STANDARD BASES IN K[, ....tw]l[z1, . ..,z
THOMAS MARKWIG

ABSTRACT. In this paper we study standard bases for submodules
of K[[t1,...,tm]][x1,...,xs]° respectively of their localisation with
respect to a t-local monomial ordering. The main step is to prove
the existence of a division with remainder generalising and com-
bining the division theorems of Grauert and Mora. Everything else
then translates naturally. Setting either m = 0 or n = 0 we get
standard bases for polynomial rings respectively for power series
rings as a special case. We then apply this technique to show that
the t-initial ideal of an ideal over the Puiseux series field can be
read of from a standard basis of its generators. This is an impor-
tant step in the constructive proof that each point in the tropical

variety of such an ideal admits a lifting.

The paper follows the lines of [GrP02] and [DeS07] generalising the
results where necessary. Basically, the only original parts for the stan-
dard bases are the proofs of Theorem 2.1 and Theorem 3.3, but even
here they are easy generalisations of Grauert’s respectively Mora’s Di-
vision Theorem (the latter in the form stated and proved first by Greuel
and Pfister, see [GrP96]; see also [Gra94]). The paper should therefore
rather be seen as a unified approach for the existence of standard bases
in polynomial and power series rings, and it was written mostly due
to the lack of a suitable reference for the existence of standard bases
in K[[t]][z1,...,x,] which are needed when dealing with tropical vari-
eties. Namely, when we want to show that every point in the tropical
variety of an ideal J defined over the field of Puiseux series exhibits a
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lifting to the variety of .J, then, assuming that .J is generated by ele-
ments in K[[tﬂ] [1,...,2,], we need to know that we can compute
the so-called t-initial ideal of J by computing a standard basis of the
ideal defined by the generators in K Htﬁﬂ [x1,...,2,] (see Theorem
6.10 and [JMMOT]).

An important point is that if the input data is polynomial in both ¢ and
x then we can actually compute the standard basis since a standard
basis computed in Kt1,. .., tmli,,. 4.1, - - -, ) Will do (see Corollary
4.7). This was previously known for the case where there are no x; (see
[GrP96)).

In Section 1 we introduce the basic notions. Section 2 is devoted
to the proof of the existence of a determinate division with remain-
der for polynomials in K{[t1,...,tn]|[z1,...,Zm]® which are homoge-
neous with respect to the x;. This result is then used in Section 3 to
show the existence of weak divisions with remainder for all elements of
K{[t1, ..., twm]][z1, ..., 2m,)°. In Section 4 we introduce standard bases
and prove the basics for these, and we prove Schreyer’s Theorem and,
thus Buchberger’s Criterion in Section 5.  Finally, in Section 6 we
apply standard bases to study t-initial ideals of ideals over the Puiseux

series field.

1. BAsic NOTATION
Throughout the paper K will be any field, R = K][t1,...,ty]] will
denote the ring of formal power series over K and

Rlxy,...,x,) = K[[t1, ..., tw]][z1, - -, T4)

denotes the ring of polynomials in the indeterminates 1, ..., z, with
coefficients in the power series ring R. We will in general use the short
hand notation z = (z1,...,2,) and t = (t1,...,t,), and the usual
multi index notation

ta:t?l...t%m and Eﬁszfl"'l‘gn,

for a = (aq,...,a,) € N" and = (6,...,0,) € N".
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Definition 1.1
A monomial ordering on

Mon(t, z) = {f’ 2P ‘ acN™ g e ]N”}

is a total ordering > on Mon(¢, z) which is compatible with the semi

group structure of Mon(¢, z), i.e. such that for all o, o/, a” € N and
8,0, p" € N

Ia . £6 > ZOé/ . £6/ j Za—’—a” . £ﬁ_,’_ﬁ// > tal'i‘a” . £5/+ﬁ//.
We call a monomial ordering > on Mon(t, z) t-local if its restriction
to Mon(t) is local, i.e. t; < 1foralli = 1,...,m. We call a t-local
monomial ordering on Mon(t, z) a t-local weighted degree ordering if

there is a w = (wy, ..., Wnyn) € R x R" such that for all o, o’ € N™
and 3,3 € N

U}'(O[,/B)>U}'(O/,/8,) — Ia'£5>£a/'£ﬁl7

where w -+ (a, 3) = wy - a1+ ...+ Wy - Ay + Wipa1 - B1 + o+ Wy - B
denotes the standard scalar product. We call w a weight vector of >.

Example 1.2
The t-local lexicographical ordering >, on Mon(t, z) is defined by

-z’ > 2
if and only if
dje{l,...,n} : ﬁlzﬁ{,...,ﬁj_lzﬁjﬁl, and ﬁj>ﬁj/-,
or

(B=pFand3Ije{l,...;m} : ar=af,...,0;1 = _j, 05 < o).

Example 1.3
Let > be any t-local ordering and w = (wy, ..., Wnn) € RZ) x R,
then t* - 2 >, t* - 27 if and only if w - (o, B) >w- (o, ) or

(w(a,8) =w-(/,3) and t*- 27 >t 2%)

defines a t-local weighted degree ordering >,, on Mon(t, z) with weight

vector w.
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Even if we are only interested in standard bases of ideals we have to
pass to submodules of free modules in order to have syzygies at hand

for the proof of Buchberger’s Criterion via Schreyer orderings.

Definition 1.4
We define

Mon®(t, z) := {ia-gﬁ-ei lae N", e N" i = 1,...,3},

where e; = (0;;),=1,.s is the vector with all entries zero except the i-th
one which is one. We call the elements of Mon®(t, z) module monomials
or simply monomials.

For p,p" € Mon®(t, ) U{0} the notion of divisibility and of the lowest
common multiple lem(p, p’) are defined in the obvious way.

Given a monomial ordering on Mon(t, z), a t-local monomial ordering
on Mon®(¢, z) with respect to > is a total ordering >,, on Mon®(t, z)
which is strongly compatible with the operation of the multiplicative

semi group Mon(t, z) on Mon®(¢, z) in the sense that
12’ e >y 172" ey = 1T e > 1P

and

R N A A S T
for all 5,4, 5" € N", ;" € N™i 5 € {1,...,s}.
Note that due to the second condition the ordering >,, on Mon®(¢, z)
determines the ordering > on Mon(t, z) uniquely, and we will therefore
usually not distinguish between them, i.e. we will use the same nota-
tion > also for >,,, and we will not specify the monomial ordering on
Mon(¢, z) in advance, but instead refer to it as the induced monomial
ordering on Mon(t, x).
We call a monomial ordering on Mon®(t, z) t-local if the induced mono-
mial ordering on Mon(t, x) is so.
We call a t-local monomial ordering on Mon®(t, z) a t-local weight or-
dering if there is a w = (w1, ..., Wminys) € Ry X R™ x R* such that
for all o,/ € N, 3,5 € N and 4,5 € {1,...,s}

'LU'(O(,/B,GZ‘)>'UJ'(O/,/8,,€]') — Ia'£6'6i>ia/'£6/'eja

and we call w a weight vector of >.
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Example 1.5

Let w € RZ; x R"* and let > be any t-local monomial ordering
on Mon®(t,z) such that the induced t-local monomial ordering on
Mon(¢, z) is a t-local weighted degree ordering with respect to the
weight vector (wy, ..., Wnyn). Then

/

2l e >, 12 ey

if and only if

/

w-(a,ﬁ,ei) >w-(0/7576j)

or
(w ) (a7ﬁa ei) =w- (O/vﬁ/)ej) and Ia ' £B 1€ > ia/ : iﬁ/ ) ej)

defines a t-local weight monomial ordering on Mon®(¢, z) with weight

vector w. In particular, there exists such a monomial ordering.

Remark 1.6

In the following we will mainly be concerned with monomial orderings
on Mon®(¢, z) and with submodules of free modules over R[z], but all
these results specialise to Mon(¢, z) and ideals by just setting s = 1. O

For a t-local monomial ordering we can introduce the notions of leading

monomial and leading term of elements in R[z]*.

Definition 1.7
Let > be a t-local monomial ordering on Mon®(t, z). We call

s d o
0£F=Y > aapi-t* 2" e € R[],

=1 [8|=0|a|=0
with anp; € K, |6 = 1+ ...+ 8, and |a| = a5 + ... + ap, the
distributive representation of f, My = {za 2P e | Ao, 7 0} the set
of monomials of f and 7Ty := {aa,m 2P e | o # 0} the set of
terms of f.
Moreover, Im.. (f) := max{t® - z° - e; | t* - 2° - ¢; € M} is called the
leading monomial of f. Note again, that this maximum exists since
the number of 3’s occurring in f and the number of ¢’s is finite and the
ordering is local with respect to t.
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If lm. (f) = t*-2P-¢; then we call les.(f) := aq g, the leading coefficient
of £, 165 (f) := aapit*2P-¢; its leading term, and tails. (f) := f—1t-(f)

its tail.

For the sake of completeness we define Im (0) := 0, 1t~ (0) := 0, le=(0) :
0, tails (f) =0,and 0 < t*-2°-¢; Ya € N™ g€ N" i .

Finally, for a subset G C R|[z]* we call the submodule

Lo (G) = (m(f) | f € G) < K[L, 2

of the free module K[t, z]* over the polynomial ring K|t, z] generated
by all the leading monomials of elements in G the leading submodule
of G.

We know that in general a standard basis of an ideal respectively sub-
module I will not be a generating set of I itself, but only of the ideal
respectively submodule which I generates in the localisation with re-
spect to the monomial ordering. We therefore introduce this notion

here as well.

Definition 1.8

Let > be a t-local monomial ordering on Mon(¢, z), then S5 = {u €
Rlz] | 1t=(u) = 1} is the multiplicative set associated to >, and R[z]s =
SZ'R[z] = {5 ’ f € Rlz],u € S>} is the localisation of R[z] with re-
spect to >.

If > is a t-local monomial ordering with z; > 1 for alli =1,...,n (e.g.
>, from Example 1.2), then S. C R*, and therefore R[z]. = R[z].

It is straight forward to extend the notions of leading monomial, leading
term and leading coefficient to R[z]- and free modules over this ring.

Definition 1.9

Let > be a t-local monomial ordering on Mon®(t,z), g = £ € R[z]2
with v € S5, and G C R[z]2. We then define the leading monomial,
the leading coefficient respectively the leading term of g as

Im. (g) :==1m(f), les(g) :=les(f), resp.  lts(g) == lt=(f),

and the leading ideal (if s = 1) respectively leading submodule of G

Lo (G) = (lms(h) | h € G) < K[t z].
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These definitions are independent of the chosen representative, since if
gz%zi—i then v’ - f = wu - f’, and hence

Its (f) = 1ts (W) 1t (f) = 1ts (' f) = Tts (e ) = 165 (u) 165 () = 165 (f).
Remark 1.10

Note that the leading submodule of a submodule in R[z]? is a submod-
ule in a free module over the polynomial ring K [t, z] over the base field,
and note that for J < R[z]$ we obviously have L. (J) = L. (JNR[z]*),
and similarly for I < R[z]* we have Ls (1) = L ({I) g ), since every
element of (I) gy, is of the form 5 with f € [ and v € S-.

In order to be able to work either theoretically or even computation-
ally with standard bases it is vital to have a division with remainder
and possibly an algorithm to compute it. We will therefore generalise
Grauert’s and Mora’s Division with remainder. For this we first would
like to consider the different qualities a division with remainder may

satisfy.

Definition 1.11

Let > be a t-local monomial ordering on Mon®(¢, z), and let A = R]z]
or A = R[z]-, where we consider the latter as a subring of K[[t, z]| in
order to have the notion of terms of elements at hand.

Suppose we have f,g1,...,9x, 7 € A* and qq,...,qr € A such that

f=q g1+ +q gt (1)

With the notation r = Zj.:l r;-ej, r,...,rs € A, we say that (1)

satisfies with respect to > the condition
(ID1) iff Imo(f) > lm-(g; - g;) for all i =1,... )k,
(ID2
(DD1
(DD2
(SID2

Here, “ID” stands for indeterminate division with remainder while

iff Im~ (¢g;) f lms(r) fori=1,...,k, unless r =0,
iff for j < i no term of ¢; - Im- (g;) is divisible by lm- (g;),
iff no term of r is divisible by Im. (g;) fori =1,... k.

— N N N

iff Im-(g;) [ lm-(r;-e;) unless r; = 0 for all ¢ and j.

“DD” means determinate division with remainder and the “S” in (SID2)
represents strong. Accordingly, we call a representation of f asin (1) a
determinate division with remainder of f with respect to (g1, ..., gx) if
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it satisfies (DD1) and (DD2), while we call it an indeterminate division
with remainder of f with respect to (gi,. .., gx) if it satisfies (ID1) and
(ID2). In any of these cases we call r a remainder or a normal form of
f with respect to (g1,...,9x)-

If the remainder in a division with remainder of f with respect to
(g1, .-, 9gx) is zero we call the representation of f a standard represen-
tation.

Finally, if A = Rz] then for v € S5 we call a division with remain-
der of u - f with respect to (gi1,...,gx) also a weak division with re-
mainder of f with respect to (gi,...,gx), & remainder of u - f with
respect to (gi,...,gx) is called a weak normal form of f with respect
to (g1,.--,9x), and a standard representation of w - f with respect to
(g1, ..., gx) is called a weak standard representation of f with respect

to (gla cee 7gk)

It is rather obvious to see that (DD2) <= (SID2)«= (ID2), that
(DD1)+(ID2) <= (ID1), and that the coefficients and the remainder
of a division satisfying (DD1) and (DD2) is uniquely determined.

We first want to generalise Grauert’s Division with Remainder to the
case of elements in R[z] which are homogeneous with respect to . We
therefore introduce this notion in the following definition.

Definition 1.12
s d « s
Let f =321, Zm\:o > aenm Gapi L 27 - e; € Rlz)*.

(a) We call deg,(f) := max {|3| | aa,5; # 0} the z-degree of f.

(b) f € R[z]® is called z-homogeneous of x-degree d if all terms
of f have the same z-degree d. We denote by R|z]3 the R-
submodule of R[z]® of z-homogeneous elements. Note that by
this definition 0 is z-homogeneous of degree d for all d € IN.

(c) If > is a t-local monomial ordering on Mon®(¢, z) then we call

ecart(f) := deg,(f) — deg, (Im-.(f)) > 0

the ecart of f. It in some sense measures the failure of the
homogeneity of f.
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2. DETERMINATE DIVISION WITH REMAINDER IN K/[[t]|[z]

We are now ready to show that for z-homogeneous elements in R[z]
there exists a determinate division with remainder. We follow mainly

the proof of Grauert’s Division Theorem as given in [DeS07].
Theorem 2.1 (HDDwR)
Let f,g1,...,9x € R[z]® be x-homogeneous, then there exist uniquely
determined qy, . ..,qx € Rlz] and r € R[z]® such that
f=a -0+ . taq-gxtr
satisfying (DD1), (DD2) and
(DDH) q1, ..., qk, 7 are z-homogeneous of x-degrees deg,(¢;) = deg,(f)—
deg, (lm> (gl)) respectively degg(r) = degg(f).
Proof: The result is obvious if the g; are terms, and we will reduce

the general case to this one. We set fy = f and for v > 0 we define

recursively

k k
fl/ == fufl - ZQi,u g — Ty = ZQi,u . (( - tall(gz))u
i=1 i=1
where the ¢;, € R[z] and 7, € R[z]® are such that

fu—l =10 lt>(gl) + ...+ Qv - 1t>(gk) + 17, (2)

satisfies (DD1), (DD2) and (DDH). Note that such a representation of
f,—1 exists since the 1t~ (g;) are terms.

We want to show that f,, ¢, and 7, all converge to zero in the
(t1,...,tn)-adic topology, that is that for each N > 0 there exists
a iy > 0 such that for all v > uy

flM Ty S <t17 CE atm>N ° R[&]S resp. qLV S <t17 o atm>N
By Lemma 2.3 there is t-local weight ordering >, such that
Im.(g;) =lm~_(g;) foralli=1,... k.

If we replace in the above construction > by >,,, we still get the same
sequences (f,)0%, (¢in)o2, and (r,)52,, since for the construction of
¢i,» and 7, only the leading monomials of the g; are used. In particular,
(2) will satisfy (DD1), (DD2) and (DDH) with respect to >,,. Due to
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(DDH) f, is again z-homogeneous of z-degree equal to that of f, 1,
and since (DD1) and (DD2) imply (ID1) we have

Im., (fo—1) > max{lm. (¢;,) -lms () |i=1,...,k}
> max { Im-, (¢;) - Im<, ( — tail(gi)) ‘ i=1,..., k:} >1lm- (f,).

It follows from Lemma 2.4 that f, converges to zero in the (t1, ..., ¢,)-
adic topology, i.e. for given N there is a uy such that

fo€{ty, ... t) - Rlz]* forallv>pu.
But then, by construction for v > uy
ry € (t1, ..., ty)" - Rlz]®

and

qi.v c <t1, e ,tm>N7di,
where d; = deg (Im(g;)) — deg, (Im-(g;)) is independent of v. Thus
both, r, and ¢; ,, converge as well to zero in the (¢, ..., t,,)-adic topol-

ogy.
But then

g = qu € Rlz] and r:= Zr,, € R[z)®
v=1 v=1
are z-homogeneous of z-degrees deg,(¢;) = deg,(f) — deg, (1m=(g;))

respectively deg,(r) = deg,(f) unless they are zero, and

f=a -a+.. . +ta-g+r
satisfies (DD1), (DD2) and (DDH).

The uniqueness of the representation is obvious. O
The following lemmata contain technical results used throughout the
proof of the previous theorem.

Lemma 2.2
If > is a monomial ordering on Mon®(z) with z = (t,z), and M C

Mon®(z) is finite, then there exists w € Z™ "5 with

w; <0, ifzz <1, and w; >0, ifz>1,
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such that for 27 - ei,ﬁ' ~e; € M we have
!
26 > 20 ey = w-(v,e) > w- (Y, e)).

In particular, if > is t-local then every t-local weight ordering on Mon®(t, z)

with weight vector w coincides on M with >.

Proof: The proof goes analogous to [GrP02, Lemma 1.2.11], using
[Bay82, (1.7)] (for this note that in the latter the requirement that >
is a well-ordering is superfluous). U

Lemma 2.3

Let > be a t-local ordering on Mon®(t,z) and let ¢1,...,9x € R[z]®
be x-homogeneous (not necessarily of the same degree), then there is a
w € LTy X 2" such that any t-local weight ordering with weight vector

w, Say >, induces the same leading monomials as > on g1, ..., gk, €.
Im.(g;) =1lm>(g;) foralli=1,... k.

Proof: Consider the monomial ideals I; = (Myaig,)) in K[t, z] gener-
ated by all monomials of tail(g;), ¢« = 1,...,k. By Dickson’s Lemma
(see e.g. [GrP02, Lemma 1.2.6]) I; is generated by a finite subset, say
B; C Miaiig,), of the monomials of tail(g;). If we now set

M =B U...UB,U{lm-(g1),...,lm=(gx)},

then by Lemma 2.2 there is w € Z7, x Z""* such that any t-local
weight ordering, say >,,, with weight vector w coincides on M with >.
Let now t* - 2 - ¢, be any monomial occurring in tail(g;). Then there

is a monomial ¢* - 27" - e, € B; such that

t -2 e, | 172" e,

which in particular implies that e, = e,. Since g; is z-homogeneous it
follows first that |3| = |5’| and thus that § = 3’. Moreover, since >,
is t-local it follows that t* >, t® and thus that

t e,z 12l ey

But since > and >,, coincide on {lm-(g;)} U B; C M we necessarily
have that

Im.(gi) >o t* 2% e >0t 27 e,
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and hence Im- , (¢g;) = Im~(g;). O

Lemma 2.4

Let > be a t-local weight ordering on Mon®(t, z) with weight vector
w € 27, X 75 and let (f,)en be a sequence of x-homogeneous
elements of fizved x-degree d in R[z|® such that

Im. (f,) > lmo(f,41) forall veN.
Then f, converges to zero in the (t1, ..., t,)-adic topology, i.e.
VN>03puy>0:Vv>py wehave f, € {ty,... tm)" - R[z].
In particular, the element Y - f, € R[z]5 exists.

Proof: Since wy,...,w,, < 0 the set of monomials

is finite for a any fixed k € IN.
Let N > 0 be fixed, set 7 = max{|w1], ..., |[Wninis|} and k := (N +

nd + 1) - 7, then for any monomial ¢* P e; of x-degree d
Ea-£ﬁ~€j¢Mk == Ea'gﬁ'ejE<t1,...,tm>N'R[SL’]S, (3)

since

Zai'wig —k—Z@"me—mernﬂ < —k+Mmd+1)-7

i=1 i=1
and thus

—1=N.

la] = Zaz >Zal

Moreover, since My is finite and the lm< (f,) are pairwise different there
are only finitely many v such that lm.(f,) € M. Let p be maximal
among those v, then by (3)

Ims (f,) € (t1,...,tm)" - R[z]* forall v > u.

But since > is a t-local weight ordering we have that Im-(f,) & M,
implies that no monomial of f, is in My, and thus f, € (t;,..., t.)" -
Rz]*® for all v > p by (3). This shows that f, converges to zero in the

(t1,...,ty,)-adic topology.
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Since f, converges to zero in the (ty,...,t,,)-adic topology, for every
monomial t* - 2% - e; there is only a finite number of v’s such that
t*- 2P - e; is a monomial occurring in f,. Thus the sum Y 7 f, exists

and is obviously z-homogeneous of degree d. O

From the proof of Theorem 2.1 we can deduce an algorithm for comput-
ing the determinate division with remainder up to arbitrary order, or
if we don’t require termination then it will “compute” the determinate
division with remainder completely. Since for our purposes termina-
tion is not important, we will simply formulate the non-terminating

algorithm.
Algorithm 2.5 (HDDwR)

InputT: (f,G) with G = {g1,...,9x} and f,g1,...,9x € Rlz]® z-
homogeneous, > a t-local monomial ordering

OUTPUT: (q1,.-.,qk,7) € R[z]* x R[z]* such that

f=q g+ .. +aq gtr
is a homogeneous determinate division with remainder of f
satisfying (DD1), (DD2) and (DDH).
INSTRUCTIONS:
® fo:=1f
o7 :=0
e FORi=1,...,k DO ¢ :=0
o v =10
e WHILE f, # 0 DO
— Qo ‘= 0
- FORi=1,...,k DO
* hi,” = ZPETf,, ‘1ms(g:) | p P

1,V

* Qi = It> (97)

* Q=i t Qiy
— Ty = fu — 1 1t>(gl) — s =Gk 1t>(gk)
—ri=r—4+mnr
_fl/+1 ::fl/_q1,l/'gl_---_Qk,u'gk_ru

—vi=rv+1
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Remark 2.6

If m = 0, i.e. if the input data f,¢g,...,gr € K[z]?, then Algorithm
2.5 terminates since for a given degree there are only finitely many
monomials of this degree and therefore there cannot exist an infinite

sequence of homogeneous polynomials (f,),en of the same degree with

lm>(f1) > lm>(f2) > lm>(f3) > ...

3. D1viSION wWITH REMAINDER IN K[[t]][z]°®

We will use the existence of homogeneous determinate divisions with
remainder to show that in R[z]* weak normal forms exist. In order to
be able to apply this existence result we have to homogenise, and we

need to extend our monomial ordering to the homogenised monomials.
Definition 3.1
Let z;, = (zo,2) = (xo, ..., Ty).
(a) For 0 # f € R[z]*. We define the homogenisation f" of f to be
h P deg&(f) ‘/El ‘/En S
f = Ty ’ f (L 37_0’ SRR I_O) S R[gh]degl(f)
and 0" := 0. If T C R[z]* then we set T" := {f" | f € T'}.
(b) We call the R[z]-linear map d : R[z,]® — R[z]* : g — g¢ =
Jjzo=1 the dehomogenisation with respect to x.

(c) Given a t-local monomial ordering > on Mon®(¢, x) we define a

t-local monomial ordering >, on Mon®(t, x;,) by

a/

ta.gﬁ.xg.ei >h ta/.gﬁl.xo .ej
if and only if
Bl +a> |6 +d

or
(81 +a=18]+d ad *-2% e > 27 -ey),
and we call it the homogenisation of >.

In the following remark we want to gather some straight forward prop-
erties of homogenisation and dehomogenisation.
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Remark 3.2

Let f,g € R[z]* and F € R[z,];. Then:
a) f=(f")"

b) F = (Fo) -y P )
) )=z I ().
(@) s, (9] I, (7%) <= ons () s (/) A ccart(g) < ccart (/).
() ., (F) = x(e]cart(F J+deg,,, (F)—deg, (f) I (F9).

Theorem 3.3 (Division with Remainder)

Let > be a t-local monomial ordering on Mon®(t,z) and g1,...,q9x €
R[z]*. Then any f € R[z]® has a weak division with remainder with
respect to gy, ..., gk.

Proof: The proof follows from the correctness and termination of Al-
gorithm 3.4, which assumes the existence of the homogeneous determi-
nate division with remainder from Theorem 2.1 respectively Algorithm
2.5. O

The following algorithm relies on the HDDwR-Algorithm, and it only

terminates under the assumption that we are able to produce homo-

geneous determinate divisions with remainder, which implies that it is

not an algorithm that can be applied in practise.

Algorithm 3.4 (DwR - Mora’s Division with Remainder)

INnpUT: (f,G) with G = {g1,..., 91} and f,g1,...,9r € R[z]*, > a
t-local monomial ordering

OUTPUT: (u,qu,...,q,7) € Ss X R[z]* x R[z]® such that

u-f=q -g+...+q g+r

is a weak division with remainder of f.
INSTRUCTIONS:

e T:=(g1,---, k)

o D:={g; €T | lm-(g;) divides lm-(f)}

o IF f#0 AND D # () DO

— IF e := min{ecart-(¢g;) | ¢; € D} — ecart~(f) > 0 THEN

* (Q1,- -, Qf, i) = HDDWR (a§-f", (It>, (g7); - - 1t>,, (g1))
« f'i= (o - @ gl
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* (uﬂaqi,7 s 7QIZ+17T) = DwR (f,7 (g17 s 7gk7f))
wq=q +u Q1 i=1,.. k
* uc=u" —qp
— ELSE

x (Q,...,Q, R) ::HDDWR(fh,(g{’,...,gZ))
* (u,q),...,q1,7) =DwR ((R),T)
«qo=q +u-Q° i=1,...k

e ELSE (u,q1,...,qx,7) = (1,0,...,0, f)

Proof: Let us first prove the termination. For this we denote the
numbers, ring elements and sets, which occur in the v-th recursion

step by a subscript v, e.g. e, f, or T,. Since
ThCTrCTrC ..
also their leading submodules in K[t, z,]|* form an ascending chain
Lo (T1) € L (T3) € Lo, (T3) € -

and since the polynomial ring is noetherian there must be an N such
that
L. (T} =L.,(T}) Yv=>N.

If g; v € Ty such that Im- (g; &) | Ims (fy) with ecarts (g; n) < ecarts (fn),
then

We thus have either Im., (¢/'y) | Ims, (f§) for some g; € DY C TN+!
or fy € Tni1, and hence

Ims, () € Ly, (Thy1) = Ly, (Ty)-

This ensures the existence of a g; ;v € T such that

lm>h (g?,N) ‘ 1m>h (f]f\?)

which in turn implies that

Im (gi.n) | Imx(fn),

en < ecarts (g; n) — ecarts (fy) <0 and Ty = Tn4+1. By induction we
conclude
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and
e, <0 Vv>N. (4)

Since in the N-th recursion step we are in the first “ELSE” case we
have (Riy)? = fny1, and by the properties of HDDwR, we know that
for all g € Ty

2= m(g) = Ims, (¢") f s, (Rly)

and that

Im,, (Rgv) =" 1m>h(f1}\11+1) = x8+ecart>(fN+1) lms (fnsr)

for some a > 0. It follows that, whenever lm-(¢) | Im<(fy41), then

necessarily

ecarts (g) > a + ecarts (fy1) > ecarts (fyi1)- (5)

Suppose now that fyy; # 0 and Dyyq # (). Then we may choose
giN+1 € Dny1 € Ty = Ty such that

I (ginvg1) | Ims (fyga)
and
eny1 = ecarts (g; ny1) — ecarts (fyi1).

According to (4) eny1 is non-positive, while according to (5) it must
be strictly positive. Thus we have derived a contradiction which shows
that either fyy1 = 0 or Dy, = (0, and in any case the algorithm stops.
Next we have to prove the correctness. We do this by induction on the
number of recursions, say N, of the algorithm.

If N =1 then either f =0 or D = (), and in both cases

1-f=0-g14+...+0-gp+ f

is a weak division with remainder of f satisfying (ID1) and (ID2). We
may thus assume that N > 1 and e = min{ecart-(g) | g € D} —

ecarts (f).
If e < 0 then by Theorem 2.1

ff=Q  gh+..+Q,-gh +F
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satisfies (DD1), (DD2) and (DDH). (DD1) implies that for each i =
1,...,k we have

xgcart>(f) . 1m> (f) — 1m>h(fh> >

lms,, (@) - Ims, (g1") = 25 Im.. (Q/) - Im- (g,)

for some a; > 0, and since f" and Q) - g* are z,-homogeneous of the
same z,-degree by (DDH) the definition of the homogenised ordering

implies that necessarily

I (f) > Ims (Q)) -lmo(g) Vi=1,... k.
Note that

k d k
(R = (fh—Z@;-g?> — =St
i=1 i=1
and thus
k
Im. ((R)?) = lms (f -y o gi) < Im..(f).
i=1
Moreover, by induction
w- (R =g g1 +...q gu+r
satisfies (ID1) and (ID2). But (ID1) implies that

I (f) > Ims ((R)?) > Imo(q) - g:),

so that
k

uef=> (¢ +u-Q) gitr
i=1
satisfies (ID1) and (ID2).
It remains to consider the case e > 0. Then by Theorem 2.1
wg - f1 = Q) 1, (gr) + o+ Qs (g) + R (6)
satisfies (DD1), (DD2) and (DDH). (DD1) and (DD2) imply (ID1) for
this representation, which means that for some a; > 0

x8+ecart>(f) . 1m><f) = ]m>h<aj‘8 . fh) >

Im.,, (Q;) Im,, (1t>h<glh>) = xgﬁecarb(gi) : 1m>(Q;d) ~lm (gi>7
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and since both sides are zj,-homogeneous of the same x,-degree with
by (DDH) we again necessarily have

Im. (f) > Ims (@) - Im.(g;).

Moreover, by induction

k k
uu'<f‘ZQ;d'gi>:Zqz"-gﬁqz’éﬂ-ﬂr (7)
=1 =1

satisfies (ID1) and (ID2).

Since 1t~ (u”) = 1 we have

Ims (f) > Ims (¢ +u” - Q) - Im= (gy),

fori=1,...,k and therefore
k

W —qgp) - f=Y (¢ +u"- Q") gi+r

i=1
satisfies (ID1) and (ID2) as well. It remains to show that u = u” —
@41 €S>, or equivalently that

Its (v — giy) = 1.

By assumption there is a ¢g; € D such that lm-(g¢;) | Im~(f) and
ecarts (g;) — ecarts(f) = e. Therefore, Ims, (¢?) | z& - Ims, (f*) and
thus in the representation (6) the leading term of x§ - f* has been
cancelled by some Q' - 1t- h(g?), which implies that

k
1m>h<fh> > 1m>h (fh - ZQ; g?) ’

and since both sides are z,-homogeneous of the same z,-degree, unless

the right hand side is zero, we must have

k
Ims (f) > Im, (f -y Q- gi) > Im (i, - ),
i=1

where the latter inequality follows from (ID1) for (7). Thus however

Im- (q;,,) <1, and since Im (v") = 1 we conclude that

It (0" — g yq) == (u”) = 1.

This finishes the proof. U
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Remark 3.5

As we have pointed out our algorithms are not useful for computational
purposes since Algorithm 2.5 does not in general terminate after a finite
number of steps. If, however, the input data are in fact polynomials
in t and z, then we can replace the t; by x,.; and apply Algorithm
3.4 to K[x1,...,%ny1m], so that it terminates due to Remark 2.6 the

computed weak division with remainder

u-f=q-g1+...+q-gp+r

is then polynomial in the sense that u,q,...,q € K[t,z] and r €
K|[t,z]*. In fact, Algorithm 3.4 is then only a variant of the usual
Mora algorithm.

In the proof of Schreyer’s Theorem we will need the existence of weak
divisions with remainder satisfying (SID2), the proof is the same as
[GrP02, Remark 2.3.4].

Corollary 3.6

Let > be a t-local monomial ordering on Mon®(t,z) and ¢1,...,gx €
R[z]s. Then any f € R[z]3 has a division with remainder with respect
to g1, ..., gr satisfying (SID2).

4. STANDARD BASES IN K[[t]][z]*

Definition 4.1

Let > be t-local monomial ordering on Mon®(¢, z), I < R[z]* and J <
R[z]% be submodules. A standard basis of I is a finite subset G C [
such that L. (I) = L-(G). A standard basis of J is a finite subset
G C J such that Lo (J) = L-(G). A finite subset G C R|z]? is called a
standard basis with respect to > if G is a standard basis of (G) < R]z]3 .

The existence of standard bases is immediate from Hilbert’s Basis The-

orern.

Proposition 4.2
If > is a t-local monomial ordering then every submodule of R[z]® and
of R[z]2 has a standard basis.
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Standard bases are so useful since they are generating sets for sub-
modules of R[z]% and since submodule membership can be tested by

division with remainder.

Proposition 4.3
Let > be t-local monomial ordering on Mon®(t,x), I,J < R[z]3 sub-
modules, G = (g1, ...,9x) C J a standard basis of J and f € R[z]%

with division with remainder f=q1-g1+ ...+ qx- g + 1. Then:
(a) f € J if and only if r = 0.

(b) J =(G).
(¢) If 1 CJ and L~ (I) = L-(J), then I = J.
Proof: Word by word as in [GrP02, Lemma 1.6.7]. O

In order to work, even theoretically, with standard bases it is vital to
have a good criterion to decide whether a generating set is standard
basis or not. In order to formulate Buchberger’s Criterion it is helpful

to have the notion of an s-polynomial.

Definition 4.4
Let > be a t-local monomial ordering on R[z]® and f,g € R[z]*. We
define the s-polynomial of f and g as

lem (1m>(f),lm>(g)) . lem (1m>(f),lm>(g)) -
It (f) It (g) '
Theorem 4.5 (Buchberger Criterion)

Let > be a t-local monomial ordering on Mon®(t,z), J < R[z]% a

spoly(f, g) :=

submodule and g1, . .., gx € J. The following statements are equivalent:
(a) G =(91,-.-,0k) is a standard basis of J.
(b) Every normal form with respect to G of any element in J is
zero.
(c) Ewvery element in J has a standard representation with respect
to G.
(d) J = (G) and spoly(g;, g;) has a standard representation for all
1< 7.
Proof: In Proposition 4.3 we have shown that (a) implies (b), and the
implication (b) to (c) is trivially true. And, finally, if f € J has a
standard representation with respect to G, then Im-(f) € L-(G), so
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that (c) implies (a). Since spoly(g;, g;) € J condition (d) follows from
(c), and the hard part is to show that (d) implies actually (c). This is
postponed to Theorem 5.3. U

Since for G C R[z]* we have L. ((G)p) = L ((G)pj).) we get the
following corollary.

Corollary 4.6 (Buchberger Criterion)
Let > be a t-local monomial ordering on Mon®(t,z) and ¢1,...,gx €

I < R[z|*. Then the following statements are equivalent:

(a) G = (g1,-..,9x) is a standard basis of I.

(b) Every weak normal form with respect to G of any element in I
18 zero.

(c) Ewvery element in I has a weak standard representation with re-
spect to G.

(d) (I)ra)> = (G)Rpz)> and spoly(g;, g;) has a weak standard repre-

sentation for all 1 < j.

When working with polynomials in z as well as in £ we can actually
compute divisions with remainder and standard bases (see Remark
3.5), and they are also standard bases of the corresponding submodules
considered over R[z] by the following corollary.

Corollary 4.7

Let > be a t-local monomial ordering on Mon®(t, x) and let G C K]|t, z|*
be finite. Then G is a standard basis of (G)kieq) if and only if G is a
standard basis of (G)r[a]-

Proof: Let G = (¢1,...,9x). By Theorem 3.3 and Remark 3.5 each
spoly(gi, g;) has a weak division with remainder with respect to G such
that the coefficients and remainders involved are polynomials in x as
well as in . But by Corollary 4.6 G is a standard basis of either of
(G)kita) and (G)pgy if and only if all these remainders are actually
Z€ro. U

And thus it makes sense to formulate the classical standard basis algo-
rithm also for the case R|x].

Algorithm 4.8 (STD - Standard Basis Algorithm)
INPUT: (f1,..., fx) € (R[@]S)k and > a t-local monomial ordering.
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Ourput: (f1,...,fi) € (R[@]S)l a standard basis of (fi,..., fi) R
INSTRUCTIONS:
e G = (fl)'-'afk)
o P=((fify)|[1<i<j<k)
e WHILE P # § DO
— Choose some pair (f,g) € P

- P=P\{(f.9)}
- (u,q,7r) = DWR(spoly(f, 9),G)
— IF r # 0 THEN
x P=PU{(f,r)]| feG}
x* G=GU{r}
Remark 4.9

If the input of STD are polynomials in Kt, z| then the algorithm works
in practise due to Remark 3.5, and it computes a standard basis G of
(fis-- -, fu)Kjtz) Which due to Corollary 4.7 is also a standard basis of
(fi,-- -, fx) Rz, since G still contains the generators fi, ..., fi.

Having division with remainder, standard bases and Buchberger’s Cri-
terion at hand one can, from a theoretical point of view, basically derive
all the standard algorithms from computer algebra also for free mod-
ules over R[z] respectively R[z].. Moreover, if the input is polynomial
in ¢ and z, then the corresponding operations computed over K[t, z|-
will also lead to generating sets for the corresponding operations over

R[£]>-

5. SCHREYER’S THEOREM FOR K{[t1,...,tn]|[z1, ..., zs)°

In this section we want to prove Schreyer’s Theorem for R[z]® which
proves Buchberger’s Criterion and shows at the same time that a stan-
dard basis of a submodule gives rise to a standard basis of the syzygy

module defined by it with respect to a special ordering.

Definition 5.1 (Schreyer Ordering)
Let > be a t-local monomial ordering on Mon®(¢,z) and ¢1,...,gx €
R[z]2 . We define a Schreyer ordering with respect to > and (g1, . . ., gx),
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say >g, on Mon"(t,z) by

! /
t* a2l e > t* 2 g

if and only if
- 2?  Ims () > ¢ - 2% Im.(gy)
or
> 2P Im.(g;) = za/ -gﬁl -lm- (g;) and i < j,

where ¢; = (0;;)j=1,..x is the canonical basis with i-th entry one and
the rest zero.

Moreover, we define the syzygy module of (¢1, ..., gx) to be

syz(gr, - gk) = {(ar, - a) € Rl [qr- g+ +qi - g1 = 0},
and we call the elements of syz(gi, ..., gx) syzygies of g1, ..., gk.

Remark 5.2
Let > be a t-local monomial ordering on Mon®(t,z) and ¢1,...,gx €
R[z]%. Let us fix for each ¢ < j a division with remainder of spoly(g;, g;),

say
k
spoly(g;, g;) = Z Qijy * Gv T Tij, (8)
v=1
and define
o lem (e (g3), Im (g;))
e lm>(gi) ’
so that
1 Cq)) — g — Y g,
PO =1 ) P e
Then
k
mj; mj k
Sij = & T T~ & — Qg+ Ev € RZ
T ielg) T g T 2 =

has the property

Sij € SYZ(gl,...,gk> — Ty = 0.
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Theorem 5.3 (Schreyer)

Let > be a t-local monomial ordering on Mon®(t,z), g1, ..., gr € Rlz]2
and suppose that spoly(gi, g;) has a weak standard representation with
respect to G = (g1, ..., gx) for each i < j.

Then G is a standard basis, and with the notation in Remark 5.2
{sij | i < j} is a standard basis of syz(gi, ..., gi) with respect to >g.

Proof: The same as in [GrP02, Theorem 2.5.9]. O

6. APPLICATION TO t-INITIAL IDEALS

In this section we want to show that for an ideal J over the field of
Puiseux series which is generated by elements in K[[t]][z] respectively
in K [t%,g] the t-initial ideal (a notion we will introduce further down)
with respect to w € Q-9 X Q™ can be computed from a standard basis
of the generators.

Definition 6.1
We consider for 0 # N € IN the discrete valuation ring

o0
RN[[tﬂ] = {Zaa~t% ‘ o € K}
a=0
of power series in the unknown t~ with discrete valuation

- o - 1
V&l(Zaa-tN>:ordt<Zaa-t )zmin{%’aa5£0}eﬁ~%,
a=0 a=0

and we denote by Ly = Quot(Ry) its quotient field. If N | M then in
an obvious way we can think of Ry as a subring of R,;, and thus of

zle

Ly as a subfield of Ly;. We call the direct limit of the corresponding
direct system
L= K{{0} =tim Ly = | Ly
N>0
the field of (formal) Puiseuzr series over K.

Remark 6.2

If 0 # N € N then Sy = {1,t%,t%,t%, ...} is a multiplicative subset
of Ry, and obviously Ly = SX,IRN = {t_TcY - f|f € Rn,a € N}, since
Ry = {32 yas -tV | ap # 0}. The valuations of Ry extend to Ly,
and thus L, by val (%) = val(f) — val(g) for f,g € Ry with g # 0.
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Definition 6.3

For 0 # N € N if we consider ¢t~ as a variable, we get the set of
monomials Mon (t%,g) = {t% -z ’ a€eN,pe ]N"} in t~¥ and x. If
N | M then obviously Mon (t%,g) C Mon (tﬁ,g).

Remark and Definition 6.4
Let 04 N € N, w = (wp, ...,w,) € Reg x R", and ¢ € R.

We may consider the direct product

ViwnN = H K -t~ . P
(a, f) € N1
of K-vector spaces and its subspace
Wq,w,N = @ K-t @ﬁ-
(o, B) € N1

As a K-vector space the formal power series ring K Ht%, g“ is just

K[[tv.2]] = [ ] Vaw.
geR
and we can thus write any power series f € K [[t%, &H in a unique
way as
F=Y fow With fru € Viun.

geR
Note that this representation is independent of N in the sense that if
f e K[[tﬁ,gﬂ for some other 0 # N’ € IN then we get the same
non-vanishing f, ., if we decompose f with respect to N'.
Moreover, if 0 # f € Ry[z] C K[[t%,gﬂ, then there is a maximal
¢ € R such that f;,, # 0 and f,., € W, n for all ¢ € R, since the z-
degree of the monomials involved in f is bounded. We call the elements
fqw w-quasihomogeneous of w-degree deg,,(f,») = ¢ € R,

inw(f) = ftj,w S K[t%aﬁ]
the w-initial form of f or the initial form of f w.r.t. w, and

ord,(f) = ¢ = max{deg,,(fow) | fow # 0}
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the w-order of f. For I C Ry[z] we call
in,, (1) = (inu(f) | f € I) S K[t¥, 2]

the w-initial ideal of I. Note that its definition depends on N!

Moreover, we call

t-in,, (f) = ing (f)(1,2) = iny, (f)=1 € K|z]

the t-initial form of f w.r.t. w,and if f =t~ -g € L[z] with g € Ry|[z]
we set t-in,(f) := t-in,(g). This definition does not depend on the

particular representation of f. If I C L[x] is an ideal, then
t-iny, (1) = (t-iny (f) | f € I) < Klz]

is the t-initial ideal of I, which does not depend on any N.

Note also that the product of two w-quasihomogeneous elements f, ,, -
fow € Vorgwn, and in particular, in,(f - g) = in,(f) - in,(g) for
f,9 € Rylz], and for f,g € L[z] t-in,(f - g) = t-in,(f) - t-in,(g). An
immediate consequence of this is the following lemma.

Lemma 6.5

IfO# f =30 gi-hi with f,gi, hi € Ry[z] and ord,,(f) > ordy,(g; - i)
foralli=1,... k, then

ing (f) € (inw(g1),...,inu(g)) < K[t%,g}.

Proof: Due to the direct product decomposition we have that

k

o (f) = fow= Y (i " hi)guw

i=1
where ¢ = ord,,(f). By assumption ord,,(g;)+ord,, (h;) = ord,(g;-h;) <
ord, (f) = ¢ with equality if and only if (g; - h;)s0 7# 0. In that case
necessarily (g; - hi)gw = iy (gi) - iny, (h;), which finishes the proof. [

In order to be able to apply standard bases techniques we need to fix

a t-local monomial ordering which refines a given weight vector w.

Definition 6.6
Fix any global monomial ordering, say >, on Mon(z) and let w =
(w07 s 7wn> € IR<O x R™.
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We define a t-local monomial ordering, say >,,, on Mon (t%, g) by

if and only if

or

Y 3) = o 8 g
w (N,ﬁ)—w (N,ﬁ) and z” > zV.

Note that this ordering is indeed t-local since wy < 0, and that it
depends on w and on >, but assuming that > is fixed we will refrain

from writing >,, - instead of >,,.

Remark 6.7

If N | M then Mon (t%,g) C Mon (tﬁ,g), as already mentioned.
For w € R.g x R™ we may thus consider the ordering >, on both
Mon (t%, g) and on Mon (tﬁ,g), and let us call them for a moment
>, N Tespectively >, ps. It is important to note, that the restriction
of >, n to Mon (t%,g) coincides with >,, . We therefore omit the

additional subscript in our notation.

We now fix some global monomial ordering > on Mon(z), and
gwen a vector w € RooxR"™ we will throughout this section always

denote by >,, the monomial ordering from Definition 6.6.

Proposition 6.8
Ifw € Reg X R™ and f € Ry[z] with It~ (f) =1, then in,(f) = 1.

Proof: Suppose this is not the case then there exists a monomial of
f,say 1 #t*- 2% € My, such that w - (o, ) > w - (0,...,0) = 0, and
since lm-  (f) = 1 we must necessarily have equality. But since > is
global z” > 1, which implies that also t* - z” >, 1, in contradiction to
Im.,(f) = 1. O

Proposition 6.9
Let w € Rog x R", I < Ry|z] be an ideal, and let G = {¢1,...,gx} be
a standard basis of I with respect to >,, then

in, (1) = (ing(g1). . ing () < K [t%, ],
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and in particular,
t-in,, (1) = <t-inw(gl), . ,t—inw(gk)> < K|z].

Proof: If G is standard basis of I then by Corollary 4.6 every element
f € I has a weak standard representation of the form u - f = ¢, - g1 +
..+ qr - g, where Its (u) = 1 and lm-(u- f) > Ilms (¢ - g;). The
latter in particular implies that

ordy(u- f) = deg,, (lm>w(u . f)) > deg,, (lm>w(q,~ gl)) = ordy(q; - gi)-

We conclude therefore by Lemma 6.5 and Proposition 6.8 that

in,(f) =in,(u- f) € <inw(gl), . inw(gk)>.
For the part on the t-initial ideals just note that if f € I then by the
above in, (f) = Zle h; - iny,(g;) for some h; € K[t%,g}, and thus

t-in,, (f) = Z hi(1, z) - t-iny,(g;) € (t-inw(g1), - - 7t‘inw<gk>>K[£]'

i=1

Theorem 6.10
Let J < L[z] and I I Rn[z] be ideals with J = (I) 1y, let w € RegxR™,
and let G be a standard basis of I with respect to >,,. Then

t-ing, (J) = t-in, (1) = ( t-in,(G)) < K|z].

Proof: Since Ry|z] is noetherian, we may add a finite number of el-
ements of I to G so as to assume that G = (g1,...,gx) generates I.
Since by Proposition 6.9 we already know that the ¢-initial forms of
any standard basis of I with respect to >,, generate t-in, (/) this does
not change the right hand side. But then by assumption J = (G) [,

and given an element f € J we can write it as

fzztﬁ'ai'gi

for some M >> 0, a; € Ry.)y and o € N. It follows that

k
tﬁ . f = Zai *gi € <G>RN.JVI[§}'
=1
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Since G is a standard basis over Ry [z] with respect to >,, on Mon (t% , g)
by Buchberger’s Criterion 4.6 spoly(g;,g;), ¢ < j, has a weak stan-
dard representation u;; - spoly(g;, g;) = ZIZZI Qiju * Gy With u;j, ¢, €
Ry[z] € Ry.m(z] and It (u;;) = 1. Taking Remark 6.7 into ac-
count these are also weak standard representations with respect to the
corresponding monomial ordering >, on Mon(t¥, z), and again by
Buchberger’s Criterion 4.6 there exists a weak standard representation
w-tNar - f = Zle q; - 9;- By Propositions 6.5 and 6.8 this implies that

ENH - ing, (f) = iny, (u-tﬁ - f) € (iny(G)).

Setting ¢ = 1 we get t-in, (f) = (tﬁ cing(f)),,_, € (tin,(G)). O

lt=1
Corollary 6.11

Let J = (I') g with I' ﬁK[t%,g}, w € Reg X R™ and G is a standard
basis of I' with respect to >,, on Mon (t%,g), then

t-ing, (J) = t-in,(I') = (t-in,(G)) < K|z].

Proof: Enlarge G to a finite generating set G’ of I’, then G’ is still a
standard basis of I’. By Corollary 4.7 G’ is then also a standard basis
of

L= (G ryl) = (f1:- - i) Bl
and Theorem 6.10 applied to I thus shows that
t-in(J) = ( t-in,, (G")).

However, if f € G' C I’ is one of the additional elements then it has a
weak standard representation
u-f=Y g9
geG
with respect to G and >,,, since G is a standard basis of I’. Applying
Propositions 6.5 and 6.8 then shows that in,(f) € (in,(G)), which
finishes the proof. O

Remark 6.12
Note that if / < Ry[z] and J = (I) 1y, then

JN Ryle] =1 : (%)™,

but the saturation is in general necessary.
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Since Ly C L is a field extension Corollary 6.13 implies J N Ly[z] =
(I)Ly[a), and it suffices to see that

(D)t N Rylz] = T (47).

If 1N Sy # 0 then both sides of the equation coincide with Ry|[z], so
that we may assume that I N Sy is empty. Recall that Ly = S&IRN,
so that if f € Ry[z] with ¢t~ - f € I for some a, then
tv - f
f= € (inm N Rylz].

N

Conversely, if f = ti% € (I)pymNRy[z] withg € I, theng =t~ -f €[

and thus f is in the right hand side.

Corollary 6.13
Let F C F' be a field extension and I QF|x]. Then I = (I) gy N Flz].

Proof: The result is obvious if I is generated by monomials. For the
general case fix any global monomial ordering > on Mon(z) and set
I¢ = (I)pry. Since I C I°N Flz] C I¢ we also have

Lo(I) € Ly (I° N Fla) € Lo(I°) 1 Fla]. (9)

If we choose a standard basis G = (g1,...,gx) of I, then by Buch-

berger’s Criterion G is also a Grobner basis of ¢ and thus

Lo(I) = (Imx(g;) i =1,...,k)p

and
Lo (I9) = (Imx(g:) [ i =1,..., k)i = (L>(1)) oy

Since the latter is a monomial ideal, we have
Lo (1) A\ Fla] = Lo (D)
In view of (9) this shows that
L.(I) = L= (I° N Flz]),
and since I C I¢N Fz] this finishes the proof by Proposition 4.3. [

We can actually show more, namely, that for each I < Ry[z] and each
M > 0 (see Corollary 6.15)

<[>RM-N[£} N Ry [i] =1,
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and if [ is saturated with respect to ¢~ then (see Corollary 6.18)

iy, (<I>RM-N[£]) - <inw(G)>7
if G is a standard basis of I with respect to >,,.

For this we need the following simple observation.

Lemma 6.14

Ry.a[z] is a free Ry[z]-module with basis {1,tﬁ, o }.

Corollary 6.15
If1< RN[ ] then <I>RN.M[£] A RN[E] =1

Proof: If f=g-h € (I)py iz) N Rylz] with g € I and h € Ry.p[z]
then by Lemma 6.14 there are uniquely determined h; € Ry such
that h = Ef‘ialhi .t~ and hence f = Zf‘ial(g - h) - t¥ar with
g - h; € Rylz]. By assumption f € Ry[z] = Ry.u[z] N (1) [z and by
Lemma 6.14 we thus have g-h; =0 for all: =1,..., M — 1. But then

f:g'h(]E[. ]

Lemma 6.16
Let I < Ry|x] be an ideal such that [ =1 : <tN> , then for any M > 1

<[>RN'1W[§] = <[>RN-]M[§] : <tW>OO
Proof: Let f,h € Ry.ulz], a € N, g € I such that

We have to show that f € (I)gy.,,z- For this purpose do division with
remainder in order to get « = a- M +b with 0 < b < M. By
Lemma 6. 14 there are h;, f; € Ry[z] such that f = SV t¥37 and
h=S"MTh; -t~ (10) then translates into

M-1-b M-1 ,
Z (N Z toNa %l.fizzg.hi.tﬁ7
1=M—b 1=0
and since {1,tW N M} is Ry[z]-linearly independent we can

compare coefficients to ﬁnd tN - f; =g -hyy € [fori=0,...,M—b—1,
and % - fi=g -hpriyy €l fori =M —b,...,M — 1. In any case,
since [ is saturated with respect to N by assumption we conclude that
fi€Iforalli=0,...,M —1, and therefore f € (I)py. ,[al- O
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Corollary 6.17

Let J<L[z] be an ideal such that J = (JNRy|[x]) 1, let w € Reg xR,
and let G be a standard basis of J N Ry[x] with respect to >,,.

Then for all M > 1

in, (J N Ryalz]) = (ing(G)) < K[t¥7, 2]
and
t-in, (J N Ry.vfz]) = (t-in, (G)) = t-iny, (J N Ry[z]) < K|z].

Proof: Enlarge G to a generating set G’ of I = J N Ry[z] over Ry[z]
by adding a finite number of elements of I. Then

(L>,(G) € (1>, (D)) = (L5,(@)) € (L>.(G"))

shows that G’ is still a standard basis of I with respect to >,,. So we
can assume that G = G'.

By Proposition 6.9 it suffices to show that G is also a standard basis
of J N Ry.m[z]. Since by assumption J = (I) 1y = (G) g, Corollary
6.13 implies that

JN LNM[E] = <G>LN»JVI[£} = S]:f-lM<G>RN»M[£]'
Moreover, by Remark 6.12 the ideal I = (G)g,[y is saturated with

respect to t¥ and by Lemma 6.16 therefore also (G) Ry .ala] 1s saturated

with respect to tﬁ, which implies that

J N RN-M[E] = S]:ﬁlM<G>RN-M[£} N RN-M[Q] = <G>RN-M[£}'

Since G = (g1, . .., gx) is a standard basis of I every spoly(g;, g;), ¢ < 7,
has a weak standard representation with respect to G and >, over
Ry [z] by Buchberger’s Criterion 4.6, and these are of course also weak
standard representations over Ry.ps[x], so that again by Buchberger’s
Criterion G is a standard basis of (G) gy \112) = J N Rn.mz]. O

Corollary 6.18

Let I Q Rylz] be an ideal such that I =1 : <t%>°o, let w e Reg x R™,
and let G be a standard basis of I with respect to >,,.

Then for all M > 1

inw (<[>RN-M[£}) = <inw(G’)> < K[tﬁ,g}
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and
tein (1) sy fa)) = { 0 (G)) = t-iny, () <1 Kl

Proof: If we consider J = (I) [y then by Remark 6.12 J N Ry[z] = 1,

and moreover, by Lemma 6.16 also (I) o) 1s saturated with respect

Ryl
to tﬁ, so that applying Remark 6.12 once again we also find J N
Ry.vlx] = (I) Ry pa)- The result therefore follows from Corollary 6.17.

g

Corollary 6.19
Let J < L[z be an ideal such that J = (J N Ry[z])rw, let w =
(—=1,0,...,0) and let M > 1. Then

1ein, (JNRy[z]) <= 1€in, (JNRyuz]).

Proof: Suppose that f € J N Ry.p[z] with in,(f) = 1, and let G =
(g1,--.,9xr) be standard basis of J N Ry[z] with respect to >,. By
Corollary 6.17

1=in,(f) € (inu(g1),...,inu(gx)) < K[tﬁ,g],

and since this ideal and 1 are w-quasihomogeneous, there exist w-
quasihomogeneous elements hy, ..., hy € K [tﬁ , g} such that

k
1= Z hz . inw(gi),
i=1

where each summand on the right hand side (possibly zero) is w-

quasihomogeneous of w-degree zero. Since w = (—1,0,...,0) this
forces h; € Klz] for all i = 1,...,k and thus 1 € in,(J N Ry[z]).
The converse is clear anyhow. U

We want to conclude the section by a remark on the saturation.

Proposition 6.20
If fi, ..., fre Kit,z] and I = (f1,..., fr) S K[t]w[z] then

<I>R1[£} : <t>oo = <I: <t>OO>R1[£]'

Proof: Let >; be any global monomial ordering on Mon(z) and define
a t-local monomial ordering on Mon (t, z) by

/

2 > t“l~gﬁ
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if and only if

Then

@ o

/
% >; % or (go‘:go‘ and a<a').

{f € Rz | 0-(f) =1} = {1+t -p[pe K[},

and thus

Rifz]s = Ryfz] and K[t z]s = K[t][z].

Using Remark 4.9 we can compute at the same time a standard basis
of (IR, @ (6)* and of (I)k, ) * ()° with respect to >. Since
a standard basis is a generating set in the localised ring the result

follows.
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