SECTIONAL CURVATURE-TYPE CONDITIONS ON METRIC
SPACES

MARTIN KELL

ABSTRACT. In the first part Busemann concavity as non-negative curvature is
introduced and a bi-Lipschitz splitting theorem is shown. Furthermore, if the
Hausdorff measure of a Busemann concave space is non-trivial then the space
is doubling and satisfies a Poincaré condition and the measure contraction
property. Using a comparison geometry variant for general lower curvature
bounds k£ € R, a Bonnet-Myers theorem can be proven for spaces with lower
curvature bound k > 0.

In the second part the notion of uniform smoothness known from the theory
of Banach spaces is applied to metric spaces. It is shown that Busemann
functions are (quasi-)convex. This implies the existence of a weak soul. In the
end properties are developed to further dissect the soul.

In order to understand the influence of curvature on the geometry of a space it
helps to develop a synthetic notion. Via comparison geometry sectional curvature
bounds can be obtained by demanding that triangles are thinner or fatter than the
corresponding comparison triangles. The two classes are called C AT (k)- and resp.
CBB(k)-spaces. We refer to the book | ] and the forthcoming book [ ] (see
also | , |). Note that all those notions imply a Riemannian character of
the metric space. In particular, the angle between two geodesics starting at a com-
mon point is well-defined. Busemann investigated a weaker notion of non-positive

curvature which also applies to normed spaces | , Section 36]. A similar idea
was developed by Pedersen | ] (see also | , (36.15)]). Pedersen’s condition
is better suited for the study of Hilbert geometries, see | |. In | | Ohta

studied an even weaker convexity notion, called L-convexity which can be seen as
a relaxed form of Busemann’s non-positive curvature assumption.

In the recent years a synthetic notion of a lower bound on the Ricci curvature
was defined by Lott—Villani | | and Sturm | |. Surprisingly, their condition
includes also Finsler manifolds | , ]. The notion of lower curvature bound
in the sense of Alexandrov, i.e. C BB(k)-spaces, is compatible with this Ricci bound
[ , |. However, by now there is no known sectional curvature analogue
for Finsler manifolds which is compatible to Ohta’s Ricci curvature bounds and
thus the synthetic Ricci bounds.

In this note we present two approaches towards a sectional curvature-type con-
dition. The first is the “converse” of Busemann’s non-positive curvature condition.
This condition implies a bi-Lipschitz splitting theorem, uniqueness of tangent cones
and if the space admits a non-trivial Hausdorff measure then it satisfies doubling
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and Poincaré conditions, and even the measure contraction property. This approach
rather focuses on the generalized angles formed by two geodesics. Using ideas from
comparison geometry one can easily define general lower curvature bounds and
prove a Bonnet-Myers theorem if the lower bound is positive.

The second approach can be seen as a dual to the theory of uniformly convex

metric spaces which were studied in | , , ]. We call this condition
uniform smoothness. This rather weak condition is only powerful in the large as
any compact Finsler manifold is 2-uniformly smooth, see | , Corollary 4.4].

Nevertheless, if the space is unbounded then Busemann functions associated to
rays are (quasi-)convex and the space has a weak soul. In order to match the
theory in the smooth setting we try to develop further assumptions which imply
existence of a retractions onto the soul and a more local curvature assumption in
terms of Gromov’s characterization of non-negative curvature | ].

1. PRELIMINARIES

Throughout this manuscript let (X,d) be a proper geodesic metric space, i.e.
(X,d) is a complete metric space such that every bounded closed subset is compact
and for every x,y € X there is a continuous map v : [0,1] — X with v(0) = «,
~v(1) = y and

d(y(t),7(s)) = [t = sld(x, y).
The map 7 will be called a (constant speed) geodesic connecting x and y which is
parametrized by [0,1]. We say that a continuous curve v : I — X defined on some
interval I C R is locally geodesic if for all ¢ € I there is an interval Iy C I with
t € int I; such that ~ restricted to I; is a constant speed geodesic.

We say that (X,d) is non-branching if for all geodesics v,7n : [0,1] — X with
7’[0,t] = 77|[0’t] for some ¢ € (0,1) implies v = n. Note that this is equivalent to the
following: for all geodesics v,n : [0,1] — X with (0) = n(0) and ~(t) = n(¢) for
some t € (0,1) it holds «(¢t) = n(t) for all ¢t € [0,1]. In other words two geodesics
starting at the same point and intersecting in the middle must agree.

The latter condition is easily seen to be stronger than non-branching. To prove
the equivalence of the two conditions note that whenever v(0) = n(0) and (t) =
n(t) for some geodesics v and 1 and some ¢ € (0,1) then we may construct a new
curve 7 by first traversing v on [0,¢] and then traversing n on [t,1]. The resulting
curve 7] is a geodesic that agrees with v on [0,¢] so that non-branching implies
77|[t71] = ﬁ|[t71] = 'y|[t71]. Reversing the direction of « and 7 also shows that v and 7

agree on [0, .

1.1. Notions of convexity. A function f : X — R is said to be (geodesically)
conver if t — f(y(t)) is convex for all geodesics v : [0,1] — X, i.e.

(@) < A =1)f(7(0)) + £f(~(1)).

We say that f is p-conver if fP is convex. Furthermore, f is concave if —f is
convex, and if f is both convex and concave then it is said to be affine. The
limiting notion p — oo is usually called quasi-convex. More precisely, we say that
a function f: X — R is said to be quasi-convez if

(@) < max{f(v(0)), f(~(1))}.

It is said to be strictly quasi-convez if the inequality is strict whenever v(0) # ~(1).
Furthermore, we say f is properly quasi-convex if the inequality is strict whenever
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f restricted to v is non-constant. Note that any p-convex function is automatically
properly quasi-convex. As above quasi-concavity of f is just quasi-convexity of — f,
and f is said to be monotone if it is both quasi-convex and quasi-concave.

One may obtain a variety of quasi-convex functions as follows: Let h : R — R be
a non-decreasing function. Then ho f is quasi-convex for any quasi-convex function
f. Furthermore, if h is strictly increasing then h o f is strictly quasi-convex if f is
strictly quasi-convex.

Remark. In | | it is suggested to use the terminology peaklessness for proper
quasi-convexity and weak peaklessness for quasi-convexity. However, this terminol-
ogy does not seem to be frequently used in the literature. Because we only obtain
quasi-convex functions we stay with the better known term of quasi-convexity.

A subset C of X is said to be convex if for all geodesics v : [0,1] — X with
7(0),7(1) € C it holds v(t) € C for t € (0,1). If, in addition, y(¢) € int C whenever
~ is non-constant and ¢ € (0,1) then C is said to be strictly conver. A stronger
notion, called totally geodesic, is obtained by requiring that C' also contains all local
geodesics, i.e. if v : [a,b] — X is locally geodesic with y(a),v(b) € C then ~(t) € C
for t € (a,b).

As is well-known a function f : X — R is (strictly) convex if the epigraph
{(x,t) € X x R|t > f(x)} is (strictly) convex in the product space (X x R,d)
where d((z,t), (y,s)) = Vd(z,y)% + [t — s[2. In a similar way f is quasi-convex if
the sublevel Cy = f~!((—o0, s]) are totally geodesic. Furthermore, if f is strictly
convex then each Cj is strictly convex.

In general strict convexity of the sublevels of f is not related to strict quasi-
convexity of f. However, one can always construct a quasi-convex function out of
an exhaustive non-decreasing family of closed convex sets as follows. Under some
additional assumptions on the family the function is also strictly quasi-convex if
the sublevels are strictly convex. In the following for two closed subsets A C B of
X denote by intp A the relative interior of A in the metric space (B, d).

Lemma 1.1. Assume (Cs)ser, I C RU{—00}, is a non-decreasing family of closed
convex sets with Usc1Cs = X. Then the function f: X — R defined by

f(z) = inf{arctans € R |z € Cs}

is quasi-convex. If, in addition, I is connected and the following properties hold:
(1) Nyes Cs contains at most one element,

(2) ﬂ Cy =Cs
s'>s
and
3) |J oo =mtC,,
s'<s

then f is continuous and strictly quasi-convex iff each Cs is strictly convex.

Proof. Choose distinct points x,y € X and let m be a midpoint of  and y. By
exchanging x and y if necessary we may also assume f(x) < f(y). If f(y) < a then
2,y € Cianq. By convexity of Cianq we must have m € Clap o and hence f(m) < a.
This shows f(m) < f(y) = max{f(z), f(x)}.

Assume (C;)ser satisfies properties (1), (2) and (3). We make the following
observations: As x and y are distinct, property (1) shows f(y) > —7. Furthermore,
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property (2) shows —% < f(z) < arctans if and only if z € Cs. Thus z,y €
Cran f(y)-

If f strictly quasi-convex then f(y(t)) < f(y) for any geodesic v connecting = any
y. Thus by property (3) we see ¥(t) € int Ciay, s(y)- Since Ciay f() C Cs whenever
x,y € Cs we must have y(t) € int C implying strict convexity of Cs.

We show the converse: Assume each Cj is strictly convex. Then any midpoint
m of x and y must be in the interior of Ciay f(,). Property (3) implies that there
is an s < tan f(y) such that m € Cs;. Thus f(m) < s < f(y) proving strict
quasi-convexity of f.

It remains to show that f is continuous: Let x,, — x. Set t; = liminf,, o f(z,)
and to = limsup,,_, ., f(z,). Assume by contradiction f(z) < t; or t5 < f(z). In
the first case t; > —% and x € 0Cian¢, by property (2). However, x must be in
the interior of Ciant, by property (3) which shows f(z) < ¢;. If t2 < f(z) then
x & Chant for all t € (ta, f(x)) by definition of f. Note tant € I by connectedness
of I. If, by contradiction, f(z,) < f(z) — € < f(z) then property (3) shows
7 € Cian(f(x)—e) Which is not possible. Hence f(x) < t5. In conclusion we see that
f(x) =t; =tq, ie. f is continuous. O

Note that all properties above are necessary to show that f is strictly quasi-
convex. Indeed, the following family of strictly convex closed intervals in R given

by
ol [—s, 5] s<1
* (s 41),54+1] s>1

satisfies properties (1) and (2) but not property (3). Similarly,

2 ) [=s,4] s<1
Cs {[—(s—i—l),s—i—l] s>1

satisfies properties (1) and (3) but property (2). Finally, let ¢ : R — (0,00) be an
increasing homeomorphism. Then

07 = (=00, (s)]

satisfies property (2) and (3) but not property (1). In either case the induced
functions f;, ¢ = 1, 2,3, are constant on some open interval and cannot be strictly
quasi-convex. In particular, they are not strictly quasi-convex. One may replace
the intervals by geodesic balls resp. horoballs of the same radius if the metric space
has strictly convex geodesic balls and resp. strictly convex horoballs to get more
general examples.

1.2. Busemann functions. A central tool to study the structure of spaces with
certain generalized curvature bounds are Busemann function associated to rays.
Here a ray « : [0,00) — X is an isometric embedding of the half line, i.e.

d(y(t),7(s)) = [t —s|  st>0.

Definition 1.2 (Busemann function). Given a ray v : [0,00) — X we define the
Busemann function b, : X — R as follows

by(@) = Jlim 1 = d(3 (1), ).
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Note that the right hand side is non-decreasing in ¢ so that the limit is well-
defined.
In case v : R — X is a line we define v* : [0,00) — X by v(¢) = y(%t). One
can show that
by+ +b,- <0.

We say a ray 7 : [0,00) = X is asymptotic to v if there is sequence t,, — oo and
unit speed geodesics 7, : [0,d(n(0),v(tn))] = X from 7n(0) to y(t,) such that n,
converges uniformly on compact subsets to 7. It is not difficult to see that

by (n(1)) = t +b,(n(0)) ¢ > 0.

If (X,d) is a proper metric space then for any z € X we can select a subsequence
of geodesics (9, )nen connecting x and y(t,,) such that (1, )ken converges to a ray
n starting at x which is asymptotic to ~.

A line n : R — X is said to be bi-asymptotic to the line v : R — X if n* is
asymptotic to y¥. We say that 7 is parallel to v if the shifted lines Nesy =t n(t+s)
are bi-asymptotic to . It is not clear whether every bi-asymptotic line n to v is
also parallel to 7. Note, that if (X, d) is non-branching then it suffices to show that
b+ restricted to n is affine. Assuming Busemann concavity this is indeed the case,
see Lemma 2.10 below.

1.3. Gromov-Hausdorff convergence. Given two subsets A and B of a metric
space (Z,dz) the Hausdorff distance d(ZH) of A and B is defined as

d(A,B) =inf{e >0|AC B.,BC A}

where A = UgzeaBe(x) and B, = UzepBe(x). Let (X,dx) and (Y,dy) be two
metric spaces. We say that a metric space (Z,dz) together with two maps ix :
X — Z and iy : Y — Z is a metric coupling of (X,dx) and (Y,dy) if ix and iy
are isometric embeddings, i.e. for all x; € X and y; € Y it holds

dz(ix(21),ix(z2)) = dx(x1,72)
dz(iy(y1),iy (y2)) = dy(y1,y2).
Then the Gromov-Hausdorff distance of (X,dx) and (Y,dy) is defined as

don((X,dx), (Y, dy)) = infd§" (ix (X),iy (Y))

where the infimum is taken over all metric couplings of (X, dx) and (Y, dy). Note
that dg g is zero iff the completions of (X, dx) and (Y, dy) are isometric. Thus dgy
induces a metric on the equivalence classes of isometric complete metric spaces. One
may restrict the metric couplings further if a certain point is supposed to be pre-
served. More precisely, let (X, dx,x) and (Y, dy,y) be pointed metric spaces. Then
a metric coupling is a triple ((Z,dyz,z),ix,iy) such that ix and iy are isomet-
ric embeddings with ix (z) = iy (y) = 2. The Gromov-Hausdorff distance is then
defined as above.

In general this convergence is rather strong in case of non-compact/unbounded
spaces. A weaker notion is given by the pointed Gromov-Hausdorff convergence.
More precisely, we say that a sequence (X, d,, z,) converges to the pointed metric
space (X,d,z) in the pointed Gromov-Hausdorff topology if for each r > 0

der((Bj!(wn), dn), (Br(),d)) = 0
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where B)(x,,) and B, (x) are the usual balls of radius r with respect to d,, and resp.
d.

2. BUSEMANN CONCAVITY

In this section we define a form of non-negative curvature which is similar to
Busemann’s notion of non-positive curvature. As it turns out this notion is not
new. It appeared already in the study of Hilbert geometry as “has defined curva-
ture” | | and in a paper of Kann | | who studied two dimensional G-spaces
of positive curvature which is defined via an additional quadratic term. Note that
Kann’s definition differs from the definition in terms of comparison geometry pre-
sented below.

Definition 2.1 (Busemann concave). A geodesic metric space (X,d) is said to
be Busemann concave if for any three point x,y:,y2 € X and any geodesics 7y 4,
connecting x and y; the function

d(%ﬂfyl (t)7 Yz,y2 (t))
4

t—
is non-increasing on [0, 1].

Busemann concavity implies that the space is non-branching. One readily verifies
that any strictly convex Banach space is Busemann concave. Below we give further
examples.

It is possible to define Busemann concavity in terms of comparison geometry.
More precisely, let A(Z7172) be a comparison triangle in R? with side lengths
d(z,y1), d(x,y2) and d(y1,y2). Then Busemann concavity is equivalent to requiring

d(%c,?n (t)7 RERT (t)> > dg2 (:750,?71 (t)7 :750,?72 (t))

for all ¢t € [0,1]. With the help of this, it is possible to define spaces with lower
bound k on the curvature for general £ € R. Note that for k£ > 0 the existence of a
comparison triangle is implicitly assumed, see also Section 2.5.

Using the triangle comparison definition for Alexandrov spaces and the Topono-
gov comparison theorem for Riemannian manifolds we obtain the following.

Lemma 2.2. FEvery Alezandrov space with sectional curvature bounded below by k
has Busemann curvature bounded below by k. Furthermore, a Riemannian manifold
has sectional curvature bounded below k if and only if it has Busemann curvature

bounded below by k.

Remark. Similar to the argument in | | the existence of angles implies that a
metric space with Busemann curvature bounded below by k € R is an Alexandrov
space with the same lower curvature bound. We leave it to the reader to work out
the details.

In contrast to Busemann convexity it is not clear whether it suffices to check the
property above only for midpoints, i.e.
1
2

Note that similar to Busemann convexity, Busemann concavity is not stable un-
der Gromov-Hausdorff convergence. Nevertheless, a weaker property is preserved.

d(mr-,m ’ mI,yQ) > d(yh yQ)-
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Definition 2.3. A function o : X x X x [0,1] is called a geodesic bicombing if
02y(0) = 2, 05y(1) = y and d(o4y(t), 04y (t')) = |t — t'|d(x,y) for all z,y € X and
t,t" € [0,1]. We say the bicombing is closed if (xy,yn) — (x,y) implies o4, (t) =
o2y(t) for all t € [0,1].

Definition 2.4 (weak Busemann concavity). A metric space (X, d) is said to be
weakly Busemann concave if there is a closed geodesic bicombing o such that for
all z,y,z € X it holds
d(0y(t), 02=(t))

t

t—
is non-increasing.

Remark. This property resembles Kleiner’s notion of often convex spaces | I,
resp. the notion of convex bicombings | |

It is easy to see that any Banach space is weakly Busemann concave. The
corresponding geodesic bicombing is given by straight lines. In a future work we
try to give generalizations of Theorem 2.14 and Proposition 2.5 using only weak
Busemann concavity.

Below it is shown that tangent cones of Busemann concave spaces are uniquely
defined. If the space is doubling or admits a doubling measure then one can adjust
the proofs of | ] to show that the tangent cones are (locally compact) Carnot
groups away from a thin set, i.e. a set which has zero measure for every doubling
measure. We refer to | | for necessary definitions of Carnot groups.

The following shows that the only Busemann concave Carnot groups are Banach
spaces with strictly convex norm. As Busemann concavity is not stable under
Gromov-Hausdorff convergence this is not sufficient to conclude that almost all
tangent cones are Banach spaces.

Proposition 2.5. Any finite dimensional Busemann concave Carnot group equipped
with Carnot—Caratheodory metric d must be a Banach space with strictly convex
norm.

Proof. Let Vi € TX be a horizontal vector and n',n? : (—¢,¢) — X be tangent to
V1 at n(0) = n2(0). Now define the delated curves

TA(t) = o\ (' (¢))-
Then by invariance it holds d(n}(t),n3(t)) = Ad(n*(t),n*(t)). Together with Buse-
mann concavity we get for A > 1

a(n (5) 2 (5)) = a2,

Asn' and n? are both tangent to V3, their Pansu differential is also V3. In particular,
it holds

[t
I\ <A> — exp(tV1).

But this implies that d (n} (£),73 (%)) — 0 and thus d(n'(t),n*(t)) = 0.

To conclude, we just need to note that any k-step Carnot group with k£ > 1 has
distinct geodesics which are tangent to the same horizontal vector. Thus X must
be a rank 1 Carnot group, i.e. a Banach space. Strict convexity of the norm follows
as otherwise Busemann concavity cannot hold. [
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Remark (Asymmetric metrics). In principle it is possible to define Busemann con-
cavity also for asymmetric metrics. In order to prove Propositions 2.9 and 2.23 one
needs the concavity property between any two forward resp. backward geodesics
starting at a fixed point € X. The proof of the splitting theorem requires minor
adjustments taking care of the asymmetry of the distance.

2.1. Constructions and examples. A whole family of Busemann concave spaces
is obtained by products of Busemann concave spaces.

Lemma 2.6. If (X;,d;);c; are Busemann concave spaces for some finite index set
I C N and F is a strictly convex norm on R then X = x;c1X; equipped with the
metric d((x;)ier, (Yi)icr) = F((d(zi,y:))icr) is Busemann concave.

Remark. (1) It is possible to allow for countably infinite index sets. The obtained
space is then an extended metric space, i.e. the metric may be infinite.

(2) If F is not strictly convex or some factors are only weakly Busemann concave
then their product is weakly Busemann concave.

Proof. If F is strictly convex then geodesics in X are obtained as “product geodesics”.
Thus

F((d((t), 7 ())ier)
tF(d(yi(1), 7 (1))ier)

td((vi(1))ier, (v (1))ier)-

(i (8))ier, (% (1))icr)

Y

(]

Remark (Berwald spaces). Using Jacobi fields it is possible to show that Berwald
spaces with flag curvature bounded below by k£ € R satisfy the corresponding Buse-
mann comparison result locally until the conjugate radius is reached. In | ]
it was shown that in the class Berwald spaces non-positive flag-curvature is equiv-
alent to Busemann convexity. In the current setting we were not able to “invert”
the inequalities to show the same for non-negative flag curvature and obtain global
Busemann concavity. Note, however, that any simply connected non-negatively
curved Berwald space which does not contain a higher rank symmetric factor can
be exactly described [ |. More precisely, they are metric products as above and
each factor is either flat or a Riemannian manifold of non-negative curvature (see
[ ). Thus a deeper understanding of higher rank symmetric spaces and their
Riemannian and Berwald structures would allow to characterize non-negatively
curved Berwald spaces in terms of Busemann concavity.

Recall that the (Euclidean) cone Con(X) of a metric space (X,d) is the set
X % [0,00) where the points (z,0) are identified and the metric on Con(X) is given
by

d((z,7), (y,5))* = r* + s* — 2rs cos(min{n, d(z,y)}).

Lemma 2.7. Assume (X,d) has diameter bounded by w. Then the Euclidean cone
over Con(X) is Busemann concave iff (X,d) has Busemann curvature bounded
below by 1.

Remark. (1) The bound 7 ensures that there is a comparison triangle. By Theorem
2.29 this bound always holds if the space (X, d) is not 1-dimensional.

(2) More generally, one can define general k-cones Cong(X), called spherical
suspension for k& = 1 and elliptical cone for k = —1, see | , Section 4.3
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and | , Definition 5.6]. A similar proof would show that they have Busemann
curvature bounded below by k iff X has Busemann curvature bounded below by 1
and diameter at most .

Proof. Let 1,22 and x3 be points in X and m; and mgy the t-midpoints of (z1,x3)
and resp. (x2,x3). The curvature bound of X translates to
d(ml, mg) Z d5'2 (fnl, Thg)
where m; and ms are the t-midpoints in the comparison triangle whose existence is
ensured by the bound on the diameter. Then cos(d(m1, ma)) < cos(dgz(mq,m2)).
Now let (x;,7;) be three point in Con(X) and (m1,s1) and (mg,s2) be the
corresponding t-midpoints. With the help of the comparison space we obtain
d((w1,71), (v2,72))> = dpa((F1,71), (F2,72))
= dps((m1, 51), (M2, 52))°

= 57+ 52 — 25159 cos(dg2 (1, M2))

IN

57 + 55 — 25159 cos(d(mq,ms))
= d((m1,s1), (ma2, 52))°.
Assuming conversely that Con(X) is Busemann concave we see that cos(d(mq, msa)) <

cos(dgz(my,m2)). As the diameter of X is at most 7, monotonicity of cosine on
[0, 7] implies the required comparison

d(ml, m2) Z ds’z (’ﬁh, ?’77,2)
([l

An open problem is whether quotients via isometry actions of Busemann concave
spaces are still Busemann concave. The current proofs in the Alexandrov setting
rely heavily on the notion of angle which is not present in the current setting. This
would also imply that any non-negatively curved Berwald space whose connection
does not have a higher rank symmetric factor is Busemann concave.

2.2. Busemann functions, lines and a splitting theorem. For non-negatively
curved Riemannian manifolds the existence of a line implies that the space splits,
i.e. there is a metric spaces X’ such that X is isometric/diffeomorphic to X’ x R. A
key point of the splitting theorem is the existence of a unique line 7, through every
x € X which is parallel to a given line . This is usually done by showing that the
Busemann functions b+ are affine and the rays asymptotic to ~* can be glued to
lines. In this section we show more directly that the gluing property holds and that
the space also splits into a product. However, it is not clear whether the Busemann
functions associated to lines are affine or whether their level sets are convex.
First the following useful lemma.

Lemma 2.8. Let v : [0,00) — X be a ray then it holds
d t

t—00 t

=1.
Proof. By definition b,(x) is the limit of the non-decreasing bounded sequence
t —d(xz,v(t)). Thus
— t
0= lim t—d(z,(1)

t—o00 t t—o00
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The following proposition shows that moving in the ray direction induces a nat-
ural expansion. In case of a line one may also move in the opposite direction to
show that this movement is an isometry, see Lemma 2.12 below.

Proposition 2.9. Let v :[0,00) = X be a ray, and n and £ be rays asymptotic to
v that are generated by the same sequence t, — oo. Then it holds

d(n(t),€(s)) < d(n(t + a),&(s + a))

for allt,s,a > 0.

Proof. From the assumption there are sequences (0, )nen and (£, )nen where 7,
and resp. &, are geodesics from 7(0) to 7y(t,) and resp. £(0) to y(¢,) such that
for any ¢ > 0 it holds 7, (¢t) — n(t) and &,(t) — &(¢). Now fix s,¢,a > 0 and set
by :7d(77(0)»'7(tn)> and ¢, = d(f(o)»l(tn» Define geOdeSiCS ﬁn(r) = nn(bn - T)
and &,(r) = &u(c, — 7). Also define b, = b, —t and ¢, = ¢, — s and note that
by, ¢, > 0 for sufficiently large n.

By Busemann concavity applied the hinge formed by 7, and &, with contraction
factor A\, = 1 — a/p,, we have

= Ad(n(t),8n(s)).
Note that

Tn(Anbn) = mu(t+a)
gn()‘nén) - fn (8 + gna> .

By Lemma 2.8 we have g—" — 1 s0 that &,(AnG,) — &(s + a) and hence

d(n(t),&(s)) < d(n(t + a),&(s + a)).
O
We will now prove the splitting theorem in a sequence of lemmas. Assume in the

following that (X, d) is Busemann concave and contains a line v : R — X. Denote
by n¥ the rays asymptotic to 4+ and let

_ ) =0
nx(t)_ {nz_(_t) tSO

Lemma 2.10. The Busemann functions b= are affine when restricted to n,. Fur-
thermore, n, s a line bi-asymptotic to .

Proof. We only need to prove that

by+ (1 (8)) = by+ (2) —
for s > 0. Indeed, this will show that b,+ is affine on 7,. A similar argument also

works for b, .
From the previous lemma we have

d(n, (s),7(t)) > d(n, (0),y(t +s)).
Thus
t—d(n; (s),7(t) <t+s—d(x,y(t+s))—s.
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Taking the limit as ¢t — oo we obtain

byt (15 (8)) < byt () — 5.
But then
5 < by (@) = bys (0 () < d(,n~(s)) = 5
and thus b+ (n; (s)) = by+ (z) — s.
This also implies that for ¢,s > 0 it holds

by (1 (6) = bye (ny (5) = s+t

< d(n; (s),n (1)
< d(ng (s), @) +d(z,nf (1) = s+t
Therefore, 7, is a line bi-asymptotic to ~. 0

Lemma 2.11. Through each point there is exactly one line parallel to ~y.

Proof. By non-branching there is at most one bi-asymptotic line through each z.
Indeed, assume 7 is a line through x such that 0.+ is affine along 1 and let 7} be a ray
which is asymptotic to y*. Then it is easy to see that b+ is affine on o' =9~ U7
and thus d(n~(t),7(s)) = t + s. But then by non-branching assumption we must
have n = /. The same argument also show that 7 is the unique line bi-asymptotic
to v that starts at n(t) for any ¢ € R. Hence 7 is parallel to ~. O

Lemma 2.12. For any z,y € X and t,s,a € R it holds
d(n(t + a),ny(s +a)) = d(n:(t),ny(s))-

Proof. Observe that uniqueness of the lines 7., and 7, through x and resp. y implies
that for any ¢, — oo the sequences (1, )nen and (£,)nen connecting x and ~y(t,)
and resp. y and 7(¢,) converge to n and resp. . Thus we can apply Preposition
2.9 either with the ray v or with the ray v~ to conclude

d(n(t),£(s)) = d(n(t + a), (s + a)).
(]

This means that moving along the lines induces an isometry. In particular, all
level sets of b+ are isometric with isometry generated by moving along the parallel
lines.

Corollary 2.13. Assume (X,d) is a proper Busemann concave metric space. If
through every point x € X there is a line connecting x with some fized xo then (X, d)
is homogeneous, i.e. for every x,y € X there is an isometry g, € Isom(X,d) such
that gzy(x) = y.

We are now able to prove the bi-Lipschitz splitting theorem.

Theorem 2.14 (Splitting Theorem). Let (X,d) a proper Busemann concave space
and assume X contains a line v : R — X. Then through every x € X there is a

unique line n parallel to v and (X, d) is bi-Lipschitz to a metric space (X' x R, d)
where d is a product metric.

Remark. The proof shows that X’ is a subset of X but it is not clear whether it can
be chosen to be convex/totally geodesic. In case X’ is totally geodesic the product
metric d on X’ X R can be chosen such that (X’ x R, d) is Busemann concave.
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Proof. We claim that (X, d) is bi-Lipschitz to (X’ x R, d) where X’ = b;j(()) and
d((2,1), (y,9)) = d(x,y) + [t = s|.
This is obviously a product metric on X’ x R. Now let ¥ : X — (R — X) assign
to each = € X the unique line 7, parallel to v such that b+ (n,(0)) = 0. We claim
that the map
\I/(.’E) = (7790<0)’ b’yJr (.’17))
is a bi-Lipschitz homeomorphism between (X,d) and (X’ x R,d). Note that ¥ is
obviously bijective, so that for simplicity of notation we identify X and (X’ x R)
set-wise and assume (z,1), (y, s) are points living in X.
Using the triangle inequality of d we get

d((2,t), (y,)) < d((z,1), (2,5)) +d((x,5), (y,5)) = [t=s|+d(z,y) = d((z,1), (y, 5))-
which implies that U'~! is 1-Lipschitz.
We claim that d(z,y) + |t — s| < 3d((x,t), (y,s)). This would imply that ¥ is
3-Lipschitz and finish the proof.
To show the claim note that b+ is 1-Lipschitz so that
|t —s| = [by+(,1) = by (y, 8)| < d((, 1), (. 5))
and from triangle inequality

d(z,y)

IN

d((@, ), (y, s)) + d((y, s), (y,1)
= d(($7t)7 (y7 5)) + |t - 8"
Combining the inequalities above we obtain
d(z,y) + |t — s| < d((z,1), (y,)) + 2|t — s| < 3d((z,1), (y,5))-

Note that it is possible to change d by any metric product of (X', d) and (R, |-—-|)
as any two norms on RZ are bi-Lipschitz with Lipschitz constants only depending
on the two norms. In particular, if X’ was convex w.r.t. d then one may choose
the L2-product so that X’ x5 R is Busemann concave. ([l

If the Hausdorff measure is non-trivial and the space is “Riemannian-like”; then
it is possible to show that X’ is indeed convex and (X,d) is isometric to the L%-
product of X’ and the real line.

Corollary 2.15. Assume, in addition, that H™ is non-trivial and (X,d,H") is
infinitesimally Hilbertian then (X, d) is isometric to X' xo R.

Proof. This follows from the proof of Gigli’s splitting theorem for RC D-spaces
[ ]. Just note that the “gradient flow” of the Busemann function is just the
isometry induced by moving along the lines and this isometry also preserves the
Hausdorff measure. Using | , Theorem 5.23| one shows that X’ is totally
geodesic. Furthermore, L-products of infinitesimally Hilbertian Busemann concave
spaces are also infinitesimally Hilbertian (compare with | , Theorem 6.1]). O

As mentioned above if (X,d) is Busemann concave and angles are well-defined
then (X, d) is an Alexandrov space. In Gigli’s proof of the splitting theorem, point-
wise angles are replaced by “smoothed” angles. More precisely, instead of looking at
two intersecting geodesic in X one can look at intersecting geodesics in the Wasser-
stein space Po(X). If the geodesics are pointwise absolutely continuous measures
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then being infinitesimally Hilbertian shows that there is a notion of angle. Thus
one might ask.

Problem 2.16. Assume (X, d,H") is an infinitesimally Hilbertian Busemann con-
cave metric measure space and H™ is non-trivial. Is (X, d) a non-negatively curved
Alexandrov space?

2.3. Tangent cones. Let I', be the set of maximal unit speed geodesics starting
at z. The pre-tangent cone T, X at X is defined as the set T', x [0, 00) such that
the points (7,0) are identified. On T, M we define the metric d, as follows: Given
geodesics v, € T, there is an interval I = [0, a] such that v,n are both defined on
I. Then define a metric d, on TwX by

d(y(rs),n(rt
Lo ny= sy 0UICD)
rel0,1],max{rs,rt}<a r
Lemma 2.17. If (X,d) is Busemann concave then d, is a well-defined metric on
T.X. Furthermore, it holds d((y,As), (n, \t)) = Ad((7, s), (n,t)).

Proof. d, is obviously non-negative and symmetric. The function r — M
is non-increasing by Busemann concavity so that the supremum in the definltlon
of d; is actually a limit w.r.t. » — 0. This also implies that the triangle inequality
holds. Also note that d,((v,s),(n,t)) = 0 implies that d(v(rs),n(rt)) = 0 so that
~v(rs) = n(rt). As v and n are unit speed geodesics starting at = we must have s = ¢
so that either s =t =0 or v =7, i.e. d, is definite. ]

It is possible to define an exponential map directly from the pre-tangent cone:
Let U, C T, X be such that (v,t) € U, iff v(¢) is defined. Then we define the
exponential map exp, : U, — X by

exp, (7, 1) = ().
Note that by definition, exp, is onto. By Busemann concavity and the defini-
tion of d, it is not difficult to show that exp, is 1-Lipschitz, i.e. d,(v,w) >

d(exp,(v), exp, (w)).

Definition 2.18 (Tangent cone). The tangent cone (T,X,d,) at z is defined as
the metric completion of (T, X, d,).

The tangent cone (T, X,d;) is not necessarily the (pointed) Gromov-Hausdorff
limit of the blow ups (X, +d, ) at . Indeed, if (X, d) is compact and the tangent
cone at some point is not locally compact then it cannot be the Gromov-Hausdorff
limit of blow ups. An example is given by

KP = {(l’z) e Zcixf < 1}

where ¢ > 1 and p € (1,00). The set K? is a compact convex subset of £, but the
tangent cones at points (z;) with 0 < Y ¢‘a? < 1 are isometry to ¢’. However, if
the blow-ups are precompact then their limit is uniquely given by the tangent cone.

Lemma 2.19. If {(X, %dﬂ)})\e(o,l] is precompact then the limit as A — 0 exists
in the pointed Gromov-Hausdorff topology and equals (T, X, d,,0;).

More generally, if the tangent cone (T, M,d,) is locally compact we obtain the
following.
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Lemma 2.20. If (T, X,d,) is locally compact then for each r > 0 the sequence
{(B,(x), %d, T)}re(0,1) 18 precompact with respect to the pointed Gromov-Hausdorff
topology. In particular, (T,X,d,,0.) is the (unique) pointed Gromov-Hausdorff
limit of {(X, xd,2)}xe(0,1) as A — 0.

Proof. By scale invariance of T, X any bounded subset is precompact. Let U, be
all (v,t) € U, with ¢t < r. One can define a scaled exponential map exp)(y,t) =
v(At). Then exp) maps (U, d,) onto (B}(x), +d) and is 1-Lipschitz where B)(z)
is the (}d)-ball of radius r with center z. By assumption U, is bounded and thus
precompact in (T, X, d;). Therefore, for each € > 0 there is an N(e€) < oo such that
U, can be covered by N(e) d,-balls of radius e with center in U,..

We claim that that B can be covered by at most N(e) (+d)-balls of radius e.

by
Indeed, let {v1,...,vn()} be the centers of the d,-balls of radius e. This means

for all v € U, it holds infij\ge) d.(v,v;) < e. Set x; = exp)v;. As exp) is onto for

each 2/ € B} (z) there is a v € (exp})~!(z’). Combining this with the 1-Lipschitz
property we obtain

inf  d(z',x;) = inf  d(exp} Aw;
o (', ) e (expy (v), expy (vi))
< inf  Ady(v,v;) < Ae.
i=1,...,N(e)

Hence, {B>(z;)} X covers BX(z). By definition diam U,,diam B} < 2r so that
Gromov’s precompactness theorem implies that {(B}(z), +d)} is precompact. To-
gether with the previous lemma we see that the limit has to be (clU,,d,) =

(Bf=M(0), do)- O

Corollary 2.21. If (X,d) is a complete Busemann concave (locally) doubling met-
ric space then (T,X,d,) is locally compact and the unique limit of the blowups

(X7 %da I))\E(O,e] .

By | | it can be shown that for topologically and measure-theoretically al-
most all points € X the tangent cone (T, M, d,) is a finite dimensional Carnot
group. However, the limit does not have to be Busemann concave so that Proposi-
tion 2.5 cannot be applied. Nevertheless, the results above show that a homogeneous
tangent cone is necessarily both weakly Busemann concave and the homothetic con-
traction is affine. Both should imply that it has to be a Banach space. This, in
particular, would imply that Busemann concave spaces are metric generalizations
of Finsler manifolds.

2.4. Hausdorff measure, doubling and Poincaré. The Hausdorff measure is
a natural measure associated to a metric space. For finite dimensional Alexandrov
spaces it is known that there is an integer n such that the n-dimensional Hausdorff
measure is non-trivial, i.e. non-zero and locally finite [ ]. Furthermore, if
the space is non-negatively curved then this measure is doubling. For general
Busemann concave spaces, we currently cannot show that the Hausdorff measure
is non-trivial if the space is finite dimensional w.r.t. to any meaningful dimension
definition. However, we will show that if the Hausdorff measure is non-trivial then
it is doubling and satisfies a (1, 1)-Poincaré inequality. Furthermore, it also satisfies
the measure contraction property which is a (very) weak form of non-negative Ricci
curvature. It is likely that further analysis shows that Busemann concavity implies
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that the space satisfies CD(0,n), i.e. Busemann concave spaces have non-negative
n-dimensional Ricci curvature in the sense of Lott-Sturm-Villani.
Let § > 0 and S be a subset of X. Define

1
H?(S) = O, inf {2(2 diam U;)" | S © U U;, diam U; < 5}
i€EN €N
where C), is a constant such that H" equals the Lebesgue measure on R™ when
(X,d) = (R", dguciia). Note that H} (S) is decreasing in ¢ so that we can define the
n-dimensional Hausdorff measure of S as follows

H"(S) =supHg(S) = lim H (S5).
§>0 6—0

From the definition it follows that H™ is an outer measure. Furthermore, one can
show that each Borel set of X is H"-measurable and thus H" is a Borel measure.

Note that we have the following: if for some n it holds H"(S) < oo then H™ (S) =
0 for all n’ > n. Also if #™(S) > 0 then H"(S) = oo for all 0 < n’ < n. In
particular, for each S there is at most one n with 0 < H"™(S) < oco. Therefore, we
can assign to each bounded set a number called Hausdorff dimension

dimgyg S = inf{n € [0,00)|H"(S) =0}
= sup{n € [0,00) [ H"(5) = oo}
with conventions inf @ = oo and sup@ = 0. Now denote the local Hausdorff

dimension at x by

dimy X (z) = Ie(ijnofpm[1 dimpg U.

Given points =,y € X we can choose a geodesic 7., connecting x and y such
that for any ¢ € [0, 1] the map

O (y,x,t) = Yay(t)
is a measurable function. Without loss of generality it is possible to choose @ in a
symmetric way, i.e. ®(y,z,t) = ®(z,y,1 —t).
Let Q be some subset of X and define Q; = ®(Q,x,t). Denote its inverse by
g : Q — Q. Note that this map is onto and Busemann concavity implies it is
t~1-Lipschitz. Let {U;};en be a d-cover of € then {g(U;)}ien is a t~1d-cover of Q.
Furthermore, it holds

L Z(diam u)"

tn

Z(diamg(Ui))" <

and hence

1
Hizas(Q) < S HG ().
Taking the limit as 6 — 0 on both sides we see that
1
(2.1) H(Q) < HM,)

Note that this implies that if H™(B,(x)) < co then H"(2) < oo for all bounded
Q. Indeed, there is a t > 0 depending only on €, z and r such that Q; = ®(Q,x,t) C
B, (x).
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Lemma 2.22. In a Busemann concave space (X,d) the Hausdorff dimension of
bounded open subsets is equal to a fixred numbern € [0,00]. In particular, dimy X (z) =
const.

Proof. Let ©,€) be two bounded subsets with non-empty interior. Then there is
an z € Q,2’ € ' and r,t > 0 such that Q, C B,(2') C @ and Q;, C B,(z) C Q
where Q, = ®(, 2/, t) and Q; = ®(Q', 2, t). Hence, by 2.1 it holds
1 ’
H(@) < H (@)
and

W) < S H(Q),

Now it is easy to see that dimy Q = dimg Q' and that this number equals the local
Hausdorff dimension at x. (]

In case the Hausdorff dimension is finite, it is still not clear if the corresponding
measure is non-trivial, i.e. 0 < H™(B,(z)) < oo for some z € X and r > 0.
However, if the n-dimensional Hausdorff measure is non-trivial, then the space
enjoys nice properties.

Proposition 2.23. Assume (X,d) is a complete Busemann concave metric space
admitting a non-trivial Hausdorff measure. Then (X,d, H™) satisfies the measure
contraction property MCP(0,n), the Bishop-Gromov volume comparison BG(0,n)
and a (weak) (1,1)-Poincaré inequality. In particular, H"™ is a doubling measure
with doubling constant 2.

Remark. We refer to | | for the exact definition of the measure contraction
property and to | , ] for definitions of Poincaré and doubling conditions
and their influence on the geometry and analysis of metric spaces.

Proof. Since ® is measurable we can apply | , Lemma 2.3].
The Bishop-Gromov volume comparison and the doubling property follows once
we notice that Q = Bg(z) implies that Q= C B, (z). Equation 2.1 then implies

Hn(BR(l')) < R™ o V07n(R)

Pree———— — = for0<r < R.
H™(B,(x)). — rm Von(r)

In particular, r — %}5))) is non-increasing.

A standard argument implies that a weak (1,1)-Poincaré inequality holds (see
eg. | , Lemma 3.3]), i.e. it holds

/ lu —up, z)|dH" < 2”+1T/ GudH"
B (x) Bs, ()

where g, is a weak upper gradient of w.

We sketch the argument given in | , Lemma 3.3]: It suffices to assume
u € Lip(X,d) and g,, = lipu where lipu is the local Lipschitz constant of u. Set
B = B.(z) and ug = H%(m JpudH™. Then for every geodesic v,. : [0,1] — X
connecting y, z € B,(z) it holds

fu(y) — u(2)] < d(y, 2) / gu 1y (1)) .
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[u—uslan < s [ ) —ue) e G w)
< wwl ] / (20 (O)dtdH" ()" (1)
< H“—(m /B /B / e ()t () ()

where the last inequality follows by choosing the geodesics v, in a symmetric way.
Note that the measure contraction property implies

[ o <z [ seme)

Thus

IN

for all non-negative f € L. (X, H™) and ¢ € (0,1], see | , Equations (2.2)].
Therefore, we obtain
lu—up|dH" < 7 (B) /., Gu(yy= (1)) dH" (2)dtdH" (y)
B 1 Ba, (y)
< w)dH" (w)ddH ()
s 0 Jp”
< w)dH" (w)dtdH™ (y)
BSr
< 2"+1r/ GudH".
BSr(x)

Remark. In order to prove the Bishop inequality it remains to show that

o HB@)
r—0 rn

where w, = Vy,(1). This holds at points where the (blow-up) tangent space is
isometric to an n-dimensional normed space as the Hausdorff measure of balls equals
the volume of the n-dimensional Euclidean balls of same radius and the pointed
Gromov-Hausdorff convergence is compatible with the measured Gromov-Hausdorff
convergence if the reference measures are non-collapsing Hausdorff measures of the
same dimension.

2.5. Bonnet-Myers theorem. Throughout this section we assume that geodesics
are parametrized by arc length, i.e. they are unit speed geodesics. This will simplify
some of the proofs below.

Recall a fact on triangles in S?: Let a, b, ¢ € (0, 7] with a+b+c < 27. Then there
is a triangle formed by unit speed geodesics ’y,ﬁ@~ of length a,b,c with 9 = 7,
Yo = 50 and 7 = éc. Furthermore, if a = b > § and a + b+ ¢ = 27 then

dSQ( Y5 N%)

and 4y = 7y is a midpoint of the pair (¥ Yz, 1 %) The proof of the Bonnet-Myers
theorem relies heavily on this rigidity.

We say that the complete geodesic metric space (X, d) has Busemann curvature
bounded below by 1 if for all unit speed geodesics «v,n,¢ in X of length a, b, ¢ with
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Yo = Mo, Ya = &o and m, = &, such that there is a corresponding comparison triangle
in S2 of length a,b,c > 0 then it holds

d(%m 77tb) > dg2 (’NYtay ﬁtb)

for all ¢t € [0,1].

Using a slightly different notion of positive curvature Kann | ] obtained a
Bonnet-Myers theorem for two dimensional G-spaces which are positively curved
in his sense. Note that his proof heavily relies on the notion of two dimensionality
as well as local extendability of geodesics. The proof of the Bonnet-Myers theorem
below is inspired by the one for M CP(K, N)-spaces | , Section 4]. The main
idea is to replace the density estimates by length estimates. However, the technique
is quite different and some steps are easier to prove in the current setting.

Before we start we need the following characterization of non-branching spaces
that are not 1-dimensional: A non-branching geodesic metric space is said to be
not 1-dimensional if for any unit speed geodesic v : [0,a] — X and € > 0 there is a

Yy € Ba(v0) with d(va,y) < € but y ¢ ¥[0,a]-

Lemma 2.24. Assume (X,d) is non-branching and not 1-dimensional. Then for
all unit speed geodesics v : [0,a] — X and b € (0,a) there is z € 0By(y0) with

Y F Yo

Proof. Choose € = %ﬁb and y € Ba(70) as in the definition of not 1-dimensional.
Let  : [0,d(v0,y)] = X be a unit speed geodesic connecting 7o and y. The choice
of € shows b < d(vp,y). Since (X,d) is non-branching we see that 7, # 7, so that

we may choose z = 1. (]

For non-branching 1-dimensional spaces one gets the following rigidity. We leave
the details to the interested reader, compare also with [ , Theorem (9.6)].

Lemma 2.25. If (X, d) is 1-dimensional and non-branching then it is isometric to
a closed connected interval I C X or a circle S}\ of length A > 0.

Before proving the main theorem of this section we need the following technical
lemmas.

Lemma 2.26. Assume (X, d) has Busemann curvature bounded below by 1. Ify,n :
[0,m —a] = X are two unit speed geodesics starting at x € X with d(Vgﬂ?g) <7
and a € (0, 5] then for any s € [a, 5] it holds d(Yx—s,Nx—s) < 25.

Proof. Not first that
limsup d(z, vr—s) + d(z, Mr—s) + d(Vr—s, Thr—s) < 27

s—3
Thus
lim sup(d(Yr—s, Nr—s) — 2s) < 0.
s—5
In particular, for s sufficiently close to 5 it holds d(vx—s,Nr—s) < 2s.

Assume the statement was not true. Then there is a largest so € [a, ) with
A(Vr—s0y Mr—sy) = 289. The assumptions imply that there is a comparison triangle
of the triangle formed by (&, Vx—s,, Mr—s,) Such that for some unit speed geodesics
¥,7 (0,7 — so] = S it holds A(Vr—s0sNr—s0) = Ad(Vr—s0+ Thn—s,) and

d(ve,ne) > dg2 (Fe,7¢) for t € [0, — sq].
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However, the comparison triangle satisfies

dsz(Yz,7z) =
which would contradict the assumption d(yz,nz) <. O

Lemma 2.27. Assume (X, d) is not 1-dimensional and has Busemann curvature
bounded below by 1. Then for e > 0 and all unit speed geodesics v,n : [0, 7 —s] = X
with s € (0, %) there is a unit speed geodesic n° : [0, — s] — X such that sc > s,
d(nﬂ—&’r};—ss) <e€and

Proof. If d(yz,mz) < 7 then we can choose n° = 7. Assume d(yz,nz) = 7. Since
(X,d) is not 1-dimensional there is a sequence of points (y,)nen in Br—s(z) such
that y,, — nx—s and y,, # n(m—s,) where s, = 7—d(x,y,). Let n™ : [0, 1—s,] = X
be a unit speed geodesic connecting x and y,. Note by non-branching n% # Nz
We claim that d('y%,n%) < m. Indeed, equality would imply that z is a mid-
point of both (yz,nz) and (’Y%ﬂ?%) which is not possible by the non-branching
assumption. O

In the following we write diam @ = 0. Thus diam A = 0 implies that A contains
at most one element.

Corollary 2.28. Assume (X, d) is not 1-dimensional and has Busemann curvature
bounded below by 1. If v,n are as in the lemma above then
d(Yr—s,Mr—s) < 28

for s €0, Z]. In particular, diam 0By _s(x) < 2s for s € [0, 5].
Proof. Assume first s > 0. Using Lemma 2.27 we find a sequence of unit speed
geodesics " : [0, 7 —s,] — X with s, > s, 07, — 1r—s and d(vg,77) < 7. Thus
we can apply Lemma 2.26 to v[[g r—s,] and 7" and get

d(%r—sn,n:—sn) < 28p.

Since s,, — s we see that

A(Vr—s,Nr—s) = lim d(Va—s,,nn_, ) < lim 2s, = 2s.
n—o00 "

n—oo

The case s = 0 is obtain via approximation. ([l

Combining the results we are able to prove the following theorem.

Theorem 2.29 (Bonnet-Myers Theorem). Assume (X,d) is non-branching and
has Busemann curvature bounded below by 1. If (X, d) is not 1-dimensional then
the diameter of X is at most .

i

Remark. By scaling one sees that diam X < T

ture bounded below by k& > 0.

if the space has Busemann curva-

Proof. Let y € X be such that d(x,y) = diam X and v be a unit speed geodesic
connecting x and y. Assume by contradiction diam X > w. Corollary 2.28 shows
0B (x) = {v»}. However, by Lemma 2.24 there is a z € 0B, (z) with z # 7, which
is a contradiction. (]
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By the same arguments it is possible to show that if (X, d) is not 1-dimensional
then for all unit speed geodesics 7 : [0,a] — X and 7 : [0,b] — X starting at = with
a,b € [0,7), a+ b > 7 the triangle formed by (x,~,,n) has circumference at most
27 with strict inequality unless d(7iq, ) = © where ta + tb = 7. In particular,
given three points in X there is always a corresponding comparison triangle in S2.

Using this we can prove the following along the lines of | , Section 5|: if
d(z,z*) = 7 for some z,z* € X then for any z € X it holds

d(z,2)+d(z,2") =7

and there is a unique unit speed geodesic v connecting x and z* such that vy(d(z, z)) =
z. This implies that if X is compact then it is homeomorphic to a suspension of the
space (0Bz(z),d). We leave the details to the interested reader. An alternative
proof can be done along the lines of | |. For this note that Euclidean cone
Con(X) is Busemann concave. If diam X = 7 then Con(X) contains a line and by
Theorem 2.14 it splits so that X must be homeomorphic to a spherical suspension.
As in the proof of the splitting theorem, it is not clear whether 0Bz (x) is totally
geodesic.

3. UNIFORMLY SMOOTH SPACES

In this section we define a form global non-negative curvature via a “smoothness”
assumption on the metric. Indeed, any Riemannian manifold whose distance is
uniformly smooth (see below) must have non-negative sectional curvature on all
planes spanned by tangent vectors which are tangent to a ray. However, locally the
distance is C*° and automatically uniformly smooth.

The notion is inspired by the theory of Banach spaces: Uniform smoothness of
the norm implies that Busemann functions are well-defined and linear. In particular
they are given as duals of the corresponding vector which represents the ray. In this
section we want to use uniform smoothness to show that Busemann functions are
quasi-convex. A stronger condition, called p-uniformly convex, will give convexity.
From this one can obtain by an argument of Cheeger—Gromoll | | that such
a space is an exhaustion of convex sets and can be retracted to a compact totally
geodesic subspace, i.e. a variant of the soul theorem. Note, however, in the smooth
setting this retract can have a non-empty boundary, so that the compact retract
should rather be called a weak soul.

In the end of this section we try to give a local version of non-negative curvature
inspired by Gromov’s characterization of non-negative curvature in terms of inward
equidistant movements of convex hypersurfaces, see | ]

3.1. Uniform smoothness and convexity of Busemann functions.

Definition 3.1 (Uniform smoothness). A geodesic metric space is said to be uni-
formly smooth if there is an non-decreasing function p : (0,00) — [0, 00) such that

@ — 0 as € = 0 and for all x,y, 2z € X with
d(y,z) < emin{d(z,y),d(x, 2)}
it holds
d(x,m) > (1 — p(e)) min{d(z,y), d(z, 2)}

whenever m is a midpoint of y and z.
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We leave it to the interested reader to show that this is equivalent to the usual
definition of uniform smoothness in case X is a Banach space. A stronger variant
is the so-called p-uniform smoothness for p € (1,2].

Definition 3.2 (p-uniform smoothness). A geodesic metric space is said to be
p-uniformly smooth if there is a C' > 0 such that for all x,y, z € X it holds

1 1
de,m)? > Ld(a, g + L, 2 — Sy, 2

whenever m is a midpoint of y and z.

Note that by Clarkson’s inequality every LP-space is p’-uniformly smooth for
p’ = min{p,2}. Furthermore, the dual of a g-uniformly convex Banach space is
p-uniformly smooth with % + % =1.

The following was proved by Ohta | , Theorem 4.2].

Lemma 3.3. Any Berwald space of non-negative flag curvature is 2-uniformly
smooth.

However, as every Berwald space of non-negative flag curvature is affinely equiv-

alent to a Riemannian manifold of non-negative curvature | , ], one can
obtain most topological and geometric properties directly from the affinely equiva-
lent Riemannian manifold (see | D.

It is not difficult to show that p-uniform smoothness implies uniform smoothness.
Indeed, one has

d(z,m)? > (1-p)A
where A = 1d(z,y)P+1d(z, 2)P and AL = d(y, 2)P. Because A > min{d(z,y), d(z,z)}?,
we have

d(z,m) > (1 — p) min{d(z,y),d(x, z)}

where p = min{1, 5}. Thus we may choose

ple) = rnin{%é”7 1}

to conclude.
An integral part of the soul theorem is the following function which we call
Cheeger—Gromoll function (w.r.t. xo € X)

ba () = sup by ()
where the supremum is taken over all rays starting at xg.

Proposition 3.4. Assume (X, d) is uniformly smooth. Then any Busemann func-
tion b, associated to a ray vy is quasi-convex. In particular, all Cheeger—Gromoll
functions are quasi-convex.

Proof. Fix distinct points z,y € X and assume z,y ¢ y([t,00)) for some large ¢.

Let ¢, = min{d(iﬁ’;{)d(ym)} and m be a midpoint of z and y. Then by uniform

smoothness it holds
t—d(m,v) < t—(1-—p(e)) min{d(z,v:),d(y,v)}

= max{t = de), (0} + X o).
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Note t — oo implies €, — 0 so that the rightmost term converges to zero. But then

by(m) = tliglot —d(m, )
S lim max{t - d(%%)y t— d(ya '715)}
t—o00

max{b- (), by(y)}.

Since the Cheeger—Gromoll functions are suprema of quasi-convex functions they
are quasi-convex as well. O

Proposition 3.5. Assume (X, d) is p-uniformly smooth. Then Busemann function
by associated to any ray v is convexr. In particular, all Cheeger—Gromoll functions
are convex.

Proof. Fix distinct point z,y € X and assume z,y ¢ v([t,00)). Then

d(m, )" _ 1 d(@,w)P\ | 1 d(y,v)P\ | Cd(z,y)?
t-—pa S\t~ )t )t T
Note that the limit of the rightmost term converges to 0 as ¢ — oo and by Lemma
2.8
. d(z7fyt)p T _
Jm = = = Jim = d(z ) = 0,(2)

for any z € X. Combining these gives
1 1
by(m) < ib’y(m) + ib'y(y)'

Since the Cheeger—Gromoll functions are suprema of convex functions they are
convex as well. ]

Remark. By the same arguments the functions

by,(z) = limsup sup t—d(z,y)
t—00 yedBi(xo)

I;wo(x) = 1imSUPd(xo,yn)—d($7yn)
Yn —>00

are both quasi-convex or resp. both convex.

Corollary 3.6. Assume (X,d) is locally compact and p-uniformly smooth and
geodesics in (X,d) can be extended locally. Then for any embedding line v : R — X

b,y+ + b,y— =0.

In particular, b+ is affine. If, in addition, (X,d) is non-branching then X is
homeomorphic to b;i (0) x R.

Proof. Let n: [0,1] = X is a geodesic and set f = b+ + b,-. Convexity implies
that ¢t — f(n(t)) achieves its maximum at 0 or 1 if it is not constant. So assume
f(n(1)) < 0. From the assumption we can extend 7 beyond n(1) such that 7 :
[0,14 €] — X is a local geodesics agreeing with 1 on [0, 1]. Let a € [0,1) such that
is a geodesic. Then

max f(7(t)) = f(n(1)) = 0.
t€la,14¢€]

ﬁ|[a,1+e]

However, this implies that f(7) is constant on [a, 1+ ¢]. But then f(n) also attains
its maximum at ¢ = a implying that f(n(t)) =0 for all ¢ € [0, 1].
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The equality shows that we may glue the asymptotic rays. Assume now that
(X, d) is non-branching then there is at most one pair of asymptotic rays which
can be glued together at a fixed point. In particular, for every x € X there are
unique line 7, parallel to v such that 2 € n, and 7, (bW (z)) = x. Note also that
M) = Mn(s) for s,t € R.

Let = = {n, |z € X} C Lip(R,X). By local compactness we can show that
U= b;i(O) defined by ¥(n,) = 7,(0) is a homeomorphism. In particular, the
assignment x > (13(0), b+ (2)) is a homeomorphism between X and b;j (0)xR. O

Remark. Without local extendibility the result might be wrong. Indeed, if X is the
product of a filled triangle and the real line then there exist two convex functions
such that their sum is non-positive and somewhere negative, and they sum up to
zero at the line formed by a vertex of the triangle. However, if we assume that
(X, d) is Busemann concave then one can use the fact that

by (n(0)) = by ((0))
to show affinity of the Busemann function. We leave the details to the interested

reader.

The following is an analogue of the case of standard Busemann functions. The
result also holds for b,, and bg,.

Lemma 3.7. Assume (X, d) is locally compact and unbounded. Then for any x € X
there is a ray v, : [0,00) = X emanating from x such that

ba, (793 (t)) = by, (33) + 1.

Proof. This is true for b,, where v, is a ray emanating from zo. From the
definition there is a sequence (7} ) of rays emanating from zo such that b, (z) =
limy, o0 by (2). Let 7} be the rays emanating from z with by (73 (t)) = by (2)+t.
By local compactness we can assume vy — vz, and vy — ;. Thus

boo(x) +t = lim byn (z) +1¢

n—oo
= lim by (41(0)
= by (7(2) < b (72(2))-
However, b, is 1-Lipschitz implying |bs, (72(t)) — bz, ()] < t and thus the inequality

above is an equality. O

Theorem 3.8. Any uniformly smooth locally compact metric space (X,d) admits
a quasi-convex exhaustion function b : X — R with compact sublevels such that
S = b~ (minb) has empty interior.

Proof. Let b = by, for some xy € X. The fact that S;, has empty interior follows
from the lemma above. Indeed, let € S;,. There is a ray -, emanating from z
with b(y,(t)) = b(z) + t. Assume ~,(t) € S,, then

mind = b(y,(t)) = b(z) +t = minb + ¢
which can only hold if ¢ = 0. Therefore, int S, = @. (]

We call S,, a weak soul as there is no way to dissect it further without an
intrinsic notion of boundary (see also below).

Corollary 3.9. If, in addition, b is strictly quasi-convex then S is a single point.
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Proof. Let z,y € Sy, be two point and v : [0,1] — S, be a geodesic connecting
x and y. By strict quasi-convexity we have b(v;) < max{b(x),b(y)} with strict
inequality if z # y. But that case cannot happen because b(z), b(y) = mind. O

Strict quasi-convexity of b implies that the sublevel sets are strictly convex. For
Alexandrov spaces we can show the converse.

Proposition 3.10. Assume (M,d) is an Alexandrov space of non-negative curva-
ture. Then Cs is strictly convex (for some s > minb) if and only if b is strictly
quasi-convex on Cs.

Remark. Tt is well possible that b is not strictly quasi-convex outside of Cs. An

example is given as follows: glue the half cylinder [0,00) x S™~1 and the lower

hemisphere S7 along their boundaries which are isometric to S”~!. Then b is up
2

to a constant the distance from the south pole and is not strictly (quasi-)convex
outside of the hemisphere.

Proof. Obviously strict quasi-convexity of b on Cy implies strict convexity of Cj.
Assume instead Cj is strictly convex. We will use the rigidity of the distance from
the boundary proven by [ |. From Corollary 3.15 below we have (b)c, =
s — be, where be, () = d(x,0Cs). If be, was not strictly quasi-convex then there
is a non-constant geodesic v in C such that bc, is constant along . The rigidity
result in | , Proposition 2.1] shows that there is a non-constant geodesic 7 :
[0,1] — OC; which is impossible by strict convexity of Cs. O

The above actually gives a more general characterization: a closed convex set
C in an Alexandrov space of non-negative curvature is strictly convex iff b () =
d(-,0C) is strictly quasi-convex on C.

3.2. An application of the technique in the smooth setting. In this section
we apply the technique above in the smooth setting. We show that if a Finsler
manifold with non-negative flag curvature has vanishing tangent curvature along
a geodesic n then any Busemann function is convex along 7. This can be used to
simplify the proof of orthogonality of certain tangent vectors in | | and avoid
a complicated Toponogov-like theorem proved in [ ]. In order to avoid a
lengthy introduction, we refer the reader to | | for the notation used in this
section. The focus will be on the proof of uniform smoothness of the distance
[ , Theorem 4.2, Corollary 4.4].

Note that in the Finsler setting a (forward) geodesic refers to an constant-speed
auto-parallel curve « : [0,1] — M such that dr(v0,71) = F (%) where dF is the
asymmetric metric induced by the Finsler structure F'. Assuming smoothness of
v :[0,1] — M, this is equivalent to

dr(vt,7s) = (s = t)dr(y0,71)
for1>s>¢t>0.

Lemma 3.11. Let (M, F) be a connected forward geodesically complete C>°-Finsler
manifold. Assume (M, F) has non-negative flag curvature and for all x € M the
norms F, are 2-uniformly smooth for some constant S > 1. Ifn:1[0,1] - M is a
(forward) geodesic with T =0 on T,,M then

d*(z,m) > (1 —t)d*(z,m0) + td*(z,m) — (1 — t)tS%d*(no, m).
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Proof. We only sketch the argument as the calculations are exactly those of | ,
Proof of Theorem 4.2]. The only time the assumption 7 > —4§ is applied is for
estimating

917 (DGU, T) = g1y (DG U, T) = Trgry (v)
where T(r) € T, M and v = %~. Since DYU(r) = 0 and T = 0 on Tp, M we

F(no) "
see that gT(T)(DgU7 T) = 0. In particular, it is possible to choose 6 = 0. Then
following the calculation we obtain the result via | , Corollary 4.4]. O

Along the lines of the proof of Proposition 3.5 we immediately obtain the fol-
lowing corollary.

Corollary 3.12. Let (M, F) be as above. Then any Busemann function associated
to a ray v : [0,00) = M is convex along 1, i.e. t— by(n(t)) is convex on [0, 1].

The next result was proved in | , Lemma 4.8] for closed forward geodesics,
i.e. amapn:S' — M such that 7 is locally geodesic. Note that we do not need the
reversibility assumption of the closed geodesic [ , Theorem 1.2]. The author
wonders whether 7 = 0 on T;,M would imply that the reversed 7 : ¢ — (1 —¢) is
a geodesic loop as well. This would be the case if 7 = 0 in a neighborhood U of 7,
i.e. M is Berwaldian in U.

Corollary 3.13. Let (M, F) be as above and assume 1 : [0,1] — M is a (forward)
geodesic loop, i.e. 1 is locally (forward) geodesic such that ng = n1. Then for any
ray v : [0,00) = M with vy = no it holds

940 (0,70) <0 and g4, (Y0,m) > 0.
In particular, if n is a (forward) closed geodesic then g, (o0, 10) = 0.
Proof. This is a direct consequence of the first variation formula and the convexity

of the Busemann function. Indeed, by the first variation formula (see | ,
Exercise 5.2.4]) and uniqueness of geodesics between vy and +; we have

. d(ms,ve) — d(no,7e) . 7o
lim = —g; , -
ST dnony) 910030 i)
and
. d(Ms,ve) — d(no, ve) . -1
lim =g ,—).
ST dy el FTay)

Now convexity of the Busemann function b, associated to v implies that
by(ns) < by(n0) = 0.
However, we have

d(mo,7t) — d(ns,7t) =t — d(ns,7e) < by(7s)

which immediately shows that g+, (Y0, 70) < 0. A similar argument shows g-, (§0, —1) <
0.
If v is a closed geodesic then also 79 = 7)1 so that

0 > g"YO(;YOa?.?O) = g"YO(;yOvﬁl) > 0.
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3.3. A strong deformation retract onto a weak soul. Having a weak soul
shows that all geodesic loops starting in S,, must stay in S;,. Thus if all loops
starting at some x € S;, are homotopic to a geodesic loop starting at z then the
fundamental group of X and S,, are the same. In general, it is not clear how to use
a similar argument for higher homotopy groups. If S;, was a strong deformation
retract of X then the all fundamental group would agree.

Throughout this section we assume that (X, d) is a locally compact and uniformly
smooth. Note that this implies that closed bounded sets are compact. We want
to give a condition which implies that each sublevel of b,, is a strong deformation
retract of X.

The first result is just a reformulation of | , Proposition 1.3]. The only
ingredient used in their proof is the fact that the sublevels of b,, are closed and
totally geodesic.

Lemma 3.14. The sublevel sets Cs = b;ol([O,s]) are compact and the boundaries
have the following form: Let 0 < s < t then

0Cs = {z € Cy|d(z,0C) =t — s}.

Proof. Note by definition b, (y(t)) = t for any ray starting at z¢. In particular, b,,
is unbounded when restricted to such a ray. Now suppose that sublevels of b,, are
not compact. Then there is an s and a sequence x,, — co with by, (z,) < s. Let v,
be a geodesic connecting xo and x,. By local compactness there is a subsequence
of (7,) converging to a ray v starting at . As Cs = b3 ([0, s]) is closed convex,
~n and v lie entirely in Cs. This, however, implies that b,,(v(t)) < s which is a
contradiction.

To see that second claim, note by, is 1-Lipschitz so that 2 € dCs and y € C;
with d(z,y) <t — s implies by, (y) < t. O

The following shows that b;, can be described in a local manner. It can be used
to show that a certain notion of positive curvature means that the weak soul S,
consists only of a single point, see Proposition 3.29 below.

Corollary 3.15. For each v > m where m = minb,, define the function bc, :
Cr = (0,7 —m] by

be, (x) = d(x,0C,).
Then bc,. is quasi-concave and it holds

bao () =1 = be, (7)
forx e C,.
Proof. If x € 0C5 for s < r then by, (x) = s. Thus the lemma implies

beo(x) =7 —(r—38) =1 —"bo, ().

It remains to show that by !'(s) = dC;. Let x € by '(s). By Lemma 3.7 there is a
ray v, emanating from z such that

bao (V2 (t)) = bay () + £

Since 7, (r — s) € 9C, we obtain d(z,0C,) < r —s. As b,, is 1-Lipschitz this must
be an equality so that the previous lemma implies x € 9C,. a
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Corollary 3.16. Assume (X,d) is non-branching and let A4 be the set of points x €
0C5 such that d(x,Syz,) = s —minbg,. Then A, s = Ur<y<sAr is homeomorphic
to Ag x [0,1] for all r,s > minb,,. Furthermore, there is a continuous map P, :
Ar — Sg-

Proof. We only indicate the proof as the construction is similar to the one above:
The ray ~ given by Lemma 3.7 can be extended backwards to a ray starting in
Szo- More precisely, let 7/ be a unit speed geodesic connecting y, and 2 where y,
is a foot point of z in S,,. Because d(x,S;,) = by, (z) — minb,,, v U~ is a ray
emanating from y,. By non-branching and compactness of S;, we see that there is
exactly one y € Sy, with d(z,y) = d(x, Sy,). Furthermore, the assignment z — y,,
is continuous.

Furthermore, note that +/ intersects each A, with minb,, < r < s in exactly one
point. This shows that A, ; is homeomorphic to A4, x [0, 1]. O

In general it is not true that A, = 0Cs. Indeed, assume X is a space which
is obtained by gluing a flat half-strip {(z,y) € R? |z € [-1,1],5 > 0} and half a
disk {(z,y) € R? |2 + y* < 1.y < 0}. Then for any p € X it holds b, ' (minb,) =
{(0,-1)} and Ug>mins, As = {(0,y) € R?|y > —1} which corresponds to the ray
starting at the “south pole” of the disk. However, 9Cs = {(x,y) € X |y = ys} for
some ys depending on s and p.

The following result shows that for a subclass with nice gradient flow behavior
there is a non-expansive deformation retract. Note, however, it is expected that

only Riemannian-like metric space have such property (see | ]). For a general
overview of gradient flows on metric spaces we refer to | ]. In the setting of
Alexandrov spaces the non-expansiveness was shown in | ) |

Proposition 3.17. Assume (X,d) is p-uniformly smooth and gradient flows of
conver functions exist and are non-expansive. Then there is a strong deformation
retract F' : X x [0,1] = X onto Sy, such that Fy is a contraction onto a sublevel
set of by,. In particular, Fy : X — Sz, is a contraction.

Remark. Note that only convexity of b, is needed. More generally, a slight adjust-
ment of proof works if b,, is p-convex. It is unclear whether quasi-convexity of by,
would be sufficient.

Proof. 1f by, is convex so is b}, = max{bs,,7}. Denote the gradient flows of b}, by
®7 : X — X. As the definition is local we see that for x € X with b, (z) > r >/
there is a t’, € (0,00) such that ®(z) = &/ (z) for ¢ € [0,7]. More precisely, the
equality fails once by, (@} (x)) < r. Similarly, one can show that ®} restricted to C,
is the identify. Note that any r > minb,, is reached in finite time. Furthermore,
®7 is constant on C;.

For any z,y € X and ¢t > max{t?,t!} it holds

i(z) = @ (2)
Pi(y) = @ ().

Non-expansiveness implies
d(®}(x), P (y)) < d(z,y).

Define now
F.(z) = lim @ (x).
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Since each z reaches C, in finite time, the map is well-defined. Furthermore, we see
that F). is non-expansive and maps X onto C,.. Also note that F,. is the identify on
C,.

Let ¢ : [0,1) — [minb,,,o0) be a homeomorphism. We claim that the following
map F : X x [0,1] — X satisfies the required properties:

Fy- >0
F(x,s):{x¢<1 »(@) z:O

It suffices to show that (x,,s,) — (z,0) implies F(x,,s,) — x. This follows
because there is an 7 > 0 such that z,,z € C,. Since t,, = ¢(1 — s,,) — 00 we see
that for large n it holds ¢,, > r and thus

F(xn,sn) = F, (xn) =z — .

O

For non-Riemannian-like metric spaces the above construction does not work.
However, if we assume that locally projections onto convex sets are unique then it
is still possible to construction a strong deformation retract. Such an assumption
would imply a local weak upper curvature bound which is not satisfied on Alexan-
drov spaces. Indeed, Petrunin gave an example of an Alexandrov space which
contains a convex set without such a property | |. As this is not published
anywhere else here a short construction: Let X be the doubling of the (convex)
region F' = {(z,y) € R?|y > 2?}. Now let A be the (doubling) of F intersected
with the ball with center (0,—1) passing through (1,1). This set is convex in X.
Every point on the boundary of F' outside of A has two projection points onto A.

Definition 3.18 (strict convexity radius). The (strict) convexity radius p(z) of a
point z in a metric space (X, d) is the supremum of all 7 > 0 such that the closed
ball By(x) is (strictly) convex for all s € (0,7].

Definition 3.19 (injectivity radius). The injectivity radius i(z) of a point z € X
is the supremum of all » > 0 such that for all y € B,.(x) there is only one geodesic
connecting x and y.

Lemma 3.20. Assume (X,d) has strict convezity radius locally bounded away from
zero. Then the injectivity radius is locally bounded away from zero.

Remark. The lemma shows that if (X, d) was in addition also a weak Busemann
G-space then it is actually a Busemann G-space (see below).

Proof. Choose some large ball Br(zg) such that p(z) > ¢ for all + € Br(zo) and
e < & We claim that i(z) > 2¢. Indeed, let y € Bac(z) for x € Br (z0) and set
2d = d(z,y) < 2e. Then By(z) N By(y) = @, and Bg(z) N By(y) is non-empty
and consists entirely of midpoints of  and y. However, if there were two distinct
points m,m’ € Bg(x) N By(y) then their midpoint would be in By(z) N By(y)
which is a contradiction. This implies that midpoints in Bg(zp) are unique. Local
compactness immediately gives uniqueness of the geodesics. ([l

Lemma 3.21. Assume (X,d) is locally compact and has strict convexity radius
locally bounded away from zero. Let C' be a compact convex subset of X then there
is an € > 0 such that any point y in the e-neighborhood C. of C' has a unique point
yo € C such that d(y,yc) = d(y,C).
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Proof. For every o € X and R > 0 there is an ¢ > 0 such that p(x),i(z) > 2¢
for all x € Br(zp). Assume C C Br (z9) and € < &. We claim that C, has the
required property.

Let y € C.. Since C is compact, there is at least one such yo € C with d(y,yc) =
d(y,C). Assume there are two distinct yc,y, € C with d(y,yc) = d(y,ye) =
d(y,C) = ¢ < e. From the definition we have yc,ylc € 0B (y). Assume m
is the midpoint of yo and ylc. Since p(y) > €, Bu(y) is strictly convex. Thus
m € int Bes (y). However, this implies d(m,y) < d(y, C') which is a contradiction as
convexity of C' shows m € C. a

Corollary 3.22. Assume there is a convex set C' with C C C' C Ce. Then the
projection induces a strong deformation retract of C' onto C.

Proof. Denote the closest point projection by p : C' — C. As the geodesic v :
[0,1] = X connecting  and p(x) is unique we may define a map P : C' x[0,1] — C’
by
P(x,t) = .

Note that P(z,0) = z, P(z,1) = p(x) and by convexity of C’ we also have
P(z,t) € C' for all (z,t) € C’' x [0,1]. Furthermore, local compactness together
with local uniqueness of the geodesics shows that P is continuous and thus a strong
deformation retract. O

Theorem 3.23. Assume (X,d) has strict convezity radius locally bounded away
from zero and there a quasi-convex continuous function b : X — [0, 00) with compact
sublevels. Then for any r > 0 the sets C, = b=*([0,r]) are strong deformation
retracts of (X,d). In particular, X retracts onto the weak soul S.

Proof. The construction is similar to | , Section 2]. By the above lemma any
point z € C admits a unique projection point f;T(x) € Ciu—p)ysttr if s > 7 and
|s — r| < e(b,s) where € is given as above by choosing R such that Cy C Br (o).
Note that s +— ¢(b, s) is uniformly bounded away from zero on [0, M| for all M > 0.

Now define sg = r and s,411 = s, + %e(b, $n). We claim that s, — oo as
n — oo. Indeed, if s,, = s < oo then €(b, s,) — 0 which is a contradiction because
(b, s,,) > €(b, M) whenever s, < M.

Let t € [r,00). We define a family of functions (f! : Cs, — Cs, )nen as follows:
Set f¢ =id and

t 0
fn o SnySn—1 U< Sn—1
t A : _ t—sn—
ST SN t € [sn—1, 8] With A = —r=
id t> s,.

One can verify that f!  is continuous. Furthermore, let m < n then
f’fz,:f'fn on CS,,L>tZSm
and
fi(z) == if (x,t) € Cs,, X [$m, 00).
Now let ¢ : [0,1) — [r,00) be an increasing homeomorphism. Then define
Fla, 1) = { Mnos IONES
x t=1.
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Note that F' is continuous on X x [0,1). So let (z,,t,) — (z,1) then z,,z € Cj,,
for some large m. As t, — 1 we have s,,, < ¢(t,,) for n > ng and thus

Flxn,ty) = f20)(2,) =z, =z = f¢U(2) = F(x,1).
This shows that F is a strong deformation retract because f2(Cs, ) = C. g

3.4. Towards a soul on uniformly smooth spaces. To complete the soul the-
orem along the lines of Cheeger—Gromoll one needs a proper notion of intrinsic
boundary. We say that geodesics in (X, d) can be locally extended if for all geodesics
v :[0,1] — X there is a local geodesic ¥4 : [—¢,1] — X agreeing on [0, 1] with ~.
In the smooth setting, © € OM would imply that there is a geodesic starting at =
such that —4, # T, M. In particular, v cannot be extended beyond .

Definition 3.24 (geodesic boundary). The geodesic boundary 04C of subset C' C X
is the set of all z € C such that there is a geodesic in C' that cannot be locally
extended in C.

Remark. The notion differs from the boundary of Alexandrov spaces. Indeed, if
the singular set is dense then the geodesic boundary is dense as well.

The following is a replacement for the notion of closed manifold.

Definition 3.25 (weak Busemann G-space). A geodesic metric space is a weak
Busemann G-space if its geodesics can be locally extended in a unique way. In
particular, 9,X = @.

Unique extendability implies non-branching. The Heisenberg group equipped
with a left-invariant Carnot—Caratheodory metric is a weak Busemann G-space
which is not a (strong) Busemann G-space. See | | for more on Busemann
G-spaces. From Lemma 3.20 we immediately see that.

Lemma 3.26. A weak Busemann G-space with strict convexity radius locally bounded
away from zero is a Busemann G-space.

By | , Theorem 1.6] the geodesic boundary above agrees with the boundary
of open convex subsets if (X, d) is a Riemannian manifold. Their proof also works
for Finsler manifolds. In the current setting this is almost true.

Lemma 3.27. If (X,d) is a weak Busemann G-space and C = cl(int C) is convex
then

dC = cl9,C.

Proof. The inclusion 9,C C JC follows from local extendability and the fact that
C = cl(int C).

Let x € OC then there are y, € intC and z, € X\C such that y,,z, — z.
Furthermore, there is a geodesic v, : [0,1] — X connecting y,, and z,. Observe
that for any € > 0 and sufficiently large n it holds 7, (¢) € B.(z).

By convexity of C there is a tg > 0 such that 7, ([0,t]) C C and ~v,((to,1]) C
(X\C). But this means v, (ty) € 94C proving the claim. O

Definition 3.28 (Gromov non-negative curvature). A weak Busemann G-space is
said to be non-negatively curved in the sense of Gromov if for all closed convex sets
C the functions

be : x— d(z,0,C)
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are quasi-concave on C, i.e. the superlevels of bo : C' — [0,00) are convex. If bo
is strictly quasi-concave at xg, then we say the space has positive curvature in the
sense of Gromov at xy. If it holds for all zyp € X then we just say (X, d) has positive
curvature in the sense of Gromov. Furthermore, we say it has strong non-negative
(positive) curvature in the sense of Gromov if be is convex (strictly convex).

Remark. (1) In Gromov’s terminology | , p.44] this means that the inward
equidistant sets (0C)_. of the convex hypersurface C remain convex.

(2) If C = cl(int C) then be(z) = d(z, dC) by the lemma above.

(3) The opposite curvature bound is usually called Pedersen convex, resp. Ped-
ersen non-positive/negative curvature | , , (36.15)]. This property says
that the r-neighborhood of convex sets remain convex. It is sometimes called “has
convex capsules’”. Note that this characterization was rediscovered by Gromov
[ , p-44] as “the outward equidistant sets (0C). of a convex convex hypersur-
face OC remain convex”.

Note that Gromov non-negative curvature is rather weak. It is trivially satis-
fied on weak Busemann G-spaces whose only closed convex subset with non-trivial
boundary are geodesic. Indeed, an example is given by Heisenberg group, see
[MRO3).

The author wonders if it is possible to define non-negative curvature in the sense
of Gromov only in terms of (local/global) properties of the metric not relying on
sets.

Assume in the following that (X, d) is proper, non-branching, uniformly smooth
and non-negatively curved in the sense of Gromov. Furthermore, we assume xy € X
is fixed and C, = b, ! ((—o0,]) are the sublevels of the Cheeger-Gromoll function
(see above).

Proposition 3.29. If (X,d) has positive curvature in the sense of Gromov then
Sz, @5 a point.

Proof. Let s > minb,,. Then Corollary 3.15 shows that b,, and s — bc, agree on
C,. Positive curvature shows that bc, is strictly quasi-concave so by Corollary 3.9
the set Sy, must be a point. O

Now we want to show that one can successively reduce S,,. For such a reduction
we need to assume that the geodesic boundary does not behave too badly. For this
recall that a set A is nowhere dense in a closed subset B if its closure in B has
empty interior w.r.t. B.

Definition 3.30 (non-trivial boundary). A metric space is said to have non-trivial
boundary property if for all non-trivial closed convex set C' the geodesic boundary
04C' is nowhere dense in C.

By | , Theorem 1.6] any Riemannian manifold satisfies the non-trivial bound-
ary property.

Lemma 3.31. Assume (X,d) has non-trivial boundary property and non-negative
curvature in the sense of Gromov. Then for any closed convex set C' the set S =
bal(max be) is a closed convex subset without interior w.r.t. C. We call S' the weak

soul of C.
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If the Cheeger-Gromoll function b,, is seen as minus of the renormalized dis-
tance from the boundary at infinity then uniform smoothness implies Gromov non-
negative curvature in the (very) large. Corollary 3.15 shows that the weak soul
of Sy, actually agrees with the weak soul of the sublevel set thus justifying the
terminology.

Given a convex exhaustion function b, one can now start with X and obtain a
weak soul Cp = S;,. This set admits a weak soul C; as well. Repeatedly applying
the lemma shows that there is a flag of closed convex set Cy D C; D ---. In order
to show that this procedure eventually ends we need the following.

Definition 3.32 (topological dimension). A metric space (X,d) is said to have
topological dimension n, denoted by dimy., X = n, if every open cover (Uy)qer of
X admits a cover (V3)ges such that for all 8 € J there is an o € I with V3 C U,
and each x € X is contained in at most n sets V.

Lemma 3.33. Let C be convex and S its weak soul. Then
1 + dimtop S S dimtop C.
If S' contains a geodesic then dimye, S > 0.

Proof. This follows along the lines of Corollary 3.16. Indeed, look at the sets
A, C 9C, such that

d(z,S)=r foralxzeA,

where C,. = b ([r, 00)).
Then as in Corollary 3.16 one can show that sets A, x [0, 1] is homeomorphic to
a subset of C. In particular, it holds

1 + dimtop A’I‘ = dimtop A’r‘ X [0, 1]
< dimtop C.

Also observe that there is a continuous map of A, onto S so that dimee, A, >
dimtop S.
The last statement follows as an embedded line has topological dimension 1. O

Corollary 3.34. Any finite dimensional, proper, non-branching, uniformly smooth
metric space (X,d) of non-negative curvature in the sense of Gromov and non-
trivial boundary property admits a closed convex set S such that 0,5 = @. We call
S a soul of X.

Note that the construction of the deformation retracts also works inside of convex
sets when replacing the Cheeger-Gromoll exhaustion b,, by bc. Thus we may
summarize the results above as follows.

Theorem 3.35. Assume (X, d) is uniformly smooth, strong non-negatively curved
in the sense of Gromov and has strict convexity radius locally bounded away from
zero. Then there is a strong deformation retract onto a closed convexr set S with
0,5 = 0.

Note that by Lemma 3.26 and [ ] the assumptions imply that (X, d) is finite
dimensional.
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