
every measure-preserving system (X; ¢), the corresponding Koopman operator 7'
and every f € I7(X).

We note that such sequences are sometimes called universally good (e.g., in
Krengel 1985) to emphasize that one has the convergence along such sequences
independently of the Hilbert space contraction or the measure-preserving system,
respectively.

Remark 21.16. If the set {k, : n € N} has positive density, then (k,),en is good
for the mean (or pointwise) ergodic theorem if and only if the corresponding 0-1-
sequence of weights is good for the mean (or pointwise) ergodic theorem in the
sense of Section 21.1, see Exercise 3. Examples of such sequences are return time
sequences (14(¢"(x))),en for a measure-preserving system (X; ¢), X = (X, X, n),
and A € X with positive measure. Indeed, by Birkhoff’s Theorem 11.1 such a
sequence has density p(A). Thus, convergence for sequences having density zero or
not having a density cannot be obtained via Section 21.1.
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An important class of good sequences are polynomial ones. We give a structural
proof for this fact based on Furstenberg (1981, Sec. 3—4). For an alternative proof
using the spectral theorem or Theorem 21.14 see Exercise 4.

Theorem 21.17. Let q : N — N be a polynomial. Then for every contraction T on
a Hilbert space H, the averages

N

1

v Z T (21.7)
n=1

converge strongly for every f € H as N — oo. In particular, (q(n)),en is a good
sequence for the mean ergodic theorem. Moreover, the limit of the averages (21.7)
is given by

Y. WP,

A€ay(T)NT

where c(A) denotes the limit of]iv ZHN=1 A9 and P; is the orthogonal projection
onto the eigenspace ker(T — Al).

Proof. By Exercise 16.19 the eigenspaces corresponding to different unimodular
eigenvalues are orthogonal. Since (1) exists—as will be shown in a moment—and
is bounded by 1 for A € 0,(T) N T, the sum erop(T)mr c(L)P) f exists for every
f €eH.

By the JALG-decomposition, see Section 16.3, it again suffices to prove conver-
gence of the averages (21.7) for f € Hyey and f € H,ys separately.

Let f be an eigenfunction to the eigenvalue A € T. If A is not a root of unity, i.e.,
A ¢ e?iQ then by Weyl’s equidistribution result for polynomials, Theorem 10.23,
the limit

N

1 - n 1 n
N’;Tq()fzﬁzm()f

n=1

is zero. If A is a root of unity, say A = e’V then the convergence follows from

LS vigma _ LN vigmans
Jim 2 e = 2 e
since g(n + b) — q(n) is divisible by b for every n € N.

It remains to show that the limit of (21.7) is zero for f € H,ys. If deg(q) = 1,
this follows from the mean ergodic theorem because by Corollary 9.18 we have
Haws(T) = Hays(T¥) for every k € N. We induct on deg(g). Let ¢ : N — N be
a polynomial, and suppose that the assertion is proved for every polynomial with
degree strictly less than deg(g). We define u, := 79" f and obtain
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(nsilan) = (T9HO7 7| £).

Since the polynomial g(- + k) — g(-) has degree deg(g) — 1, we obtain by induction
hypothesis that

N
. 1
Ngn;oﬁ;(uﬁuun) =0

holds for every k € N. The van der Corput Lemma 9.28 finishes the argument. O

Remark 21.18. The above proof shows that the limit of (21.7) is O whenever f is
orthogonal to the subspace

H., = lin{f eEH:Tf = e‘ﬁo‘f for some a € Q}, (21.8)

called the space of rational eigenfunctions of 7. Thus, for Koopman operators the
factor generated by (21.8) (i.e., corresponding to the smallest o-algebra with respect
to which all rational eigenfunctions are measurable) is characteristic for polynomial
averages (21.7). Note that this factor is in general not the smallest characteristic
factor. For an examination of the limit of (21.7) see, e.g., Kunszenti-Kovéacs (2010)
and Kunszenti-Kovécs et al. (2011).

The following celebrated result of Bourgain (1989) shows that polynomials
are good also for pointwise convergence for every p > 1, see also Thouvenot
(1990), Lacey (1997), Demeter (2010), and Krause (2014). For p = 1 pointwise
convergence fails as shown by Buczolich and Mauldin (2010).

Theorem 21.19 (Bourgain). Let g : N — N be a polynomial. Then the sequence
(g(n))nen is good for the pointwise ergodic theorem for every p > 1.

We now mention more classes of good sequences.

Examples 21.20. 1) The first generalization of integer polynomial sequences
are sequences of the form (| g(n) |),en for a polynomial ¢ with real coefficients, e.g.,
(Lwn® + ~/2n])nen. Such sequences are good for the pointwise (and hence mean)
ergodic theorem for every I, p > 1, by Bourgain (1989).

2) A further generalization concerns logarithmico-exponential functions or,
more generally, elements of a Hardy field. A logarithmico-exponential (log-exp)
function is a function which can be obtained by combining the variable x, real
constants, and the symbols +, -, exp and log, see, e.g., Hardy (1971). For such a
function a, consider the sequence (|a(n)]),en and call such a sequence a log-exp
sequence. An example of such a sequence is ([n%]),en for @ € R.

Boshernitzan et al. (2005) presented a complete characterization of log-exp
sequences of subpolynomial growth which are good for the mean ergodic theorem.
Roughly speaking, their condition says that the corresponding function should
be either asymptotically close to a polynomial or far from every polynomial.
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Moreover, a similar sufficient condition is valid for the pointwise ergodic theorem.
We just mention some examples. The notion “pointwise good” (“pointwise bad,”
respectively) refers here to the corresponding notion in I2.

a) If the limit lim,_ oo (a(x) — g(x)) exists for some real polynomial ¢, then
(La(n) |)nen is pointwise (and hence norm) good. A concrete example of such
a sequence is (|n” —n~2logn + ~/2n))nen.

b) Leta = g + r, where ¢ is a polynomial and r(x) grows slower than x and
quicker than log™ x for every m € N. Then (|a(n) |),en is pointwise good for
every I, p > 1. An example is (|n + /1] )nen.

c) Let g be a polynomial with rational coefficients. Then every coefficient of ¢
can be perturbed by an arbitrarily small irrational number such that for the
new polynomial g, (|g(n) + logn]),en is pointwise bad.

d) The sequences (|1n3/2]),en and (| v/2n2 4 n+log n|),en are pointwise good.
However, by c) there is a dense set of irrational numbers @ such that (| ©@n>+
n + logn|),en is pointwise bad. It is not clear what happens, for example,
for ® = m.

€) The sequence (| +/7])nen is pointwise bad as shown by Bergelson, Bosher-
nitzan, and Bourgain (1994), see also Jones and Wierdl (1994) for an
elementary proof.

3) Extending a result of Bourgain (1988a), Wierdl (1988) showed that the
sequence of primes is good for pointwise convergence for every I, p > 1. For
more examples, see, e.g., Niederreiter (1975) and Bellow (1989).

21.5 Even More Ergodic Theorems

There are even more ways to generalize the classical ergodic theorems.

Ergodic Theorems for Semigroup Actions

Instead of the powers of a single Koopman operator and their Cesaro averages, one
can look at an action of a (semi)group of measure-preserving transformations and
ask for an analogue of the ergodic theorems. Here one has to distinguish between
actions of amenable and nonamenable (semi)groups. We refer, e.g., to Bergelson
(1996) for results on Z“-actions, to Lindenstrauss (2001) and to the book by
Tempelman (1992) for pointwise ergodic theorems for actions of amenable groups.
The book by Gorodnik and Nevo (2010) contains information on nonamenable
group actions. Mean ergodic operator semigroups were briefly touched upon in
the supplement of Chapter 8, for more details we refer, e.g., to Nagel (1973), Sato
(1978), Sato (1979), Krengel (1985), Schreiber (2013b).
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Noncommutative Ergodic Theorems

Another generalization (which can be combined with the one above) is to con-
sider a noncommutative von Neumann system instead of the commutative system
(L°(X), [+ du; T) for the Koopman operator 7. See Lance (1976), Kiimmerer
(1978), Junge and Xu (2007), Niculescu et al. (2003), Duvenhage (2009), Beyers
et al. (2010), Austin et al. (2011), Batkai et al. (2012).

Entangled Ergodic Theorems

The so-called entangled ergodic theorems come from quantum stochastics and deal
with averages such as

1 N
— N AT,
P>

where A is a fixed bounded operator on a Hilbert space. For results regarding strong
convergence, see Liebscher (1999), Fidaleo (2007, 2010) and Eisner and Kunszenti-
Kovics (2013). Pointwise convergence of such averages of Koopman operators on
IV spaces has not yet been studied.

More Multiple Ergodic Theorems

In Chapter 20 we briefly discussed convergence of multiple ergodic averages.
Tao (2008) proved the following generalization of Theorem 20.14. Let Ty,..., T}
be commuting Markov isomorphisms on L' (X) with X a probability space. Then
the limit

N—1

1
Jim_ Nngo(ﬁfl) '''' (T{ fo)

exists in the I2-sense for every fi,..., fr € L°(X). Subsequently, Austin (2010),
Host (2009), and Towsner (2009) discovered different proofs, see also de la Rue
(2009). Walsh (2012) generalized the previous result by assuming only that
Ti,..., Ty generate a nilpotent group, see also Austin (2014) and Zorin-Kranich
(2011). Unlike in the Host—Kra theorem, not much is known about the limit of the
averages.

One can now combine this with the ergodic theorems above. For example, Host,
Kra (2009) showed the following weighted multiple norm convergence result: For
a measure-preserving system (X;¢) and f € L!(X), for almost every x € X the
sequence (f(¢"(x)))qen is a good weight for multiple ergodic averages, i.e., the
averages
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1 N
5 2 S0 g1) - (578
n=1

converge in [>-norm for every other system (Y, v; 1) with the Koopman operator S,
every gi,...,8k € L°(Y,v) and every k € N.

While the theory of multiple norm convergence is quite well established,
pointwise convergence of multiple ergodic averages is not well understood yet. In
particular, the question whether the multiple averages

N
ST f (1 f)
n=1

converge almost everywhere for every measure-preserving system (X; ¢) and every
Sis-o, fr € L°(X) is open for k > 3. In the case k = 2 the question was answered
affirmatively by Bourgain (1990) using harmonic analysis. Also almost everywhere
convergence of the simplest multiple polynomial averages

1 N 2
5 2T )(T"g)
n=1

is open.

For further variations on ergodic theorems we refer, e.g., to Zorin-Kranich
(2011), Krengel (1985), Lacey et al. (1994), Aaronson (1997), Wierdl (1998),
Bergelson and McCutcheon (2000), Leibman (2005b), Li et al. (2007), Frantzik-
inakis et al. (2010), Gomilko et al. (2011), Karlsson and Ledrappier (2011),
LaVictoire et al. (2014), Parrish (2012).

Clearly, the above list is far from being exhaustive, but we hope to have motivated
the reader to delve deeper into the subject.

Exercises

1 (Spectral Theoretic Proof of Theorem 21.2). Using the spectral theorem, give
an alternative proof of Theorem 21.2 for unitary operators via the next steps:

a) Show that the following assertions are equivalent:

(i) For every unitary operator 7 on a Hilbert space H, averages (21.1)
converge for every f € H.

(i) Averages (21.2) converge for every A € T.



Exercises 477

b) Let  be a continuous positive measure on T and 7 be the unitary operator
on E := I*(T,u) given by Tf(z) = zf(z). Show that the limit of
averages (21.1) equals O for every f € E. (Hint: Use Wiener’s lemma,
Proposition 18.20.)

¢) Derive from b) and the spectral theoretic proof of a) the representation (21.3)
for the limit of the weighted averages (21.1).

2 (Polynomial Sequences as Good Weights).

a) Show, by using Theorem 21.2 and Weyl’s Theorem 10.23, that for a
polynomial ¢ : Z — Z and z € T, the sequence (z7™),en is a good weight
for the mean ergodic theorem and compute c(1) for every A € T, where we
use the notation of Theorem 21.2.

b) Using the skew product construction, see Example 2.22, show that the poly-
nomial sequences in a) can be written in the form ( f(¢"(x))),en for some
measure-preserving system (X;¢) and f € L*°(X). Using Corollary 21.6
deduce that the polynomial sequences from above are good weights for the
pointwise ergodic theorem.

3 (Weighted vs. Subsequential Ergodic Theorems). For a subsequence (k,),en
in N, define (a,),en by

1 if n =k, for some m,

0 if otherwise.

Suppose {k, : n € N} has positive density. Prove that then (k,),en is a good
subsequence for the mean (or pointwise) ergodic theorem if and only if (a,),en
is a sequence of good weights for the mean (or pointwise) ergodic theorem.

4. Give a spectral theoretic proof of Theorems 21.14 and 21.17 for unitary operators
on a Hilbert space using Weyl’s equidistribution theorem for polynomials, see
Theorem 10.23.

5 (Linear Sequences: A Counterexample). Let E := £! and let S : E — E be the
right shift operator defined by S(x;, x2,...) := (0,x1,x2,...).

a) Show first that for x = (x;)jen € ¢'andy := (¥j)jen € £*° one has
N

1 1 N o)
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n=1 n=1 j=1

b) Using a) show that there exist dense open sets M C E and M’ C E’ such
that for every x € M and every y € M’, the sequence (S"x, y),en is Cesaro
divergent and hence fails to be a good weight even for the mean ergodic
theorem.






Appendix A
Topology

A.1 Metric Spaces

A metric space is a pair (£2,d) consisting of a nonempty set £2 and a function
d: 2 x 2 — R with the following properties:

1) d(x,y) >0,andd(x,y) = 0ifand only if x =y,
2) d(x,y) =d(y.x),
3) d(x,y) <d(x,2) +d(z,y) (triangle inequality).

Such a function d is called a metric on 2. If instead of 1) we require only d(x, x) =
0 for all x € §2 we have a semi-metric. For A C £2 and x € §2 we define

d(x,A) := inf{d(x,y) : y € A},

called the distance of x from A. By a ball with center x and radius » > 0 we mean
either of the sets

B(x,r) := {y €2 dxy < r},
Bx,r):={ye R :dxy <r}.

A set O C £2 is called open if for each x € O there is a ball B C O with center x
and radius r > 0. A set A C 2 is called closed if £2 \ A is open. The ball B(x, r) is
open, and the ball E(x, r) is closed for any x € £2 and r > 0.

A sequence (x,),en in §2 is convergent to the limit x € 2 (in notation: x,, — x),
if for all & > 0 there is nyp € N with d(x,,x) < ¢ for n > ny. Limits are unique, i.e.,
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if x, - xand x, — y, then x = y. For a subset A C £2 the following assertions are
equivalent:

(i) Ais closed.
(i) Ifx e 2 andd(x,A) = 0, thenx € A.
(i) If (x;)neny € A and x, — x € §2, then x € A.

A Cauchy sequence (x,),cn in §2 is a sequence with the property that for all ¢ > 0
there is ng € N with d(x,, x,) < ¢ for n, m > ny. Each convergent sequence is
a Cauchy sequence. If conversely every Cauchy sequence is convergent, then the
metric d as well as the metric space (£2, d) is called complete.

A.2 Topological Spaces

Let 2 be a set. A set system O C P(£2) is called a topology on £2 if it has the
following three properties:

1) 0,2€0,
2) 01,...,0,€0,neN = 0;N---N0O, €0,
3) 0,€0,tel = |0 €0.

A topological space is a pair (£2, O), where §2 is a set and O C P(£2) is a topology
on §2. A subset O C 2 is called open if O € O. A subset A C §2 is called closed if
A® = §2 \ A is open. By de Morgan’s laws, finite unions and arbitrary intersections
of closed sets are closed.

If (£2,d) is a metric space, the family O := {O C £2 : O open} of open sets (as
defined in A.1) is a topology, called the topology induced by the metric (Willard
2004, Thm. 2.6).

If the topology of a topological space is induced by a metric, the space is called
metrizable and the metric is called compatible (with the topology). If there is a
complete compatible metric, the topological space is called completely metrizable.
Not every topological space is metrizable, cf. Section A.7 below. On the other hand,
two different metrics may give rise to the same topology. In this case the metrics are
called equivalent. It is possible in general that a complete metric is equivalent to
one which is not complete.

If O, O are both topologies on £2 and O’ C O, then O is called finer than O’ and
O’ coarser than O. On each set there is a coarsest topology, namely O = {@, 2},
called the trivial topology; and a finest topology, namely O = P(§2), called the
discrete topology. The discrete topology is metrizable, e.g., by the discrete metric
d(x,y) := 8., (Kronecker delta). Clearly, a topology on £2 is the discrete topology
if and only if every singleton {x} is an open set.
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If (O,), is a family of topologies on £2, then (), O, is again a topology. Hence, if
& C P(£2) is any set system one can consider

(&) := ﬂ{(’) 1 £ S0 CP(R), Ois atopology},

the coarsest topology in which each member of € is open. It is called the topology
generated by €.

Let (£2, O) be a topological space. A neighborhood in §2 of a pointx € £2 is
a subset U C £2 such that there is an open set O C §2 withx € O C U. A set is
open if and only if it is a neighborhood of all of its points. If A is a neighborhood of
X, then x is called an interior point of A. The set of all interior points of a set A is
denoted by A° and is called the interior of A. The closure of a subset A C £2 is

A= m{F :ACFC&, Fclosed},

which is obviously the smallest closed set that contains A. Alternatively, the closure
of A is sometimes denoted by

clA or clpA,

especially when one wants to stress the particular topology considered.

The (topological) boundary of A is the set A := A \ A°. For x € £2 one has
x € A if and only if every neighborhood of x has nonempty intersection with A. If
(£2,d) is a metric space and A C £2, then A = {x : d(x,A) = 0}, and x € A if and
only if x is the limit of a sequence in A.

A subset A of a topological space (£2, O) is called dense in 2 if A = 2. A
topological space §2 is called separable if there is a countable set A C §2 which is
dense in £2.

If 2 C £2 is a subset, then the subspace topology on 2’ (induced by the
topology O on £2) is given by Ogr 1= {2’ N0 : O € O}. If O is induced by
a metric d on §2, then the restriction of d to £2’ x £2’ is a metric on £2’, and this
metric induces the subspace topology there.

A subspace of a separable metric space is again separable, but the analogous
statement for general topological spaces is false (Willard 2004, §16).

A topological space §2 is called Hausdorff if any two points x, y € £2 can be
separated by disjoint open neighborhoods, i.e., there are U, V € O with U NV =
@and x € U,y € V. A subspace of a Hausdorff space is Hausdorff and each
metric space is Hausdorff. If O, O’ are two topologies on §2, O finer than O’ and
O’ Hausdorff, then also O is Hausdorff. In a Hausdorff space each singleton {x} is a
closed set.

If (£2, Q) is a topological space and x € §2, then one calls

Ux) = {U C 2 : U is a neighborhood ofx}
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the neighborhood filter of x € 2. A system U < U(x) is called an (open)
neighborhood base for x or a fundamental system of (open) neighborhoods of x,
if for each O € U(x) there is some U € U withx € U € O (and each U € U is
open). In a metric space (2, d), the family of open balls B(x, %), n € N, is an open
neighborhood base of x € £2.

A base B C O for the topology O on §2 is a system such that each open set
can be written as a union of elements of B. If B is a base for the topology of §2,
then {U € B : x € U} is an open neighborhood base for x, and if U, is an open
neighborhood base for x, for each x € £2, then B := |J ., U, is a base for the
topology. For example, in a metric space (§2, d) the family of open balls is a base
for the topology.

A topological space is called second countable if it has a countable base for its
topology.

Lemma A.1. Every second countable space is separable, and every separable
metric space is second countable.

A proofis in Willard (2004, Thm. 16.11). A separable topological space need not be
second countable (Willard 2004, §16).

Let (£2,0) be a topological space and let 2’ C £2. A point x € £’ is called
an isolated point of 2’ if the singleton {x} is open. Further, x € £2 is called an
accumulation point of £2 if it is not isolated in £2” U {x} for the subspace topology,
or equivalently, if every neighborhood of x in £2 contains points of 2’ different
from x. A point x € §2 is a cluster point of the sequence (x,),eny € §2 if each
neighborhood of x contains infinitely many members of the sequence, i.e., if

xeﬂ{xk:kzn}.

neN

If £2 is a metric space, then x is a cluster point of a sequence (x,),eny < £2 if and
only if x is the limit of a subsequence (xz, )nen-.

A.3 Continuity

Let (£2,0), (£2/,0’) be topological spaces. A mapping f : 2 — £’ is called
continuous at x € £2, if for each (open) neighborhood V of f(x) in £2’ there is an
(open) neighborhood U of x such that f(U) C V.

The mapping f is called continuous if it is continuous at every point. Equiva-
lently, f is continuous if and only if the inverse image £ ~!(0O) of each open (closed)
set O € O is open (closed) in £2. If we want to indicate the used topologies, we say
that f : (£2,0) — (£2/, Q) is continuous.

For metric spaces, the continuity of f : £2 — £2’ (atx) is the same as sequential
continuity (at x), i.e., f is continuous at x € §2 if and only if f(x,) — f(x)
whenever x, — xin 2.
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A mapping f : 2 — £’ is called a homeomorphism if f is bijective and both
f and f~! are continuous. Two topological spaces are called homeomorphic if
there is a homeomorphism that maps one onto the other. The Hausdorff property,
separability, metrizability, complete metrizability, and the property of having a
countable base are all preserved under homeomorphisms.

A mapping f : (£2,d) — (£2’,d’) between two metric spaces is called uni-
formly continuous if for each ¢ > 0 there is § > 0 such that d(x,y) < § implies
d(f(x), f(y)) < eforall x, y € 2. Clearly, a uniformly continuous mapping is
continuous. [f A € £, then the distance function d(-, A) from 2 to R is uniformly
continuous since the triangle inequality implies that

ld(x,A) —d(y,A)| =d(x.y)  (x.y€ ).

A.4 Inductive and Projective Topologies

Let (£2,,0,), t € I, be a family of topological spaces, let §£2 be a nonempty set, and
let f, : 2, — £, € I, be given mappings. Then

Oma:={AC R : f7'(A) €O, forallt €I}

is a topology on £2, called the inductive topology with respect to the family ( f,),e;.
It is the finest topology such that all the mappings f, become continuous. A mapping
g: (82, Oa) — (827, 0') is continuous if and only if all the mappings go f, : 2, —
§2’, 1 € I, are continuous (Figure A.1).

Fig. A.1 Continuity for the g , , g
inductive (on the left) and for Q Q Q

the projective topology (on
the right) A gof, Jiog A

1 1

As an example of an inductive topology we consider a topological space (£2, O)
and a surjective map f : §2 — £2’. Then the inductive topology on §2’ with respect
to f is called the quotient topology. In this case £2’ is called a quotient space of
£2 with respect to f, and f is called a quotient mapping.

A common instance of this situation is when 2’ = £2 /~ is the set of equivalence
classes with respect to some equivalence relation ~ on §2, and f : 2 — §2/~isthe
natural mapping, i.e., f maps each point to its equivalence class. A set A C 2/~ is
open in §2 /~ if and only if | J A, the union of the elements in A, is open in 2.



484 A Topology

Let (£2,,0,), ¢ € I, be a family of topological spaces, let §£2 be a nonempty set,
and let f, : £2 — £2,,1 € I, be given mappings. The projective topology on §2 with
respect to the family ( f)) ey is

Oproj == T{£,1(0,) : 0, € O, forallt € I} € P(£2).

This is the coarsest topology for which all the functions f, become continuous.
A base for this topology is

Borj = {/, 7' (0,)N---N £71(0,) :neN, 0, €0, for k=1,....n}.

A mapping g : (£2',0") — (£2, Oprj) is continuous if and only if all the functions
fiog: 82" — 82, € I, are continuous (Figure A.1).

An example of a projective topology is the subspace topology. Indeed, if §2 is a
topological space and 2’ C 2 is a subset, then the subspace topology on £2’ is the
projective topology with respect to the inclusion mapping 2" — 2.

A.5 Product Spaces

Let (£2,),e; be a nonempty family of nonempty topological spaces. The product
topology on

9::]‘[9[={x:1—>ugl :x(t)E.QLVLGI}

el

is the projective topology with respect to the canonical projections 7, : £2 — £2,.
Instead of x(¢) we usually write x,. A base for this topology is formed by the open
cylinder sets

Aty == X)ies 1 x, €Oy fork=1,....n}
for¢1,...,t, € I, n € N and O, open in §2,,. For the product of two (or finitely
many) spaces we also use the notation 2 x £2’ and the like. Convergence in the
product space is the same as coordinatewise convergence. If £2, = 2 for all ¢ € I,
then we use the notation £2’ for the product space.

If (£2;,d;), j € I is a family of countably many (complete) metric spaces, then
their product ]_[je ; §2j is (completely) metrizable. For example, if I € N one can use
the metric

d(x,y) := ,Xe; 2i(1 +d(x;,;)) e Jl;[ o



A Topology 485

It follows from the triangle inequality that in a metric space (§2, d) one has
ld(x,y) —d(u,v)| <d(x,u) +d(y,v) (x, y, u, v es).

This shows that the metric d : £2 x §2 — R is uniformly continuous.

A.6 Spaces of Continuous Functions

For a topological space §2 the sets C(£2;K) and C,(£2;K) of all continuous,
respectively bounded and continuous functions f : 2 — K are algebras over K
with respect to pointwise multiplication and addition (K stands for R or C). The
unit element is 1, the function which is constant with value 1. For f € C,(§2;K)
one defines

1 lloo := sup{l F)] : x € 2}

Then |||, is @ norm on Cy(§2; K), turning it into a commutative unital Banach
algebra, see Section C.2. Convergence with respect to |||, is called uniform
convergence. In the case that §2 is a metric space, the set

UCy($2;K) := {f € Cp($2;K) : f is uniformly continuous}

is a closed subalgebra of Cy(£2; K).

For a general topological space 2, the space C(£2; K) may be quite “small.” For
example, if §2 carries the trivial topology, the only continuous functions thereon are
the constant ones. In “good” topological spaces, the continuous functions separate
the points, i.e., for every x, y € §2 such that x # y there is f € C(§2;K) such that
f(x) # f(y). (Such spaces are necessarily Hausdorff.) An even stronger property
is when continuous functions separate closed sets. This means that for every pair
of disjoint closed subsets A, B C 2 there is a function f € C(£2;K) such that

0=</f=1_ f(A) {0}, [f(B)<{l}.

If (£2,d) is a metric space and A C §2, then the function d(-,A) is uniformly
continuous; moreover, it is zero precisely on A. Hence, by considering functions
of the type

f@) = 2D

Ty S

for disjoint closed sets A, B C 2, one obtains the following.

Lemma A.2. On a metric space (§2,d), bounded uniformly continuous functions
separate closed sets.
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A.7 Compactness

Let £2 be a set. A collection F C P(£2) of subsets of §2 is said to have the finite
intersection property if

FiN---NF, #0

for every finite subcollection Fy, ..., F, € F,n € N.

A topological space (§2,0) has the Heine-Borel property if every collection
of closed sets with the finite intersection property has a nonempty intersection.
Equivalently, £2 has the Heine—Borel property if every open cover of §2 has a finite
subcover.

A topological space is called compact if it is Hausdorff and has the Heine—Borel
property. (Note that this deviates slightly from the definition in Willard (2004, Def.
17.1.)) A subset £2’ € 2 of a topological space is called compact if it is compact
with respect to the subspace topology. A compact set in a Hausdorff space is closed,
and a closed subset in a compact space is compact (Willard 2004, Thm. 17.5).
A relatively compact set is a set whose closure is compact.

Lemma A.3. a) Let §2 be a Hausdorff topological space, and let A, B C 2
be disjoint compact subsets of §2. Then there are disjoint open subsets
U,V CQsuchthatA CUandB C V.

b) Let §2 be a compact topological space, and let O C §2 be open and x € O.
Then there is an open set U C §2 such that x € U C U co.

A proof of a) is in Lang (1993, Prop. 3.5). For b) apply a) to A = {x} and B = O°.
The case of compact spaces is studied in some detail in Chapter 4.

Proposition A.4. Let (§2,0) be a compact space.

a) If f + 2 — ' is continuous and 2' Hausdorff, then f(A) = f(A)
is compact for every A C $2. If in addition f is bijective, then f is a
homeomorphism.

b) If O’ is another topology on 2, coarser than O but still Hausdorff, then
0=0.

c) Every continuous function on S2 is bounded, i.e., C,(£2; K) = C(£2; K).
For the proof see Willard (2004, Thms. 17.7 and 17.14).

Theorem A.5 (Tychonoff). Suppose ($2,)).e; is a family of nonempty topological
spaces. Then the product space 2 = [],¢, £2, is compact if and only if each $2,,
L €1, is compact.

The proof rests on Zorn’s lemma and can be found in Willard (2004, Thm. 17.8) or
Lang (1993, Thm. 3.12).

Theorem A.6. For a metric space (52, d) the following assertions are equivalent:
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(1) $£2 is compact.

(i1) $2 is complete and totally bounded, i.e., for each ¢ > 0 there is a finite set
F C 82 such that 2 C | J,cp B(x, 8).

(iii) $2 is sequentially compact, i.e., each sequence (x,),en < $2 has a
convergent subsequence.

Moreover, if §2 is compact, it is separable and has a countable base, and C(§2;K) =
Cp(£2; K) = UG, (£2; K).

For the proof see Lang (1993, Thm. 3.8—Prop. 3.11).

Theorem A.7 (Heine-Borel). A subset of RY is compact if and only if it is closed
and bounded.

A proof can be found in Lang (1993, Cor. 3.13).

Theorem A.8. For a compact topological space K the following assertions are
equivalent:

(i) K is metrizable.

(i1) K is second countable.

The proof is based on Urysohn’s metrization theorem (Willard 2004, Thm. 23.1).
A Hausdorff topological space (£2, O) is locally compact if each of its points has
a compact neighborhood. Equivalently, a Hausdorff space is locally compact if the
relatively compact open sets form a base for its topology.

If 2 is locally compact, A C §2 is closed and O C §2 is open, then A N O is
locally compact (Willard 2004, Thm. 18.4).

A compact space is (trivially) locally compact. If £2 is locally compact but not
compact, and if p is some point not contained in £2, then there is a unique compact
topology on 2* := £ U {p} such that £2 is a dense open set in £2* and the subspace
topology on £2 coincides with its original topology. This construction is called the
one-point compactification of £2 (Willard 2004, Def. 19.2).

A.8 Connectedness

A topological space (£2, O) is connected if £2 = A U B with disjoint open (closed)
sets A, B C §2 implies that A = §2 or B = §2. Equivalently, a space is connected
if and only if the only closed and open (abbreviated clopen) sets are @ and §2 itself.
A subset A C 2 is called connected if it is connected with respect to the subspace
topology. A disconnected set (space) is one which is not connected.

A continuous image of a connected space is connected. The connected subsets of
R are precisely the intervals (finite or infinite).

A topological space (£2, O) is called totally disconnected if the only connected
subsets in §2 are the trivial ones that is @ and the singletons {x}, x € £2.
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Subspaces and products of totally disconnected spaces are totally discon-
nected (Willard 2004, Thm. 29.3). Every discrete space is totally disconnected.
Consequently, products of discrete spaces are totally disconnected. An example of a
not discrete, compact, uncountable, totally disconnected space is the Cantor set C.
One way to construct C is to remove the open middle third from the unit interval, and
then in each step remove the open middle third of each of the remaining intervals.
In the limit, one obtains

oo

c= {xe 0.1 :x=3 % a¢ {0,2}}.
=1

The space C is homeomorphic to {0, 1} via the map x (%),-GN, see for example
Willard (2004, Ex. 19.9.c).

Theorem A.9. A compact space is totally disconnected if and only if the set of
clopen subsets of §2 is a base for its topology.

The proof is in Willard (2004, Thm. 29.7).

A topological space (£2, O) is called extremally disconnected if the closure of
every open set G € O is open. Equivalently, a space is extremally disconnected if
each pair of disjoint open sets have disjoint closures.

Open subspaces of extremally disconnected spaces are extremally disconnected.
Every discrete space is extremally disconnected, and an extremally discon-
nected metric space is discrete. In particular, the Cantor set is not extremally
disconnected, and this shows that products of extremally disconnected spaces need
not be extremally disconnected (Willard 2004, §15G).

A.9 Category

A subset A of a topological space £2 is called nowhere dense if its closure has empty
interior, i.e., (A)° = @. A set A is called of first category in £ if it is the union of
countably many nowhere dense subsets of §2. Clearly, countable unions of sets of
first category are of first category.

A set A is called of second category in 2 if it is not of first category.
Equivalently, A is of second category if, whenever A C | J, ¢y A then one of the
sets A, M A must contain an interior point.

Sets of first category are considered to be “small,” whereas sets of second
category are “large.” A topological space (§2, ) is called a Baire space if every
nonempty open subset of §2 is “large,” i.e., of second category in §2. The proof of
the following result is in Willard (2004, Cor. 25.4).

Theorem A.10. Each locally compact space and each complete metric space is a
Baire space.
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A countable intersection of open sets in a topological space §2 is called a Gs-set;
and a countable union of closed sets of £2 is called a F,-set. In a metric space, every
closed set A is a Gs-set since A = (), enix € £2 @ d(x,A) < %}. The following
result follows easily from the definitions.

Theorem A.11. Let §2 be a Baire-space.
a) An Fs-set is of first category if and only if it has empty interior.
b) A Gs-set is of first category if and only if it is nowhere dense.
¢) A countable intersection of dense Gs-sets is dense.

d) A countable union of F,-sets with empty interior has empty interior.

A.10 Nets

A directed set is a set A together with a relation < on A with the following
properties:

1) a<a,
2) a <pPBand B <y implythata <y,
3) foreveryw, B € Athereis y € Asuchthato, B < y.
The relation < is called a direction on A. Typical examples of directed sets include
a) N with the natural meaning of <.
b) N with the direction given by divisibility: n < m < n|m.
¢) U(x), the neighborhood filter of a given point x in a topological space §2,
with the direction given by reversed set inclusion: U <V & V C U.

Let (£2,0) be a topological space. A net in §2 isamap x : A — £2, where
(A, <) is adirected set. In the context of nets one usually writes x, in place of x(«),
and x = (xXg)eea C £2.

A net (xy)gea C £2 is convergent to x € §2, written x, — x, if

VUeUlx) Jage AVa>oay:x, €U.

In this case the point x € 2 is called the limit of the net (x,),. (Note that if A = N
with the natural direction and £2 is a metric space, this coincides with the usual
notion of a limit of a sequence.) If §2 is Hausdorff, then a net in £2 can have at most
one limit.

A subnet of a net (xo)aea in §2 is each net (xy())eres’, Where (A, <) is a
directed set and A : A’ — A is increasing and cofinal. The latter means that for
each a € A thereis o’ € A’ such that @ < A(«’). A subnet of a sequence need not
be a sequence any more (Willard, 2004, Ex. 11B).
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All the fundamental notions of set theoretic topology can be characterized in
terms of nets, see Willard (2004, Ch. 11) and Willard (2004, Thm. 17.4).

Theorem A.12. a) Ifx e QandA C 2, then x € A if and only there is a net

b)

9

d)

(xa)wea S A such that x, — x.

If A C $2, then A is closed if an only if it contains the limit of each net in A,
convergent in 2.

For a net (xo)qca C $2 and x € $2 the following assertions are equivalent:
(1) Some subnet of (xy)qen Is convergent to x.

(ii) x is a cluster point of (xy)ge4, i.€.,

X € ﬂ{xﬂ:ﬂza}.

€A

A Hausdorff space S2 is compact if and only if each net in §2 has a convergent
subnet.

The map | : 2 — §2' is continuous at x € §2 if and only if x, — x implies
f(xq) = f(x) for every net (x4)aca < 2.

Let f, : §2 — §2,, 1 € I. Then $2 carries the projective topology with respect
to the family ( f,).e; if and only if for each net (xo)gea C 2 and x € $2 one
has

Xy > X <= filxy) > filx) Vel

In particular, f) implies that in a product space £2 = [, £2, a net (xo)aea S £2
converges if and only if it converges in each coordinate ¢ € I.
Let (£2, d) be a metric space. A Cauchy net in £2 is a net (xy)yea C 2 such that

Ve>0 JaeA: a<fB,y = dxgx,)<e

Every subnet of a Cauchy net is a Cauchy net. Every convergent net is a Cauchy net,
and if a Cauchy net has a convergent subnet, then it is convergent.

Theorem A.13. In a complete metric space every Cauchy net converges.

See Willard (2004, Thm. 39.4) for a proof.



Appendix B
Measure and Integration Theory

We begin with some general set theoretic notions. Let X be a set. Then its power set
is denoted by

PX):={A:AcCX}

The complement of A € X is denoted by A° := X \ A, and its characteristic
function is

1 ifx €A,

1p: X — C, IA()C) =
0 ifxeAS.
One often writes 1 in place of 1y if the reference set X is understood. For a sequence
(A)nen C P(X) we write A, \ A if

A2 Ay foreachneNand (A, =A.

neN

Similarly, A, /" A is a shorthand notation for

An S Ay foreachneNand | JA, =A.
neN
A family (A,), € P(X) is called pairwise disjoint if ¢ # 7 implies that A, NA, = .
A subset € € P(X) is often called a set system over X. A set system is called N-
stable (U-stable, \-stable) if A, B € € implies that A N B (A U B, A \ B) belongs to
€ as well. If € is a set system, then a mapping u : € — [0, oo] is called a (positive)
set function. Such a set function is called o-additive if
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H (UAn) = Z/‘L(An)
n=1 n=1

whenever (A,),eny C € is pairwise disjoint and Un A, € &. Here we adopt the
convention that

at+oco=00+a=o (—00 < a < o0).

A similar rule holds for sums a + (—o0) where a € [—00, 00). The sum co + (—00)
is not defined. Other conventions for computations with the values o0 are:
0-(£o0) =(£00)-0=0, «a-(F£oo) = (+oo) -a ==+
B (£oo) = (£o0) - = Foo

for—oo < f <0 <a. If f:X — Yisamapping and B C Y then we denote

[feB]l:=/f"B):={xeX: f(x)€B}.

Likewise, if P(xy, ..., x,) is a property of n-tuples (x1,...,x,) € Y"and f1,..., [, :
X — Y are mappings, then we write

[P(fi..... ] :={x€X:P(fi(x)..... fu(x)) holds}.

For example, for f, g: X — Y weabbreviate [ f = g]:={xe X : f(x) = gx)}.

B.1 o-Algebras

Let X be any set. A o-algebra over X is a set system ¥ C P(X), such that the
following hold:

1) 0, XeX.

2) IfA, Be ¥ thenAUB,ANB,A\Be X.

3) If (Ap)pen € X, then |, ey Ans [yenAn € 2.

If a set system X satisfies merely 1) and 2), it is called an algebra, and if X satisfies
just2) and @ € X, then it is called a ring. A pair (X, X') with X being a o-algebra
over X is called a measurable space.

Clearly {@, X} is the smallest and P(X) is the largest o-algebra over X. Arbitrary
intersection of o-algebras over the same set X is again a o-algebra. Hence, for € C
P(X) one can form

o(€) = ﬂ{E EC Y CPX), X aa-algebra},
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the o-algebra generated by E. It is the smallest o-algebra that contains all sets
from E. If ¥ = o(&), we call € a generator of X'.

If X is a topological space, the o-algebra generated by all open sets is called the
Borel o-algebra Bo(X). By 1) and 2), Bo(X) contains all closed sets as well. A set
belonging to Bo(X) is called a Borel set.

As an example consider the extended real line X = [—o0, co]. This becomes
a compact metric space via the (order-preserving) homeomorphism arctan
[—o0, 0] — [ZZL”, 124]. The Borel algebra Bo([—oo, o0]) is generated by {(«, oo] :
a € R}

A Dynkin system (also called A-system) on a set X is a subset D C P(X) with
the following properties:

1) XeD,
2) ifA, Be DandA C BthenB\A €D,
3) if(A)pen S DandA, /A, thenA € D.

Dynkin systems play an important technical role in measure theory due to the
following result, see Bauer (1990, p. 8) or Billingsley (1979, Thm. 3.2).

Theorem B.1 (Dynkin). If D is a Dynkin system and & C D is N-stable, then
o(€) € D.

B.2 Measures

Let X be a set, and let ¥ € P(X) a o-algebra over X. A (positive) measure is a
o-additive set function

u: X —[0,00].

In this case the triple (X, X, i) is called a measure space and the sets in X are
called measurable sets. If ;1 (X) < oo, the measure is called finite. If ©(X) = 1,
it is called a probability measure and (X, X, i) is called a probability space.
Suppose € € X is given and there is a sequence (A,),en C € such that

iA,) <oo (neN) and X =|[JA,

neN

then the measure p is called o-finite with respect to €. If £ = X', we simply call it
o-finite.
From the o-additivity of the measure one derives the following properties:

a) (Finite Additivity) ©«(J) =0 and

(LAUB) + p(ANB) = u(A) + n(B) (A BeX).
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b) (Monotonicity) A, Be ¥, ACB — u(A) < u(B).
¢) (o-Subadditivity) (A,),en €Y = p(U,enAn) < Yoo 1(Ay).

See Billingsley (1979, p. 134) for the elementary proofs. The following is an
application of Dynkin’s theorem, see Billingsley (1979, Thm. 10.3).

Theorem B.2 (Uniqueness Theorem). Let X = o (&) with € being N-stable. Let
i, v be two measures on X, both o-finite with respect to €. If L and v coincide on
&, they are equal.

B.3 Construction of Measures

An outer measure on a set X is a mapping
w*P(X) — [0, o0]

such that u*(@) = 0 and pu* is monotone and o-subadditive. The following
result allows to obtain a measure from an outer measure, see Billingsley (1979,
Thm. 11.1).

Theorem B.3 (Carathéodory). For an outer measure 1™ on the set X define
M(u*):={ACX : p*(H) = p*(HNA) + p*(H\A) VHCX}.

Then M(u*) is a 0-algebra and p* |y u+) is a measure on it.

The set system € C P(X) is called a semi-ring if it satisfies the following two
conditions:

1) EisN-stable and @ € E.
2) IfA, B € &, then A\ B is a disjoint union of members of €.
An example of such a system is € = {(a,b] : a < b} € P(R). If € is a semi-ring,

then the system of all disjoint unions of members of € is a ring.

Theorem B.4 (Hahn). Let & C P(X), and let p : € — [0, 00] satisfy @ € € and
u(@) = 0. Then u* : P(X) — [0, 0o] defined by

A =inf | Y B Een €& AC R (e P)

neN n

is an outer measure. Moreover, if € is a semi-ring and |1 : € — [0, 00] is o-additive
on &, then o(€) € M(u*) and p*|e = p.

See Billingsley (1979, p. 140) for a proof. One may summarize these results in
the following way: If a set function on a semi-ring € is o-additive on &, then it has
an extension to a measure on o (&), called the Hahn extension. If in addition X is
o-finite with respect to &, then this extension is unique.
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Sometimes, for instance in the construction of infinite products, it is convenient
to work with the following criterion from Billingsley (1979, Thm. 10.2).

Lemma B.5. Let € be an algebra over a set X, and let 1 - E — [0, 00) be a finitely
additive set function with (1(X) < oo. Then u is o-additive on € if and only if for
each decreasing sequence (Ap)nen C &, A, \( 0, one has ju(A,) — 0.

B.4 Measurable Functions and Mappings

Let (X, X) and (Y, X’) be measurable spaces. A mapping ¢ : X — Y is called
measurable if

[p cAle X forall Ac X .

(Tt suffices to check this condition for each A from a generator of X’.) We denote
by 91(X; Y) the set of all measurable mappings between X and Y, implying that the
o-algebras are understood. For the special case Y = [0, co] we write

My (X):={f:X —[0,00] : f is measurable}.

A composition of measurable mappings is measurable. For A € ¥ its characteristic
function 14 is measurable. If X, Y are topological spaces and ¢ : X — Y is con-
tinuous, then it is Bo(X)-Bo(Y) measurable. The following lemma summarizes the
basic properties of positive measurable functions, see Billingsley (1979, Sec. 13).

Lemma B.6. Let (X, X, 1) be a measure space.
a) If f, g € My (X), @ =0, then fg, [ + g af €M (X).
b) If f, g € MX;R)and a, B € R, then fg,af + Bg € M(X;R).

c) If f. g: X — [—o0, 00] are measurable, then — f, min{ f, g}, max{ f, g} are
measurable.

d) If f,: X — [—o0, 00] is measurable for each n € N then sup,, f,, inf, f, are
measurable.

A simple function on a measure space (X, X, ) is a linear combination of
characteristic functions of measurable sets. Positive measurable functions can be
approximated by simple functions, see Billingsley (1979, Thm. 13.5).

Lemma B.7. Let f : X — [0, 00] be measurable. Then there exists a sequence of
simple functions (f,)nen such that

o<fm f pointwise as n — 00,

and such that the convergence is uniform on sets of the form | f < «a], @« € R. In
particular, the convergence is uniform if f is bounded.
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B.5 The Integral of Positive Measurable Functions

Given a measure space (X, X, i) there is a unique mapping

M (X) - [0. 00, f'—>/deu,

called the integral, such that the following assertions hold for f, f,, g € M4+ (X),
o >0,andA € X

a) /XlAdp,zp,(A).
b) f<g = /deME/ng,u.
0 /X(f+ag)du=/xfdu+afxgdu-

d) If0 < f, /" f pointwise, then/ fdu = lim /fndu.
X n—oQo X

See Rana (2002, Sec. 5.2) or Billingsley (1979, Sec. 15). Assertion d) is called the
monotone convergence theorem or the theorem of Beppo Levi.

If (X, X, u) is a measure space, (Y, X’) a measurable space and ¢ : X — Y
measurable, then a measure is defined on X’ by

[p«p](B) :== pulp € B]  (Be X).

The measure ¢4 u is called the image of  under ¢, or the push-forward of u
along ¢. If u is finite or a probability measure, so is ¢, u. If f € M4 (Y), then

[ 1t = [ (s o0ran.

B.6 Product Spaces

If (X1, ) and (X3, X») are measurable spaces, then the product o-algebra on the
product space X; x X» is

Z1® X :=0{AxB:Ac X, Be X}
If €; is a generator of X; with X; € &; forj = 1,2, then

Eix&:={AxB:Acé& Be&,)
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is a generator of X} ® X». If (X, X') is another measurable space, then a mapping
f = (f1, f2) : X = X1 xX; is measurable if and only if the projections f; = mjo f,
f> = myo f are both measurable. If f : (X;xX5, ¥,®X,) — (Y, X’) is measurable,
then f(x,:) : X, — Y is measurable for every x € Xj, see Billingsley (1979,
Thm. 18.1).

Theorem B.8 (Tonelli). Let (X;, X, 1), j = 1,2, be o-finite measure spaces and
f € ML (Xy x Xp). Then the functions

Fi:X; > [0,00], x+ fx, ) dus
X2

Fy:Xo —[0,00], yr [ f(C.y)du
X1

are measurable and there is a unique measure (L1 Q Wy such that

/ Frdp =/ S d(p ® pa2) =/ Frdpo.
X1 X1xX> X2

For a proof see Billingsley (1979, Thm. 18.3). The measure ;| ® p; is called the
product measure of j1; and p;. Note that for the particular case F = f; ® f, with

(/1 ® f2)(x1,x2) = filx1) - falx2) (fieMiXp),x€X; (j=1,2)),

we obtain /X . (/1 ® L) d(p1 ® p2) = (/X N dMl) (/X S duz)-

Let us turn to infinite products. Suppose ((X,, X,)).es is a collection of measur-
able spaces. Consider the product space

X = ]_[X,

(€]

with corresponding projections 7, : X — X,. A set of the form

ﬂ[m €Al = HA‘ X HX‘

LEF IEF 1¢F

with F C [ finite and sets A, € X, for ¢ € F, is called a (measurable) cylinder. Let

&:={(\m €A] : F CIfinite, A, € 5., (1 € F)}
LEF
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be the semi-ring of all cylinders. Then

Q) z =0(8)

el

is called the product o-algebra of the Y.

Theorem B.9 (Infinite Products). Let ((X,, X)).e; be a collection of probability
spaces. Then there is a unique probability measure == @, , on ¥ = @, %,
such that

M( (i € AL]) =[Twm@

LEF LEF

for every finite subset F C I and sets A, € X, 1 € F.

The proof is based on Lemma B.5, see Hewitt and Stromberg (1969, Ch. 22) or
Halmos (1950, Sec. 38).

B.7 Null Sets

Let X = (X, X, u) be a measure space. A set A C X is called a null set if there
isaset N € X such that A C N and u(N) = 0. (In general a null set need not be
measurable). Null sets have the following properties:

a) IfAisanull setand B C A, then B is also a null set.
b) Ifeach A, is a null set, then |, oy A, is a null set.

The following results show the connection between null sets and the integral, see
Billingsley (1979, Thm. 15.2).

Lemma B.10. Let X = (X, X, ) be a measure space and let f : X — [—00, 00]
be measurable.

a) fX|f|d,u:Oifandonlyiftheset[f#O]z [|f] > 0]isanull set.
b) If [y | f] du < oo, then the set [ | f| = oo] is a null set.

One says that two functions f, g are equal py-almost everywhere (abbreviated
by “f =gae”or“f ~, g”)iftheset [ / # g]is anull set. More generally, let P
be a property of points of X. Then P holds almost everywhere or for p-almost all
x € X if the set

{x € X : P does not hold for x}

is a pu-null set. If 1 is understood, we leave out the reference to it.
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For each set E, the relation ~, (“is equal p-almost everywhere t0”) is an
equivalence relation on the space of mappings from X to E. For such a mapping
f we sometimes denote by [ f] its equivalence class, in situations when notational
clarity is needed. If 1 is understood, we write simply ~ instead of ~ ;.

Let X = (X, X, u) be a measure space. If (E, d) is a separable metric space with
its Borel o-algebra, we denote by

U(XE) = L'(X. 2. i E) 1= MX: )/~
the space of equivalence classes of measurable mappings modulo equality almost

everywhere. Prominent examples here are £ = R, E = [0, 0o] or E = [—00, 00]. In
the case E = C we abbreviate [°(X) := (X, ¥, u: C).

B.8 The Lebesgue Spaces

Let X = (X, X, 1) be a measure space. For f € 1°(X) we define

1/ lloo := inflr > 0 = [ £] > 1] =0}

and,if 1 <p < oo,

11, = (/lel” du)p-

LX) = V(X 2, u:0) = {f € LX) | ]|, < oo}

Then we let

for 1 < p < oo. The space L'(X) is called the space of (equivalence classes of)
integrable functions. The following is in Rudin (1987, Ch. 3).
Theorem B.11. Let X = (X, X, t) be a measure space, and let 1 < p < oo.
a) The space 17 (X) is a Banach space with respect to the norm ||-|,.
b) If f, = f in I7(X), then there is g € 17(X) and a subsequence ( f,,)ren
such that | f,,| < g a.e. for allk € N and f,, — [ pointwise a.e.

¢) Suppose 1l < p < oo. If (fu)nen € IP(X) is such that f, — f a.e. and there
is g € I2(X) such that | f,| < g a.e. foralln € N, then f € 17(X), and
o= f1l, = 0.

Assertion c¢) is called the dominated convergence theorem or Lebesgue’s the-
orem.
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The Integral

If f e L'(X,X,u), then the functions (Re f)*, (Im f)* are positive and have
finite integral. Hence, one can define the integral of f by

[ ran= [@erytan= [ ey ausi| [ ampytan= [amp)an].

The integral is a linear mapping L' (X, X, u) — C and satisfies
[ raul= [1r1an
X X

Theorem B.12 (Averaging Theorem). Let S C C be a closed subset and suppose
that either (X, X, ) is o-finite or 0 € S. Let f € 1L1(X) such that

see Rudin (1987, Ch. 1).

ol
—— | fdu € S
p(A) Ja
forall A € X such that 0 < u(A) < co. Then f(-) € S almost everywhere.

A proof is in Lang (1993, Thm. IV.5.15). As a corollary one obtains that if [, f =0
for all A of finite measure, then f = 0 almost everywhere.

Approximation

The following is an immediate consequence of Lemma B.7.

Theorem B.13. Let X = (X, X, u) be a measure space. Then the space lin{l :
A € X'} of simple functions is dense in 1.°°(X).

Let X = (X, X, ) be a measure space, and let € € X. The space of step
functions (with respect to &) is
Step(X, &, p) :=lin{lp : B €&, u(B) < oo}.
We abbreviate Step(X) := Step(X, X, ). By using the approximation f1¢<,] —
f and Theorem B.13 we obtain an approximation result for 7.

Theorem B.14. For a measure space X = (X, X, u) and 1 < p < oo, the space
Step(X) is dense in 17 (X).

Theorem B.14 combined with a Dynkin system argument yields the following.
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Lemma B.15. Let X = (X, X, ) be a finite measure space. Let E < X be
N-stable with X € € and o(€) = X. Then Step(X, &, ) is dense in 17 (X) for
eachl <p < oo.

Theorem B.16. Let X = (X, X, ) be a measure space, and let E C X be
N-stable with o (€) = X. Suppose further that X is o-finite with respect to €. Then
Step(X, €, ) is dense in 17 (X) for each 1 < p < oo.

A related result, proved by a Dynkin system argument, holds on the level of sets.

Lemma B.17. Let X = (X, X, ) be a finite measure space, and let € C X be an
algebra with o(€) = X. Then for each A € X and each ¢ > 0 there is B € € such
that p(AAB) < e.

See also Billingsley (1979, Thm. 11.4) and Lang (1993, Sec. VI.§6).

Fubini’s Theorem
Consider two o-finite measure spaces X; = (X;, 2, u;),j = 1,2, and their product
XixXp: =X, 2, pu) = (X1 XX2, X1 @ X, 1 ® o).

Let € := {A; x Ay : Aj € Xj, u(4;) < oo (j = 1,2)} be the set of measurable
rectangles. Then € satisfies the conditions of Theorem B.16.

Corollary B.18. The space lin{ly, ® 14, : Aj € X, n(4;) <oo (j =1,2)}is
dense in 1P (X x X;) for 1 < p < oo.

Combining this with Tonelli’s theorem yields the following famous theorem (Lang
1993, Thm. 8.4).

Theorem B.19 (Fubini). Let f € L'(X; x X,). Then for ji,-almost every x € X,
f(x,-) € L/(X,) and with
F:= (x — f(x,-) duz)
X2

(defined almost everywhere on X, ) one has F € L'(X,). Moreover,

/ Fdu = / Fy) da () djun () = / £ d(u ® o).
Xy X1 /X, X1 %X,



502 B Measure and Integration Theory
B.9 Complex Measures

A complex measure on a measurable space (X, X') is a mapping u : ¥ — C which

is o-additive and satisfies () = 0. If the range of p is contained in R, u is called

a signed measure. The set of all complex (signed) measures on (X, X') is denoted

by M(X, ¥) (M(X, ¥'; R)), and they are vector spaces with the natural operations.
The conjugate of i € M(X, X') is it defined by

HA) ==puA) (AeX).

The real part and imaginary part of i are then given by

1 _ 1 _
Rep := 5(,u+u), and Imp:= Z(,u—u).

Clearly Re ;v and Im p are signed measures, and & = Re v + iIm p.

A complex measure u € M(X, X)) is positive, written: © > 0, if £(A) > 0 for
all A € X. It is then a positive finite measure in the sense of Section B.2. The set of
positive finite measures is denoted by M4 (X, X'). The signed measures are ordered
by the partial ordering given by

Def.

nw<v << v—u=>0.

This turns M(X, ¥; R) into a (real) ordered vector space. The total variation or
modulus || of a complex measure . € M(X, X) is defined by

o0
Il (A) = sup{z (A : (An)neny € X pairwise disjoint, A = UA”}
n=1 n€N

for A € X. Then |u| is a positive finite measure, see Rudin (1987, Thm. 6.2). It is
characterized by the property

veMX,X), VAe X:|n@A)] <vd) = |u|l =
Consequently,

|| = supRe(ct) = supRe(e'' ).
ceT t€Q

With respect to the norm | it ||y 1= |pt| (X), the space M(X, ¥) is a Banach space,
and hence a complex Banach lattice (see Definition 7.2).

Let £ € M(X, X). For a step function f = 27:1 xj1y; € Step(X, X, [u4]) one
defines ‘

/delt =) xu4)
j=1
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as usual, and shows (using finite additivity) that this does not depend on the
representation of f. Moreover, one obtains

}/deu} S/XIfI dlptl = 1/ s e -

whence the integral has a continuous linear extension to all of L'(X, X, | ).

B.10 Absolute Continuity

Fix, as before, a measurable space (X, '), and let i, v € M(X, X'). Then v is called
absolutely continuous with respect to j, in notation v < pu, if

lju|(B) =0 =— v(B)=0 forevery B € X.

The measures p and v are called mutually singular (denoted by o L v) if there is
B € ¥ with |u| (B) = 0 = |v| (B°), and equivalent (denoted by . ~ v) if u < v
and v < w. The next lemma (whose proof is straightforward) contains information
about the basic properties of these relations.

Lemma B.20. Let (X, X') be a measurable space, and let i, v, k € M(X, X). Then
the following assertions hold:

a) u <L vifandonlyif || < |v|; and w L v if and only if || L |v].
b) u Kvandv K k implies 4 K k.

c) ~ is an equivalence relation on M(X, X).

d) Ifu Lvand pu < v, then u = 0.

e) IfuK<vandv Lk, then u L k.

f) Ifp L, then|pn+v|=[u|+ [v]

g) Theset{A e M(X,X) : A K u}is norm closed in M(X, X).

h) The set {A e M(X,X) : A L u}isnormclosed in M(X, X).

For fixed © € My (X, X) we abbreviate L' (1) := L'(X, ¥, ). Given i € L' (p),
one can form the complex measure A1, given by

(hp)(A) := /hd,u = / 1ahdp (Ae X).
A X
Then, obviously, i < p and, by approximation,
[ famo = [ shan (e,
X X

The following result says that in passing from % to hu no information is lost, see
Rudin (1987, Thm. 6.13).
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Proposition B.21. The mapping L'(n) — M(X,X), h — hu, is an isometric
lattice isomorphism, i.e., one has

bl = |kl and bty = Ihllug,  forall h € L (w).

By virtue of Proposition B.21 one may identify L!'(x) with a subspace of
M(X, ¥) and write L'(x) € M(X, X). Even more, L'(1) € {v € M(X,X) :
v K pu}. The following famous theorem states, in particular, that this inclusion is
an equality.

Theorem B.22 (Radon-Nikodym). Ler (X, X) be a measurable space, and let
W, v € M(X, X) with u > 0. Then the following assertions are equivalent:
1H v
(i) v eLl(p), ie., thereis h € L' (w) such that v = hu.
(i) L'(Jv]) € L'(w) as subsets of M(X, X).

Note that by Proposition B.21 the function & € L'(u) from (ii) is unique. It
is called the Radon-Nikodym derivative of v with respect to p, and sometimes
denoted by g—” := h. By uniqueness and Proposition B.21 again, it follows that
v > 0if and only if 7 > 0.

Corollary B.23. Let (X, X) be a measurable space and let p € M(X, X). Then
there is a unique h € L>°(|pt]) with . = h ||, i.e., satisfying

/fdu=/fhdlul forall f € L' (j).
X X

Moreover, |h| = 1.

The next corollary rephrases the Radon—Nikodym theorem in lattice theoretic
terms. (See Section 7.2 for the relevant definitions.)

Corollary B.24. For a measurable space (X, X'), a measure p € M(X, X') and a
subspace I € M(X, X) the following assertions hold:

a) L'(|u|) is the smallest closed ideal of M(X, X)) that contains .
b) [isanideal of M(X, X) if and only if it satisfies

veMX, X)), pel,bvkKuy = vel
A proof of the Radon—Nikodym theorem can be found in Rudin (1987, Ch. 6) or

Bogachev (2007, Ch. 3). There, a stronger statement is established that also includes
the following decomposition result.
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Theorem B.25 (Lebesgue Decomposition). Let (X, X) be a measurable space,
and let p, v € M(X,X) such that u > 0. Then there are unique measures
vy, vy € M(X, X) such that

V=v4v, LU, v Llu
A consequence is the following lattice theoretic characterization of mutual
singularity.

Corollary B.26. Let (X, X') be a measurable space, and let ju, v € M(X, X') with
w > 0. Then

vip <<= L(vhnLiw) = {0}

For the following we suppose (for simplicity) that {x} € X for each x € X.
A complex measure © on (X, X) is called continuous if u{a} = 0 for every a € X,
and discrete if there are sequences (4,),en in C and (a,),en in X such that

n = Z An(gar,a

neN
where §,, denotes the Dirac measure at a,. The following, rather straightforward,
result collects the basic facts.

Proposition B.27. Let (X, X) be a measurable space such that {x} € X for all
x € X. Then the following assertions hold for i, v € M(X, X):

a) [ is continuous if and only if ||| is continuous if and only if || (B) = 0 for
every countable subset B of X.

b) w is discrete if and only if || is discrete if and only if || (B¢) = 0 for some
countable subset B of X.

¢) If uis continuous and v is discrete, then 1 L v.
d) If u < vandv is continuous or discrete, then so is |, respectively.

e) There are unique measures jLe, jLqg € M(X, X) such that ji. is continuous,
Wd s discrete, and (L = e + [q.

D) |pl. = el and ||y = |pal- So, if  is positive, then so are ji. and [iq.
g) Ifu <K v, then g K vg L vand phe K ve KL v.

From Proposition B.27 it follows easily that the subsets

M(X, X) := {i € M(X, X) : p is continuous}
and My(X, Y) = {p, eMX,X) : pis discrete}

are closed complementary ideals of the Banach lattice M(X, X').






Appendix C
Functional Analysis

In this appendix we review some notions and facts from functional analysis but refer
to Dunford and Schwartz (1958), Schaefer (1980), Rudin (1991), Conway (1990),
Rudin (1987), Megginson (1998), or Haase (2014) for more information.

C.1 Banach Spaces

Let E be a vector space over K, where K = R or C. A semi-norm on E is a mapping
Il : E — R satisfying

[x[ =0, [lAx[| = [A[]lx]l, and [lx+y[ < [lx]| + [l
forallx, ye E, A € K.

A semi-norm is a norm if ||x|| = 0 implies that x = 0. A norm on a vector space
defines a metric via

d(x, y) = |lx =yl (x, y € E),

and hence a topology, called the norm topology. It follows directly from the
properties of the norm that the mappings

EXE—E, (x,y)—~x+y and KxE—E, (i,x)+— Ax
are continuous. From the triangle inequality it follows that
el =yl < lx =yl G yeB),
which implies that also the norm mapping itself is continuous.
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A normed space is a vector space together with a norm on it, and a Banach
space if the metric induced by the norm is complete. If £ is a normed space, its
closed unit ball is

Bp:i={x€kE: |]x]| <1}.

The set B is compact if and only if E is finite-dimensional.

Recall that a metric space is separable if it contains a countable dense set.
A normed space E is separable if and only if there is a countable set A such that
its linear span

linA={Y A :neN ek geA(="1...n)

J=1

is dense in E.

A subset A € E of a normed space is called (norm) bounded if there is ¢ > 0
such that |ja|| < ¢ for all @ € A. Every compact subset is norm-bounded since the
norm mapping is continuous.

If E is a Banach space and F' C E is a closed subspace, then the quotient space
X := E/F becomes a Banach space endowed with the quotient norm

lx + Flly := inf{[x+ f] : f € F}.

The linear mapping ¢ : E — X, g(x) := x + F, is called the canonical surjection
or quotient map.

C.2 Banach Algebras

An algebrais a (real or complex) linear space A together with an associative bilinear
mapping

AXA—A (fie)— fg
called multiplication and a distinguished element e € A satisfying
ea =ae =a forallaeA,

called the unit element. (Actually, one should call A a “unital” algebra then, but all
the algebras we have reason to consider in this book are unital, so we include the
existence of a unit element into our notion of “algebra” for convenience.) An algebra
A is nondegenerate if A # {0}, if and only if e # 0. An algebra A is commutative

if fg=gf forall f, g €A.
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An algebra A which is also a Banach space is called a Banach algebra if
llab]l < lla|l 15| foralla, b € A.

In particular, multiplication is continuous. If e # 0, then |le|| > 1.

An element a € A of an algebra A is called invertible if and only if there is an
element b such that ab = ba = e. This element, necessarily unique, is then called
the inverse of a and denoted by a~'.

A linear mapping T : A — B between two algebras A, B with unit elements
ea, ep, respectively, is called multiplicative if

T(ab) = (Ta)(Th) foralla, b € A,

and an algebra homomorphism if in addition 7(e4) = ep. An algebra homomor-
phism is an algebra isomorphism if it is bijective. In this case, its inverse is also an
algebra homomorphism.

Let A be a commutative Banach algebra with unit e. An (algebra) ideal of A is a
linear subspace I C A satisfying

fel geA = fgel

Since the multiplication is continuous, the closure of an ideal is again an ideal. An
ideal I of A is called proper if I # A, if and only if e ¢ I. For an element a € A,
the ideal Aa is called the principal ideal generated by a. It is the smallest ideal that
contains a. Then a is not invertible if and only if aA is proper. A proper ideal / of A
is called maximal if

ICJCA = J=IlorJ=A
for any ideal J of A.
If T : A — B is a continuous algebra homomorphism, then the kernel ker(7")

is a closed ideal. Conversely, if 7 is closed ideal of A, then the quotient space A/
becomes a Banach algebra with respect to the multiplication

x+DOy+1D:=xy+1) (x, y€A)
and unit element e 4+ /. Moreover, the canonical surjection ¢ : A — A/l is a

continuous algebra homomorphism with ker(g) = I.
An involution on a complex Banach algebra A is a map x — x* satisfying

O =x, @4+ =x"+y, A=A @)=y
forall x, y € A, A € C. In an algebra with involution one has e* = e since

e* — e*e — (e*e)** — (e*e**)* — (e*e)* — (e*)* =e.
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An algebra homomorphism 7 : A — B between algebras with involution is called a
*-homomorphism if

T(x*) = (Tx)* for all x € A.

A bijective x-homomorphism is called a *-isomorphism.

A Banach algebra A with involution is a C*-algebra if ||x||> = |lx*x|| for all
x € A. It follows that |x*| = |x|| for every x € A. If A is a nondegenerate
C*-algebra, then |le|| = 1.

C.3 Linear Operators

A linear mapping T : E — F between two normed spaces is called bounded if
T(Bg) is a norm-bounded set in F. The linear mapping 7 is bounded if and only if
it is continuous, and if and only if it satisfies a norm estimate of the form

ITx[| < ¢ [|x] (x € E) (C.1)

for some ¢ > 0 independent of x € E. The smallest ¢ such that (C.1) holds is called
the operator norm of 7', denoted by ||7'||. One has

T = Sup{||Tx|| X € BE}.
This defines a norm on the space
Z(E;F):={T:E— F : Tis abounded linear mapping},

which is a Banach space with the operator norm, if F is a Banach space. If E, F, G
are normed spaces and T € Z(E;F), S € Z(F;G), then ST := SoT €
ZL(E; G) with ||ST|| < ||S|| |IT||- The identity operator I is neutral with respect to
multiplication of operators, and clearly ||I|| = 1 if E # {0}. In particular, if E is a
Banach space, the space

ZL(E):= Z(E;E)
is a Banach algebra with unit element I.
Linear mappings are also called operators. Associated with an operator
T : E — F are its kernel and its range

ker(T) := {x € E : Tx = 0}, ran(T) := {Tx : x € E}.

One has ker(7') = {0} if and only if 7 is injective. If T is bounded, its kernel ker(7’)
is a closed subspace of E.
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A subset J C Z(E;F) that is a bounded set in the normed space .Z(E; F) is
often called uniformly (norm) bounded. The following result—sometimes called
the Banach-Steinhaus theorem—gives an important characterization. [See Rudin
(1987, Thm. 5.8) for a proof.]

Theorem C.1 (Principle of Uniform Boundedness). Let E, F be Banach spaces
and T C ZL(E;F). Then 7 is uniformly bounded if and only if for each x € E the
set{Tx : T € T} is a bounded subset of F.

A bounded linear mapping 7 € .Z(E; F) is called contractive or a contraction
if || 7]] < 1. Itis called isometric or an isometry if | 7x|| = |/x|| holds for all x € E.
Isometries are injective contractions. An operator P € .Z(E) is called a projection
if P2 = P. In this case, Q := I — P is also a projection, and P induces a direct sum
decomposition

E =ran(P) & ran(I — P) = ran(P) & ker(P)

of E into closed subspaces. Conversely, whenever E is a Banach space and one
has a direct sum decomposition X = F @ E into closed linear subspaces, then the
associated projections X — F, X — E are bounded. This is a consequence of the
closed graph theorem (Rudin 1987, p. 114, Ex. 16).

An operator T € Z(E; F) is called invertible or an isomorphism (of normed
spaces) if T is bijective and T~ is also bounded. If E, F are Banach spaces, the
boundedness of 7~! is automatic by the following important theorem (Rudin 1987,
Thm. 5.10).

Theorem C.2 (Inverse Mapping Theorem). If E, F are Banach spaces and T €
ZL(E;F) is bijective, then T is an isomorphism.

A linear operator T € Z(E;F) is compact if it maps bounded sets in E to
relatively compact sets in F. Equivalently, whenever (x,),ey € E is a bounded
sequence in E, the sequence (7x,),eny € F has a convergent subsequence. The set
of compact operators

C(E;F) = {T € ZL(E;F) : Tis compact}
is an (operator-)norm closed linear subspace of .Z(E; F) that contains all finite-

rank operators. Moreover, a product of operators S7 is compact whenever one of its
factors is compact. See Conway (1990, VI.3).

C.4 Duals, Bi-duals, and Adjoints

For a normed space E its dual space is E' := .Z(E; K). Since K is complete, this is
always a Banach space. Elements of E’ are called (bounded linear) functionals. One
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frequently writes (x, x') in place of X' (x) forx € E, X’ € E’ and calls the mapping
ExE — K, (x,x) > (x, x’)

the canonical duality. The dual space E’ becomes a Banach space with the operator
norm

||x’“ = sup{\(x,x’)\ s lx < 1.

Theorem C.3 (Hahn-Banach). Ler E be a Banach space, F < E a linear
subspace, and [’ € F'. Then there exists X € E' such that X' = f' on F and

Il = 1171

For a proof see Rudin (1987, Thm. 5.16). A consequence of the Hahn—Banach
theorem is that E’ separates the points of E. Another consequence is that the norm
of E can be computed as

Ix[l = sup{|(x. )| = [|¥'| =<1} (C.2)

A third consequence is that E is separable whenever E’ is.

Given normed spaces E, F and an operator T € Z(E; F) we define its adjoint
operator T" € Z(F';E') by T’y :=y' o T,y € F'. Using the canonical duality this
just means

(Tx, y/) = (x, T/y/) (xeE, Yy eF).
The map (T +— T') : L(E;F) — £(F';E') is linear and isometric, and one has
(ST) =T'S' forT € L(E;F)and S € Z(F;G).
The space E” is called the bi-dual of E. The mapping
E — E", x> (x,) = (x/ — (x,x/))
is called the canonical embedding. The canonical embedding is a linear isometry
(by (C.2)), and hence one can consider E to be a subspace of E”. Given T € .Z(E; F)

one has T”|g = T. If the canonical embedding is surjective, in very sloppy notation:
E = E”, the space E is called reflexive.

C.5 The Weak™* Topology

Let E be a Banach space and E’ its dual. The coarsest topology on E’ that makes all
mappings

X (x,x) (x€E)
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continuous is called the weak* topology (or: o(E’, E)-topology) on E’' (cf.
Appendix A.4). A fundamental system of open (and convex) neighborhoods for a
pointy’ € E’ is given by the sets

{x’ € E' : max ‘(xj,x’—y’)| <s} deN, xi,....x;€ E, ¢>0).
I<j=<d |-

Since the weak™ topology is the projective topology with respect to the functions
({x,"))xeE, anet (x,)o € E’ converges weakly™ (that is, in the weak™ topology) to
x' € E' if and only if (x,x,) — (x,x’) for every x" € E’ (cf. Theorem A.12).

Theorem C.4 (Banach-Alaoglu). Let E be a Banach space. Then the dual unit
ballBg = {xX' e E' : ||X|| < 1} is weakly* compact.

The proofis a more or less straightforward application of Tychonoff’s Theorem A.5,
see Rudin (1991, Thm. 3.15). Since the weak™ topology is usually not metrizable,
one cannot in general test continuity of mappings or compactness of sets via criteria
using sequences. Therefore, the following theorem is often useful, see Dunford and
Schwartz (1958, V.5.1).

Theorem C.5. Let E be a Banach space. Then the weak™ topology on the dual unit
ball By is metrizable if and only if E is separable.

Recall that E can be considered (via the canonical embedding) as a norm closed
subspace of E”. The next theorem shows in particular that E is o (E”, E')-dense in
E”, see Dunford and Schwartz (1958, V.4.5).

Theorem C.6 (Goldstine). Let E be a Banach space. Then the closed unit ball By
of E is o (E", E')-dense in the closed unit ball of E".

C.6 The Weak Topology

Let E be a Banach space and E’ its dual. The coarsest topology on E that makes all
mappings

X (x, x/) (' ekE)

continuous is called the weak topology (or: o(E, E')-topology) on E (cf.
Appendix A.4). A fundamental system of open (and convex) neighborhoods of the
point y € E is given by the sets

{xEE : 111<:/g1§>§[!|(x—y,x;)‘ <e} (deN, x|,....x, €E, ¢>0).

Since the weak topology is the projective topology with respect to the functions
((-,x'))ver, anet (xg)o C E converges weakly (that is, in the weak topology) to
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x € E if and only if (x4,x’) — {(x,x’) for every X' € E’ (Theorem A.12). When
we view E C E” via the canonical embedding as a subspace and endow E” with the
weak™ topology, then the weak topology on E coincides with the subspace topology.
If A C Eis asubset of E, then its closure in the weak topology is denoted by cl, A.

Theorem C.7. Let E be a Banach space and let A C E be convex. Then the norm
closure of A coincides with its weak closure.

See Rudin (1991, Thm. 3.12) or Dunford and Schwartz (1958, V.3.18).

The weak topology is not metrizable in general. Fortunately, there is a series of
deep results on metrizability and compactness for the weak topology, facilitating its
use. The first is the analogue of Theorem C.5, see Dunford and Schwartz (1958,
V.5.2).

Theorem C.8. The weak topology on the closed unit ball of a Banach space E is
metrizable if and only if the dual space E' is norm separable.

The next theorem allows using sequences in testing of weak compactness, see
Theorem G.17 below, or Dunford and Schwartz (1958, V.6.1) or the more recent
Vogt (2010).

Theorem C.9 (Eberlein—gmulian). Let E be a Banach space. Then A C E is
(relatively) weakly compact if and only if A is (relatively) weakly sequentially
compact.

Although the weak topology is usually far from being metrizable, the following
holds, see the proof of Theorem 16.34 in the main text or Dunford and Schwartz
(1958, v.6.3).

Theorem C.10. The weak topology on a weakly compact subset of a separable
Banach space is metrizable.

The next result is often useful when considering Banach-space valued (weak)
integrals.

Theorem C.11 (Krein). The closed convex hull of a weakly compact subset of a
Banach space is weakly compact.

For the definition of the closed convex hull see Section C.7 below. For a proof see
Theorem G.7 below or Dunford and Schwartz (1958, V.6.4).

Finally, we state a characterization of reflexivity, which is a mere combination of
the Banach—Alaoglu theorem and Goldstine’s theorem.

Theorem C.12. A Banach space is reflexive if and only if its closed unit ball is
weakly compact.

For a proof see Dunford and Schwartz (1958, V.4.7). In particular, every bounded
set is relatively weakly compact if and only if the Banach space is reflexive.
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C.7 Convex Sets and Their Extreme Points

A subset A C FE of areal vector space E is called convex if, whenever a, b € A then
also ta + (1 — f)b € A for all ¢ € [0, 1]. Geometrically this means that the straight
line between a and b is contained in A whenever a and b are. Inductively one shows
that a convex set contains arbitrary convex combinations

tay + -+ tya, O<tn,....t <L, i +---+t,=1)

whenever ay, ..., a, € A. Intersecting convex sets yields a convex set, and so for
any set B C E there is a smallest convex set containing B, its convex hull

conv(B) 1= ﬂ{A : BC A, A convex}.

Alternatively, conv(B) is the set of all convex combinations of elements of B.

A vector space E endowed with a topology such that the operations of addition
E x E — E and scalar multiplication K x £ — FE are continuous, is called a
topological vector space. In a topological vector space, the closure of a convex set
is convex. We denote by

conv(B) := conv(B)

the closed convex hull of B C E, which is the smallest closed convex set
containing B.

A topological vector space is called locally convex if it is Hausdorff and the
topology has a base consisting of convex sets. Examples are the norm topology of a
Banach space E, the weak topology on E, and the weak™ topology on E’.

Theorem C.13 (Hahn—Banach Separation Theorem). Let E be a locally convex
space, let A, B C E be closed convex subsets with AN B = @, and suppose that
one of the sets is compact. Then there are a continuous linear functional x' on E and
¢ € R such that

Re (a,x’) <c¢<Re (b,x’) foreacha € A, b € B.

Let A C E be a convex set. A subset F C A is called a face of A if it has the
following property: Whenevera, b € Aand ¢ € (0, 1) issuch thatta+ (1 —1)b € F,
then a, b € F. A point p € A is called an extreme point if F := {p} is a face. That
is, p is an extreme point of A if it cannot be written as a convex combination of two
points of A distinct from p. The set of extreme points of a convex set A is denoted
by ex(A).

Theorem C.14 (Krein-Milman). Let E be a locally convex space and let & #*
K C E be compact and convex. Then K is the closed convex hull of its extreme
points: K = conv(ex(K)). In particular, ex(K) is not empty.
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For a proof see Rudin (1991, Thm. 3.23). Since for a Banach space E the weak™*
topology on E’ is locally convex, the Krein—-Milman theorem applies in particular to
weakly* compact convex subsets of E’.

Theorem C.15 (Milman). Let E be a locally convex space and let @ # K C E be
compact. If conv(K) is also compact, then K contains the extreme points of conv(K).

A proof is in Rudin (1991, Thm. 3.25). Combining Milman’s result with Krein’s
Theorem C.11 yields the following.

Corollary C.16. Let E be a Banach space and let K C E be weakly compact. Then
K contains the extreme points of conv(K).

C.8 The Strong and the Weak Operator Topology on .Z (E)

Let E be a Banach space. Besides the norm topology there are two other canonical
topologies on .Z(E). The strong operator topology is the coarsest topology such
that all evaluation mappings

YL(E)—E, T Tx (xe€eE)

are continuous. Equivalently, it is the projective topology with respect to the family
(T +— Tx)ycg. A fundamental system of open (and convex) neighborhoods of 7' €
Z(E) is given by the sets

{SEZ(E) : lngljasxci”ij_ijH <£} (deN, xi,....x; €E, ¢>0).

A net of operators (T,), C Z(E) converges strongly (i.e., in the strong operator
topology) to T if and only if

Tyx — Tx foreveryx € E.

We denote by % (E) the space .Z(E) endowed with the strong operator topology,
and the closure of a subset A € Z(E) in this topology is denoted by cls A. The
strong operator topology is metrizable on (norm-)bounded sets if E is separable.

The weak operator topology is the coarsest topology such that all evaluation
mappings

ZLE)—>K, T (Ixx) (xeE X €E)

are continuous. Equivalently, it is the projective topology with respect to the family
(T + (Tx,x'))xeprer . A fundamental system of open (and convex) neighborhoods
of T € Z(FE) is given by the sets
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{s € Z(E) : max [((T— $)x.)| < g}
deN, xi,....xg €E, X;,....x;, €E', ¢>0).
A net of operators (7 ), converges to 7 in the weak operator topology if and only if
(Tax, x’) — (Tx, x’) foreveryx € E, X € E'.

The space .Z(E) considered with the weak operator topology is denoted by %5, (E),
and the closure of a subset A € .Z(E) in this topology is denoted by cly, A. The weak
operator topology is metrizable on norm-bounded sets if E’ is separable.

The following is a consequence of the uniform boundedness principle.

Proposition C.17. Let E be a Banach space and let 7 < ZL(E). Then the
following assertions are equivalent:

(i) 7 is bounded for the weak operator topology, i.e., suprec 5 |(Tx,x')| < oo
forallx € Eandx € E'.

(ii) 7 is bounded for the strong operator topology, i.e., supyc o || Tx|| < oo for
allx € E.

(iii) 7 is uniformly bounded, i.e., supye 7 || T|| < oo.
The following simple property of strong operator convergence is very useful.

Proposition C.18. For a uniformly bounded net (Ty)y € L (E) and T € £ (E) the
following assertions are equivalent:

i) Ty, — Tin Z(E).
(i) Tox — Tx for all x from a (norm-)dense set D C E.
(i) Tox — Tx uniformly in x from (norm-)compact subsets of E.

We now consider continuity of the multiplication
S, 7T) — ST (S, T e Z(E))

for the operator topologies considered above.
Proposition C.19. The multiplication on £ (E) is
a) (jointly) continuous for the norm topology in £ (E),
b) (jointly) continuous on bounded sets for the strong operator topology,
¢) separately continuous for the weak and strong operator topology, i.e., the

mappings

S—TS and S+ ST
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are continuous on £ (E) for every fixed T € £ (E).

The multiplication is in general not jointly continuous for the weak operator
topology. Indeed, if T is the right shift on £2(Z) given by T((xt)rez) := (Xi—1)rez.-
Then (T™),en converges to O weakly, and the same holds for the left shift 7!,
But 7"T™" = (TT~')" = I does not converge to 0.

C.9 Spectral Theory

Let E be an at least one-dimensional complex Banach space and T € Z(E). The
resolvent set p(7) of T is the set of all A € C such that the operator AT — T is
invertible. The function

o(T) = ZL(E), A+ RA,T):=@Al-T)"!

is called the resolvent of 7. Its complement 6 (T') := C\ p(7T) is called the spectrum
of T. The resolvent set is an open subset of C, and given Ay € p(T) one has

o0
RO, A) = (ko —2)"R(ho, T for |4 = Aol < [R(Ao, T
n=0

In particular, dist(Lg, 6(T)) > ||R(Ao, T)||~", showing that the norm of the resolvent
blows up when Ay approaches a spectral point.

Every A € C with |A| > ||T|| is contained in p(T), and in this case R(A, T) is
given by the Neumann series

R(A,T) := i At D (C.3)
n=0
In particular, one has r(T) < ||T||, where
r(T) :=sup{|A| : A € o(T)}
is the spectral radius of 7. An important result states that the spectrum is always

a nonempty compact subset of C and the spectral radius can be computed by the
spectral radius formula

#(T) = Lim |[T"||" = inf |T"]". (C.4)
n—00 neN

See Rudin (1991, Thm. 10.13) or Proposition 4.29 for a proof.
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An operator is called power-bounded if sup,, | 7"|| < oo. From the formula (C.3)
it follows that the spectrum of a power-bounded operator is contained in the closed
unit disc. For isometries one has more precise information.

Proposition C.20. If E is a complex Banach space and T € Z(E) is an isometry,
then exactly one of the following two cases holds:

1) T is not surjective and o(T) = {z : |z| < 1} = D is the entire closed unit
disc.

2) T is an isomorphism and o(T) C T.

An important part of the spectrum is the point spectrum
op(T) = {A € C : (AI—T) is not injective }
Each A € 0,(T) is called an eigenvalue of 7. For A € 0,(T) the closed subspace
ker(AI—T)
is called the corresponding eigenspace, and every nonzero element 0 # x €

ker(AI — T) is a corresponding eigenvector. An eigenvalue A is called simple if
its eigenspace is one-dimensional.






Appendix D
Operator Theory on Hilbert Spaces

In this appendix we review some elementary facts from the theory of Hilbert space
operators. Most of the results are presented without proof, but we provide more
details and self-contained proofs concerning self-adjoint operators, orthogonal pro-
jections (important for Chapter 13), and dilations of contractions on Hilbert spaces
(relevant for Chapter 21). As reference we recommend textbooks on functional
analysis such as Halmos (1982), Conway (1990), Halmos (1998), and Haase (2014).

D.1 Hilbert Spaces

A semi-inner product on a complex vector space E is a mapping (- |-) : EXE — C
that is sesquilinear, i.e., satisfies

(f+Aglh)=(fTh)+A(glh).
(h|f+2g)=(h|[)+A(h|g)  (fg. heE AeC),
symmetric, i.e., satisfies
(fle)=(el/) (fg€E),
and positive semi-definite that is
(f1f)=0 (f€E).
If in addition (- |-) : E x E — C is positive definite, i.c., satisfies

0#f = (S1f)>0,
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then it is called an inner product. The (semi-)norm associated with a (semi-)inner
product on E is

1A= V1) (D.1)

For a semi-inner product and the corresponding semi-norm the following elemen-
tary identities hold:

a) [If +gl>=I£1"+lgl> +2Re (£ |g).
b) 4Re(flg)=If+el—If -zl
o 21fIP+2lgl*=11f +el*+1f—gl

Here b) is called the polarization identity and c) the parallelogram identity.

Given a semi-inner product, two vectors f, g are called orthogonal if ( /' | g) = 0,
in symbols: f L g. If we replace g by Ag in a) above and vary A € C, we can
conclude that

lgll =0 <= (f|g)=0 forall fe€H.
For a set A C E its orthogonal is
At :={f€E: f Lgforall gcA}.

Two sets A, B C E are called orthogonal (in symbols A | B) if f 1 g for all
f €A geB.

Property a) above accounts also for Pythagoras’ theorem:

flg = If+el> =117+ lsl*.

Since (||g||2 f=(0Cf1g) g) L g, it follows from Pythagoras’ theorem that

Il 112 = [ el> £ = (£ 1) ] + 1 1 el = 1(f 1P ligl-

This amounts to the Cauchy—Schwarz inequality

1D = 1A Ngll-

If (-]-) is an inner product, then one has equality here if and only if the vectors
f and g are linearly dependent. From the Cauchy—Schwarz inequality one readily
infers that

I£1I'= sup [(f &)l (D.2)

lsll=t

implying the triangle inequality for ||-||, and hence that (D.1) indeed defines a semi-
norm on E. In case that (- |-) is an inner product this semi-norm is a norm.
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An inner product space is a vector space E together with an inner product on it.
An inner product space (E, (-|-)) is a Hilbert space if E is a Banach space, i.e.,
complete with respect to the norm given in (D.1).

The following is an application of the so-called Gram—Schmidt procedure.

Lemma D.1. An inner product space H is separable if and only if it admits a
countable orthonormal base, i.c., a sequence of pairwise orthogonal unit vectors
(en)nen withlinfe, : n € N} = H.

D.2 The Riesz—Fréchet Theorem

The following result is fundamental in the theory of Hilbert spaces.

Theorem D.2. Let C be a nonempty closed convex subset of a Hilbert space H, and
let x € H. Then there is a unique xo € C such that

llx —xo = inf [lx — y]|.
yeC

If C is a closed subspace, then xg is equivalently characterized by the conditions
xo € Candx—xy L C.

Based on this one can prove the next essential result concerning Hilbert spaces.

Theorem D.3. If F is a closed subspace of a Hilbert space, then
H=FoFt

is a decomposition into closed orthogonal subspaces.

A proof of these theorems can be found in Rudin (1991, Thms. 12.4, 12.3) or
Conway (1990, Sec. 1.2).

As a consequence, one obtains that if 7/ C H is a proper closed subspace of F,
then F- # {0}. A simple consequence of this fact is the following important result,
see Rudin (1991, Thm. 12.5) or Conway (1990, Thm. 1.3.4).

Theorem D.4 (Riesz—Fréchet). Let H be a Hilbert space and let  : H — C be
a bounded linear functional on H. Then there is a unique g € H such that Y (f) =

(f1g)forall f €H.

An important consequence of the Riesz—Fréchet theorem is that a net ( fy), in
H converges weakly to a vector f € H if and only if ( f, — f |g) — 0 for each
g€E€EH.

Corollary D.5. Each Hilbert space is reflexive. In particular, the closed unit ball of
a Hilbert space is weakly (sequentially) compact.
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Also the following result is based on the Riesz—Fréchet theorem.

Corollary D.6. Let H, K be Hilbert spaces and let b : HxK — C be a sesquilinear
map such that there is M > 0 with

b(fol =M fIlllell  (f €H, g€KkK).

Then there is a unique linear operator S : H — K with

b(f.g)=(Sflg) (f €H, g€Kk).

Moreover, ||S|| < M.

For a given bounded linear operator T : K — H there is hence a unique linear
operator T* : H — K such that

(T"flg)y=(f1T)y  (f €H.g€K).

The operator T* is called the (Hilbert space) adjoint of 7. One has

IT*I = sup IT*fll=sup [(T"flg)|= sup [(Tg|/)I=IT]
B I/ gl<t 1/ lgl<1

by (D.2). Furthermore, for all f € H
ITF 12 = [(T*Tf L £)] < IT*TFIIAN < 1T T LA
which implies that | T*T|| = ||T||*.
Theorem D.7. The set of contractions
Con(H:K) := {T € Z(H:K) : |T| <1}
between Hilbert spaces H and K is compact in the weak operator topology.

Proof. Let By, Bg be the closed unit balls of H and K, respectively. Consider the
injective mapping

@ : Con(H;K) — l_[ C, (7)== ((Tf |2) )feBH,gGBK'

S €Bu.g€Bk

We endow the target space with the product topology (Appendix A.5), and
Con(H; K) with the weak operator topology, so @ is a homeomorphism onto its
image @(Con(H; K)). We claim that this image is actually closed. Indeed, suppose
(Ty)q is a net in Con(H; K) such that
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b(f,g):=1im(T,f |g) existsforall f € By, g € Bg.
o

Then this limit actually exists forall f € H and g € K, the mappingb : HxK — C
is sesquilinear, and |b(f,g)| < || f| llgll for all f € H, g € K. By Corollary D.6
thereis T € Z(H; K) such that b(f,g) = (Tf | g) forall f € H, g € K. It follows
that T € Con(H; K) and @(T) = lim, @(Ty).

Finally, note that @(Con(H;K)) € [] ep, 4ep 1z € C 1 |z < 1}, which is
compact by Tychonoft’s Theorem A.5. Since @(Con(H, K)) is closed, it is compact
as well, and since @ is a homeomorphism onto its image, Con(H; K) is compact as
claimed. O

D.3 Self-Adjoint Operators

An operator T € £ (H) is called self-adjoint if 7* = T and positive semi-definite
if (Tf]f)=>0forall f € H. An operator T € .Z(H) is self-adjoint if (and only
if) (Tf | f) € Rforall f € H. Indeed,

(T*f1f)=(FIT*F ) =(fIT*f)=(Tf 1 f).

so by polarization (Tf |g) = (T*f|g) forevery f, g € H,ie.,T* = T. In
particular, a positive semi-definite operator is self-adjoint.

Among self-adjoint operators we introduce an ordering as follows: For self-
adjoint operators S, T € .Z(H)

Def.
S<T <<= T-S ispositive semi-definite.

In particular, a positive semi-definite operator is greater than or equal to 0 in this
ordering. Clearly, if S, T, U € Z(H) are self-adjoint operators and § < T, then
also S+ U < T + U and AS < AT for every A € [0, 00). The next proposition
follows also easily from the definition.

Proposition D.8. The set £ (H) of positive semi-definite operators is a convex
cone, closed with respect to the weak and the strong operator topologies.

If S is positive semi-definite, the mapping ( f, g) — (Sf | g) defines a semi-inner
product on H.

Proposition D.9. Let S € £ (H) be a positive semi-definite operator. Then

ISAIP < ISI(SF|f) forall f€H.

Proof. The Cauchy—Schwarz inequality applied to the semi-inner product (S- |-)
yields
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(SEISFY < (S2LISF) (SN2 < ISIV2 IS (SS 1)

If Sf = 0, then the desired inequality is trivial. Otherwise divide by ||S f|| in the
inequality above and take squares to obtain the assertion. O

Corollary D.10. Let S € Z(H) be a positive semi-definite operator. Then S is a
contraction if and only if S < L

Proof. 1t S < I, then ||Sf|* < |IS|| | f||* by Proposition D.9, whence ||S|| < 1
follows. The converse implication is a direct consequence of the Cauchy—Schwarz
inequality. O

The square of a self-adjoint operator is clearly positive semi-definite. More
generally, if T is positive semi-definite and § € .Z(H), then STS™* is positive semi-
definite, too. If T is positive semi-definite, so are all of its powers.

Proposition D.11. Let T € £ (H) be positive semi-definite. Then all powers T",
n € Ny are positive semi-definite. If T is in addition contractive, then T"T' < T" for
everyn € Ny.

Proof. Fork € Ny and f € H we have

(T*Ff | f) = (T f [T f) = 0,

since T is positive semi-definite. On the other hand

(T*f|f)=(T"f|T"f) = 0.

hence the first claim follows.

Next suppose that 7 is a positive semi-definite contraction. For k € N we have by
Proposition D.9

(17 [ f) = (T2 |7f) < (T2 | f) = (T | f).
and by Corollary D.10
(T ) = (I [TF) < (T [T ) = (T 5 [ £)
So indeed the sequence (T"),en, is decreasing. O

Proposition D.12. Let (Sy)nen, be a bounded and increasing sequence of self-
adjoint operators Z(H), i.e., Sy < Spt1 < T for all n € Ny and for some
self-adjoint operator T € Z(H). Then (S,)nen, converges strongly to some self-
adjoint operator S satisfying S, < S < T forall n € N.
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Proof. Since for every f € H the sequence ((S,f | f'))nen, is increasing and
bounded above by (Tf | f), it is convergent. Hence, by the polarization identity
for the semi-inner products (S, - | -), also the limit

(5f18):= lim (5,/1g)

exists for all f, ¢ € H, and hence defines a bounded linear operator S on H.
Obviously, S is self-adjoint and S, < S < T. Notice that the operators S, are
uniformly bounded, i.e., ||S,|] < M for some M > 0 and for all n € Nj. By
Proposition D.9

ISf =Suf 1> < IS =Sull.(S=S)f | f) <2M((S=S,)f | f) forall f € H.
This implies that S,, — § in the strong operator topology as n — oo. O

Theorem D.13. Let A € Z(H) be a positive semi-definite operator. Then there is
a unique positive semi-definite square root A'/? of A, and this operator commutes
with each operator that commutes with A.

Proof. Since A is bounded, by rescaling we may suppose that A < I, and set 7" :=
I — A, which then satisfies 0 < 7" < I. We set Sy := 0, and then recursively

Spr1:=3(T+S2) forneN. (D.3)

One sees by induction that for every n € Ny there is a polynomial g, with positive
coefficients such that S, = g¢,(7T). This implies, by virtue of Propositions D.8
and D.11, that the operators S, are all positive semi-definite. Next we show that
for each n € Ny there is a polynomial p,, with positive coefficients such that

Snt+1 = Su + pa(T).
For n = 0 we have
Si = 3T = So+ 5T = Sy + po(T).
Suppose for some n € N we have S,, = S,—1 + p,—1(T) with p,_; as asserted. Then

Sur1 = (T +82) = T + Sum1 + pu—1(D))?)

(T + S2_; + pui(T)* + 28,—1pui (1)),

1
2
1
2
hence the polynomial p, := %(pi_l + 2¢gn—1pn—1) is as required. Again by
Proposition D.11, p,(T) is positive semi-definite, therefore S, +; > S,. Since T < I,
one can prove inductively, by using Proposition D.11, that §?2 < S, and that S, < L.
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By Proposition D.9 the bounded and increasing sequence of self-adjoint operators
(Sy)nen has a strong limit S € Z(H) satisfying 0 < § < I. From the recursion
relation (D.3) we obtain

§ = lim Sy = lim 3(T+S5)) = 3(T+5?),

since multiplication is continuous for the strong operator topology on bounded sets.
We obtain (I —S)2 + T —1 =0, i.e., takingA'/? :=1— 5,

(A2 = 4,
with A!/2 positive semi-definite. Let B be an operator that commutes with A. Then

B commutes with 7', hence with S, and therefore with S and AY/2.

Suppose B is another positive semi-definite square root of A. Then B commutes with
A hence with A2, Let f € H be arbitrary, and set g := Bf — A'/? f. Then

0 < (Bglg) + (A'%g|g) = (B+A"?)g|g) = (A—A) f|f) =0.

Therefore both (Bg|g) = 0 and (Al/zg | g) = 0, which implies Bg = 0 and
A'/2g = 0 by Proposition D.9. We conclude

|Bf =AYV f|? = (B=A"22f| f) = (B-Ag|f) =0.

Whence B = A'/2 follows. O

D.4 Contractions, Isometries, and Unitaries

Hilbert space contractions have plenty of special properties. The following lemma
characterizes, among other things, their fixed spaces.

Lemma D.14. For a contraction T € £ (H;K) and a vector f € H the following
assertions are equivalent:

O Tf=f.

i) 7°f=f.

i) (TF1f)=(f11) =1
In particular, ix(T) = fix(T*).
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Proof. Tt is clear that (i) and (ii) both imply (iii). If (iii) holds, then

If =TFIP = 1/ 1P =2Re (S | Tf) + ITFIP = ITF 1> = I £ <0
since T is a contraction. Hence, (i) follows, and (ii) as well, by symmetry. |

The following consequence is used in Lemma D.16 below.

Corollary D.15. Fora contractionT € £ (H; K) and avector f € H the following
assertions are equivalent:

@ N7 =171
() (Tf|Tg)=(f|g)forallgeH.
(i) T*Tf = f.

Proof. The implications (iii) = (ii) = (i) are straightforward. If (i) holds, then

IA1? = ITf 1P = (TF1TF) = (T*Tf | f)
Since T*T is a contraction, Lemma D.14 implies that T*Tf = f, i.e., (iii). O

Let H, K be Hilbert spaces. An operator 7 : H — K is an isometry if ||7f] =
||.f|l forall f € H. Here is a useful characterization of isometries.

Lemma D.16. For an operator T € £ (H; K) the following assertions are equiva-
lent:

(1) T isanisometry, ie., |Tf|| = || f| forall f € H.
(i) (Tf|Tg) = (f|g)forall f. g€ H.
i) T*T =1L
Proof. (i) = (iii): Every isometry is a contraction, hence we can apply the

implication (i) = (iii) in Corollary D.15. The remaining implications (iii) = (ii) =
(i) are straightforward. |

A surjective isometry U : H — K is called a unitary operator. The following
characterization is an immediate consequence of Lemma D.16.

Corollary D.17. Let H, K be Hilbert spaces, and let U € £(H;K). Then the
following assertions are equivalent:

(1) U is unitary, i.e., a surjective isometry.
(i) UU* =1andU*U =1.
(iii) U is invertible and U* = U™,

(iv) U is an invertible contraction with contractive inverse.
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Now we turn to the study of the weak and the strong operator topologies on the
set of contractions. We begin with a characterization of weak convergence.

Lemma D.18. For a net ( fy)y in a Hilbert space H and some f € H the following
assertions are equivalent:

@ Nfe— Sl =0
(i) fo — f weakly and || foll — || f |-

Proof. The nontrivial implication follows from the standard identity

Ife = F17 = 1fal® + 1/ = 2Re (fu | /) o

We obtain the following straightforward consequence of Lemma D.18.

Corollary D.19. On the set
Iso(H;K) := {T € ZH:K) : |Tf| = |f|l forall f € H}

of isometries from H into K the weak and the strong operator topologies coincide.

The final result in this section states that in case the Hilbert space is reflexive, the
sets of contractions, isometries, and unitaries are Polish spaces (cf. Appendix F.1)
with respect to the weak and strong operator topologies.

Proposition D.20. Let H and K be separable Hilbert spaces. Then both the strong
and weak operator topologies on the set Con(H; K) of contractions are separable
and completely metrizable, i.e., are Polish topologies. The same holds for the strong
(= weak) operator topologies on the set Iso(H; K) of isometries and the set U(H; K)
of unitaries on H.

Proof. We first show that the weak operator topology on the set of contractions is
metrizable. By compactness (Theorem D.7) it follows that it is separable and the
metric is complete.

Fix, by virtue of Lemma D.1, countable orthonormal bases (e, ),en and ( f;,),en. For
each pair (n, m) € N? the mapping (T, S) := |((T — S)e, | fn)| is a semi-metric
on Con(H; K), continuous for the weak operator topology. Then

o0
d(T.S):= Y 27""g, . (T.S)

nm=1

is a metric on Con(H; K), continuous for the weak topology. But that topology
is compact (Theorem D.7), hence coincides with the topology induced by d
(Proposition A.4.b).
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Likewise,

o0
d(T.S) := Y 27" |[Te, — Se||

n=1

is a complete metric inducing the strong operator topology on Con(H; K).

The set Iso(H; K) of isometries is strongly closed in Con(H;K), whence also
completely metrizable. Furthermore, the mapping

U(H;K) — Iso(H;K) xIso(K:H) U (U, U

is a homeomorphism onto a closed subset of the completely metrizable space
Iso(H; K) x Iso(K; H). Hence, also U(H; K) is completely metrizable. The sepa-
rability of U(H; K) and Iso(H; K) follow from the weak separability of Con(H; K)
and the fact that the weak and strong topologies coincide on Iso(H; K).

For the strong separability of Con(H; K) let for n € N the orthonormal projections
(see below) onto lin{ey, ..., e,} and lin{ f1,..., f,} be denoted by P,, Q,, respec-

tively. For a contraction 7 : H — K the operator T, := Q,TP, is a contraction
contained in the linear span of the operators f +— (fle;) fi,j, | < n.ButT, — T
strongly, and this concludes the proof. O

D.S Orthogonal Projections

An operator P € .Z(H) is called an orthogonal projection if
P>=P and ran(P) L ran(I — P).

The following result is a characterization of orthogonal projections.

Theorem D.21. Let H be a Hilbert space, and let P € £ (H). Then the following
assertions are equivalent:

(i) P = SS* for some Hilbert space K and some linear isometry S : K — H.
(i) P*>=Pand|P| < 1.
(iii) ran(I — P) L ran(P).
(iv) P*=P=rP*

(v) ran(P) is closed, and P = JJ* with J : ran(P) — H the canonical inclusion
map.

Under these equivalent conditions ran(S) = ran(P) holds in (i).
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Proof. (i) = (ii): Lemma D.16 above, S*S = I, whence P> = (55*)(S§*) =
S(S*S8)S* = §§* = P. Also, ||P|| = ||S*S|| < |IS*|| |IS]| = 1. For the final statement
notice that ran(S) C ran(P) since P = SS*. The converse inclusion follows from
PS = S5*S = S.

(ii) = (iii): Take f € ran(P), g € H. Then for ¢ € C we have by (ii)
If = cPgl” = IP(f = eo)l* < ILf —esll”.
Expanding the scalar products yields
2Rez(f |g—Pg) < ||’ (gl* — IPgIl).

We now specialize ¢ = t( f | g — Pg) with t > 0, and obtain

2€(f1e—Pe) < 2|(f1e—Po)[ (lg]* — |Pgl?) forallz> 0.

This implies f L (g — Pg) as was to be proved.
(iii) = (iv): By (iii) we obtain for f, g € H

|ps =P 1| = (P(f =P/ A=P)Pf) =0,
whence P? = P. Moreover, by (ii) and by symmetry
(Pflg)=(Pflg—Pg)+ (Pf|Pg) = (Pf|Pg)
=(Pf=fIPg)+(f|Pg) = (f]|Pg).

which means P* = P.

(iv) = (v): Let Q := JJ*. Since ran(J) = ran(P) by construction, PJ = J, and
hence PO = Q, and then QP = Q by (iv). On the other hand, since J is an isometry,
QJ = J(J*J) = J, whence QP = P. It follows that Q = P.

The implication (v) = (i) is trivial. O
As a consequence, an orthogonal projection is positive semi-definite since
(PLIfY=(Pf|f)=(PfIPf)=|Pf|>=0

forevery f € H.
Corollary D.22. a) For an orthogonal projection P € £ (H) and f € H:

Pf=f < IPfI=ISI.

b) Orthogonal projections P, Q € £ (H) satisfy
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ran(P) Cran(Q) <= PQ=P << QP=P.

¢) To every closed subspace F of H there is a unique orthogonal projection
P € £ (H) such that ran(P) = F. In this case

H =ran(P) ranI—-P) =F & Ft.
Proof. a) Since ran(I — P) L ran(P), by Pythagoras’ theorem

LA =1PfI>+1a=P [

forevery f € H.

b) It is clear that ran(P) < ran(Q) is equivalent with QP = P. But since Q and P
are self-adjoint, the latter is equivalent with P = P* = (QP)* = P*Q* = PQ.

c) If P, Q are orthogonal projections on H with ran(P) = ran(Q), then by b) we
have P = PQ = Q. To show existence we define P := JJ* where J : F — H
is the inclusion mapping. Since J is an isometry, I = J*J, hence J* is surjective.
It follows that ran(P) = F is closed, and Theorem D.21 applies, showing that P is
the orthogonal projection onto F = ran(P). In particular, ran(I — P) € F*. Since
H = ran(P) & ran(I — P), it follows that ran(I — P) = FL. O

Next, we aim at characterizing invariance of a subspace under an operator in
terms of orthogonal projections.

Proposition D.23. Let P and Q be orthogonal projections on Hilbert spaces H and
K, respectively, and take F = ran(P) and G = ran(Q), so that

H=F®F' and K=G®G*t

are the corresponding orthogonal decompositions. Then for a linear operator T €
Z(H;K) the following assertions are equivalent:

() T(F) S Gand T*(G) C F.
(i) T(F) € Gand T(F*) C G*.
(iii) TP = QT.

Proof. 1f (i) holds, then QTP = TP and PT*Q = T*(Q. Taking adjoints in the second
identity yields QTP = QT and combining this with the first one we obtain (iii). If
(iii) holds, then T(F) = TP(H) = QT(H) C G and QT(F1) = TP(F*) = T{0} =
0, whence T(F1) C ker(Q) = G*. All in all we have established (ii). Finally,
suppose that (ii) holds, and let ¢ € G and h € F*. Then (T*g|h) = (g|Th) = 0
since Th € T(F+) C G*. This yields T*g € (F1)L = F for every g € G. The
proof of (i) is hence complete. O
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Let T € Z(H) be a bounded linear operator on a Hilbert space H. A closed
subspace F C H is called T-bi-invariant if F is 7- and T*-invariant, i.e., if TF +
T*F C F.

Corollary D.24. Let P be an orthogonal projection on a Hilbert space H and let
F = ran(P), so that H = F @ F* is the corresponding orthogonal decomposition.
Then the following assertions are equivalent for an operator T € £ (H):

(1) The subspace F is T-bi-invariant.
(i) Both subspaces F and F* are T-invariant.

(iiiy TP = PT.

D.6 Normal Operators

An operator T € Z(H) is called normal if 7TT* = T*T. Clearly, bounded self-
adjoint and unitary operators are normal.

Lemma D.25. Let T € £ (H) be a normal operator. Then the following assertions
hold:

) NTAN = IT* fl forall | € H.

b) ker(Al — T) = ker(Al — T*) for all A € C.

c) ker(AI—T) Lker(ul —T7) forall A, u € Cwith A # L.
& |73 = |7

e) For the spectral radius we have r(T) = ||T]|.

S

Proof. a) is immediate after squaring the identity and using the polarization identity,
b) follows from a) with T replaced by Al —T. Forc) let f, g € Hbe with Tf = Af
and Tg = pug. Then

A= (flg)=f18)—(fImg) =(Tf|g)—(fIT"g) =0,

since T*g = Jug by b). For the proof of d) we compute

|72 = VIT>*T2| = VIT* DT T)*|| = |T*T| = |IT|*.

e) follows from d) and the spectral radius formula (C.4) by restricting to the
subsequence n;, = 2. O

Normal operators have nice spectral properties, especially if they are com-
pact. The general spectral theorem for bounded normal operators is presented in
Chapter 17.
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Theorem D.26 (Spectral Theorem). Let T be a compact normal operator on a
Hilbert space H. Then H has an orthonormal basis consisting of eigenvectors of T,
and every eigenspace corresponding to a nonzero eigenvector is finite dimensional.

More precisely, T is the norm convergent sum

T= Z AP; (D.4)

A€A

where A € C \ {0} is a countable set, and for A € A the operator P, is the
orthogonal projection onto the eigenspace H) := ker(Al — T) satisfying 0 <
dim H, < oo.

Proof. We first remark that by the compactness of T the space ker(Al — T) is
finite dimensional if A # 0, see Appendix C.1. By virtue of the orthogonality of
eigenspaces and the compactness of T it is equally simple to show that for each
& > 0 there can be only finitely many eigenvalues A of T with |A| > &.

It remains to show that H is the orthogonal sum of T-eigenspaces. By c) of
Lemma D.25, all eigenspaces are pairwise orthogonal, so we take K as the closed
subspace of H generated by all eigenvectors associated with nonzero eigenvalues.
Then, by b) of Lemma D.25, K is invariant under 7%, whence KL is T-invariant.
Restricting T to K~ we may suppose in the following that 7 has no nonzero
eigenvalues.

Let A € C be from the topological boundary of o (7). Then there is (4,),en in
o(T) with A, — A. Since |R(A,.. T)|| > dist(A,,0(T))™" — oo, we can find u, € H
with [lu,|| < 1 and such that ,, := ||R(A,, T)u,|| — oo. Then v, := &, 'R(A,, T)uy
is a unit vector. By the compactness of T and by passing to a subsequence we may
suppose that

Tv, = ozn_l(—yn + AR(Ap, Tuy) = —a;lun + AnUp,

hence A,v, — wasn — oo. If A = lim, 500 A, # 0, then v, — A7 !w, a unit
eigenvector of T associated with A. But 7" has no nonzero eigenvalues, whence
A =0.

All in all we can conclude that o (T) = {0}, 1i.e., 7(T) = 0. By e) of Lemma D.25
we obtain ||T|| = r(T) = 0, and we are done. O

D.7 Unitary Part and Wold Decomposition
of a Contraction

Let T be any contraction on a Hilbert space H. We shall first construct an orthogonal
decomposition

H = Hyni @ Heny
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of H, where H,j;; is (in a sense) the largest closed subspace on which T acts as a
unitary operator. This result is due to Sz&kefalvi-Nagy and Foiag (1960). We follow
the presentation in Eisner (2010, Sec. I1.3.2).

Theorem D.27 (Szokefalvi-Nagy-Foias). Let T be a contraction on a Hilbert
space H. Then

Hui:={f €H  |T"f| = |T*"f| = | f]| foralln € N}

is the largest among all closed T-bi-invariant subspaces of H on which T restricts
to a unitary operator.

Proof. Let F C H be any closed T-bi-invariant subspace of H. If T'|¢ is unitary, then
T*|r = (T|r)* = (T|r)~" is also unitary. In particular, for each n € N the operators
T" and T*" are isometries on F, whence F C Hyy;.

It remains to show that H,y; itself is a closed T-bi-invariant subspace on which T
restricts to a unitary operator. By Corollary D.15 applied to 7" and T*" we obtain

Hui ={f €H : T"T"f = f =T"'T*" f foralln € N}. (D.5)

It follows immediately that H,; is a closed subspace. To see that H,,; is T-invariant,
take f € Hyy and n € N. Then | T"T f || = |T"T' £ = || f|| and

T | = T D@ TH| = 1TV fll =11 f -

This shows that Tf € Hyy; and a similar argument leads to 7* f° € H,y;. Finally, by
definition of Hyyi, Tp,, 18 an isometry on Hy,i and surjective since f = TT™ f for
each f € Hyy. The proof is complete. O

Let T be a contraction on a Hilbert space H. Then Hy,; as in Theorem D.27 is
called the unitary part of H with respect to 7. The orthogonal complement

. L
Hepu := Huyyi

is called the completely nonunitary part of H with respect to 7, because it does
not contain any nontrivial 7-bi-invariant closed subspace of H on which T acts
as a unitary operator. A contraction 7 on a Hilbert space H is called completely
nonunitary if H = H_y,.

Theorem D.28. Let T be a contraction on a Hilbert space H. Then the restriction
of T to Heny is weakly stable, i.e., for every f, g € Heny

(T"'flg) >0 asn— oo.

Proof. Forevery f € H the sequence (||7"f ||),en is decreasing, hence convergent.
Thus for fixed k € Ny we obtain
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ITAT4T" £ =T P = TP P = 2Re (T | 7 ) + 17 )
= |77 £ 12 = 2| T F 12 + |7 |
< |7 FIP =2 TP+ T
= |T"f I = IT"™ fI? > 0 asn— ooc.

Therefore, for each k € Ny

(@x- T*ka)T”fig) — 0 forevery f, g € Hasn — oo,
hence
(T"f\g) — 0 forevery f, g € ran(I — T*ka) as n — 0o.
The same argument for 7* instead of T yields
(T"flg) = (f|T*"g) — 0 forevery f. g € ran(I — T*T*%) as n — .

Altogether we obtain, also by using (D.5), that (7"f | g) — 0 as n — oo for every

f. g ecl Z (ran(I — T**T%) + ran(1 — TkT*k))
k€N

1
=( (M ran( - 7**7)* A ran(1 - TkT*k)l)
keNy

1
:( M fix(T*7 N ﬁx(TkT*k)) — H:. = Hop. O

uni
keNy

We remark that the property “7"f — 0 weakly” does not characterize elements
f of Hey. For example, if T is the shift on H = ¢?>(Z), then T is unitary and
H = Hyy. But 7" — 0 weakly as n — oo.

Let us now specialize the previous construction to an isometry T € £ (H). Then
we obtain what is called the Wold decomposition.

Theorem D.29 (Wold Decomposition). Let T be an isometry on a Hilbert
space H. Then

Hyy = ﬂran(T"),

n=>0
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and Heny can be written as a Hilbert orthogonal sum

Heny = @ H,

€A

for some index set A, where each H, is T-invariant and T : H, — H, is unitarily
equivalent to the right shift R on £>(Ny).

Proof. Let K := (),~,ran(T"). Then K is a T-invariant closed subspace and T is
surjective on K. Moreover, K must contain every closed T-invariant subspace on
which T is surjective, so in particular H,,; € K. Conversely, if f € K andn € N,
then there is g € H with T"g = f. Therefore

1T £l = 1T T gl = llgh = 1T"gl = 1./ .

since T*T = 1. By definition of Hyy, f € Huni-

For the remaining part we define for each n > 1 the closed subspace K, as
the orthogonal complement of ran(7") within ran(7"""), i.e., by the orthogonal
decomposition

ran(7""') = ran(T") @ K,,. (D.6)

Then all the spaces K; are pairwise orthogonal, and

o0 o0
ﬂ ran(7") L @ K;.
n=1 Jj=1

Moreover, if f L K, for every n € N, then, inductively, f € ran(7") for every
n € N. Therefore

o0
P K, = Hayi = Henu.
n=1

Since T is an isometry and hence preserves orthogonality, it follows from (D.6) for
n=kandn = k4 1 that
ran(T") @ Kiy = ran(T%) = T( ran(Tk_l)) = T( ran(T%) @ Kk)

= ran(T""!) @ TK;.

This yields TKy = Ki+ for every k > 1.

Finally, fix an orthonormal basis (ey)ges Of K. Then (T*ey)wea is an orthonormal
basis of T*K; = Ky, and hence H, := lin{T*e¢, : k € Ny} has the asserted
properties. O
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D.8 Unitary Dilations of Contractions

Let T be a bounded operator on a Hilbert space H, let K be another Hilbert space
with J : H — K an isometric embedding, and let S € .Z(K). We call the pair (S, J)
a dilation of T if

J*SJ =T.

Itis clear that, if (S, J;) is a dilation of T'and (R, J>) is a dilation of S, then (R, J,0J)
is a dilation of T'.

By Theorem D.21, P := JJ* : K — K is an orthogonal projection. We then have
PSJ = JJ*S] = JT.

After identifying H with ran(J) € K the projection P becomes the orthogonal
projection onto H and we obtain

In this case we call T a compression of S. Conversely, if T is a compression of S
with the corresponding orthogonal projection P € .Z(K), ran(P) = H, then again
by Theorem D.21, P = JJ* with the identical embedding J : H — K. In this case
J* acts as the identity on H. Hence

J*S\y =T ISy = J*T
and thus
J*SI =T,

i.e., (S,J) is a dilation of 7.

Given a contraction T € .Z(H) we look for a dilation (S, J) with S unitary such
that (S",J) is a dilation of (7",J) for every n € Ny. Let us discuss an important
special case first.

Example D.30 (Dilation of Isometries). Suppose that 7 is an isometry on H and
that (S,J) is a dilation of T to a unitary operator S on a Hilbert space K. Then
PSJ = JT for the orthogonal projection P = JJ*. But since JT is an isometry,
PSJ = SJ and therefore SJ = JT. It follows that ran(J) is S-invariant and that
(8",J) is a dilation of 7" for all n > 0.

Let us identify H with ran(J) and consider H as a subspace of K. Under this
identification T = S on H, so we may use the single letter 7 for both maps. Then
T is a unitary operator on K, but (in general) not surjective on H. This leads to the
ascending sequence of subspaces
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HCT'HCT?HC...-CK.

The closed subspace F := cl| J,., T~"(H) is T-bi-invariant, and there is no loss of
generality if we suppose that K = F, i.e., that the dilation is minimal.

Thus, we observe that the dilation space K is an inductive limit of isometric
copies H; of H, and the operator 7 maps each copy H; isometrically onto the copy
H;_,. Consequently, H;_; lies within H; like T'(H) lies within H, and therefore

K=H® éT(H)J'.

n=1

This shows that a minimal dilation is unique.

We can now use this information to construct a minimal dilation for a given
isometry 7 on a Hilbert space H. Define

K:=H®& éT(H)l

n=1

and on K the operator S : K — K by

SCofio foooo )= (Tho+ fis o fsoo)  (fo€H, fu e TE)T, n= 1),
Then it is easy to see that S is unitary. If J/ : H — K is defined by Jf :=
(£.0,0,...), then clearly ran(J) is S-invariant, and (S, J) is a dilation of 7.

The isometric case being done, we can now prove an important intermediate
result.

Proposition D.31. Let T be a contraction on a Hilbert space H. Then there is a
Hilbert space K and an isometry S € £ (K) such that (S",J) is a dilation of T" for
eachn € Ny, i.e.,

PS"|g =T" foreveryn e Nj.

Proof. Since T is a contraction, the operator V := I — T™*T is positive semi-definite,
hence it has a positive semi-definite square-root V'/2 by Theorem D.13. Consider
the Hilbert space

K :=(No:H) = P H.

neNy

Let 0 € Z(K;H) be the coordinate projection Q( fy)ren, = fo, and let J €
£ (H;K) be the embedding J(f) := (£,0,...,0...). Then J* := Q. We define
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S(fk)kEN() = (Tf07 Vl/szs fls f25 cee )
Then S € Z(K) is an isometry. Indeed, for every f = ( fi)ken,
ITAll* + IV ol = (Th|Th) + (V2 /o V' fo)
= (T*Th|fo) + (VS| fo) = Il foll*.

For n € Ny we have

S"(fidkeny = (T fo, V2T for o VY2 fo, fil foun).
By definition J*S"J = T", and the proof is complete. O

Combining Proposition D.31 with Example D.30 yields the following celebrated
theorem.

Theorem D.32 (Szdokefalvi-Nagy). For every contraction T € £ (H) there is a
unitary operator S € Z(K), J : H — K isometric embedding such that (S",J) is a
dilation of T" for each n € Ny.






Appendix E
The Riesz Representation Theorem

In this appendix we give a proof for the Riesz Representation Theorem 5.7. In the
whole section, K denotes a nonempty compact topological space, Ba(K) and Bo(K)
denote the o-algebra of Baire and Borel sets of K, respectively, i.e.,

Ba(K) =o{[f >0]: 0< f € C(K)} and Bo(K) =0{0 : O C K open}.
Moreover, M(K) denotes the Banach space of complex Baire measures on K
endowed with the total variation norm ||-||y;. It will eventually become clear that

each such Baire measure has a unique extension to a regular Borel measure.
Each u € M(K) induces a linear functional

du : C(K) — C. wqwﬂﬁm=ﬁfw.

This functional is bounded (by ||zt]|y;) since

(fom)] = /Klfl il = 1 Nloo |1 (K) = 1S lloo NIl

forall f € C(K). In this way we obtain a linear and contractive map
d:M(K) > C(KY,  pr>du=(,p (E.1)

of M(K) into the dual space of C(K). The statement of the Riesz representation
theorem is that this map is an isometric isomorphism.
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E.1 Uniqueness

Let us introduce the space
BM(K) := {f :K — C : f is bounded and Baire measurable}.

This is a commutative C*-algebra with respect to the sup-norm. Moreover, it
is closed under the so-called bp-convergence. We say that a sequence (f,)sen
of functions on K converges boundedly and pointwise (or: bp-converges) to a
function f if

sup || fulloo < 00 and fu(x) = f(x) foreachx € K.

neN

The following result is very useful in extending results from continuous to general
Baire measurable functions.

Theorem E.1. Let K be a compact topological space, and let E € BM(K) such
that (1) C(K) C E and (2) E is closed under bp-convergence. Then E = BM(K).

Proof. By taking the intersection of all subsets E of BM(K) with the properties (1)
and (2), we may suppose that E is the smallest one.

We show first that E is a linear subspace of BM(K). For f € BM(K) we define
Ef:={g€E: f+g<cE}.

If f € C(K), then Ey has the properties (1) and (2), whence E € Ey. This means
that C(K) + E C E. In particular, it follows that £, has properties (1) and (2) even
if f € E.Hence, E C E; foreach f € E, whence E + E C E. For A € C the set

{gEE:AgEE}

has properties (1) and (2), whence AE C E. This establishes that E is a linear
subspace of BM(K).

In the same way one can show that if f, g € E, then | f| € E and fg € E. It follows
in view of condition (2) that the set

F:={AeBa(K) : 14 € E}

is a o-algebra. If 0 < f € C(K) then nf A1 /1. pointwise. Hence,
[ f > 0] €3, and therefore ¥ = Ba(K). By standard measure theory, see Lemma
B.7, lin{l4 : A € Ba(K)} is sup-norm dense in BM(K), so by (2) we obtain E =
BM(K). |

As a consequence we recover Lemma 5.5.
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Corollary E.2 (Uniqueness). Let K be a compact topological space. If i, v are
complex Baire measures on K such that

/fdu = / fdv forall f € C(K),
K K

then . = v.

Proof. Define E := {f € BM(K) : [ fdu = [ fdv}. By dominated convergence,
E satisfies (1) and (2) in Theorem E.1, hence E = BM(K). O

To prove that the mapping d defined in (E.1) is isometric, we need a refined
approximation result.

Lemma E.3. Let0 < u € M(K). Then C(K) is dense in17(K, ) foreach 1 < p <
00. More precisely, for [ € L°°(K, |1) there is a sequence of continuous functions

Ju € C(K) such that f, — f p-a.e.and | fy] < || fllico foralln € N.

Proof. Let 1 < p < oo. The spaces C(K) and BM(K) embed continuously into
I’(K, ;) by mapping a function to its equivalence class. A function, as usual, is
identified by its equivalence class. Let Y be the [/-closure (of the image under this
embedding) of C(K). Define E := {f € BM(K) : f € Y}. Then E satisfies (1)
and (2) of Theorem E.1, whence E = BM(K). But this implies that L*° (K, u) C Y,
whence Y = I/ (K, ) follows.

For the second assertion, let 0 # f € L*°(K, u). Then, by the already proven part,
there is a sequence (g,).en of continuous functions such that g, — f in L'. By
passing to a subsequence we may suppose that g, — f pu-almost everywhere. Now
define

8n
I/ 1l oo on [lgn| = [Iflleo -
fn = Ignl
8n on [[gnl = flleo]-
Then f, is continuous, | f,| < || f|ls- and f, — f p-almost everywhere. O

Now the claimed isometric property of the mapping d is in reach.

Corollary E4. The map d : M(K) — C(K)' is isometric.

Proof. Fix u € M(K). The functional du is bounded by 1 with respect to the norm
of L'(K, |u|):

KA = AA1 Tl) = 1 e ey

for f € C(K). Hence, there is g € L*°(K, |t]) such that
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) = [K fedlu|  forall £ € C(K).

Let h := g/ |g| on the set where g # 0, and & = 0 elsewhere. By Lemma E.3 from
above there is a sequence of continuous functions f, € C(K) with || f,]|, < 1 and
fo — hin L}(K, |u|). But then

o pt) = /Kfngmm R [thcum = 11l &) = [l

This implies that |||\ < [|dit]lcky» hence d is isometric. O

E.2 The Space C(K)' as a Banach Lattice

In this section we reduce the problem of proving the surjectivity of the mapping d
from (E.1), i.e., the representation problem, to positive functionals. We do this by
showing that each bounded linear functional on C(K) can be written as a linear
combination of positive functionals. Actually we shall show more: C(K) is a
complex Banach lattice. (See Definition 7.2 for the terminology and recall from
Example 7.3.2 that C(K) is a complex Banach lattice.)

Recall that a linear functional A : C(K) — C is called positive, written A > 0, if
A(f) =0 forall0 < f € C(K).

This means that A is a positive operator in the sense of Section 7.1.

Lemma E.5. Each positive linear functional A on C(K) is bounded with norm
Al = A().

Proof. This is actually a general fact from Banach lattice theory, see Lemma 7.5,
but we give a direct proof here. Let f € C(K) and determine ¢ € T such that

cA(f) = |A(f)]. Then
IA(f)] = Re(cA(f)) =ReA(cf) =ARecf) =A|f] =AM || [l -
proving ||A|| < A(1). Specializing f = 1 concludes the proof. O

Our aim is to show that this notion of positivity turns C(K)’ into a Banach lattice.
In order to decompose C(K)’ naturally into a real and an imaginary part, for A €
C(K)' we define A* € C(K) by

() =AF)  (f €CK))
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and subsequently
1 * 1 *
Red:=-(A+1") and ImA:= —(A—2A1%).
2 2i

A linear functional A € C(K)' is called real if A = A*, and
C(K)p :={A € C(K)' : A = A"}
is the R-linear subspace of real functionals. Then we have
AeCK)y <= Mf)eR forall0< f e C(K).
Moreover, A = Re A + iIm A for each A € C(K)', and hence
C(K) = C(K)y ®iC(K)}

is the desired decomposition. Clearly, each positive linear functional is real, and by

A<p 5 A(f) < u(f) foreach0 < f e C(K)

a partial order is defined in C(K)j, turning it into a real ordered vector space.

In the next step we construct the modulus mapping, and for that we need a
technical tool.

Theorem E.6 (Partition of Unity). Letr K be a compact space, and let
O1,...,0, € K be open subsets such that

K=0,U---UO0,.

Then there are functions 0 < y; € C(K), j = 1,...,n, with

Y ¥i=1 and supp(yy) SO; forallj=1,....n. (E.2)
j=1
Proof. We first construct compact sets A; € O; forj = 1,...,n with
k=4 (E.3)
j=1

By hypothesis, for each x € K there is j(x) € {1,...,n} such that x € Oj(. Since
singletons are closed, Lemma 4.1 yields a closed set By and an open set U, such that

XEUXEBXEOJ'(X) (x € K).
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By compactness, there is a finite set ' € K such that K C Uxe r Ux. Define

A=A xeFjm=j}  (=1....n.

Then every A; is closed, A; € O; and (E.3) holds as required.

In the second step we apply Urysohn’s Lemma 4.2 to obtain continuous functions
¢; € C(K) such that

14, <9 <1p, and supp(g) C O, G=1,...,n).

Now note that Y ;_, ¢x > Y /_, 14 > 1, whence the well-defined continuous
functions

¥j
V= = =1,....n)
! D k=1 %k
are positive and satisfy Z;'l=1 Y; = 1. Moreover, supp(y;) < supp(¢;) S O; for
eachj=1,...,n, as required. O

The sequence ()i, yielded by the theorem above is called a partition of unity
subordinate to the covering Oy, ..., 0,.

In the next step, for 0 < f € C(K) we consider the “order-ball”

By :={geC(K) : |g| = [}

around 0 with “radius” f. Based on the partitions of unity, we can prove the
following result.

Lemma E.7. For a compact space K the following assertions hold:
a) Given 0 < f € C(K) the set of functions g = Z;’:l aj f; with

neN, 0< fieCK). q;eT (=1...n, Y fi<f
j=1

is dense in By.

b) Given0 < fi, f2,..., fu € C(K), the set of functions g = Z;l=1 gj with

neN, g e C(K),

gj‘ <f (G=1,....n)
is dense in By, 4.y f,.

Proof. a) Let |g| < f, and let ¢ > 0. For each x € K let &, € T be such that
o, |g(x)| = g(x). By compactness of K there are finitely many points x, ..., x, € K
such that the open sets
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U=[lg—aylgl| <] G=1,....n)

cover K. Let (), be a subordinate partition of unity and define f; := |g|y; = 0.
Then ‘

Do fi=lel=f and [g=3 ayfi <e.
j=1 =1

b) Fix |g| < fi +---+ f, and & > 0. The open sets
Up:=[lg|>0] and U;:=[|g| <¢]

cover K. Take a subordinate partition of unity (v, 1 — v) and define

/i
- wg—f1+‘__+fn on supp(y),

0 on [y =0]

forj=1,...,n. Thengi + g+ -+ g, = Vg, gj‘ < fjonK and g; € C(K). The

proof is concluded by
e = g = 10 =p)l1gl < e D
j=1

Finally, we define the modulus of a functional A € C(K)’ by

A1 (f) = sup{|A(g)| : g € C(K). Ig| = f} = sup A(g)] (E4

8EBy

for 0 < f € C(K). This is a finite number since we have [A| (f) < Al [| floo <
0o. On a moments reflection, we also notice that

Al =1A1@) (A € CK)). (E.5)

The following is the key step.

Lemma E.8. For A € C(K)', the mapping || defined by (E.4) on the positive cone
on C(K) extends (uniquely) to a bounded linear functional on C(K).

Proof. The positive homogeneity of |A| is obvious from the definition. We turn to
prove additivity of |A|. Take f;, f> > 0 and |g1| < fi and |g2] < f>. Then for
certaincy, c; € T

[A(g1)] + [A(g2)] = |c1A(g1) + c2A(g2)| = |A(c1g1 + c282)| < |AI (Sf1 + f2)
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since |c1g1 + ¢282| < fi + f>- By varying g1, g» we obtain

IALCfD) + 1AL () = 1AL UA + 1)

For the converse inequality take |g| < fi1 + f> and ¢ > 0. By Lemma E.7 we find
lg1l = f1and [ga| < fa such that [[g — (g1 + g2)[lec =< €. This yields

A = [A(g1 + g2)| + e Al = [AL(fD) + 1A (f2) + e [IA]l.

Letting ¢ N\ 0 and varying g yields |A| (f1 + f2) < |A| (f1) + |A] (f2) as desired.
Finally, we extend |A| first to all of C(K;RR) by

AL =MD =T (f € CK:R)),
and then to C(K) by

ALCf) == [AlRe f) +i|A[Am f)  (f € C(K)).

To prove that in this way |A| becomes a linear mapping on all of C(K) is lengthy but
straightforward, and we leave this task to the reader. O

We note that, by definition,
AOI=IALLFT - forall f e C(K).
It follows that if A is a real functional, then A < |A|. Hence, A = A — (JA| — 1) is a

difference of positive functionals.

Corollary E.9. Every bounded real functional on C(K) is the difference of two
positive linear functionals. The positive linear functionals generate C(K)' as a
vector space.

In order to complete the proof that C(K)' is a Banach lattice we note that by (E.5)
we have

Al <lul = Al < lul,

and hence the norm on C(K)' is a lattice norm. The next result connects the
modulus and the real lattice structure, characteristic for complex vector lattices, see
Definition 7.2 and Schaefer (1974, Def. I11.11.3).

Proposition E.10. For A € C(K)' one has |A| = sup.cp Re(cA) in the ordering of
C(K)g-
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Proof. Fix c € T and f > 0. Then

[Re(cM)]f = 5(ch +ex) (/) = 5(cA(f) +2-A()))
= Re[cA(/)] = [A()] = 1A (f).

On the other hand, suppose that v € C(K)}, satisfies Re(cA) < v for all ¢ € T. Let
f € C(K) be given,let g = > @ f; € By be as in Lemma E.7, and let ¢; € T be
such that c;A(f}) = M(ﬁ)\ for each j. Then

M@ =D Jeg [AH] = D] A
j=1 j=1

= Y (Re(e) () = v =v(X fi) =v(h).
j=1

j=1 j=1

By Lemma E.7 we obtain that [A(g)| < v(f) for all g € By, and hence [A| < v.
This completes the proof. O

E.3 Representation of Positive Functionals

By Corollary E.9, to complete the proof of the Riesz representation theorem it
suffices to establish the following result.

Theorem E.11 (Riesz-Markov). Let A be a positive linear functional on the
Banach space C(K). Then A is bounded and there is a unique positive regular Borel
measure [t € M(K) such that

Af) = /de,u forall f € C(K).

Our presentation is a modification of the treatments in Rudin (1987, Ch. 2) and Lang
(1993, Ch. IX).

Let K be a compact topological space, and let A : C(K) — C be a positive
linear functional. We shall construct a positive regular Borel measure u € M(K)
with A = (-, du). Such representing measure is necessarily unique: If u, v are both
regular Borel measures representing A, then their Baire restrictions must coincide
by Corollary E.2, and then they must be equal by Proposition 5.6.

The program for the construction of the measure p is now as follows. First, we
construct an outer measure (. Next, we show that every open set is ;£ *-measurable
in the sense of Carathéodory. This yields the measure p on the Borel sets. Then we
show that p is regular and, finally, that A is given by integration against j.
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For an open set O C K define

1*(0) := sup{A(f) : f € C(K), 0= f =1, supp(f) S O}.
Then p*(@) = 0, u* is monotone, and pu*(K) = A(1).
Lemma E.12. The map * is o-subadditive on open sets.

Proof. Suppose that O = |,y Ok, and take 0 < g € C(K) such that 0 < g < 1
and supp(g) € O. Then the compact set supp(g) is covered by the collection of open
sets Oy, and hence there is n € N such that

supp(g) < | J 0;.
j=1

Take a partition of unity fy, ..., f, on K subordinate to the cover Oy := K\ supp(g),
O1,...,0,, see Theorem E.6. Then each g; := f - f; has support within O; and

n n
g=g- ) fi=) &
j=0 j=1

It follows that
Mg) =D M) =D ur0) =Y u* (0.
J=1 Jj=1 J=1

Taking the supremum on the left-hand side yields u*(0) < Zj’il w*(0)) as

claimed. O
We now extend the definition of p©* to all subsets A C K by
pw*(A) ;= inf{u*(0) : A S O C K, O open}. (E.6)
Recall from Appendix B.3 the notion of an outer measure.
Lemma E.13. The set function u* : P(K) — [0, A(1)] is an outer measure.

Proof. By Lemma E.12, u* coincides with the Hahn extension to P(K) of its
restriction to open sets, see Appendix B.4. Hence, it is an outer measure. O

By Carathéodory’s Theorem B.3, the outer measure u* is a measure on the
o-algebra

Mu*):={ACK:VHCK: p*(H) = p*(HNA) + p*(H\ A}
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of “u*-measurable” sets. Our next aim is to show that each open set is u*-
measurable. We need the following auxiliary result.

Lemma E.14. IfA, B C K such that ANB = @, then n*(AUB) = u*(A) + u*(B).
Proof. Fix ¢ > 0 and take an open subset O of K such that
1 (0) = p*(AUB) +e.
Then take, by Lemma 4.1, open subsets U, V of K such that
ACU, BCV, UNV=4.

Let f, g be continuous functions with 0 < f, g < 1 such that supp(f) € UNO
and supp(g) CVNO.Then0 < f + g <1and

supp(f + &) < supp(f) Usupp(g) S(UNO)U(VNO)CO.

Hence, A(f) + A(g) = A(f +g) < u*(0) < u*(AUB) + ¢. By varying f and g
we conclude that

W A) + u*(B) < u*(AUB) +¢.
Since ¢ > 0 is arbitrary, this finishes the proof. O

The next result says that u* is regular on open sets.

Lemma E.15. One has pu*(0) = sup{u*(L) : L € O, L compact} for each open
set O C K.

Proof. Fixt < pu*(0) and f € C(K) such that0 < f <1, L := supp(f) € O
and t < A(f). Then for any open set U 2 L we have A(f) < u*(U). As U was
arbitrary, A(f) < u*(L), and this concludes the proof. O

We have all tools in our hands to take the next step.

Lemma E.16. Every open set is W*-measurable, i.e., Bo(K) € M(u*).

Proof. Let O be an open set, and let H C K be an arbitrary subset. We need to show
that

W (H) > w*(HNO) + u*(H\ 0). (E.7)

Fix an open set U 2 H and a compactset L C U N O. Then H \ O C O°, and O° is
a closed set disjoint from L. Hence, by Lemma E.14 we obtain

p*(U) z p* (LU H\ 0) = p*(L) + u*(H\ 0).
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By Lemma E. 15 it follows that
p*(U) = p*(UNO)+ p*(H\ 0) = p*(HN O) + p*(H\ 0).
By taking the infimum with respect to U 2 H (see (E.6)) we arrive at (E.7). O

At this stage we conclude from Carathéodory’s Theorem B.3 that the restriction
w of w* to the Borel algebra of K is a (finite) measure of total mass u(K) = A(1).

Lemma E.17. The measure i is regular on Bo(K), i.e., for every B € Bo(K) one
has

w(B) = sup{p,(A) 1 A compact, A C B} = inf{p,(O) : Oopen, B C 0}. (E.8)
Proof. Define

D= {B € Bo(K) : B has the regularity properties as in (E.8)}.

By Lemma E.15, D contains all open sets. We shall show that D is a Dynkin system.
Since the open sets form a N-stable generator of the Borel algebra, it follows that
D = Bo(K).

Clearly @, K € D.If A, B € D withA C B and ¢ > 0 then thereare L C A C O,
L' CBCO,L, L' compactand O, O open, such that u(O\ L) + u(0'\ L') < ¢.
Then

L'\N\OCB\ACO\L, L'\ Ocompact,O"\ L open.
Moreover, (O’ \ L) \ (L' \ O) € (O\ L) U (O'\ L) and hence

(O \ND\ L'\ 0) = p(O\L) +p(0'\L) <e.

Since ¢ > 0 was arbitrary, it follows that B\A € D. Finally, suppose thatA, € D and
A, /TA.Take L, C A, € O,, L, compact and O, open, such that u(0, \ L,) < e.
Without loss of generality we may suppose that L, € L,+; and O, € O,4; hold
forall n € N. Let O := |, ey On. and take N such that u(O \ Oy) < . Then
Ly €A C Oand

1(O\ Ly) < (O \ Oy) + u(On \ Ly) < 2e.

It follows that A € D, and that concludes the proof. O

Finally, we conclude the proof of the Riesz—Markov Theorem E.11 by showing
that & induces the functional A, i.e., du = A.

Lemma E.18. Forall f € C(K)
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M= [ fan

Proof. By considering real and imaginary parts separately we may suppose that f
is real-valued. Then there are real numbers a, b such that K = [a < f < b]. Fix
& > 0 and take points

a=th<h<---<t,=b
with t; — ti_| < . The sets

AjI:[lfj_lff<lfj] Gg=1,....n)

form a partition of K into disjoint Baire sets, and the step function

n
g:= thlAj satisfies [ <g < f +e¢l.
Jj=1

For each j we take s; < ;. Then the opensets[ s;—1 < f <1;].j =1,...,n,coverK.
Let (;)i—, be a partition of unity on K subordinate to this cover. Then fv; < 5;;
for each j, hence

AF) =D M) =Y 6AW) <D gufs < f <g].

Jj=1 J=1 j=1

(The last inequality here comes from the definition (E.6) of 1.) Now we let s;—
tj—1 foreachj = 1,...,n and obtain

A < . < | = < .
(f)—;w[f/ 1= f <] /Kgdu_/deu+eu(K)

Since & > 0 was arbitrary, this implies that A(f) < |, x J du. Finally, we replace f
by —f and arrive at A(f) = [, f dpu. ]

With the Riesz representation theorem we have established an isometric isomor-
phism between the dual space C(K)" and the space M(K) of complex Baire (regular
Borel) measures on K, allowing us to identify functionals with measures. This may
lead to the problem that the symbol || now has two meanings, depending on
whether we interpret 1 as a functional (Section E.2) or as a measure (Appendix B.9.)
The next result shows that this ambiguity is only virtual. More precisely, it says that
the isometric isomorphism

d:M(K) - C(K)
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from the Riesz representation theorem is a lattice isomorphism.

Lemma E.19. For i € M(K) one has |du| = d|pu|-

Proof. For |g| < f € C(K) we have

(dw)(g)] = ) /K gdul < /K gl dlul < @l ().

Hence, |d| < d|u|. For the converse, let v be the unique positive regular Borel
measure on K such that dv = [du|. Then | [, fdu| < [ | f] dv forall f/ € C(K).
By virtue of Theorem E.1 we obtain that
< / |f] dv
K

/deu

holds even for all f € BM(K). By the definition of the measure || (see Appen-
dix B.9) it follows that || < v, and hence d|u| < dv = |du|. O




Appendix F
Standard Probability Spaces

F.1 Polish Spaces

A topology O on a space X is called Polish if it is separable and completely
metrizable, in which case X is called a Polish space. A Polish topology is Hausdorff
and has a countable base. If d is a complete compatible metric, then

d(x,y)

d:XxX—[0,1], d(xy) = —27
[0,1] (x,y) T+ d(xy)

is an equivalent (hence compatible) complete metric. So when fixing a compatible
metric d for a Polish space we may always assume that d < 1.

Lemma F.1. Each closed and each open subset of a Polish space becomes Polish
when endowed with the subspace topology. Products and topological direct sums of
countably many Polish spaces are Polish.

The last statement means that if X = (_J, O, is the union of at most countably many
pairwise disjoint open sets O, € X and each O, is Polish in the subspace topology,
then X itself is Polish.

Proof. Note first that a subspace of a separable metric space is separable. Hence,
each closed subset of a Polish space is obviously Polish. If O C X is an open subset
of a Polish space with compatible complete metric d, then

1 1
d(x,0°)  d(y, 0°)

d'(x,y) :==d(x,y) + (x.eye0)

is a compatible complete metric on O for the subspace topology.

Let (X,).en be a countably infinite collection of Polish spaces. (The case of finitely
many factors is left as an exercise.) Then X = [],cy X, is completely metrizable,
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see Appendix A.5. If M,, is a countable dense set in X, and x,, € X,,, n € N, is a fixed
chosen point in X, then the set

M o= | (Myx M x - x My x [Tt}

neN m>n

is a countable set, dense in X. This shows that X is separable.

Finally, suppose that X = (_J, O, is the union of at most countably many pairwise
disjoint open subsets O,, and each O, is Polish. Then clearly X is separable. For
each n let d, be a compatible complete metric on O, with d,, < 1. We define

dy(x,y) ifx, y € O,
d(x,y) =
1 else.
It is an easy exercise to show that d is a complete compatible metric on X. O

Let (X, O) be a Polish space. The o-algebra Bo(O) generated by all open sets
is called the Borel algebra. If the topology is understood we write Bo(X) for the
Borel algebra. A mapping f : X — Y between Polish spaces X, Y is called Borel
measurable if it is Bo(X)-Bo(Y) measurable, i.e., if f~'(A) € Bo(X) for every
A € Bo(Y). Clearly, each continuous mapping is Borel measurable. A measurable
space (X, X) is a standard Borel space if there is a Polish topology O on X such
that ¥ = Bo(0).

A complex measure defined on Bo(X), X a metrizable topological space, is called
a Borel measure. The space of all complex Borel measures on X is denoted by
M(X), and M'(X) is the subset of probability measures. (This is compatible with
our notation M(K) for compact spaces K: If X is compact and Polish, then the Borel
and the Baire o-algebra coincide, see Section 5.2.)

The following is a standard result in topological measure theory. It says that each
Borel probability measure on a Polish space is tight.

Lemma F.2. Let i be a Borel probability measure on a Polish space. Then for each
& > 0 there is a compact set K C X such that u(K) > 1 —e.

Proof. Fix a complete compatible metric d and a dense countable subset M C X.
For each n € N we can find a finite set F,, € M such that

wA,) >1— £ where A, := U B(x, 1).
2n "
xX€F,
The set A, is closed, and hence so is K := ﬂneNAﬂ' Since p(A5) < ;—n, we must
have 1(K¢) < ¢ and hence u(K) > 1—e¢. But K is totally bounded (by construction)
and complete (it is closed in X and X is complete), so it is compact by Theorem A.6.

|
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A probability space X = (X, X, ) is called a Borel probability space if (X, X)
is a standard Borel space. It is called standard or a (standard) Lebesgue space
if there is a Borel probability space Y = (Y, X’,v) and an essentially invertible
(measurable and) measure-preserving map ¢ : X — Y (see Definition 6.3).

Remark F.3. In the literature it is often required that a standard Lebesgue space
is complete. However, as all relevant notions are taken modulo null sets anyway,
this difference is inessential. Our definition appears to be a little more general than
Glasner (2003, Def. 2.12) but is the same when one interprets the term “isomorphic”
there in the right way. Some historical information about standard probability spaces
is included in Remark 7.22.

F.2 Turning Borel into Clopen Sets

This section has a preparatory character with the aim to establish the following
theorem.

Theorem F.4. Let (X, Q) be a Polish space, and let (A,)qen be a sequence of Borel
subsets of X. Then there is a Polish topology O on X such that © € O', Bo(0) =
Bo(O') and A,, € O for everyn € N.

The proof, taken from Kechris (1995, Sec. 13A), requires several steps.

Lemma E.5. Let (X, O) be a Polish space, and for each n € N let a Polish topology
0, 2 O be given with Bo(O) = Bo(0,). Consider Q' := t(Un On) the topology
generated by all the O,,. Then 0" is Polish and Bo(9Q) = Bo(O’).

Proof. Let Y := [],en(X,0,) with the product topology, which is Polish by
Lemma F.1. The topology O’ is the smallest that renders the diagonal embedding
f:X—>Y, f(x) ;= (x,x,...), continuous, and hence f : (X,0') — f(X)isa
homeomorphism. Since the diagonal f(X) is closed in Y, it is Polish (Lemma F.1)
and hence O’ is a Polish topology.

For each n € N let B,, be a countable base for O,,. Then the sets
O;N---NQ0Oy,, (l’lEN,OjEBj,lfjfl’l)

form a countable base for O’. By hypothesis, these sets are all included in Bo(O),
and therefore Bo(Q’) € Bo(0). The converse inclusion is trivial. O

As a consequence of the preceding lemma we note that in the proof of
Theorem F.4 we need only to consider an extension of the topology by one single
Borel set. The special case that A is closed is treated first.

Lemma F.6. Let (X, Q) be a Polish space, and let A C X be a closed subset. Then
there is a Polish topology O on X such that O € ', Bo(Q) = Bo(0’) and A € O'.
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Proof. Let the topology O’ be defined as the disconnected sum topology of A and
0:=X\A,ie.,

Ue® <= UNOisopeninO and U N A is openinA.

By Lemma F.1 the subspace topologies on A and O are Polish. Since in A, O € O,
Lemma F.1 again yields that O’ is Polish. It is straightforward to see that O’ C
Bo(0O), whence the claim follows. O

Now we can give the proof of the main result of this section.
Proof of Theorem F.4. We define

¥:={A € Bo(0) : 3 Polish top. O’on X with OU{A} € 0", Bo(0")=Bo(0)}

and claim that it is a o-algebra. Indeed, it is trivial that X € X', and it follows from
Lemma F.5 that X is closed under countable unions. Finally, take A € X and let O’
be a Polish topology extending O, containing A and with Bo(O") = Bo(0O). Then
A¢ is closed in (X, O'). By virtue of Lemma F.6 we find a Polish topology ©” 2 O’
such that A° € O” and Bo(0”) = Bo(0’). Hence, A° € X and that remained only
to be proved.

Since X' defined as above is a sub-o-algebra of Bo(O) with O C X, it follows that
Y = Bo(0O). Then for a given sequence (A,),en in Bo(0) = X we successively
find Polish topologies O € O; € O,... with A, € O, and Bo(0,,) = Bo(0). An
application of Lemma E.5 then concludes the proof. O

Remark F.7. By applying Theorem F.4 to the sequence A, A{, A, AS,... we can
even achieve that each A, is clopen (closed and open) in the new topology O’
Whence comes the title of this section.

The preceding results have a stunning consequence.

Corollary E.8. Let f : (X,0) — (Y, O) be a Borel measurable mapping between
Polish spaces. Then there is a Polish topology O" 2 O on X with Bo(0’) = Bo(0)
and such that | : (X, 0") — (Y, Q) is continuous.

Proof. Simply apply Theorem F.4 with A, := f ~1(0,), where {0, : n € N}isa
countable base of O. O

F.3 The Theorem of Von Neumann

We use the terminology of Chapter 12. Recall that a measure-preserving mapping
¢ : X — Y between probability spaces X and Y induces a corresponding homo-
morphism ¢* : X(Y) — X (X) of measure algebras and a Markov embedding
T, : L'(Y) = L'(X). In general, passing from ¢ to ¢* or T,, one loses information,
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see Example 6.7. However, each Polish space has a countable set of characteristic
functions that separate the points. Hence, by Lemma 6.9 a measure-preserving map
¢ 1 X — Y between standard probability spaces is uniquely determined (almost
everywhere) by its associated Koopman operator.

We saw in Theorem 12.10 that there is a one-to-one correspondence between
Markov embeddings T : L'(Y) — L'(X) and measure algebra homomorphisms
®: YY) > X(X) via Ty =1gs, A€ X(Y). If ¢ : X — Y is a measure-
preserving map, then the induced operator 7, is a Markov embedding. The
following celebrated result states that for standard probability spaces the converse
also holds (cf. Theorem 7.20).

Theorem F.9 (Von Neumann). Let X, Y be standard probability spaces, and let
T : 1N (Y) = L'(X) be a Markov embedding. Then there is a jix-almost everywhere
unique measure-preserving map ¢ : X — Y such thatT = T,.

The proof is based on the following result.

Proposition F.10. Let ¢ : X — Y be a measure-preserving (Borel measurable)
map between Borel probability spaces X and Y. If ¢ is injective, then ¢ is essentially
invertible.

Proof. We begin by picking Polish topologies on X and Y such that ¥x = Bo(X)
and Xy = Bo(Y). By Corollary F.8 we may then suppose without loss of generality
that ¢ is continuous. By Lemma F.2 the measure px is tight. Therefore, there is a
sequence of compact subsets K, € X such that A := [,y K, has full measure.
Since ¢ is continuous, B := ¢(A) = |,y ¢(Ky) C Y is o-compact, whence a
Borel set. Moreover, ¢ ' (B) = ¢~ '¢(A) D A, hence B has full measure.

Now fix an arbitrary point xo € X and define  : ¥ — X by

_Je7'(y) ifyeB
Xo else.

vy :

Itis clear that A € [y o =idy] and B C [¢ o ¢ = idy], so it remains to show
that ¥ is measurable. To this end, take a closed subset C C X. Then

Yy (O NB=9pC)NnB=|Je(CNK,)

is o-compact, whence measurable. Hence,

v 1(C)NB ifxo ¢ C

—1 C) =
VO (y""(C)NB)UB® ifxge C

is measurable. As the closed sets generate the Borel algebra, v is measurable. 0O
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Proof of Theorem F.9. Without loss of generality we may suppose that X and Y are
Borel probability spaces. From the given Markov embedding T : L'(Y) — L!(X)
passto @ : X(Y) — X (X) defined by T14 = 1g4 for A € X (Y). Choose a
countable base {A,, : n € N} for the topology of Y and Borel subsets B, of X such
that @A, = B, modulo null sets for each n € N. Then define K := {0, 1} and the
maps

mx : X = K, x(x) := (1,(x))nen,
ny: Y — K, 7wy (y) 1= (14, (y))nen.

Then, clearly, mx and 7y are Borel measurable, and my is injective.

We claim that 7y« ix = 7y« ty. To prove this, we write A' := A and A? := A° for
any Borel subset A of a Polish space. A generator of the Borel algebra on K is then
given by the sets

Ko:={e}x{e} x-x{e} x [[(0.1}.  (e€{0.1}". neN).

Then 7r; ' (Ko) = AT NAZ N ---NAS =: A, and
' (K) = B! NBY N---NBY = $(A] NAT N---NAT) = O(A,)

modulo null sets. Since ux(PA) = uy(A) for each A € X (Y), the claim is proved.

Define the measure = my«uy € M!(K). By Proposition F.10 the map 7y :
(Y, ny) — (K, ) is essentially invertible, so let ¢ be an essential inverse of my
and define ¢ := Y oy : X — Y. Then

P*Ac = Ty A = i (my) 'Ae = miKe = D(Al)

by the computation above. Since 7y : Bo(K) — X(Y) is an isomorphism of
measure algebras, the sets Ac = m;(K.) form an essential generator of X'(Y),
whence @ = ¢*. It follows that T = T, and the proof is complete. O

Theorem F.9 was proved by von Neumann as “Satz 17 in (1932a) for Borel
probability spaces but with a proof different from ours. Since the extension
to standard probability spaces is straightforward, we find that the name “Von
Neumann’s theorem” is justified.

Our proof is inspired by the proof of Theorem 2.15 in Glasner (2003) but with
the difference that we avoid the application of Souslin’s theorem. Employing deep
theorems (like Souslin’s) from the theory of Borel spaces becomes necessary when
one tries to treat the analogous problem of finding a point map inducing a given set-
valued map. So taking the measures into account and staying on the level of measure
algebras simplifies the matter considerably.



Appendix G
Theorems of Eberlein, Grothendieck, and Ellis

Let K be a compact space. We denote by C,,(K) the space C(K) endowed with the
pointwise topology, i.e., as a topological subspace of

x:=C=J]c

x€K

with the product topology. If M C C,(K) then its closure in X is denoted

by M', so that M' N C(K) is its closure in C,(K). We shall also speak of
p-open/closed/dense/. .. subsets of C(K) to refer to these notions in the pointwise
topology.

We begin with a central auxiliary result.

Lemma G.1 (Double Limit Lemma). Let M C C(K), and let (x,),en be a seq-
uence in K and x € K such that

f(x,) = f(x) asn— o (G.1)

forevery f € M. Then (G.1) holds for every f € M’ N C(K).

Proof. LetA = ﬂjeN {x, : n>j} C K be the set of cluster points of the sequence

(x1)nen- By assumption, for each g € M we have
gA) < ({elw) : n=j} = {g®)}.
jEN

i.e., g is constant on A with value g(x). Hence, by the definition of the pointwise
topology, it follows that f(A) C { f(x)} forevery f € M".
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On the other hand, if f € C(K) and s € C is a cluster point of ( f(x,)).en, then, by
the compactness of K and the continuity of f, we have s € f(A). Combining this
with the previous observation, we see that for f € M N C(K) the point f(x) is the
unique cluster point of the sequence ( f(x,)).en, and hence its limit. O

G.1 Separability and Metrizability

Every compact metrizable space is separable, but the converse is not true: A
separable compact space need not be metrizable. The next result shows that compact
subsets of C,(K), however, are special in this respect.

Theorem G.2. Let A € C,(K) be compact. Then A is separable if and only if A is
metrizable.

Proof. For the nontrivial implication suppose that A is separable, and let M = { f,, :
n € N} C A be p-dense in A. The function

Z /o) = /)]

d:KxK— Ry, d(x,y) = TN
nlloo

is a continuous semi-metric. By looking at the d-balls U, := [d(x, ) < % ] and using
the compactness of K one finds a countable set {x,, : m € N} C K that is d-dense
in K.

Now define ¢, := 1+ sup ¢4 | f(x)], which is finite by the compactness of A, and

: e S Gon) — g
e:AXA— Ry, e(f,g) .—mz=:l e
for f, g € A. We claim that e is a metric for the topology of A. Clearly, e is
continuous, hence by compactness it suffices to show that e is indeed a metric. The
triangle inequality is trivial. Suppose that e( f, g) = 0. Then f(x,,) = g(x,,) for all
m € N. Let x € K be arbitrary. By passing to a subsequence we may suppose that
d(xp,x) — 0,1ie., fi(xn) — fu(x) forall n € N. By Lemma G.1, it follows that
f(xm) — f(x) and g(x,,) — g(x). Hence, f(x) = g(x) forevery x € K. O

Recall that a subset A of a topological space §2 is called relatively compact in
2 if its closure A is compact. Note that A € C(K) is relatively compact in C(K) if

and only if the pointwise closure A’ is compact and contained in C(K).
Theorem G.3 (Eberlein). Let M € C(K) and f € M" N C(K). Then there is

a countable subset My © M such that [ € M. If, in addition, M is relatively
compact in C,(K), then f is the pointwise limit of a sequence in M.
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Proof. Forn € N and x = (x1,...,x,) € K" take g, € M such that
\gxﬁn(xj) — f(xj)\ < %forj =1,...n. Then

n

x € Uy, ::l_[[lgx,n_f|<%]v

Jj=1

which is an open subset of K. By compactness, there is a finite set ,, € K" such
that {U,, : x € F,} is a cover of K". Then My := J,{gx» : x € F,} is countable
and its pointwise closure contains f.

To prove the second statement, suppose that M is relatively compact in C,(K). Then

M, is a separable and compact subset of C,(K), whence by Theorem G.2 it is
metrizable. Consequently, there is a sequence in M, converging to f. O

A subset A of a topological space £2 is called sequentially closed in 2 if it
contains the limit of each sequence ( f,),en that converges in £2.

Corollary G.4. If A C C(K) is relatively compact and sequentially closed in
Cp(K), then it is compact.

G.2 Grothendieck’s Theorem

The next result connects the pointwise topology on C(K) with the weak topology
of the Banach space C(K). We shall write (A, p) and (A, w) to denote the pointwise
and weak topologies on A € C(K), respectively.

Theorem G.5 (Grothendieck). Let M C C(K). Then the following statements are
equivalent:

(i) M is weakly compact.
(ii) M is norm bounded and compact in C,(K).

If (1) and (ii) hold, then the two mentioned topologies coincide on M.

Proof. Note first that the identity mapping

id : (C(K),w) — (C(K),p)
is continuous, and both topologies are Hausdorff. Hence, by the uniform bounded-
ness principle, (i) implies (ii) and both topologies coincide on M.

Conversely, suppose that M is norm bounded and p-compact in C(K). It suffices to
show that id : (M,p) — (M, w) is continuous. To this end, let A € M be weakly
closed in M and f € A". Then f/ € M C C(K) by hypothesis. By Eberlein’s
Theorem G.3 there is a sequence ( f,,),en in A such that f, — f pointwise. By the
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Riesz Representation Theorem 5.7 and dominated convergence, we obtain f, — f
weakly. Since A is weakly closed in M, we obtain that f € A. Consequently, A is
p-closed. O

Corollary G.6. For a norm-bounded set M C C(K) the following statements are
equivalent:

(i) M is relatively weakly compact.
(ii) M is relatively compact in Cy(K), i.e., M c C(K).
If (i) and (ii) hold, then M" =M" and the two mentioned topologies coincide on M.

Proof. LetA := M" and B = M". Then A C B. If (i) holds, then A is weakly
compact, hence by Theorem G.5 it is p-compact. This implies that A = B and the
two topologies coincide on A, hence also on M.

Conversely, if (ii) holds then by Theorem G.5, B is weakly compact. Hence, A C B
is also weakly compact, i.e., (i) holds. 0

G.3 The Theorem of Krein

Grothendieck’s theorem has an enormous range of applications. As an example, we
give a quite simple proof of the following result, see Theorem C.11.

Theorem G.7 (Krein). Let K C E be a weakly compact subset of a Banach space
E. Then conv(K) is weakly compact.

Proof. Let B := {x € E' : |¥|| < 1} be the dual unit ball. Then B is weakly*
compact, by the Banach—Alaoglu theorem. The map

@ (E.w*) = Cp(K) X = X|x

is continuous and the set C := ¢(B) is norm bounded. By Grothendieck’s theorem,
C is weakly compact and the pointwise topology coincides with the weak topology
on C. It follows that ¢ : (B,w*) — (C(K),w) is continuous. For u € M(K) we
define f = @(u) by

1@ i= [pwran= [ (W uan <)

Then f € E” and f|p is weakly™ continuous. By Proposition G.8 below, f € E.
Hence, @ : M(K) — E is a bounded linear mapping, and obviously weak™*-to-weak
continuous. Since the set M!(K) of probability measures is weakly* compact and
convex, its image @(M'(K)) is weakly compact and convex. But @(§,) = x for
every x € K, whence K € ®(M!(K)). Consequently
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conv(K) € ®(M'(K))
and since the latter is weakly compact, the proof is complete. O

Our proof of Krein’s theorem still rests on an auxiliary result from the theory of
locally convex vector spaces. For A € E, where E is a locally convex space, the
polar is defined as

A% :={X eE : |(¥.x)| <1forallx€A}.

The bipolar theorem (Conway 1990, Thm. V.1.8)—a simple consequence of the
Hahn-Banach separation theorems (Conway 1990, Cor. VI.3.10)—states that

A°° = absconv(A)

where on E’ one takes the weak™, i.e., the o (E’, E)-topology. (The set absconv(A) is
the closed absolutely convex hull of A, i.e., the intersection of all closed absolutely
convex sets containing A.) We can now state the result, interesting in its own right.

Theorem G.8 (Banach). Let E be a Banach space and let | € E” be such that its
restrictionto B := {x' € E' : ||X'| < 1} is weakly* continuous. Then f € E.

Proof. For the proof we regard E as a subset of E” and consider the dual pair (E”, E’)
of locally convex spaces, each with the weak topology with respect to this duality.
Let & > 0. Since f|p is weakly® continuous, there are vectors xp,...,x, € E and
8 > 0 such that

Hx’” <1, ’(x’,xj)|§5 G=1,....,.n) = ‘f(x’)|§8. (G.2)
By scaling, we may suppose that § = 1. Let
U:=1{x€E : ‘(x’,xj)| <lforj=1.....n} = {xl,...,xn}o = K°,
where K = absconv{x, ..., x,}. Then (G.2) simply says that %f € (UNB)°. Now,
(UNB)° = (K° N B3,)° = (K U Bpr)°® = absconv(K U Bgr) €K + Bgr
where the closure is in the weak™ topology on E”. But K is compact, and hence
K + Bgr is already weakly* closed. This yields é f € K + Bgr, and hence there is

x € K C E such that || f —ex|| < e. As ¢ > 0 was arbitrary and E is complete, it
follows that f € E. O
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G.4 Ellis’ Theorem and the Haar Measure
on a Compact Group

A semigroup S endowed with a topology is called a semitopological semigroup if
the multiplication mapping

Sx§—S§ (a,b) — ab

is separately continuous. A group G endowed with a topology is a topological
group if multiplication is jointly continuous and also inversion is continuous.
Equivalently, the mapping

GxG—G, (ab)r>ab™!

is continuous.

A fundamental theorem of Ellis states that a compact semitopological semigroup
that is algebraically a group must be a topological group. Another important
theorem, due to Haar, states that on a compact topological group there exists a
unique invariant probability measure, called the Haar measure. In this section we
shall prove both results, however, in reverse order. We shall first construct the
Haar measure (on a compact semitopological semigroup which is algebraically a
group) and afterwards prove Ellis’ theorem. The cornerstones for the proofs are the
theorems of Grothendieck and Krein.

Construction of the Haar Measure

Let G be a compact semitopological semigroup, which is algebraically a group. We
define

Ly, Ry : C(G) > C(G).  (Laf)(®) = flax), (R f)(x) := [f(xa),
the left and the right rotations by a € G. The operators L, and R, are isometric
isomorphisms on C(G). Since the multiplication is separately continuous, for f €
C(G) the mapping
G — G, (G) a—L,f
is continuous. Hence, by Grothendieck’s Theorem G.5, the orbit

{Lof : a€cG}

is weakly compact. By Krein’s Theorem G.7, its closed convex hull
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Ky :=Conv{L,f : a € G}

is weakly compact, too. (The closure here is the same in the weak and in the norm
topology, by Theorem C.7.) Grothendieck’s theorem implies that Ky is p-compact.

The first step now consists in finding a constant function ¢y € Ky. To achieve
this, let us define the oscillation

osc(g) := sup [g(x) —g(y)|

x, y€G
of g € C(G). Then g is constant if and only if osc(g) = 0. Note that
g€ Ky implies K, C Ky and osc(g) < osc(f).

Now we let s := infgek, 0sc(g). For every n € N, the set

{g €Ky :osc(g) <s+ 1}

is nonempty and p-closed, whence also weakly closed, by Grothendieck’s theorem.
By compactness, the intersection of these sets is nonempty, hence there is g € Ky
such that osc(g) = s. The following lemma now shows that in case f is real-valued,
s = 0, i.e., g is constant.

Lemma G.9. Let g € C(K;R) and osc(g) > 0. Then there exists h € K, with
osc(h) < osc(g).

Proof. After scaling and shifting we may suppose that —1 < g < 1 and osc(g) = 2.
By compactness, there are ay, ..., a, € G such that

n

[sz3]cUa ' [s<—3]-

J=1

Define h := ﬁ(g + 2;7:1 Lg) € K. Thenclearly —1 < h.If g(x) > % then there
exists at least one a; such that g(a;x) < —%. Hence

3
|
o] —

h(x)f#(l—%+(n—1))= -y

—_

If g(x) < 3, then

1
1 1 n+z
h(x) = m(i +”) =5

1
"*2 and hence osc(h) < 2 = osc(g). O

It follows that & < -5
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By decomposing a function f into real and imaginary parts, we conclude that
each set Ky contains a constant function cy. Of course, the same argument is valid
for right rotations, and hence for f € C(K) there is a constant function

dr € Ky == Conv{R.f : a € G.

Claim: We have cy = dy.

Proof. By construction there are sequences S, € conv{L, : a € G} and T, €
conviR, : a € G} suchthatS,f — ¢y and T, f — dy. Hence T,,S, f — cy as
n — oo and

TwSuf =S Tuf —dr asm— oo.

But since these convergences are in norm and all the operators are contractions, the
claim follows. O

It follows that ¢y is the unique constant function in K as well as the unique
constant function in K’f We shall write

¢ =Pf

It is clear that P1 = 1 and Pf > 0 whenever f > 0. Next we show that PR, = P
for a € G. Note that since left and right rotations commute, we have

Pf =R,Pf €R,(Ks) =Kp,7,

whence P f = PR, f by uniqueness. Analogously, P f = PL, forevery a € G.
It remains to show that P is linear. Clearly P is R-homogeneous, and Pf =
P(Re f) + iP(Im f) by uniqueness. It follows that P is C-homogeneous.

Claim: P(f +g¢)=Pf + Pg.

Proof. Let ¢ > 0. Then there are S,7 € conv{L, : a € G} such that
ISf—Pf]. ||TSg — PSg|| < e. Note that TP f = P f and PSg = Pg. Hence

ITS(f +¢8) — (Pf + Pl < |ITSf —Pf]| + ||ITSg — Pgll
=|T(Sf =PIl + ITSg — PSg| =< 2e,

since 7 is a contraction. It follows that P f* + Pg € Kr4,, and hence P(f + g) =
P f + Pg by uniqueness. O

Since P f is a constant function for each f € C(K) we may write
Pf=m(f)1  (f € C(K)).

Then m is a positive, linear functional, invariant under left and right rotations. We
have proved the major part of the following theorem.
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Theorem G.10 (Haar Measure). Let G be a compact semitopological semigroup
which is algebraically a group. Then there is a unique probability measure m on G
that is invariant under all left rotations. This measure has the following additional
properties:

a) m is strictly positive, i.e., supp(m) = G.

b) m is invariant under right rotations.

¢) m is invariant under inversion.

Proof. Existence was proved above, as well as the invariance under right rotations.
For uniqueness, suppose that  is a probability measure on G that is invariant under
all left rotations. Given f € C(G), it follows that (f, u) = (g, u) for all g € Ky,
and hence

(fin) = (Pf, ) = m(f) (1, u) = m(f).

In order to see that m is strictly positive, let 0 < f € C(G) such that f # 0. Define
U, :=[L,f > 0] forx € K and note that the sets U, cover K. By compactness, there
are Xy, ...,x, € K such that K = U;'l=1 U,;. Hence the function g := 27=1 Ly f is
strictly positive, so that there exists ¢ > 0 such that c1 < g. It follows that

c=m(cl) <m(g) = Y m(Lyf) =nm(f),

J=1

which implies that m( /) > 0.

Finally, let S : C(G) — C(G) be the reflection mapping defined by (S f)(x) :=
f(x1). Since m is right-invariant, the probability measure y := S'm € M(G) is
left invariant, and hence by uniqueness ;+ = m. This is assertion c). O

The unique probability measure m from Theorem G.10 is called the Haar
measure on G.

Ellis’ Theorem
For a Hilbert space H let

Iso(H) :={T € LH) : T*T =1} and UMH):={Ue LH) : U =U"}

be the semigroup of isometries and the unitary group, respectively. Recall the
following from Corollary D.19.

Lemma G.11. For a Hilbert space H, the strong and the weak operator topologies
coincide on Iso(H). The unitary group U(H) is a topological group with respect to
this topology.
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We are now in a position to prove Ellis’ theorem.

Theorem G.12 (Ellis). Let G be a compact semitopological semigroup. If G is
algebraically a group, it is a (compact) topological group.

Proof. By Theorem G.10 we can employ the Haar measure m on G. Let H := 1(G)
and let

RG—>$(H)7 a'_>Ra

be the right regular representation of G on H, see also Section 15.1. Then R is a
homomorphism of G into the unitary group U(H) on H. Also, R is injective, by
Urysohn’s lemma and since m is strictly positive.

We claim that R is continuous with respect to the weak operator topology on H. To
prove this claim we have to show that for f, ¢ € H the mapping

Vrg:G—=>Co Ypela):=(Raf |8) = /G(Raf) -8 dm

is continuous. Since C(G) is dense in H, we may suppose that f € C(G). Then
by Grothendieck’s Theorem G.5 the mapping a — R, f is continuous for the weak
topology on C(G), so the claim is established.

By Lemma G.11, the weak and the strong operator topologies coincide, and U(H)
is a topological group for this latter topology. Since the right regular representation
is a homeomorphism onto its image, the theorem is proved. O

G.5 Sequential Compactness and the Eberlein-Smulian
Theorem

A Hausdorff topological space §2 is called countably compact if every sequence
(fi)nen in £2 has a cluster point, i.e.,

(\{fi : k=n} #0.

neN

It is called sequentially compact if every sequence has a convergent subsequence.
Furthermore, a subset A of a topological space §2 is called relatively countably
compact if every sequence in A has a cluster point in §2 and relatively sequentially
compact in §2 if every sequence in A has a subsequence that converges in §2.

It is clear that a (relatively) compact or sequentially compact subset is also
(relatively) countably compact. However, the converses are false in general. Also,
neither notion—(relative) compactness and (relative) sequential compactness—
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implies the other. Eberlein’s Theorem G.2 is the key to the important fact that for
subsets of C,(K) these notions all coincide.

Lemma G.13. Let A € C,(K) be (relatively) compact in C,(K). Then A is (rela-
tively) sequentially compact.

Proof. By hypothesis, A" = A" N C(K) is compact. Let (f,).en be a sequence in
A. ThenY :={f, 1 ne N}p is a separable compact set in C,(K). By Theorem G.2,
Y is metrizable. Consequently, there is f* € Y and a subsequence ( f,)nen such that
Ji, — f pointwise as n — oo. O

The next theorem is another result due to Grothendieck.

Theorem G.14 (Grothendieck). A subset A C C,(K) is relatively compact if and
only if it is relatively countably compact.

Proof. If A is relatively compact, it is relatively countably compact. For the
converse, suppose that A is relatively countably compact and let B := A’ C CK.
For x € K the set { f(x) : f € A} is relatively countably compact in C, hence
bounded. By Tychonoff’s theorem, it follows that B is compact, and it remains to
show that B C C(K).

Suppose towards a contradiction that there exists g € B\ C(K). Then there is y € K
at which g fails to be continuous, so there is ¢ > 0 such that y is a cluster point of
Z = [|g(y) — g| = €]. We shall recursively construct sequences of points (x,),en
in Z, of functions ( f,),en in A and of open neighborhoods (U,),en of y such that

D | fuly) —gGp)| < 5 forj <nand |f,() =g < 7.

2) yEUnEan Un—l an[|fj‘_ﬁ(y)|<%]a
3) x, €U,.

Suppose that x;, f;, and U; are constructed for 1 < j < n. (This is a vac-
uous condition for n = 1.) Since g is in the p-closure of A, one can find
fn € A satisfying 1). Since f, is continuous and by the induction hypothesis,
Un—1 (j<al |i = £i®)| < 3 ] is an open neighborhood of y, hence one can find
another open neighborhood U, of y satisfying 2). Finally, since y is an accumulation
point of Z, one can pick x,, € U, N Z, i.e., we have 3).

Now, by relative countable compactness of A in C,(K), there is a cluster point
f € Cp(K) of (fu)nen- By 2) and 3), if n > j then | f;(x,) — f;(»)| < 1. Hence

n

Ji(xn) = fi(y) as n — oo for each j € N. By the double limit lemma (Lemma G.1),
f(x,) = f(y) as well. On the other hand, 1) implies that f(x,) = g(x,) for each
n e Nand f(y) = g(y). Since x,, € Z, we arrive at

e =g —gx)| =1/ — f(x)| >0 (n— 00),
which is a contradiction. O

Corollary G.15. For a subset A C C,(K) the following assertions are equivalent:
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(i) A is relatively compact in Cp(K).
(ii) A is relatively countably compact in C(K).
(iii) A is relatively sequentially compact in C,(K).
This is just a combination of Lemma G.13 and Theorem G.14.

Corollary G.16. For a subset A C C,(K) the following assertions are equivalent:
(i) A is compact in Cy(K).
(ii) A is countably compact in C,(K).
(iii) A is sequentially compact in Cp(K).

Proof. By Lemma G.13 (i) implies (iii), and (iii) trivially implies (ii). Suppose
that (ii) holds. Then A is relatively compact by Grothendieck’s Theorem G.14, and
sequentially closed. Hence, A is compact by Corollary G.4. O

The Theorem of Eberlein-Smulian

For (our) convenience, we prove only the restricted version of the Eberlein—Smulian
theorem as stated already in Appendix C.6.

Theorem G.17 (Eberlein—gmulian). Let E be a Banach space. Then A € E
is (relatively) weakly compact if and only if A is (relatively) weakly sequentially
compact. In this case, every [ € A" is the weak limit of a sequence in A.

Proof. LetK := {x' € E' : ||¥'|| < 1} with the weak™ topology inherited from E’.
Then K is compact by the Banach—Alaoglu Theorem. Let @ : E — C(K) be the
canonical map which maps an element x € E to (-, x) |g. Then

D : (E,w) — Cp(K)

is a homeomorphism onto its image. If A is relatively weakly compact, then A
is weakly compact, and hence @(A) is compact in Cp(K). By Corollary G.16,
@(A) is sequentially compact in C,(K). Since @ is a homeomorphism, A is weakly
sequentially compact. In particular, A is relatively weakly sequentially compact.
Conversely, suppose that A is relatively weakly sequentially compact. Then @(A) is
relatively sequentially compact in @(E), and a fortiori in C,(K). By Corollary G.15
it follows that @(A) is relatively compact in C,(K). By Eberlein’s Theorem G.3,
every f € mp is the p-limit of a sequence (@(a,)),en for some sequence
(an)nen in A. By hypothesis, there is a € E such that @, — a weakly. Hence
f = ®(a) € ®(E). This shows that ®(A)’ C E, hence #(A)’ = P(A). Since
@ is a homeomorphism onto its image, A is relatively compact.
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Finally, suppose that A is sequentially weakly compact. Then @(A) is sequentially
compact in C,(K), whence by Corollary G.16, it is compact. Since @ is a
homeomorphism onto its image, A is weakly compact as well. O

Notes

Section G.1 is heavily inspired by Todorcevic (1997, Ch. 2). There, the prominent
role of the double limit Lemma G.1 is a little obscured, and its proof is based on
the first half of Theorem G.3. Also, there is no reference for Theorem G.3 and we
could not find the result in the works of Eberlein. However, the ideas here and for
the Eberlein—Smulian Theorem G.17 all go back to the article Eberlein (1947).

Grothendieck’s Theorems G.5 and G.14 originate in Grothendieck (1952). The
proof for Theorem G.5 given here had no direct model, but in finding it we profited
much from Hendrik Vogt’s comments during the Internetseminar 2008, especially
from his observation that one could avoid the use of the Eberlein—~Smulian theorem
in the proof. Hendrik’s comments also had their share in the shaping of Section G.1.
Theorem G.14 was taken from Todorcevic (1997, Ch. 2), but with some considerable
simplifications by Jiirgen Voigt.

Krein’s Theorem G.7 goes back to Krein (1937), cf. also Krein and Smulian
(1940, Thm. 24). The proof we give is from Glicksberg (1961, p. 207) and it differs
from the common proofs in that it does not involve reducing it to a separable case by
employing the Eberlein—Smulian theorem. Glicksberg invokes Grothendieck (1950)
for the generalization of Proposition G.8 to complete locally convex spaces, but for
normed spaces it appears in Banach (1932, VIII, Thm. 8). (Thanks to Jiirgen Voigt
for this reference.) Our proof is inspired by Schaefer (1980, I1V.6.2).

Ellis’ Theorem G.12 is from Ellis (1957), but the original as well as the common
proofs all rest on a reduction to a metrizable case and then employing the Baire
category theorem in a subtle way. That one can base a proof also on Grothendieck’s
theorem was observed in de Leeuw and Glicksberg (1961, App.). Moreover, the
construction of Haar measure in Section G.4 stems directly from there, but it is
analogous to Rudin (1991, Ch. 5) and Pontryagin (1966, pp. 91-99). Note that we
deviate from de Leeuw and Glicksberg (1961, App.) in the last step, the actual
proof of Ellis’ theorem, in that we replace topological arguments by operator
theoretic ones.
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topological, 12,274
unitary, 571
group extension, 19
abstract, 308, 309
recurrence, 39
uniquely ergodic, 199
group representation, 292
group rotation, /2, 85,278, 350
distal, 415
ergodic, 198
measure-preserving system, 85
minimal, 198
not weakly mixing, 180
topological system, 12
group translation as topological system, 12

Index

H
Haar lift, 310
Haar measure, 84, 87,275, 571
Heisenberg
group, 14
manifold, 14
system, /4,415
Hilbert lattice, 124
Hilbert space, 521
homeomorphism, 483
homogeneous I"-system, 304
homogeneous space, 13
homogeneous system, 13, 14, 17, 85, 87,304
distal, 429
homomorphism
of abstract system, 236
of algebras, 509
of Banach lattices, 121
of lattices, 117
of measure algebras, 230
of measure-preserving systems, 231
of topological systems, 15
point (measure-preserving systems), 226

1
ideal
in a Banach lattice, 123
in a semigroup, 318
in an algebra, 509
maximal, 509
principal, 509
proper, 509
idempotent, 317,413
induced operator, see Koopman operator
induced transformation, 107
inductive limit, 70
of abstract systems, 266
inequality
Cauchy—Schwarz, 522
Gowers—Cauchy—Schwarz, 459
Holder, 131, 134
maximal, 214
van der Corput, 183,458
Young, 297
infimum in a lattice, 117
infinite product probability space, 498
infinitely recurrent set, 100
intertwining, 233, 297
invariant measure, 73, 192
existence, 192
product system, 208
projective limit, 209
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invariant set Koopman representation, 304
in a measure-preserving system, 104 Kronecker factor, 346
in a topological system, 20 of affine endomorphisms, 356
inverse of Heisenberg systems, 360
essential (measure-preserving system), 97 of measure-preserving systems, 349
in a Banach algebra, 509 of skew rotations, 359
invertible
measure-preserving system, 97
topological system, 9 L
invertible core, 265 lattice, 117
invertible extension, 21, 269, 270 Banach lattice, 119
involution, 509 distributive, 230
IP set, 417,431 law of large numbers
1IP* set, 419, 431 strong, 220
irrational rotation, 25 weak, 142
irreducible Lebesgue spectrum, 388
matrix, 27 left ideal (in a semigroup), 318
positive operator, 125 left rotation, 12
row-stochastic matrix, 143 left rotation operator, 58
unitary representation, 298 left shift, 10
isolated point, 482 lemma
isometric topological system, 35 Bauer, 311
isomorphism Fekete, 68
*-isomorphism, 510 Hopf, 223
Markov, 232 Kakutani—Rokhlin, 107
of abstract systems, 236 Koopman—von Neumann, 174
of algebras, 509 Riemann-Lebesgue, 388
of lattices, 117 Urysohn, 47
of measure-preserving systems, 231 van der Corput, 183,458
of topological groups, 279 Weil, 283
of topological systems, 15 Wiener, 385
point (measure-preserving systems), 226 Wiener (abstract), 340
spectral, 352 letters, 11
topological I"-system, 303 limit
isomorphism problem, 352, 396, 403 Banach, 207, 457
iterate measure-preserving system, 165 in density, 173
inductive, 70, 266
inverse, 31
J of a net, 489
Jacobs—de Leeuw—Glicksberg decomp., 331 p-limit, 408
reversible part, 331 projective, 13, 31,44, 69, 289
stable part, 331 linear sequence, 469
JdLG-admissible, 329 linear span, 508
JdLG-decomposition, 331 locally compact group, 274

locally compact space, 487
locally convex space, 515
K log-exp sequence, 473
K-automorphism, 392
K-system, 392

Kakutani—von Neumann map, 356 M

Kakutani—von Neumann odometer, 356 marginal measure, 208
Kolmogorov automorphism, 392 Markov embedding, 231, 254
Kolmogorov—Sinai entropy, 391 Markov isomorphism, 232

Koopman operator, vii, 3, 45, 54, 115 Markov measure, 78
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Markov operator, 193,207,231, 249
automorphism, 257
embedding, 254
ergodic semigroup, 347
factor map, 255
isomorphism, 256
projection, 257
trivial, 250

Markov representation, 306

Markov shift, 79
transition matrix, 79

matrix
aperiodic, 170
irreducible, 27, 143
primitive, 170
row-stochastic, 143
row-substochastic, 10
strictly positive, 143
transition, 26, 79

Mautner phenomenon, 362

maximal ideal, 53, 509

maximal inequality, 214

maximal operator, 214

maximal spectral type, 380
of measure-preserving systems, 387

mean ergodic
operator, /38, 145
operator semigroup, /53,262,294, 333
projection, 138, 153,261,294, 346
subalgebra, 243

measurable
cylinder set, 497
mapping, 495
rectangle, 501
set, 493

measurable space, 72,492

measure, 493
absolutely continuous, 376, 503
Baire, 80
Borel, 80
complex, 502
conjugate, 502
continuous, 383, 505
discrete, 383, 505
equivalent, 376, 503
ergodic, 193
Fourier coefficient, 373
Haar, 84, 87, 275,571
invariant, 73
inversion invariant, 84
marginal, 208
Markov, 78
modulus, 502
mutually singular, 503

Index

outer, 494
probability, 493
product, 497
push-forward, 72, 496
Rajchman, 387
real/imaginary part, 502
regular, 80
regular Borel, 80
right invariant, 84
signed, 502
singular, 376, 503
spectral, 399
strictly positive, 83, 196
support, 82
measure algebra, 59, 95
measure space, 493
measure-preserving I”-system, 306
measure-preserving map, 73
measure-preserving system, 73
affine endomorphism, 356
automorphism on a group, 403
baker’s transformation, 74
Boole transformation, 90
coprime, 353
discrete spectrum, 349
disjoint, 353
doubling map, 74
dyadic adding machine, 917, 358
dyadic odometer, 358
ergodic, 105
faithful topological, 236
Gauf} map, 75
group automorphism, 394
group rotation, 85
homogeneous system, 85
invariant set, 104
invertible, 97
iterate, 165
Kakutani—von Neumann map, 356
metric, 236
product, 79
right rotation system, 85
skew product, 79
spectrally isomorphic, 352
standard, 98, 386
tent map, 75
topological, 235
trivial, 73
metric, 479
compatible, 480
discrete, 480
model, 239
probability space, 235
space, 479
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metric isomorphism, 226
metrizability
of weak topology, 514
of weak™ topology, 513
of weakly compact sets, 514
mildly mixing, 187
minimal
action, 424
group rotation, 198
subsystem, 34
topological system, 34
totally, 43
minimal ideal (in a semigroup), 318
minimal idempotent, 318
minimal invertible extension
abstract system, 270
measure-preserving system, 270
topological system, 21
mixing
Bernoulli shift, 162
card shuffling, 167
Markov shift, 168
mildly, 187
relatively weakly, 454
strongly, 162, 388
strongly, of all orders, /86, 389
weakly, 173,387
weakly, of all orders, /82, 186
weakly, of order &, 182
model
Stone, 240
topological, 237
modular function, 88
module, 347
module homomorphism, 347
modulus
in a lattice, 119
of a functional, 549
multiplicative (linear map), 509
multiplicity function, 381

N
net, 489
Neumann series, 62
norm
order continuous, 122
strictly monotone, 122
normal
number, 223
simply normal number, 219
nowhere dense, 488
null set, 498

(0]
one-dimensional torus, 12
one-sided shift, 11
operator
adjoint, 512
bi-Markov, 249
contraction, 511
Dunford—-Schwartz, 149
intertwining (representations), 297
isometry, 511, 529
Koopman, vii, 3, 45, 54, 115
left rotation, 58
Markov, 193,207, 231,249
maximal, 214
mean ergodic, 138, 145
pointwise ergodic, 212
positive, 121, 546
positive semi-definite, 525
power-bounded, 519
projection, 511
unitary, 529
weakly stable, 463
with discrete spectrum, 338
operator semigroup, 152
Markov, 348
mean ergodic, 153,262,294, 333
weakly compact, 323, 326
opposite group, 303
orbit, 22, 305
forward, 22
total, 22
order continuous
functional, 241
norm, 122
order interval, 122
order of a subshift, 22
ordered vector space, 118
orthogonal projection, 531
oscillation, 569

P
partition of unity, 548
partition regular, 431
peripheral point spectrum, 57
p-limit, 408
Poincaré sequence, 456
point
almost periodic, 37
generic, 222, 465
infinitely recurrent, 37
periodic, 36
recurrent, 36
simultaneously recurrent, 423
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point (cont.)
uniformly recurrent, 36
point factor map, 226
point isomorphism, 226
point spectrum
of an operator, 519
peripheral, 57
pointwise topology (on the dual group), 278
polar (of a set), 567
polarization identity, 522
positive definite sequence, 374
positive functional, 546
positive operator, 121
Holder inequality, 131, 134
irreducible, 125
reducible, 125
positive semi-definite operator, 525
power-bounded, 148
principal ideal, 509
principle
Banach, 214

Furstenberg correspondence, 437, 444, 455,

459
of determinism, 3
of uniform boundedness, 511
pigeonhole, 43
probability measure, 493
probability space, 493
compact, 235
faithful, 235
metric, 235
product
o-algebra, 496
measure, 497
of measure-preserving systems, 79
of topological systems, 17
of topological systems (infinite), 18
of topological systems (skew), 18
topology, 484
product system
invariant measure, 208
projection
mean ergodic, /38,261, 294
orthogonal, 531
projective limit, 13, 31, 44, 69, 289
invariant measure, 209
proximality, 413
pure point spectrum, 387

Q

quotient
mapping, 483
space, 508

R
Rajchman measure, 387
random literature, 112
rational eigenfunction, 473
rational rotation, 25
recurrent set, 99
reducible positive operator, 125
reducing subspace, 297
reflexive space, 512
relatively complete sub-o-algebra, 260
relatively dense, 36, 188, 452
relatively weakly mixing, 454
representation
faithful, 292
finite dimensional, 297
Gelfand, 60
kernel, 292
left/right regular, 292
of a group, 292
Stone, 240
Stone representation space, 240
strongly continuous, 292
unitary, 297
weakly continuous, 292
restricted direct product, 288
return time
expected, 107
of uniformly recurrent points, 36
theorem (Bourgain), 468
time of first return, 103
reversible part, 331
right ideal (in a semigroup), 318
rigid, 187
Rokhlin tower, 109
Rokhlin’s problem, 186
rotation, 12
irrational, 25
rational, 25
system (measure-preserving), 85
system (topological), 12
torus, 12
row-stochastic matrix, 143
irreducible, 143
row-substochastic matrix, 10

S

o-additive, 491

o-algebra, 492
invariant, 141

second category, 488

semigroup, 317
Abelian, 317
amenable, 330

Index
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compact left-topological, 320
Ellis, 412
enveloping, 412
generated by a single operator, 328
ideal, 318
idempotent element, 317
JdLG-admissible, 329
left ideal, 318
left-topological, 319
mean ergodic, 153,262, 294,333
relatively weakly compact, 155
right ideal, 318
right-topological, 319
semitopological, 379, 568
subsemigroup, 318
weakly compact, 323
separable
metric space, 508
topological space, 481
separately continuous, 568
separating, 485
subalgebra, 48
subset, 147
sequence
almost periodic, 60
equidistributed, 203
linear, 469, 477
log-exp, 473
Poincaré, 456
polynomial, 477
Thue—Morse, 43
set
AP-rich, 405,431,433, 434
IP set, 417,431
IP* set, 419,431
of recurrence, 456
relatively dense, 36
syndetic, 36
thick, 416, 430
shift, 10
Bernoulli, 77
left, 10
left (operator), 159
Markov, 79
one-sided, 11
right (operator), 159
topological system, 10
two-sided, 11
two-sided Bernoulli, 229
simple Lebesgue spectrum, 402
simple spectrum, 387, 400
simultaneous recurrence, 423
singular Lebesgue spectrum, 389
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skew product
cocycle, 19
of measure-preserving systems, 79
of topological systems, 18
skew rotation, 19
skew shift, 19
spectral measure, 373, 399
spectral radius
formula, 63
in unital algebras, 62
of an operator, 518
spectral theorem
compact normal operators, 535
functional calculus, 399
multiplier form, 371
spectral measures, 399
spectrally isomorphic, 352
spectrum
countable Lebesgue, 389
in unital algebras, 62
of an operator, 518
stabilizer, 305
stable
N, U, \-stable, 491
A, V-stable, 117
stable set in a topological system, 20
standard probability space, 98
standard system, 98, 386
state space (of a Bernoulli shift), 77
step function, 500
Stone representation, 240
Stone—Cech compactification, 60, 408, 429
strictly convex, 155, 330
strictly ergodic topological system, 196
strictly positive measure, 83, 196
strongly compact operator group, 332
strongly mixing, /62, 388
of all orders, 186, 389
subalgebra, 48
conjugation invariant, 48
full, 238
in C(K), 48
mean ergodic, 243
sublattice, 117
Banach, 120
subsemigroup, 318
subshift, 21
of finite type, 22
subsystem
maximal surjective, 20, 209
minimal, 34
of a topological system, 20
support of a measure, 82, 195



622

supremum (in a lattice), 117

Sushkevich kernel, 318

symmetric (subset of a group), 274
syndetic, 36, 431, 452

SZ-property, 454

Sz6kefalvi-Nagy—Foias decomp., 339, 535

T

tent map, 30, 75, 228
measure-preserving system, 75
topological system, 30

theorem
Akcoglu, 213
Anzai, 397
Banach’s principle, 214
Banach—Alaoglu, 513
Banach-Steinhaus, 511
bipolar theorem, 567
Birkhoff (pointwise ergodic), 211
Birkhoff (recurrence), 39
Blum—Hanson, 170
Bochner-Herglotz, 373
Borel, 219
Bourgain, 473
Bourgain (return time), 468
Bourgain-Wierdl, 474
Carathéodory, 494
Dini, 133
Dirichlet, 42
dominated convergence theorem, 499
dominated ergodic theorem, 223
Dynkin, 493
Eberlein, 564
Eberlein-Smulian, 514, 574
Ellis (minimal idempotents), 320
Ellis (topological groups), 321, 572
existence of Haar measure, 275, 571
Fubini, 501
Furstenberg, 201
Furstenberg—Sarkozy, 455
Gelfand—Mazur, 64
Goldstine, 513
Green-Tao, 5,434
Grothendieck, 565, 573
Hahn, 494
Hahn-Banach, 512
Hahn—-Banach separation, 515
Hahn—Hellinger, 381
Halmos—Rokhlin, 394
Halmos—von Neumann, 350
Heine—Borel, 487
Host, 389
Host—Kra, 445

Index

inverse mapping, 511

Jewett—Krieger, 244

Jones—Lin, 176

Kac, 107

Kakutani, 151

Kolmogorov’s law of large numbers,
220

Krein, 514, 566

Krein-Milman, 515

Kronecker, 25, 26, 282

Krylov—Bogoljubov, 83, 192

Lebesgue, 505

Lind-Miles—Thomas, 395

Mackey, 352

Markov—Kakutani, 192

maximal ergodic theorem, 216

maximal inequality, 217

mean ergodic theorem, 139

Milman, 516

Milman—Pettis, 155

monotone convergence theorem, 496

Ornstein (Bernoulli shift), 391

Ornstein (K-systems), 392

Perron, 91, 143

Peter—-Weyl, 302

Poincaré recurrence theorem, 100

pointwise ergodic theorem, 212

polynomial mean ergodic theorem, 472

polynomial pointwise ergodic theorem, 473

polynomial Szemerédi, 456

Pontryagin duality theorem, 280

prime number theorem, 7

principle of uniform boundedness, 511

Pythagoras, 522

Riesz representation theorem, 82

Riesz—Fréchet, 523

Riesz—Markov, 551

Rokhlin, 392

Roth, 453

spectral theorem (compact operators), 535

spectral theorem (functional calc.), 399

spectral theorem (multiplier form), 371

spectral theorem (spectral measures), 399

stochastic ergodic theorem, 213

Stone—Weierstral3, 49

subsequential mean ergodic theorem, 471

Szemerédi, 5, 433

Tietze, 48

Tonelli, 497

Tychonov, 486

uniqueness theorem for measures, 494

van der Corput, difference, 210

van der Waerden, 405

von Neumann (mean ergodic), 136
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von Neumann (point isomorphism), 234
weighted mean ergodic theorem, 462
Weyl, 203
for polynomials, 205
‘Wiener—Wintner, 464
linear version, 469
uniform, 467
Thue-Morse sequence, 43
time mean, 4
topological I"-system, 303
topological group, 12,274
topological measure-preserving system, 235
topological model, 237
topological semigroup, 319
topological space, 480
completely metrizable, 480
connected, 487
disconnected, 487
metrizable, 480
normal, 46
separable, 50, 481
topological system, 9
automorphism, 15
automorphism group, 309
backward/forward, 9
bi-invariant set, 20
conjugation, see isomorphism of
topological systems
discrete spectrum, 349
disjoint union, 21,416
distal, 415, 429
doubling map, 30
dyadic adding machine, 13
equicontinuous, 43, 415
extension, 15
factor, 15
factor map, 15
Heisenberg system, /4,415
homogeneous, 13
homomorphism, 15
invariant set, 20
invertible, 9
isometric, 35, 415
isomorphism, 15
minimal, 34
skew rotation, 19
skew shift, 19,415
strictly ergodic, 196
subshift, 21
subsystem, 20
surjective, 9
tent map, 30
trivial, 10
uniquely ergodic, 194

topological vector space, 515
topologically transitive, 23
topology, 480
compact, 486
compact-open (on the dual group), 278
discrete, 480
Hausdorff, 481
inductive, 483
pointwise, 563
pointwise (on the dual group), 278
product, 484
projective, 484
quotient, 483
strong operator, 323,516
subspace, 484
weak, 513
weak operator, 323,516
weak™, 512
torus, 12
d-torus, 18
monothetic, 286
one-dimensional, 12
total orbit, 22
total variation (of a measure), 502
totally disconnected, 487
totally ergodic, 178, 402
totally minimal, 43
transition matrix, 26
of a Markov shift, 79
translation, see rotation
translation mod 1, 11
trigonometric polynomial, 277
trivial
measure-preserving system, 73
topological system, 10
two-sided Bernoulli shift, 78
two-sided shift, 11

U
uniformly continuous, 483
unimodular group, 88
uniquely ergodic topological system, 194
unit element, 508
unital Banach sublattice, 258
unitary equivalence, 352
unitary group, 325,571
unitary operator, 529
unitary part, 536
unitary representation, 297
equivalent, 302
irreducible, 298
unitary system, 300
for a semigroup, 335
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universal characteristic factor, 451
upper Banach density, 456

\%
van der Waerden number, 431
vector lattice
imaginary part, 119
positive cone, 119, 120
positive element, 119
real, 118
real part, 119

W
wandering set, 101
weakly compact

Index

operator group, 332
operator semigroup, 323
weakly mixing, /73, 387
abstract system, 236
affine endomorphism, 356
characterization, 459
of all orders, 182, 186
of order k, 182
relatively, 454
weakly stable, 164, 536
Weil’s formula, 90
Wold decomposition, 339, 349, 537
words, 11

Z
zero element (in a semigroup), 317
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Sets of Numbers

N the set of natural numbers {1,2,...}.....ooiiiiiiiiiiiiii xii
No the set of nonnegative integer numbers {0,1,2,...} ......ooooiiinn.... xii
Z the set of integer NUMDETS . .........ooiiiiiii i xii
C the set of compleX NUMDETS ..........ooeiiiiiiiiiiiiii e xii
Q the set of rational numbers ............... oot xii
R the set of real NUMDbETS ....... ..o Xii
P the set of prime numbers .................o 5
T thetorus {z € C 1 |zl = 1} .o 12
D the open unitdisc {2 € C = |z] < 1} oo 36
Measure Theory

o push-forward MeasUIe . ..........oviuiiiiiiiiii i 72
X (X, X, 1), a probability SPaCE.........evuuerieiieaai i 72
A Lebesgue Measure ...........ueeiuuieiiiiiiit i 74
Bo(K) Borel al@ebra. .......oouuiii 79
Ba(K) Baire algebra..........o..oiiiiiiiii 79
M(K) Baire measures 0N K ......o.ouoiueiiieit e e 81
(fs ) integral of f agaINSE L ....vvvvrieit it 81
supp(u) support of the measure fL..............ooooiiii 82
dz Haarmeasure on T ... 84
X(X) measure algebra of a probability space X .................. 95
p* mapping induced by ¢ on the measure algebra ........................... 96
na(B) conditional probability ..............cooiiiiiiiiii 103
X, @-invariant o-algebra............... 141
E(f|X) conditional expectation with respect to 2., 141
Ad d-dimensional Lebesgue measure ..............ccooeeviiiiiiiiiiiiieaan 167
M!(K) probability measures on K ... 192
Mé} (K) @-invariant probability measures on K ... 192
m Haarmeasure ... 275
14 characteristic function of @ SEtA ... .. ...t 491
o(€) o-algebra generated by € ... ... 493
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Dynamical Systems
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Aut(K; @)
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Spaces of Functions

C(K)
£22(S)
ap(Z)
M(K)
L°(X; R)
I’(X;R)
%

Vi 1

Symbol Index
OULET MEASULE ... .eeeitee ettt et e ettt ettt ettt e et et e eanaeeaas 494
measurable mappings. ..o 495
measurable functions with values in [0, 00]............ooviiiiiiinnn.. 495
PrOAUCE TNEASULE . ...ttt ettt ettt ettt e et e et et e e e e eaeeens 497
modulus of the measure f& ... 502
set of complex measures on the measurable space (X, %) ............... 502
topological dynamical system..................oooiiii 9
one-sided shift over a k-letter alphabet ...................c.ooi 11
two-sided shift over a k-letter alphabet ... 11
topological translation system by e mod 1...............cooooi 11
topological rotation system with rotation by @ ............................ 12
roup TOtatioN SYSTEIM .....uute ettt ittt ittt et ee et et e aaiee et 12
dyadic adding machine ................ooiiiiiiiiiiiii 13
homogeneous SYStemM ............ooiiuiiiiiiiii it 13
group of automorphisms of a topological system (K; @) ................. 15
shift over a k-letter alphabet with excluded blocks B ..................... 22
forward orbit Of X .........coiiii i 22
total Orbit OF X .. ...e i 22
forward orbit ClOSUI® ..........ooeiiiiiiiii i 23
forward orbit Of @(X) .....oveii i 37
MEASUIE-PIESEIVING SYSLEIM .. ..uutte ittt ittt it et et eaaie et 73
Bernoulli shift with probability vector (po, ..., Pr—1) «vvverveeneereennn. 77
Bernoulli shift ... 77
Markov Shift .......ooeiini 79
product of measure-preserving SYSteIS .......ueeeuueeeruieeennneennnnenn. 79
topological dynamical system with invariant measure f£ ................. 83
group rotation system with Haar measure m.............................. 85
homogeneous system with Haar measure m ...................cooeen 85
time of first return IN A .......oiii e 103
induced transformation on A ... 107
k™ iterate of the measure-preserving system (X; @) ........ooeuevvninnnn. 165
abstract measure-preserving SYSteIM . .........eeeuueeenuieeeiiieeaiiieannns 236
homogeneous I"-system (right COSetS) ..........cceevviiiiiiniinnnneenn. 304
homogeneous I"-system (left cOSets) ...........coooeviiiiiiiiiiiiieann 304
measure-preserving I -SYSteIM «......o.ueiiiuitiiiii i 306
measure-preserving homogeneous G-System .................ccevvueeennn 307
(C-valued continuous functions on the compact space K ................. 46
(C-valued bounded functions onthe set S...........ccocovviiiiiiiiinen.. 60
almost PeriodiC SEQUENCES. . ... .uutte ettt it aaie e 60
Baire measures on K ..........oiiiiiiiiii 81
measurable functions with values in [—00,00] .........ccevvviiiinnnnn.. 117
R-valued p-integrable functions (modulo equality a.e.) .................. 118
p-summable sequences in C ... 159

summable sequences in C.............ooooi 159
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Co

C

KOO
R[0, 1]
Co(£2)
UCy(£2)
(X)
(X)
L'(X)
L= (X)
BM(K)

Operators

T,
fix(T)
A,[T]
Pr
Eyws(T)

J N (T)
L,

T*
M(X;Y)
Emb(X;Y)
Aut(X)
R,

Ke
Con(E)
Iso(H)
U(H)
ETCV (y)
EHWS (y)
L(EF)
T/

Z(E)
Zy(E)
o(T)
r(T)
op(T)

Algebra

T'(A)
Sp(a)
A,V
Vi
o
[ f1

Gy

X
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null sequences in C ..o 159
convergent sequences in C ... 159
bounded sequences in C............oiiiiiiiiiiii 159
Riemann integrable 1-periodic functions......................ooo 203
C-valued bounded and continuous functions....................covveee... 485
C-valued bounded and uniformly continuous functions.................. 485
(C-valued measurable functions (modulo equality a.e.) ................... 499
(C-valued p-integrable functions (modulo equality a.e.) .................. 499
(C-valued integrable functions (modulo equality a.e.) .................... 499
(C-valued essentially bounded functions (modulo equality a.e.).......... 499
bounded Baire measurable functions .................ooiiiiiiiiiiiiiiia., 544
Koopman operator of a mapping @ ............cooieiiiiiiiiiiiiiiieaa. 45
fixed SPAce Of T ...t 57
Cesaro mean of the Operator 7' ...........coiiuiiiiiiiiiiiiiiie e 136
mean ergodic projection of the operator 7" ..............ccoviviiiiniennn 138
weakly stable subspace Of T ........ooiuiiiiiiiiiiii i 165
almost weakly stable subspace of 7 ...........coooiiiiiiiiiiiiiiiinn 176
Koopman operator of the rotation by @ ... 197
MAXIMal OPETALOT ...ttt ettt e e e 214
Markov operators between L'(X) and L' (Y) ........oooiiiiiniiinn... 249
Markov embeddings . ..........ooiiiiiiiiiii 254
Markov automorphisms on L1(X) .......oooiiiiiiiiii e 257
Koopman operator of the right rotation by @ ...................c..ooll 275
Koopman representation ................eeeeueeiiiiieiiiieiiiiaieaaas 304
contractions on a Banach space E ...t 324
isometries on the Hilbert space H ............ccoiiiiiiiiiiiiiiiiiiieann. 325
unitary operators on the Hilbert space H ................ccoiiiiiiiinn 325
reversible subspace of the semigroup . ...t 331
stable subspace of the semigroup .%............oociiiiiiiiiiiiii 331
bounded linear operators between Eand F................ccoviiiiiin.. 510
Banach space adjoint of the operator 7'.............c.oooiiiiiiiiiieann 512
Z(E) with the strong operator topology ...........coveeiieiiieiiuianann. 516
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