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Summary

In this doctoral thesis we treat modules over rings of difference- and differential oper-
ators. To that end, we use concepts of Grobner bases, and generalize the well-known
notions to non-commutative ground domains.

While in recent literature concrete instances have been examined, we explicitly point
out the essential ingredients, for the computation of the multivariate Hilbert function.
The interplay of the considered rings already indicates that a common methodology is
applicable. Having the right definitions available, allowed us to unify the different ap-
proaches present, and to formulate them in the most general fashion.

In particular, for the ring of difference-differential operators, we take relative reduction,
for the ring of Ore-polynomials we have reduction with respect to several term orderings
and for the Weyl-algebra we can consider (x, d)-reduction as the appropriate specializa-
tion of our concepts. But not only the non-commutative case is of interest, also for the
usual commutative polynomial ring our concepts are applicable.

While the motives in the considered papers follow the same ideas, the details differ.
This is mainly due to the different nature of the underlying rings. After introducing
the notion of Grobner Reduction and preparing the algebraic setup, we examine and
extend the papers having this topic, in particular, we point out the relation to Grobner
reduction.

Finally, we present a Buchberger-type algorithm for computing Grobner bases in multi-
filtered rings, and introduce the new concept of set-relative reduction. This reduction
provides a treatment for a wide class of rings.






Zusammenfassung

In dieser Dissertation betrachten wir Moduln tiber Ringe von Differenzen- und Differen-
tial Operatoren. Dafiir verwenden wir die Konzepte von Grobner Basen, and verallge-
meinern die wohlbekannten Notationen auf nicht kommutativer Grunddomaéne.

Wahrend in der aktuellen Literatur konkrete Instanzen untersucht wurden, betrachten
wir explizit die wesentlichen Bestandteile, die notwendig sind fiir die Berechnung der
multivariaten Hilbertfunktion. Das Zusammenspiel der betrachteten Ringe zeigt auf,
dass ein gemeinsamer Algorithmus anwendbar ist. Als wir die korrekten Definitionen
zur Verfiigung hatten, waren wir in der Lage die verschiedenen Ansétze zu vereinen, und
in der allgemeinsten Formulierung zu préasentieren.

Insbesondere, fiir Differenz-Differential Operatoren betrachten wir Relative Reduktion,
fiir den Ring der Ore-Polynome Reduktion mit mehreren Termordnungen und fiir Weyl-
Algebren kann (x,0)-Reduktion als die angemessene Spezialisierung unserer Konzepte
betrachtet werden kann. Aber nicht nur der nicht-kommutative Fall ist interessant,
auch fiir den iiblichen Ring von kommutativen Polynomen kénnen unsere Uberlegungen
spezialisiert and angewendet werden.

Obwohl die Motive in den betrachteten Arbeiten die gleichen sind, sind die Details
doch unterschiedlich, was sich hauptsachlich auf die verschiedenen Eigenschaften in den
konkreten Ringen zuriickfiihren lasst. Nach Einfiihrung der Definition von Grobner Re-
duktion, und dem Vorbereiten des algebraischen Setups, betrachten und erweitern wir
die Arbeiten die dieses Thema haben. Insbesondere zeigen wir die Beziehung zu Grobner
Reduktion auf.

Zum Abschluss présentieren wir eine Formulierung des Buchberger-Algorithmus zur
Berechnung von Grobnerbasen fir multi-filtrierte Ringe, and présentieren das neue
Konzept von Set-relativer Reduktion. Diese Reduktion stellt ein Verfahren fiir eine
grofle Klasse von Ringen dar.
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1. Basic Setting

The first part of this doctoral thesis is to clarify the general setting, that will guide the
reader through this thesis.

The first section starts this thesis with the basic setting in differential algebra. The
theory of differential algebra was, amongst many contributors, essentially established
by Ritt and Kolchin [Rit50, Kol73]. They contributed the notion of characteristic sets
as a tool to describe (radical) differential ideals. With characteristic sets they were in
the position to prove the existence of (univariate) differential dimension polynomials, to
describe the size of a differential field extension.

Choosing the right notation is depending on the point of view, and not rigorously con-
sistent throughout literature. We have decided to use the one presented in this chapter.
We want to fix some standard assumptions, as well as more specialized conventions that
are used throughout. We neglect concrete application for the moment, as we will return
to it in subsequent chapters (with the exception, that we present generating function
identities, to get a feeling how the size of a difference-differential field could be measured).

A major topic in this thesis is the theory of Grobner bases in modules over non-
commutative rings. To that end, we sketch considerations of Grobner bases over modules
in section 1.2. We recall the theory of relative Grobner bases over difference-differential
modules. In the upcoming chapters, we want to set up a general theory on Grobner
bases over filtered rings and extend the work of [ZW06, Lev07, ZW08b, D6n12].

The relations between the rings are sketched in section 1.4. At the heart of our con-
siderations, we consider modules of difference-differential operators, Ore operators and
degenerate versions of this rings, like differential operators (with polynomial coefficients),
difference-operators and the usual commutative polynomial ring.

By taking differential and difference algebra as special case, results from the difference-
differential algebra carry over and prove (implicit) theorems in differential and difference
algebra.

1.1. Introduction

Throughout this thesis we shall denote by IN the natural numbers including zero, Z
the ring of integers, @) resp. R the field of rational resp. real numbers. The letter R
shall always denote a (not necessarily commutative) ring with one, containing a field



K as a subring, i.e. K C R. We assume that the field K contains a subfield that has
characteristic zero.

Definition 1 (Derivation).
Let R be a commutative ring. An R-map d : R — R is called a derivation on R if and
only if it satisfies for all a,b in R:

d0(a+b) = d(a)
0(ab) = ad(b)

+ 0(b), (Linearity)
+ bi(a). (Leibniz rule)
The set of derivations on R is denoted by Der(R).

Note the difference to the notion of skew-derivation as introduced on page 35.

Lemma 1 (Elementary Properties of Derivations).
If 0 is a derivation on R, then for a,b € R it holds:

e 5(0)=0(1) =0y

e §(a*) = ka*~16(a) where k > 0;
e 5(at) = —6(a)/a® for a #0;

o For k> 0 we have

k
oF(ab) = Z <k> 68~ (a)é* (b) (General Leibniz rule)

, 1
1=0

e §(a/b) = (bS(a) — ad(b))/b? for b # 0.

Definition 2 (Differential Ring).
Starting from the commutative ring R, we adjoin a fixed set of pairwise commutative
derivations on R,

A:={01,...,0m}, d € Der(R).

We call (R, A) a (partial) differential ring. If m =1 it is called an ordinary differential
ring. The commutative semigroup O,, of formal products (which we call monomials) in
a differential ring is defined by

Op ={0:=6" .. 6% . (ky,... km) € N}, (1.1)

m

elements in O,, are called derivation monomials or differential monomials.

We define the order of a derivation monomial 6 by

orde,, (0) := orde,, (8 ... 6%") = ki + ... + kp, 0 € O,



The subsets ©,,(s) and O, (s) of ©,, are the set of bounded derivation monomials, i.e.
the set of differential monomials of order less or equal to s, resp. of order exactly s

Om(s) :={0 € O, : orde,, () < s}, 0, (s) :={0 € O, : orde,, (0) = s}.
Obviously we have the inclusions on the set ©,,
Om(s) C O,,(), for s <t. (1.2)

A differential ring gives rise to the associated ring of differential operators. Let K be a
subring of R, a differential operator is a K-linear combination of derivation monomials

f="_ ag, ap € K,
€O,

where at most finitely many ag are not zero. The order of a differential operator is given
by

orde,,(f) = orde,, Z agl | := max{orde,, (0) : ay # 0}.
€O,

Remark. Aistleitner [Ais10] pointed out that derivation monomials, as well as differential
operators might be derivations themselves, but don’t need to be.

The product of a differential operator with an element in a ring is given by

(Zak5k> -x:ao-x+2ak-5k_l~(x-<5—|—5(x)), n>0, x€R,
k=0

k=1
and iterated application of the Leibniz rule. The rule for # € ©,, for a partial differential
ring is similar.

For a differential ring, we will next describe the number of differential monomials of
certain order. Obviously, the sets ©,,(s) and O7,(s) are related by

Om(s) = O o, (k), s e N.
k=0

This correspondence can be translated into a correspondence between the sequences
|O(s)| and |©=(s)|. In fact, we can apply the analogous construction to difference-
differential rings and difference-rings, that will appear later in this section.

Let M be a set of monomials, and let the map v : M — N be a functional describing the
monomials (such as deg(+),ordg,,(+),...). For s € N, let

M(s) :={meM:v(m) < s}, M™(s) :={m e M: v(m) = s},
and suppose that [M(0)| = |[M=(0)| = 1. Then,

M(s)| =) IMT(K)l,  s>0. (1.3)
k=0



A Few Words on Generating Functions

In the following part, we will consider certain sequences, that describe the number of
monomials ("power products’) in a ring. An adequate way of mathematically describing
a sequence is, to view it as a function from the non-negative integers to the field of real
numbers. This is closely related to the study of generating functions. But what exactly
is meant by a generating function? Quoting the reference book [Wil06],

A generating function is a clothesline on which
we hang up a sequence of numbers for display.

Let be given a sequence (ag)r>0 € RYN. We can assign to the sequence (ag)i>o its
ordinary generating function which is given by

G :RY = R[z]

(ar)k>0 = G ((ar)k>0) =) axa®,
k=0

the infinite formal power series, where the element ay, is the coefficient of z* for all k.
So far, this is only a fancy rewriting of the input sequence. But the power of generating
functions lies in the fact, that by giving an appropriate definition of addition and multi-
plication, we can turn this structure into a ring, called the ring of formal power series.

So, let R[z] be formally defined by
R[z] := {(ao,a1,...) € ]RN} ,
and define the operation + for two sequences (ax)r>0 and (bg)r>0 by
(ap,a1,as,...)+ (bo,b1,ba,...) := (ap + b, a1 + by,as + b, . ..)
and the multiplication x by
(ag, a1, az,...)x(by,b1,ba,...):= (co,c1,C2,...) = (aoby, apb1+aibo, azbo+aibi+apba, . . .),

i.e. the coefficient ¢y in the product is given by the Cauchy product

k
cp = aObk + albkfl + ...+ akb() = Zaibkfh k > 0.
=0

With this operations, the tuple (R[z], +, x) forms a commutative ring with one. But
more can be said.

Lemma 2. The ring of formal power series form an integral domain.



Based on that result, we could continue and construct the quotient field of R[z], to
obtain the field of (formal) Laurent series R((x)). As a short outlook to Theorem 5, we
want to remark right now, that the sequence (ay)x>o is a polynomial in k if and only if
the generating function of (aj)r>o is a rational function. However, we won’t need formal
Laurent series in the upcoming chapters, and therefore skip it. Also, we will skip the
notion of limit in R[], that is defined different compared to analytic functions. We
refer the interested reader to [Wil06, KP11, Stal3]. Instead, we continue by looking at
the possible analytic interpretation of generating functions.

In analysis, we have for all |z| < 1 in R[z] the equality

1
k _
E =T (1.4)
k=0

More precisely, consider two maps:

[:(-1,1) = R r:R\{1} = R
0o N 1
E_ 1 k
kaZOx _J\}g%okzox a:»—>1_x.

Then (1.4) means the equality I(z) = r(z) holds for all z € (—1,1).

From that viewpoint, if we take the sequence (ax)g>0 with a; = 1 for all £ > 0, we assign

1
l1—2x

(1,1,1,...) Hixk: =(1—-x)"" (1.5)
k=0

the element (1 — x)~! is identified as multiplicative inverse of the generating function
1—2=(1,-1,0,...). therefore, we could formally write

(1,1,1,..)=(1,-1,0,..)"" = (1,1,1,...) x(1,-1,0,...) =(1,0,0,...)

(1ix):(1_$)1 = (1;0) x (1-=) — 1.

Hence, we can either manipulate the sequence a; with the definitions of addition and
multiplication, or the generating function G(ax). At generating function level, we might
are more flexible, by defining further operations, such as

d (o) (o)
e (Z akxk> = Z(kz + 1)ak+1xk,

k=0 k=0

which reminds to the theory of holomorphic functions, but without its analytic inter-
pretation. Here, we concentrate on the formal treatment of certain sequences, hence, we
could have a look at the product

() & () £ () - B

k=0




which could be confirmed by direct calculation, as we have

k

(ar)r=0 X (brzo = (L, 1,1,..)x (1,1,1,...) = (1,2,3,...), = aibpi=Fk+1
=0

Our first application is to prove a Lemma on Cauchy product at the ring of formal power
series.

Lemma 3 (Partial sum Cauchy product). For any real sequence (ay)r>o, in the ring of
formal power series R]z], we have:

1 [e.9] o0 n
k=0 n=0 \k=0

Proof. In the preceding discussion, we’ve already encountered

1

k

Yoak= 1.
x T lz| <
k=0

n

Therefore, the left hand side of (1.6) is interpreted as

8 () () £l5)-

where the last step is the Cauchy product. O

The proof strategy will consist of applying (1.3) and Lemma 3 to [M~(s)| and |[M(s)|,
where M is specialized to the set of monomials in the concrete ring. This will allow us, to
prove the upcoming Lemma 4 and Lemma 5, as well as Theorem 1 and Theorem 2, and
Theorem 3 and Theorem 4 “pairwise”, i.e. just proving the generating function identity
for the sequence [M~(s)|, and passing to |M(s)| by application of the last Lemma. At
the proof of Lemma 5 we will demonstrate this in more detail.

Lemma 4 (Number of differential monomials in O,,(s)).
Let (R, A) be a differential ring with m derivations. The number of differential mono-

mials contained in O, (s) is
m+s
Om(s)] = < . ) (1.7)

the generating function of |©,(s)| is given by

SO (s)]2* = (1_915)m+1 ] < 1. (1.8)
s=0



Proof. Identity (1.7) is proven by a combinatorial argument, for the generating function
identity we use the binomial coefficient identity

m+4 s m+s—1 m+s—1
= =+ , m,s > 0.
s s—1 S

Denoting the generating function

Fon(z) i= 2 1O (5)]a* = i (m: S)xs _ :0 (mjs; 1>xs + i (m +; - 1>xs

s=0 s=0
2. <Z Oms 1)!965’1) + 31O 1 (9)la® = 2+ F(a) + Fu1 (),
s=1 s=0

it is possible to derive the functional equation

1
Fo(x) = T me_l(a:), m > 0.

The initial value Fy(z) reduces to a simple geometric series

(e}

1

Fy(z) =Y |O0(s)|z* = — lBlI<i
s=0
proving the generating function identity (1.8). O

Lemma 5 (Number of differential monomials in O}, (s)).
In the setting of Lemma 4, we have

onel= ("),

: (1.9)

the generating function of |©;,(s)| is given by

o0 _ i 1
PICHOIE A—am x| < 1.
s=0

Proof. Formula (1.9) is shown by a combinatorial argument. By (1.3) and Lemma 3 we
can view

o0

u_glg)mﬂ =D Om(s)lz® =) (Z r@m)\) =S jen sl
s=0 k=0 s=0

and therefore
00 _ . 1
;:O |@m(8)|x - (1 _ $)m



Based on a Differential Ring, we can next consider the notion of Difference-Differential
Ring.

Definition 3 (Difference-Differential Ring).
Consider a differential ring R with set of derivations A := {d1,...,0m}. If we adjoin a
set of unitary R-automorphisms,

Y :={o1,...,0n}, oj € Aut(R),

on R, which are pairwise commutative (i.e. a0 = foa for all a, 8 € AUYX), we obtain
the difference-differential ring (R,A,¥). The commutative group T'), of ¥ consists of
formal expressions of the form

T, :={y:=0c...oln: (Ih,...,1,) € Z"}. (1.10)

The commutation rule of an automorphism with elements in the ring R is now given by

ol -z =ol(x)d!, leZ" x € R.

A difference-differential ring gives rise to the associated ring of difference-differential
operators . In the difference-differential ring (R, A, ¥) we fix the field K C R as coefficient
domain for difference-differential operators.

General Assumption 1. Throughout this thesis, we consider the difference-differential
ring (R, A, X). We denote by D the ring of difference-differential operators over the field
K C R, with set of derivations A and set of unitary automorphisms ¥, given by

A:={61,...,0m}, Y :={o1,...,0n},

all elements in A U X are pairwise commutative. Monomials in a difference-differential
ring are of the form 6y, where § € ©,,, v € I'), (the sets O, and I';, as defined by (1.1)
and (1.10)), and therefore are formal expressions of the form

A = {0Fct =681 okmol oln k= (ky, .. E) e NTL=(1y, ..., 1) € B,
(1.11)

the ring elements are K-linear combination of monomials of this form?.

We distinguish the identity elements 04 € ©,, and ojq € 'y, as well as the difference-
differential operators Aiq € Ay, n, Whose exponents are all zero, defined by

. 50 0 . 0 0 _ _ 50 0 0 0
Oiq =07 ...6,,, Oid '=07...0 Aid = 0iqoig =01 ...0,,-01...0

n’ m n?

!Previously, at the ring of differential operators, we’ve considered K-linear combinations (where K
is a commutative subring of R). In principle, we could require the coeflicient domain to be a subring
as well. However, in applications it will turn out being a useful assumption, to consider only K-linear
combinations, due to the existence of multiplicative inverse elements in the coefficient domain. Obviously,
a commutative field K is a ring, hence we could also define the ring D as the free K-module with set of
generators Ap, n.



that act as multiplicative neutral element to ring elements, by satisfying the commutation
rule
VeeD :ayq-T=x aq =1, a€{6,0,)\}.

Obviously, we obtain
Om(0) = 0,(0) = {bia},  Tn(0) =17(0) ={na},  Ama(0) =45 ,(0) ={ A},

in particular, the assumption [M(0)| = [M=(0)| = 1 (where M is a set of monomials),
from (1.3) is fulfilled at this examples.

Lemma 6 (Non-Commutative Multiplication in a A-3-Ring).
The product of a difference-differential operator with an element a € D is given by

Aa=dota=aot= ) (Hdm(a)>- I o9*|, keNm™eezm,
VS

SCllk[] \ieS [Ik[\S
where we abbreviate

S=gt gk gt=olt ol K ={1,.. ki 4.+ k)

n
The element @ is computed by @ = o¥(a).

Remark on Notation. The differential monomial 6% = 5]f1 ...0Fm in its expanded form is
the product

K =01...060:02...00... O ...0m,
— Y—— —
k1—times ko—times k., —times

of k| = k1 + ...+ ky, (non-distinct) derivations. So we associate the indices 1 <1i < k;
to 41, the indices k1 + 1 <7 < k1 + ko to d2 and so on. In particular, we have

o1, 1 <i<ky
5 2, ki +1<¢<ki+ky;
Oms ki+...thkp1+1<i<ki+...+kn.
By writing
[T @),
i€s

we mean that we apply® the derivation §; associated to ol with ¢ € S to @. Consider
for instance three derivations &1, d2,d3, and the monomial §56303. The set [|k|] is given
by {1,2,3,4,5,6}. If we choose for example the set S := {1,3,5,6}, the above symbol
can be re-written to

I 6@ = 6161 (5(65(@))).

i€{1,3,5,6}

2Recall that the derivations are pairwise commutative, making the product well defined.



The subset [|k|[]\S C [|k|] holds “the complement of S”, so in this case, we would get
{1,2,3,4,5,6}\{1,3,5,6} = {2,4}. This gives as one summand d;(d1(d2(d3(a))))d1da.

The number of subsets of an m-element set is given by 2", so the sum contains at most
2™ terms, and exactly 2" terms if and only if d;(a) # 0 for all i.

To make it even more obvious, we state an example before we give the proof.

Example 1. Let R = Q(x,y, 2) be the field of rational functions in {x,y,z}, endowed
with the sets A and % given by

d
A= {5k ::dk:ke{x,y,z}}, Y={op:=k—k+1:ke{z,yz2}}.

By that choice, the tuple (R,A,X) forms a difference-differential ring. Consider a ra-
tional function a := r(x,y,z)/s(x,y, z), suppose we want to compute the product
rle+1,y+2,2—1) 9 _1

We denote by a :==r(z+ 1,y +2,z—1)/s(x+ 1,y + 2,2 — 1), and look for the subsets
of {z,y,z}°. Using the above formula, we find that §,0,0, - @ - 0,020, is calculated by

y
[02(0y(d2(a)))+ (three-element subset {z,y, z})
02(8y(@))0. + 6,(02(a))oy + 0y(62(a))dx+ (two-element subsets {x,y}, {x, 2}, {y, 2})
02(@)0y0; + 04(@)020, + 0.(a)0,0y+ (one-element subsets {z}, {y}, {z})
- 050,05 - axagaz_l. (zero-element subset ()

As observed above, the sum has exactly 8 = 23 terms, coming from the fact that
PA)| =22,

the symbol P(-) denoting the power set of its input argument. Further, it should be noted,
that the automorphisms o® appear in every summand with a non-zero coefficient.

Proof. The first equality
okot . a=6K.a- of, ke N™ £Le7Z"

is obvious. For the second part, we use induction on |k|. If |k| = 1, then § = §; for some
index ¢ and

0i a0t =a- diot + 6i(@)ot = o' (@)dio® + 5;(@)d%0t = D 8@t ot
Sc{i}

3We have got three derivations, each appearing with an exponent of 1. In that particular situation,
we have oMl = §,, 60 = 0y and 6Bl = §,. For the sense of readability, we refer to this set by writing
{z,y, z} instead of {1,2,3}.
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Suppose now, the statement holds for |k|, and consider the case |k| + 1:

i1 k|
[T o a0t = Ui+t T o @ ot = sl 57 (H 5[z‘1(a)> A IT et

i=1 i=1 SC[k|] \ieS JE[KIN\S

= 3 gl (H(;m(a)). [T %"

Sg[lk” i€S HkH\S

= Y 55 @l UgIRINS g STk (55 (7)) 5T o
SCllk]]

= 3 (S @ellrS ot 4 S gl NS )
SC[lk|]

= Z 55 (@)olIkI+1\S £
SClk|+1]

O]

Remark. We’ve constructed a difference-differential ring starting from a differential ring
and adjoining a set of unitary automorphisms Y. Specializing the set of derivations A
to be the empty set, we obtain a so called difference ring.

In particular, we will use the notion (R,X) := (R,0,X) for a difference-ring, i.e. a
difference-differential ring where the set of derivations is the empty set. The ring of
difference-operators D consists of difference-monomials, that are elements of the set I'y,,
we've encountered at (1.10), and difference-operators that are formal expressions of the
form

Z cy Y, ¢y € K, the set K a subring of R, T', as in (1.10)

v€ln
From that point of view, it is reasonable to consider a theory of difference-differential
rings, as difference- and differential-rings embed as special cases into this framework.

Difference-Differential Ring (R, A, X)

=0 A=0
Differential Ring (R, A) Difference-Ring (R, X)
But even more is possible. We will later on consider the ring of Ore polynomials, as well

as the Weyl-algebra and the commutative polynomial ring K[z1, ..., z,]. Therefore, we
will extend this picture in section 1.4.
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Lets stay for one more moment at the difference-ring. The order of a difference-monomial
is defined by

ordr, (7) :==ordr, (6 ..oty = |li|+ ...+ |ln], v €Tn.
Difference-monomials of order s and order less or equal to s are collected in
In(s) :={y € I'n s ordr, (7) < s}, I'7(s) = {y €y :ordr,(v) = s}.
Next, we will give the generating functions of |I',,(s)| and |I'; (s)].

To that end, we will use the following fact: In [KLAV9S] it is shown, that the number
of solutions to the equation |x1|+ ...+ |z,| = k in integers is

i2j<?> (I;:D n>1,k>1. (1.12)

Jj=0

We mention explicit the exceptional case, where k = 0, because (1.12) is only valid for
k > 1. In this case there is only one possibility where we set x1 = ... =2, = 0.

Theorem 1 (Generating Function of |I',(s)]).
Consider a difference ring (R,Y) with n automorphisms. Then, in the ring R]z] we
have the identity:

S s (Ata)
Z Tn(s)|z® = [(ErSGak 2| < 1.
s=0

Theorem 2 (Generating Function of |I'; (s)]).
In the setting as in Theorem 1, we have

o n

_ 14z
Sk = (150) L <L
s=0

Proof. Doing Taylor expansion around xg = 0 on the right hand side, yields the coeffi-
cient of z° to be 1. There is a single difference-monomial of order 0, namely oiq. For
s > 1, we use the Mathematica package developed by Koutschan [Kou09, Koul0]. The
package is loaded by typing

)= << HolonomicFunctions.m
HolonomicFunctions package by Christoph Koutschan, RISC-Linz, Version 1.6 (12.04.2012)
—>Type ?HolonomicFunctions for help

We plug in sum (1.12) and want to get rid of the sum quantifier. This is performed by
creative telescoping.

= summand[s_] := 2’ x Binomial[n, j] * Binomial[s — 1, — 1]

in2l= First[CreativeTelescoping[summand]s], S[j] — 1, {S[s]}]]

12



outzl= {(—2 — 5) Sg? + 2n S + s}
3= ApplyOreOperator[%, a[s]]
out3l= sa[s] + 2na[l 4+ s] + (=2 — s)a[2 + §]

The initial values of the sequence as = |I';;(s)| are given by ap = 1,a; = 2n.

For the right hand side, we use the convolution

) = (SO -S )

Equipped with this sum representation, we can again apply creative telescoping

= summand[s_] := Binomial[n + k — 1, k] * Binomial[n, s — k]

in2l:= First[CreativeTelescoping[summand|[s], S[k] — 1, {S[s]}]]
outel= {(—2 — 8)S? + 2nS, + s}

3= ApplyOreOperator|[%, b[s]]

outigl= sb[s] + 2nb[l + s] + (=2 — s)b[2 + 5]

It remains to check the initial values, given by by = 1 and b; = 2n. Hence, both sequences
satisfy the same recurrence equation with identical initial values, and therefore agree. [

The notion ordg,,(-) from the differential ring, as well as the notion ordr, (-) from the
difference ring, can now be lifted to difference-differential ring. To that end, we will now
introduce the notion of order of a difference-differential monomial.

Definition 4. The order of a difference-differential monomial A is defined by

ordp,, ,(A) = orda,, , (67" ... 6kmolt ol = kit Akl ] A€ A

)

Obviously, if A = 0y where 8 € ©,, and v € I'y,, we have
ordp,, . (A) = ordy,, ,(0y) = orde,, (8) + ordr,, (), A€ App.
The set Ay, () is the subset of monomials in A, ,, whose order is bounded by s, i.e.

Apn(8) = N € A s A=0F1...0kmolt ol and ordy,,, (V) < s}

n

The identity element \jq is the unique monomial in a difference-differential ring of order
zero. Similar to (1.2), we have for integers s < t:

A (s) € Apyp(2).

It is obvious that the number of solutions in the integers to the diophantine inequality
given by

1+ .o x|+ |y <s, (1., xm) E N (y1,...,yn) € Z"

13



equals [Ay, n ()]

Further, we will be interested in the set of operators of order exactly s defined by

Apn(s) =N € A s A=0F1.. okmolt ol and ordy,,, (V) = s}

m,n n

As before, a different perspective on the set A;, ,,(s) is the diophantine equation
1.tz A+ |yl + o+ Y] = s, (X1, yxm) €N (y1,...,yn) € Z"

where the number of solutions is given by [A7, ,,(s)|.

We will now give the generating functions of [As, »(s)| and [A7, ,,(s)[. It will turn out,
that this generating functions are rational functions of the form p(z)/(1 — )¢ for some
integer d, and a classic result in the theory of generating functions (Theorem 5) will then
imply a recurrence representation for the coefficient sequences (Corollary 1 and Corollary
2). The validity of our Theorems will be shown at Example 2. Finally Corollary 3 holds
the essence of our considerations. At the end of this section, we summarize the points
that characterize the rings (R, A), (R,X) and (R, A,X).

Theorem 3 (Generating Function of [Ay, ,(s)|). Let (R, A, X) be a difference-differential
ring, with set of derivations A := {01, ...,0m} and set of automorphisms ¥ := {o1,...,0n}.
Then, in the ring of formal power series R[x]:

S [Amn(s)]a® = (1(_1;)% 2] < 1. (1.13)

Theorem 4 (Generating Function of |Ay, ,(k)|). In the setting as in Theorem 3,

S Az (5)]2° = m o] < 1. (1.14)

Proof. Starting from (1.13), we obtain

1+z)" s 2
e =3 e = 3 (S 0 )

s=0
1 oo

_1_xZ‘Am,n )

where we used Lemma 3. Next we show (1.14). To that end, we calculate the cardinality
of [A}, (s)[. The order is split up between the derivations and the automorphisms. It
is shown in [KLAV98] that the number of solutions to the equation z1 + ...+ x,, =k in
non-negative integers is given by

<m+:_1), m>1,k>0.
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The no. of solutions to |z1]| + ... + |z,| = k has already been met at (1.12). Both
identities can be verified by a combinatorial argument. We are looking for all splits of
orders (for the derivations resp. automorphisms) that sum up to s. Therefore, we have
to prove that

LI BO0)))redt e

Bringing the sum quantifiers to the left, we get as a summand a product of binomial
coefficients. We can get rid of the inner sums (on i and j) by first computing the
annihilator of the summand, and afterwards applying creative telescoping. Hence, we

ol (A [ [ 2

The annihilator can be computed by Koutschan’s package:

are now considering

= summand[s_] := Binomial[m+i—1, i]*Binomial[n, j]*Binomial[s —i—1, j —1] %27

insl= First[CreativeTelescoping[summand|s], S[j] — 1, {S[¢], S[s]}]]

outsl= {(1+2i +i% — 5 —i5)S; + (i — i* +m — im + is + ms)Ss + (—2in — 2mn), (=2 +i — s)S2 +
2nSg + (—i+s)}

imel= First[CreativeTelescoping[%, S[i] — 1, {S[s]}]]
outlel= {(—2 — 8)S2 + (m + 2n)Ss + (m + 5)}
7= ApplyOreOperator|[%, a[s]]
outrl= (m + s)a[s] + (m + 2n)a[l + s] + (=2 — s)a[2 + §]
We have got a second order recurrence equation with polynomial coefficients. The initial

values are given by: ap = 1 and a; = m + 2n. On the other hand, we compute the
convolution of

i(Z)xs:(1+x)n7 i<m+nj8_l)$5:(1_glg)m+n’

s=0 5=0
which would yield

%:2)(;0 <m+”;k_1> (ka>>x ::g(:)bsxs. (1.15)

We claim, that the generating function (1.15) satisfies the same recurrence equation. For
the proof we use again Koutschan’s package:

= summand[s_] := Binomial[m + n 4+ k — 1, k] * Binomial[n, s — k|

2= First[CreativeTelescoping[summand]s], S[k] — 1, {S[s]}]]
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outel= {(—2 — 8)S? + (m + 2n)S, + (m + s)}

3= ApplyOreOperator[%, b[s]]

outl= (m + $)b[s] + (m + 2n)b[1 + s] + (—2 — s)b[2 + §]

To conclude the proof, we check initial values, which gives by = 1 and by = m + 2n.

Therefore, we have for all s > 0 that as = bs. This proves our claim. O

So, the generating functions of both [A;, »(s)| and [A7 ,,(s)| are rational functions. We
quote a famous result [Stal3, Cor. 4.3.1, p. 543], about the relation between a rational
generating function and its coefficient sequence, and will apply it to our setting.

Theorem 5 (Rational Generating Functions). Consider the sequence (ax)k>0 € RN,
and let d be a non-negative integer. The following is equivalent:

e For a polynomial p(x) of degree less or equal to d

Z apz® (w))d+1

o Forallk >0,
d+1

afd+1
>0 (T o —o

=0

e a; is a polynomial function of k of degree at most d. Moreover, ap has degree
exactly d if and only if p(1) # 0, in that case the leading coefficient of ay, is p(1)/d!

Corollary 1 (Recurrence representation for |Ap,,(k)|). The sequence (|Amn(k)])pso
satisfies a

m—+n+1
, 1
Z (—1)(mnt1=0) <m+;®+ )]Am,n(k+i)| _o, k> 0.
i=0

Hence, for fized values m,n the sequence is uniquely determined given the first m+n+1
values. |Ap n(k)| is a polynomial in k of degree exactly m + n with leading coefficient
2"/(m +n)!

Example 2 (Taylor Expansion of Rational Generating Function).
Consider the sets

A = {(51,(52}, Y= {0’1}

over a field K. We want to consider all operators of order < 2. They are given by:
A21(2) = {Nigy 01,61, 09,07 1,07 %, 07,087,035, 0101, 6107, 6201, 820 1, 0162}

Our formula gives:

1
(1( +§+1+1 Z|A21 !a: =1+ 5z + 1422 + 302% + 552% + 912° + .
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hence, there are 14 operators of degree less equal 2. The coefficient sequence (|A2.1(k)|)k>0
satisfies:

(Ao 1 (k)| — 4[A21(k + 1)[ + 6[A2,1(k +2)| — 4|A21(k + 3)| + [A21(k +4)| =0,
with initial values |A21(0)| =1, [A21(1)] =5, [A21(2)] = 14 and |A21(3)| = 30.

|A2.1 (k)| can be expressed as polynomial like:

2! k3
o 1)‘k3 + ask® + a1k + ag = T+ ask® + a1k + ag,

(A2 (k)| =
and with initial values plugged in
1
(Ao (k)| = 6(%3 + 9K% + 13k + 6). (1.16)

Corollary 2 ([Recurrence representation for |A5, , (k)|). The sequence (A5, ,(k)|)
satisfies

k>0

m-+n (m+n
> (M AL =0, k2o
Z b
i=0

Hence, for fized values m,n the sequence is uniquely determined given the first m +n

values. |A5, ., (k)| is a polynomial in k of degree exactly m+mn —1 with leading coefficient
2"/(m +n — 1)L

Example 2 (continued). Continuing from before, we find the generating function

> (1+ )

> A5 (s)]a® = e = 1+ 4 + 92% 4 162° + 2521 + 3625 + 4925 + ...,
’ — T

s=0

satisfies:

the sequence (‘A2:,1 (k) |)k:>0

— A1 (R)] +3|Az 1 (k + 1) = 3[A5 1 (k + 2)[ + [A3 (k +3)| = 0,

with initial values [A51(0)| = 1, [A5;(1)| =4 and [A5,(2)| = 9.
Viewn as polynomial, we find that

21

S — k
(2+1_1)' + a1k + ao,

(A5 (F)| =
with initial values plugged in, we get
IAZ (k)| = K>+ 2k +1=(k+1)%

Observe the relation (plugging in (1.16))
Ao 1 (k)| — |Aga(k —1)| = é (26 + 9k + 13k +6) — ...

((2(k = 1)° +9(k = 1) +13(k — 1) +6)) = k* + 2k + 1 = [A5, (k).

[N
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The following Corollary is a summary about the above considerations.

Corollary 3 (Polynomial growth of [A7 ()| and [Apn(t)]). There exist polynomials
p(t), q(t) € Q[t] such that

deg(p(t)) =m+n—1,  deg(q(t))=m+n, m+n>1,

with leading coefficients

A 2n
LC(p(t)) = (mtn—1)0 LC(q(t)) = (m )’
such that fort € N
[ A (D)) = (1), [Amn(8)] = q(t),

Moreover, p and q are related by

p(0) =¢q(0) =1,  p(t) =q(t) —q(t — 1), t> 0.

Further, the polynomials p(t) and q(t) satisfy recurrence equations with constant coeffi-

cients such that
co-P(k)+---+cr-Pk+T)=0, k>0,

where the coefficients are given by

)

(_1)(m+n—i) (mfn)’ P(t)y=p(t), 0<i<T=m+n;
c; = .
(71)(m+n+1—z) (m+zn+1)’ P(t)y=q(t), 0<i<T=m+n+1.

Summary

All the rings R, we’ve considered so far, contain a set of monomials M. We've defined
the order of a monomial in each ring, that has lead us to the consideration of M~ (s) and
M(s). We've given the cardinality of [M=(s)| and |M(s)| by considering the generating
function.

Ring M Eq. | Generating Function |M=(s)| | Generating Function |M(s)]

(R,A) | O, | (1.1) 1/(1—ax)™ 1/(1 —z)m*t

(%) | T |(110) (1 +2)"/(1 - z)" (1+2)/(1 - )+
(R,A,Y) | A | (1.11) (1+2)"/(1 — z)mtn (14 2)"/(1 — g)mtntt

Note the “factorization” of the generating function of [A7, , (k)| as follows:
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Difference-Differential Ring (R, A, X)

> AR a(k)|z* = o
k=0 *

Differential Ring (R, A) Difference-Ring (R, X)
> 1Om(k)a* = iy >, 05 (k)|2* = G255
k=0 k=0

This comes as no surprise, due to the fact that

o%s) 0o k
PGS ( 105, ()] - T3 (k — Z')I) a
k=0 0

k=0 \i=
= (Z |@m(k>|a:’“) : (Z yrn@)w) :
k=0 k=0

in particular, a difference-differential operator of order k consisting of a differential op-
erator of order i (where 0 < i < k) is multiplied by a difference-operator of order k — i
for all k.

(1.17)

Each of the quantities [M=(s)| and |M(s)| can be measured by a polynomial p € Q[s]
characterized by the following data.

Ring | M [ deg(M=(s)]) | LO(ME(5)]) | deg(M(=)]) | LM

(R,A) Om m—1 1/(m—1)! m 1/m!

(sz) Fn - - n 2"/7],!
(R,AY) | Ay | m+n—1 |27/ (m+n—1)! m+n 2" /(m +n)!

It is not possible to make statements about deg(|I';;(s)|) and LC(|I';;(s)|), based on
Theorem 5, because the assumption of Theorem is not fulfilled.

However, Theorem 5 allows us to conclude that each of |M=(s)| and |[M(s)| satisfies a
recurrence equation with constant coefficients of the form

co-P(s)+...+cr-P(s+T)=0, s> 0,
where T and c¢; are given as in the following table.

Once again, note that |I';; (s)| is not covered by Theorem 5.
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Ring M P(s) T Ci

(R,A) | ©m | [05(s) | m—1 (—tm=t=a ()

(R, A) Om ‘®m<3>‘ m (_1)(m7i) (T)

(R, ¥) Iy ’Fn(s)’ n (_1)(nii) (7:)
(R,AY) | A ‘A'r:n,n(s)| m+n (_1)(m+n7i) (mjn)
(RAE) | A | [Amn(8)] | m+n+1 | (=1)0mintl= (mtntd

n [KLAV9S8, Section IL], it is shown at the set of monomials ©,, and I',, how this
polynomial can be expressed using binomial coefficients. The reasoning is done by
combinatorial arguments. The equation (1.17) gives the link to difference-differential

monoimials.

Ring M |M=(s)|
(R,A) | O (", s=o0
zn: 2 (") (51 s>1
(R,2) | T, 2 \i)J\i-1) =
1, s=0

=) —
Ry
3
+
~
|
[a—
N————
S

(") 2
(R,AS) | A -

The relation between |M(s)| and [M=(s)| is given by (1.3).

20



Ring M [M(s)|

(R,A) | O s R Y

(R,%) | T, 22(;) <f> =
1, s=0

wam | (O SO (5 OC)),
1

s>1

Example 2 (continued). Let us one last time revisit Example 2. We ve got a difference-
differential ring, with two derivations and one automorphism, giving us the parameters
m =2,n=1. Then, |Ay, , (s)| simplifies for s =2 to

1A21(2)] = [€2(0) - ITT (2)] + [0z (1] - [TT (D) + [635°(2)] - [T'7 (0)]
=1-242-243-1=29 (confirming our result = (24 1)?).

Alternatively, we could use the formula from above table to obtain
s—1 n
_ _(m+s—1 m-+£—1 i(n\[(s—C—-1
|Am=”(s)|_< m—1 >+Z< m—1 ><ZQ <2>< i—1 >>
/=0 =0
1
_ +1 i 1-¢
wse= ()2 () (52 (00
L 1\ [1-¢ 1\ /1—¢ !
_ . _ B B
;::Hl ( ()(_1>+2 <1>( 0 >>_3+22§)(£+1)_9.

To obtain |A21(2)| we plug in the formula

B = S ((mﬁf)*g(mM_l) (i?(?z)(k;—g;l)))

=0
2

(-2 (E06)
(o0 S ()5 ((0)
<

(
k 2
(k+1)+2<2€>> d(k+1)=14+4+9=14.

k=0

|A2,1(2)]

I
N

Nl
=)

k
k
k
k

Il
=)

(=1
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Remark. Let now s > 0. If we specialize ¥ = () & |X| = n = 0 in the formulas for

|AL,.n(s)] and [Ap, (s)| we obtain
_(m+s—1
S\ m-1 )

(ol (S0 C)

and similar

L) (B O0))

giving as the formulas from the differential ring.

Analog, we can specialize A = () < |A| = m = 0, to obtain

(oSO B O SO0,

and similar

S (SO S0

demonstrating the consistency of our considerations.

1.2. Grobner Bases for Modules

We start this section with a brief historical overview about the progress how the idea of
Grobner bases developed over the past five decades and put particular emphasis on the
most important steps on that journey. There exist an enormous amount of literature
on Grobner bases, the interested reader is referred to the Grobner bases Bibliography
[BZ12] as the ultimate reference to any work related to the theory of Grébner Bases.
The main presentation of this chapter is then the theory of relative Grobner bases for
difference-differential operators, that is later on abstracted by the Concept of Grobner
Reduction.

Buchberger [Buc65, Buc70, Buc85, BW9S8] has introduced the concept of Grébner bases
(also called standard bases) in his Ph.D. thesis for ideals in a commutative multivariate
polynomial ring over a field K. This was the starting point of manifold considerations of
related ideas over various domains. The polynomial ring K[z1, ..., z,]| forms a commuta-
tive noetherian ring?.

*A noetherian ring is a ring in which every ideal is finitely generated. We will later on use the term
noetherian in various contexts, e.g. in Hilbert’s Basis Theorem (compare Theorem 7) as well as for finite
reduction relations (compare Definition 17). The meaning, if not explicit clear from the context, will be
emphasized at occurrence.
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Generalizations in several directions were considered over the years, and it is almost
impossible to give a comprehensive description containing all the important milestones
in development. Therefore, we make here a cut, and come to the point of interest for
this thesis, namely a generalization to a non-commutative ground domain, as it is the
case in modules of differential operators.

Treating differential operators with a Grobner basis method has been considered in
[Gal85, 0S94, SST00]. Applications of Grobner bases in a differential ring are given at
[Tak89].

Pauer [IP98, Pau07] formulated Grobner Bases over not necessarily commutative rings,
including rings of differential operators and polynomial rings over commutative noethe-
rian rings.

Grobner bases in a multivariate Ore-Algebra was studied by [Kou09]. He considered the
subclass of so called holonomic modules and provided algorithmic applications, known
as Zeilberger’s holonomic system approach. A prominent example of the application of
this theory is the recently proven ¢-TSPP conjecture [KKZ11] appearing as g-analogue
of a theorem appearing at the enumeration of Totally Symmetric Plane Paritions in the
combinatorial discipline of partition analysis.

In this thesis we are mainly interested in modules of difference-differential operators over
a field. The question, how to treat difference-differential operators is of general interest,
not only in pure mathematics but as well in mathematical physics [DL12b].

Several authors investigated how to set up a theory of Grobner bases in this general
setting, most notable A. Levin, F. Winkler and M. Zhou. Major application of Grébner
bases in this setting is the computation of univariate and multivariate dimension poly-
nomials for finitely generated modules of difference- and differential operators.

In this section, we will recall the theory of relative Grobner bases. The theory of rela-
tive Grobner bases is introduced and developed in [ZW08a]. We will later on present a
generalized notion of relative Grébner bases and its applications, so we will recall the
original formulation here. The contents presented in this section appeared in a series of
papers [ZW06, ZW08b, Don12].

The common backbone of every developed Grobner basis theory is the existence of mono-
mials in the considered ring R. As coefficient domain, we presume given a commutative
ring K C R. We fix the set of monomials in R to be M, and require that every element
of R has an unique representation of the form

feRrR: f= Z G - M, am € K, M C R, at most finitely many an not zero.
meM

We can add elements in R in the usual way, and multiply from the left by elements in

23



M by taking into account the possible non-commutative product of M and elements in
the coefficient domain K.

Notation. Throughout this thesis, we study the set of monomials that appear in a
ring/module element. Therefore, if a formal expression

f= Z Qm - M, am € K a subring of the ring R, (1.18)
meM

where M is a set of monomials, appears in our considerations, we will denote the set

T(Zam-m> ={meM:ay#0} CM,

meM

as the term set of f, that is commonly also known as the support of f . This set T(f) is
always a finite set. If the element f is given by (1.18), we will denote the coefficient an
of m € T(f) by fm. This applies also to products, such as (ag)m, by which we mean the
coefficient of m in ag. Sometimes, we will denote the set of monomials of a ring element
by A, this will be emphasized at occurence.

Example 3. Consider the ring R := Q[x1,72,23]. Let f € R, and let n; := deg, (f).
Then, f can be written as

ny na2 n3

F=3"3"N aiu-aiahel,  ajpe K=Q, M= {giajal : (i,],k) € N°}.

i=0 j=0 k=0
For example, if f = 3z3x3 — 21:23:% — x1x073 We have
T(f) = {xiz3, xox3, 212923},
We then have that
s =3 Jrat =20 (221 a2gpe, = —2

Example 4. We consider differential operators with polynomial coefficients. To that
end, let K := Q[z] and dy be the differential operator w.r.t. x, that is, the element d,
satisfies

dy - x=x-dg + 1.

If we now consider an element in this ring,

k
f:Zai( Z Za]z ! dim ai(z) EK:Q[I‘], ar(x) # 0,

=0 =0

we obtain ‘
={d.: a;(z) #0}
One could also think of choosing K = Q) and obtaining

T(f) = {acjd; : aj,i 7& 0} .
From that, we see that the choice of the ring K has crucial influence on the set T(f).
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Based on the ring R, we can construct the free R-module F', that is generated by
E :={e1,...,eq}. From that, we have

F=Re @& Re,,

hence, every f € F can be represented as

q
F=Y" (ami-m)-e,  am;€K,

=1 meM

and monomials in F' are of the form ME := {(m,e) : m € M,e € E}. We can think
of the set E to consist of {ey, ..., e,} where e; might be identified by the i-th unit vector.

In Lemma 6 we’ve encountered the non-commutative product of a difference-differential
operator with an element from the ring D. Rephrasing Lemma 6 by using the set of
terms we obtain

T(A-a) = T(6%' - a) C {6¥6!: K <, K}, a€eD, ke N" leZ", (1.19)
where <, denotes the (partial) product order, i.e.
k:(kl,...,km)Sﬂl:(ll,...,lm)iﬁkigli, 1<e<m. (1.20)

We assume that the monomials in our considered rings are ordered with respect to
<C M x M. Once, an order has been defined, it makes sense to designate the mazimal
term or the leading term in a set of monomials. We will use the symbol LT~ for the
leading term, respectively LC< to denote its coefficient, or just LT and LC if < is clear
from the context.

For commutative polynomials this order is usually established by considering the expo-
nent vector in N and then put order on the n-fold non-negative integers.

For difference-differential operators we face monomials containing integer exponents.
Obviously, we can relate A,,, = IN™ x Z" in the natural way. Zhou and Winkler
[ZWO06] suggest to use a generalization of term order concept on N x Z™. The handling
of negative exponents is done by decomposing Z" into so called orthants, that cover the
whole plane and overlap only trivially.

Definition 5 (Orthant Decomposition, [ZW06, ZWO08a).
A decomposition of Z" into k parts is called an orthant decomposition and Z? is called
the j-th orthant of this decomposition, if

k
zr =)z,
j=1

and for all j we have that:
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1. (0,...,0) € Z"

7, and ¢ = (c1y...,¢p) in Z7 implies that —c := (—c1y...,—cp) is
not in Z7,

2. Z7 is afinitely generated subgroup of Z", which is isomorphic to N" as a semigroup
3. the group generated by Z? is 7"

So, after all, what is an orthant decomposition? One possible view of orthant decom-
positions of the plane is to consider it as a finite family of monoid homomorphisms
¢y : N™ — Z™ each of whose images generate the group Z" and being such that

U im(¢u) =2".

u€N™

Consequently the set of monomials A,, ,E of F'is covered by finitely many isomorphic
copies of N"* x N x E in which term orders are well founded and reduction is supposed
to behave well. Remark that only the automorphismes, i.e. the exponent vector that lies
in Z" determines the orthant of a monomial 6"c* - e;.

Given such an orthant decomposition of Z" and m € N, the family {N™ x Z7 : 1 <
j < k} is said to be an orthant decomposition of N™ x Z™. A standard example of an
orthant decomposition of Z" is a family {Z7, ..., Z5.} of all cartesian products of n sets
each of which is either N or —IN.

If we now can reduce elements in every orthant to zero, a characterization similar to
S-polynomials as in the commutative Grobner basis theory can be proven. An essential
ingredient is the concept of generalized term order, as considered in [ZW06, ZW08a].

Definition 6 (Generalized Term order).

Given an orthant decomposition {Z} : 1 < j < k} of Z", let E := {e1,...,¢e4} be a
set of generators of a free module F. A total order < on N x Z™ x FE is called a
generalized term order on N x Z" x E with respect to the decomposition, if and only
if the following conditions hold

1. (0,...,0,€;) is minimal in N x Z™ x {e;}, ¢; € E
2. If (a,e;) < (b,€j), then for any ¢ such that ¢ and b are in the same orthant,

(a+c,e;) < (b+c,ej), where a,b,c € N™ x Z", e;,e; € E.

With the notation introduced at the beginning of this section, let F’ be a free D-module
with a set of free generators £ = {e1,...,e4}. As we have seen, Ay, n B = {Xe; : A €
A, 1 <@ < ¢} is a set of monomials of F' which is in natural one-to-one correspon-
dence with the set N™ x Z" x E (0¥ ... kmolt | olne & (k1,... ko1, .. ln€)). A
total order < of the set of monomials A,, ,, £ is a generalized term order on A, , F if the
corresponding order of the set N™ x Z" x F is a generalized term order in the above sense.
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k1 Kl i L
If = M. kmolt  olnand v = 611 ... 650 ... oy, we say that p divides v and

write u|v if and only if the (m+n)-tuples (k1, ..., km,l1, ..., 1) and (K}, ..., kL, 14, ..., 1)

s vimys

lie in the same orthant of N™ x Z" and k; < kj for 1 <4 <m and |l;| < [l}|for 1 < j <n.

If t1 = pe; and ty = ve; are elements of Ay, , F, we say that ¢; divides to and write ¢1t2
if and only if p|v and i = j.

In what follows, if the exponent vectors of two elements p,v € Ay, lie in the same
orthant of N™ x Z", we write u ~ v. If t; = pe;, ta = ve; we write t1 ~ tg if p ~ v.
Also, we write pu ~ to if p ~ v.

Since Ay, E is a free basis of F' as a K-module, every element f € F' has a unique
representation of the form

f:al)\lej1+...+ad)\dejd, a; € K,1<1¢<d,

where Aiej, ..., A\gej, are distinct elements of A,, , . Given a generalized term order
< on Ay, E, it is easy to see that if LT (f) = pe; (for p € Ay, 1 < i < g), and
€ Ay, then LT (v f) = vLTL(f) if and only if v ~ p.

The above mentioned reduction is a generalization of division to (non-commutative) ring
elements by taking into account multiple quotients. As already mentioned, the paper
[ZW08a] is talking about the ring of difference-differential operators D by taking into
account a bivariate filtration as introduced in Chapter 2.

Theorem 6 (Relative Reduction [ZW08a, p. 731, Thm. 3.1]).
Let “<1” and “<3” be two generalized term orders on Ay nE. Let g1,...,g, € F\{0}
and f € F. Then

f:hlgl+...+hpgp+r, (1.21)

for some elements hy,...,h, € D and r € F' such that
1. h; =0 or LT_<1(higi) <1 LT_<1(f), 1=1,...,p;
2. r=0 or LTZ, (r) <1 LT, (f) such that

LT., (r) ¢ {LT<, (Ags) : LT, (Agi) <2 LT, (1), A€ App, 0 =1,...,p}. (1.22)

Definition 7. Let “<;” and “<3” be two generalized term orders on A,, ,E. We say
that f <i-reduces relative to <o to r, and call this procedure relative reduction, if f and
r are represented as in (1.21) and the conditions of Theorem 6 apply.

Hence, we perform a reduction of f modulo {g1,...,g,} but require additionally for the
reducing element gi € {g1,...,gp} that

LTZ,(Age) <2 LT=,(r), A€ Apn. (1.23)

)
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Condition (1.34) appears strange at first sight, but is explained later on, where relative
reduction is applied to filtered rings. It is a stronger assumption on the reduction rela-
tion compared to polynomial reduction, where the second condition is dropped and only
the first assumption is kept.

The characteristic property of a Grobner basis now lies in its behaviour with respect to
reduction as introduced at Theorem 6. Of course, there are a lot of equivalent ways to
define Grébner bases, known in literature as Buchberger’s S-polynomial criterion®, in
terms of divisibility of leading term ideals® or even by considering the syzygy-module 7.
A summary is given at [BWK93, Proposition 5.38].

At the commutative multivariate polynomial ring, Hilbert’s basis theorem holds.

Theorem 7 (Hilbert’s Basis Theorem). If the ring R is noetherian (or, what is equiva-
lent, every ideal of R is finitely generated) then the polynomial ring R[x] is also noethe-
rian.

Hilbert’s Basis Theorem provides the induction base to prove that any ideal in R[X] has
a finite system of generators if R has. Groébner bases now provide unique remainders,
called normal-forms, with respect to generalized division.

Definition 8 (Relative Grébner Basis).

Let N be a D-module of difference-differential operators, <; and <5 be two generalized
term orders on A, ,E. Then, the set G :={g1,...,9:} € N\{0} is a <;- Grobner basis
relative to <o, if and only if G generates the D-module N, and f in N implies that it
can be <j-reduced relative to <9 to zero modulo G.

To decide whether a given set of polynomials is a Grobner basis one can apply Buch-
berger’s Theorem [BWK93, Theorem 5.64|. The generalization to the ring D was pre-
sented in [ZWO08a, Theorem 3.2].

Theorem 8 (Buchberger Theorem at D).
Let F be a free D-module, < a generalized term order on Ay, , F, the notions LT and LC
understood with respect to <. Consider G C F\{0}, and N the submodule of F spanned

®Compare [AL94, Theorem 1.7.4]: Define the S-polynomial S(g:, g;) by

_ lem(LT(gi),LT(g;)) ~ lem(LT(g:),LT(g;)
SOna) T T Iy ST )

Let G := {g1,...,9:} be a set of non-zero polynomials in K[X]. Then G is a Grobner basis for the ideal
(g1, -.-, g¢) if and only if for all ¢ # j the S-polynomial S(gi, g;) can be reduced modulo G to zero.

SCompare [CLO97, Proposition 3]: The leading term ideal (LT(I)) = (LT(f) : f € I) can be
described by a finite set of polynomials g1,...,9: € I as (LT(I)) = (LT(¢1),...,LT(g¢)).

"Compare [CLO98, Proposition 1.9]: Let (f1,..., f:) € K[X]". The set of all (a1, ...,at) € K[X]* such
that a1 f1 +... 4+ atft = 0 is an K[X]-submodule of K[X]’, called the first syzygy-module of (fi,..., fi).
With the help of Buchberger’s algorithm we can do computations for the first syzygy module: The
reduction to zero of the S-polynomial of a pair of polynomials in a Grobner basis is a syzygy. These
syzygies generate the first syzygy-module.
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by G. The orthant decomposition on Z"™ (i.e. the exponent vector of the automorphisms)
gives motivation to consider

AY) = {%! . ke N™, 1€z} (1.24)
The sets AU are now considered as the orthants of A. The set G is a Grébner basis for
N if and only if for all orthants AY), for all f,g € G and for all
vE puo(T€AVE[INEA: T=LT(\f)) N ppol€ €AVE|IneA: £ =1LT(ng))
the S-polynomial
v f v g

S 1.9 = TeA TI(F) ~ T.O(g) IT(g)

can be reduced modulo G to zero.

1.3. Associated Rings of Operators

Throughout in literature, systems of partial differential or difference equations are de-
scribed by operators. In this thesis we restrict our attention to linear operators.

We are interested in certain rings R containing a commutative subring K C R (not
necessarily central), such that R is a free module over K. In particular there exists a
K-basis M C R (which we call monomials). If this is the case, we write R = K™ and
define the symbol by

R=KM™ e every r € R has a representation as r = Z Tm - M, (1.25)
meM

where ry, € K, rny = 0 almost everywhere. Because R is free over K, this representation
is unique.

We want to identify certain systems of difference-/ differential-equations with elements in
an operator-ring. We will carry out the construction of the operator-ring on the example
of the ring of differential operators, the other examples we’ve encountered are analogous.

Let R be a ring and A := {d1,...,0n} € Endz(R) be a set of pairwise commutative
derivations on R. We use the embedding R — Endz(R), r — 7, where for all z € R we
have 7(x) := r - z. This is, we denote by 7 € Endz(R) the endomorphism associated to
the element r € R.

Next, we extend R (i.e. the image of R) by {01, ..., 0}, that is, we consider the smallest

subring of Endz(R) containing RU{d1,...,d,}. This is the ring of differential operators
induced by A on R. Elements in this ring are of the form

Zﬁil 0.0 By Bi, € RU{01,...,0m} (1.26)
j=1
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We now have

(0 0a)(z) = di(a-x) = a-0i(x) + di(a) - & = (a0 b + di(a))(x),

i.e. we have

(SiOC_L:(_LO(Si—i-(Si(a), d; € A,

that corresponds to the Leibniz rule. This justifies to view operator (1.26) as

Z Gn 001" o...00pm, ao € Ry = (0, ..., ), (1.27)
aeNTn

only finitely many a, not zero. By Lemma 6 a similar reasoning can be applied to rings
of difference and difference-differential operators.

It turns out, representation (1.27) is not unique, due to possible relations among the
endomorphisms. To overcome this, we define the free ring of operators Op(R) as follows.

Consider a differential ring (R, A) where A = {41,...,0,,} C Endz(R) is a set of pairwise
commutative derivations. A differential monomial is identified by its exponent vector

O, - N™, oM ks (Ky,. .. Kp),  hence ©,, = N™.

From that point of view, the additive group of Op(R) is given by the free R-module
RMN™) ie. we have 'point-wise addition’ of monomials with same exponent vector®.
Hence, elements of Op(R) are mappings f : N — R that are zero almost everywhere.
With the mappings

1... k=1
Ei: N — R, Ek(l): ’, ke N™
0... else.

we can write

f= Z f(k)Eyg, f(k) € R, f(k) =0 almost everywhere.
kelN™

We now have to define multiplication in a way that we can consider the mapping
F=oMo. ot k= (ki,... kn) e N,
that we’'ve met at (1.27). To that end, we consider

0; == Ee,, (e;=1(0,...,0,1,0,...,0) — 1 at position 7).

8Note that actually not N™ is contained in R, but ©,, C R, i.e. the monomials in a differential ring
are elements of the set ©,,. The notion is justified by the above mentioned isomorphism between the
sets ©,, and N™.
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As the derivations are pairwise commutative, the products (in the sense of composition),
build 'power products’, i.e. we take the commutative monoid N™ as basis. So we require
N — R®™) to be a homomorphism of monoids from (N™, +) to (Op(R), -):

k km _ gk km
Ekl,...,km = Ek161+...+kmem == :Eel1 e Eem — 811 ce . 8m .

Elements in Op(R) can now be written as

f= Z f(k)afl . --3,]%’” = Z f(/f)ak, f(k) € R, f(k) =0 almost everywhere.

keN™ kEN™
For a final definition of the multiplication, we set for » € R
Oi-r=r-0;+(r).
By requiring the multiplication to be distributive, we get the following Theorem.

Theorem 9. (Op(R),+,-) forms a ring, in which every element has an unique repre-
sentation.

We call this ring the free ring of operators Op(R).

Let S be a ring. We consider an S-module F' (F is called a function space)®. The set of
operators that applied to f € F give 0 is called the annihilator of f

anng(f) :={re S:r- f =0},

which forms a left S-module. The annihilator of f gives an implicit description of the
element f.

Example 5. Consider the differential ring R = R[x] with A := {d, := d/dx}. Elements
in S := Op(R) are of the form

k
> ai(x)di,  aix) € Rz], ax(x) #0.
i=0

A suitable function space F would be the set of smooth!? functions over the reals C*®(R).
The domain F is a left S-module. The ring S acts on F by

(ao(x) + a1(x)dy + ... + ar(z)df) - f () = ao(x) f(x) + ar (@) f' () + ... + ax(2) [P (@),
where a;(x) € Rlz], f € C*°(R). Because

d 2 2_ 2 2_ d 2 2_
e —x 4y — 1 re—x —(4x — 1 L ettt TT —
P = (4z —1)e = (dx (4x )) e 0,

it follows that
dy — (4 — 1) € anng (62‘702796) .

9Later on, we will specialize the ring S to be S = Op(R). However, the developed theory is valid for
general rings S, and is therefore formulated as general as possible.

10A function is called smooth if and only if it is infinitely often differentiable. The set of real functions
R — R that are smooth is denoted by C*°(R).
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At [Zei90, Kou09] it is shown, how one can do algorithmic computation of generators of
the annihilator module, and decide questions such as module membership, to prove that
a given identity is a consequence of defining relations, such as Grobner bases witness
that a given polynomial is contained in a polynomial ideal.

Let us now consider the (non-commutative) ring S := Op(R), and let M be a left S-
module. The ring element a € S appears as additive (i.e. Z-linear) operator a : M — M,
m+— a(m) :=a-m. So for X C S we may ask for the solution set

Vpu(X):={meM:Vae X :a -m=0},
sometimes called the solution variety, that is obviously given by

V(X)) = ﬂ ker(a) C M.

If S is commutative, this abelian group is an S-module. Deciding membership in V(X))
where X is finite, is obvious. But in general, it is not clear to decide whether for given
U C M we have that V;(X) = U, in particular (for U = @) if there exists any solution
at all.

From that, it seems reasonable to define the module of X as S/SX. SX is the left ideal
generated by X, i.e. a submodule of S considered as a left S-module; thus S/SX is a
left S-module too.

The projection 7 : § — S/SX, defined by (1) =: u, is the way to describe V/(X)
adequate. If a € X we have that m(a) = 0 and so

a-u=a-m(l)=mn(a-1)=m(a) =0,
meaning that u is a solution of X in S/SX. Further, it is an universal solution:

Lemma 7. If M is an arbitrary left S-module and m is a solution of X in M, then
there exists exactly one homomorphism ¢ : S/SX — M such that ¢(u) = m.

Proof. Consider ¢ : S — M, defined by 9 (s) := s - m. This is a S-homomorphism and,
since m € Vs (X) we get X C ker(v)). Therefore, SX C ker(y)) and so 9 factors as

S —— S/SX

RN

Now, this ¢ is what we want:
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Assume there is another map ¢’ : S/SX — M with ¢'(u) = m. Then, for arbitrary
t € S we can conclude, that

G (r(t) = (¢ om)(t-1) = t-(¢/om)(1) = £/ (u) = t-m = t-3(u) = t-3(m(1)) = B (1)).

Because t was chosen arbitrary in S, the image 7(t) ranges over the entire S/SX we
have ¢ = ¢'. O

But we can even say more.

Lemma 8. If M is a S-module and m € M, then
m e Vy(X) < 3f € sHom(S/SX, M) : f(u) =m.
Proof. ’= is already proved. For the converse take x € X. Then

0= (form)(@) = (fom)a-1)=a-(fom)(1) =z f(u) =a-m.
O
In principle we could now replace R by a differential-, difference- or a difference-differential
ring as considered in section 1.1. However, we want to introduce yet another ring, which

is a prominent example of representing operators in a polynomial algebra, namely the
ring of Ore-polynomials.

Difference-Differential Rings and the Ore-Algebra

We’ve considered the ring D of difference-differential operators over a field K. In this
section we want to describe another approach of treating difference- and differential
operators. At the introduction, we’ve already encountered the commutation rules

ox = xz6 + 0(x), ox =o(x)o. (1.28)

In this section we want to describe the theory of Ore-polynomials, that generalize both
commutation rules at the same time. These non-commutative polynomials were first
studied by Qystein Ore [Ore33], who considered the univariate polynomial ring K[9; o, §],
where elements are of the form

t
f:Zak-(?k = a0 + 107+ ..+ ao, ar € K, ay #0, deg(f)=t.
k=0

with the usual addition (as in the algebra of commutative polynomials), and a product
that has to satisfy

deg(a - b) < deg(a) + deg(b), a,b € K[0;0,4]. (1.29)

In [Mid11, Chapter 3], the ring of Ore-Polynomials is constructed from a ring R’ that
is a coefficient domain, and a ring extension 9 whose powers generate the ring of Ore-
polynomials. In principle, very general constructions are available, that we won’t need
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in this thesis. We restrict our attention to polynomials with coefficients in a field K.

If one considers the product of @ = 1- 9! + 0 with 2 € K we get by (1.29):
deg(0 - x) < deg(0) + deg(xz) =1+0.
Therefore, the product is a polynomial of degree less equal 1, hence it can be written as
0-x=ai-0+ap, ay,ag € K,

and a1 and ag depend on x. From that viewpoint it is reasonable to view a; = o(z) and
ag = §(x)!. Let us now collect properties of o and §. To ensure that 9-1=1-0 = 9,
we have to impose the condition

8- 1=0c(1)-0+0(1)=1-0+0= (1) =1,5(1) =0,

hence the map o is an unitary homomorphism. A very similar argument shows, that §
and o are additive homomorphisms by requiring distributivity

8-(x+y);8-x+8-y, z,y € K.

Likewise, we can derive relations for the product by considering

!

O-(z-y)=(0@-2)y, zyek

This arguments, and very similar properties describe o and §. We summarize in the
following Lemma. We use the symbol OW) := K[0; 0,6], or just O, when it is clear that
we consider one element 0, for this construction.

Lemma 9 (Properties of skew-derivations).
For the univariate Ore-Algebra O over the field K, a,b in K:

—0;
(a)d(b) + 0(a)b;

—(0(a)d(b))/(c(b)b) + 6(a)/b;
o(a)';

d(a)/(o(a)a).

(
o 0(ab) =
(a/b) =

[ ]
[«

o 5(0) = 4&(1)

(™)
° 5(@‘1) =

[ ]
Q

HNote that § is not a derivation in the classic sense. The following discussion shows that we derive
at so called o-skew derivations. By the choice o = id we derive at the classic case, therefore the symbol
0 is not misleading.
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Collecting all points that are required from the initially presented properties, we can
uniquely define an Ore-operator 0 by fixing an unitary endomorphism o and a o-skew-
derivation §, meaning that

6(z-y)=o(x)-0(y) +6(x) y, wyeck

Recently, [KJJ14] have produced an implementation in the Sage [S*13] computer algebra
system of algorithms for the univariate case. For its multivariate generalization'?

O™ = K[dy; 01,61][02; 02, 82] . . . [0 O, 6],

one has to be particularly careful. The commutation rule of the Ore-operator 0; with
elements from K is governed by the two maps §; and o1. But already for the operator 0,
we have as a base ring not K but K[01; 01, 1], which makes it necessary to consider the
product of 9; with d». To overcome this, we assume that the product of two different
Ore-operators is commutative, i.e.

8i-8j::6j-8i, 1§i,j§8.

Using this convention, we’ve got all the possible constellations of products in O, which
can be used to construct a difference-differential ring (R, A, Y). First of all, instead of
considering a set of m derivations A, we consider a set of skew-derivations {01, ...,0n},
that are governed by fixing unitary endomorphisms o and fixing o-skew derivations 9.
Powers of 0 are defined recursively for £ > 0 by

Ow =01 (0x) =" (o(x)d +6(z)), zeK

Lemma 10 (Product of Ore-operators with ring elements). For the univariate Ore-
Algebra O over the field K, and x in K:

O*x = Spo(2)0% 4+ S (x)0F 1+ .+ Spx(2)d°, k>0, (1.30)

where

Sko(z) = ak(a:), Skr(z) = 5k(x),

and
Ski(z) = 8" (" (x)) + ... + (ol (x), 0<i<k.

A proof is given in [Ore33]. The choice o := oiq, defined by
oiq : K = K, x> oiq(x) == x,
allows to model the commutation property

Uid'wzaid(x)‘aid:x'gid; r e K.

12 Again we use the convention, that we just write © for O™ if n is clear from the context
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If we choose the derivation § as the trivial derivation dp, mapping any element to 0
do : K= K, x — 0p(x) =0,

we can then consider the ring K[9; dg, 0iq]. With this choice we get the very important
special case
0-x=o0iq(x) 0+ d(r)=x-0, z € K,

which is the usual commutative polynomial ring.
The next question we pose, is how to handle negative exponents of the automorphisms.

First we have to distinguish the symbols ¢! (z), rather than o(z)~!. The symbol o~!(x)
is the unique element z’ in R that satisfies

and therefore represents the inverse with respect to composition. On the other hand, o
is an unitary automorphism, meaning o(1) = 1, allowing us to gather

l=0(1)=0(z-z7Y) =0o(z) -o(z™), z €K,
and therefore we conclude
oz =o(2x)™, z €K,

i.e. the image of the multiplicative inverse of x is the multiplicative inverse of the image
of x. When talking about a negative exponent, say —k, we usually mean applying the
compositorial inverse k times, i.e. we want to express U*k(x) that is defined as

o @) =" Vi), k>0

For our Ore-Algebra construction, suppose we want to represent n automorphisms. An
automorphism oy, (0 < i < n) can be viewed as Ore-operator 9;, that is governed by the
the commutation rule

(91':E = Uz(x)az T € K,

and iterated application gives
Ox = oF 1 (i) = OF Y (0i(2)Ds) = ... = oF (2)OF, k>0,

i.e., for positive powers, the Ore operator is represented by the tuple (9;,04,09). To
represent inverse application, we consider the Ore-operator O,,+; that determines the
inverse tuple (Opi,0; L dp), the action on ring elements is given by

Oprit = ai_l(x)ﬁnﬂ, r ek,
and its powers
O ix =0 (Opyim) = O} (07 M(2)0ni) = ... = 0; ()0 y, k>0
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If we consider the Ore-algebra
O = K([01;60,01] - - . [On; 00, 00 [On+15 60, 07 '] . . [O2m; B0, 07,1,
then the Ore-operators are related by its application to elements x in K. Namely,

8i . 8n+i L= 61 . a;l(a:)aml' = 01(0'471(1‘)) . & . 0n+i =XT- 82 . 8n+i- (1.31)

)

Often in literature it is implicitly stated that difference-differential rings can be described
by positive exponents exclusively. In this part, we are going to show explicitly that
the ring of operator monomials in a difference-differential ring is a multivariate non-
commutative polynomial ring in |A| + 2 - |¥| variables. To that end, we consider a field
K endowed with a set of derivations A := {d1,...,d,,} and a set of automorphisms
Y :={o1,...,0n}. We assume that the elements of A U ¥ are pairwise commutative,
i.e. for all u,v € AU we have u - v = v - u, which is not necessarily the case for the
product with field elements z € K. We define the set T as

T :={71,..., 7} C Aut(K), 1<k<n:7 :zak_l,

i.e. the operator 7; is the compositoral inverse of or. We will consider the non-
commutative polynomial rings

R:=K[A u s U TH], S:=K[A Uz,
We will use the following symbols to abbreviate power products in a way that
O =01t Lo, re N™.
and similar for o and 7. Elements in R are K-linear combinations of elements
{677 . (r,s,t) € N™ x Z™ x 7"},
whereas monomials in S are of the form
{6"c%: (r,s) € N x Z"},
i.e. elements of S are of the form
S:=<a:= Z ars6'0®: (r,s) e N" x 72" 5,
(r,5)

that corresponds to difference-differential operators. Further let the set R™ be defined
by

R :={a:= Z arst 60T € R: (r,5,t) € N™ x N™ x N"
(r,5,t)

Obviously R™ is a subring of R too. We define a K-linear map

o: Rt =S, 8ot (6o rh) 1= 6"
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Lemma 11 (Characterization of ¢). ¢ : RT™ — S is a surjection of rings.

Proof. Consider an element w := 0"oP € S, where r € N p € Z"™. Choose non-negative
integer vectors s,t € N™ such that s —t = p. Then, ¢(6"0*7!) = w. Thus, RT™ — S is
a K-linear epimorphism. We must now show that ¢ is a homomorphism of rings. First
we show that ¢ is unitary, i.e. ¢(1) = 1. This is obvious by

(1) = p(6%97%) = 6% 970 = 1.
As a next step, we consider ¢(6° - a) for s € N and a € RT. Assume that
a= Z Qrst - §"o*tt € RT, (rys,t) € N x N" x N", a5, € K.
(r,s,t)
If we apply a derivation J; to a, then
0ira =D (ars0i 0ilars) 070" 7" = 37 arsad™H 05T 4 Y7 Gilans )0,
(rs:t) (rs,t) (r,s,t)

where e; denotes the i-th unit vector e; := (0,...,0,1,0,...,0) € N™, the 1 appearing
at i-th position. The map ¢ applied to §; - a gives

90((5i.a) = Z arst(smrelo's t+ Z 5 arst 57" s—t

(r,8,t) (r,s,t)

= Z (ar,s,tdi + 51‘(01735’15)) A

(r,s,t)

= §;- Z ar’s,téras_t =9; - p(a),

(r,s,t)

proving the identity
p(0° - a) = 6% p(a).

To overcome the non-commutativity with field elements x € K in the product, we show
o(osth 2 - 6Y0'TY) = p(osTh) - p(x - 34V TY).
This follows from
oSth.z §4V T = o5 (2)o T e VT = o T () S oS T Y

therefore

s—t(x)(suas—l—v—t—w s—t( s—t(suo_v—w

(ot x - §hoVTY) = x)o

o o
= o tog. gl = (o) - p(x - 4oV TY)

Combining the last two points, it is an easy matter to prove for z,y € K, that

o(x- 0 oty 0UeV ) = -6 - (otth Yy 8UeVTY) = - 6" - (T - p(y - 04V TY)
p(a- 8707 - p(y - 6 a?T?)
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Considering now the properties gives the multiplicative property. We set
Hr st = ar,s,térasTty Vyww = bu,v,wéuava

to get for a,b € RT

So(ab) = ¢ Z Hr.s,t Z Vyoaw | =@ Z Hr,st * Vuvw

(r,8,t) (u,v,w) (7,8,t)
(u,v,w)
= Z Ptirs,t) - (Vupw) = Z P(fir,s,t) - Z P(Vuvw)
((r,s,t)) (r,8,t) (u,v,w)

= Z Urst | =@ Z Vyww | = Qp(a) : (p(b)

(T’,S,t) (u,v,w)

Lemma 12 (Characterization of ker(yp)).

ker(yp) = {a €ER": VreN"vde7Z" Z Adrs = 0} .

r—s=d
Proof. Consider an element

a= Z ar,sytyasTt € R, (rys,t) € N™ x N™ x N™.
(7,8,t)

This element a € ker(yp) if and only if

a € ker(p) & Z ar,sytéras_t =0
(r,s,t)

& Z Z Z ar,S,t(Srad:O

reN™ deZn s—it=d
& WEDWVdeWLEZaMﬁZO

r—s=d

Theorem 10 (Representation of ker(p)). ker(¢) = (o171 — 1,...,0,7, — 1) < RT.

Proof. ¢ is a morphism of rings, hence ker(y) is an ideal in R*. From

ploj7; —1)=0, 1<j<mn,
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we get that ker(p) 2 (o111 — 1,...,0,7 — 1).
For the converse let a € ker(yp). Thus
Vr e N VA €Z" Y apsr =0. (1.32)
s—t=d
Let now a be given by
=Y T =Y Y Y wde = Y Sl
(r,s,t) relNm dezZ» s—t=d relNm dezm

~~

S’r,d(a)

where the sum ranges over (r,s,t) € N™ x N” x N™. We consider such a summand
Sr.da(a) where (1.32) holds. Thus

_ t+d _tsr _ t ter d d
Snd(a) = Z Artt+dt0 T 0" = Z Qrt+dt0 T o — Z ar,t+d,t(5r0

teNn teNn teNn
t_t r _d
= E arptat(o’t —1)0"0",
telN™

where in the last expression the expression
olrt —1=0olt .ol 1= (o) (o) — 1
Now remark that the elements o;7; are central elements in RT:
0T - x = 0y ()T = 04 (Ti(x)) - 04T = x - 04, z €K,
which is just (1.31). Therefore we can find representations

(o) = (oim — )y +1, 1<i<n

where v; = 1+ 0y7 + (037:)? + ... + (037:)% 1 where 1 < i < n. Multiplying together we
obtain
(1) .. (opT)im =y + 1,

where v is a sum of terms each of which contains some expressions o;7; — 1 as a factor.
It follows that o't — 1 =+ € (o471 — 1,...,0,7, — 1). Consequently

Srala) € (o —1,...,0n,7 — 1) =>a = Z Z Sra(a) € (o —1,..., 0,7, — 1).
reNn  dezm

d
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Corollary 4 (Correspondence to positive exponents). Summarizing above considera-
tions, we get the isomorphism

Rt = a:= Zans’t(STO'STtGRi (r,s,t) € N™ x N™ x N" /<UiTi—111§i§n>
(T,S,t) ke;ap)

1

a:= Z ars6'0°: (r,s) e N" xZ" ) =5,
(r5)

i.e. the ring of difference-differential operators can be viewn as a quotient of a polynomial
ring, where the dependence of the automorphisms and their compositorial inverses is
factored out.

1.4. The Interplay of the considered Rings

In this section, we want to give an overview, how the rings, that are considered in this
thesis relate to each other. In literature each of the rings is studied mostly independent
of each other. Appropriate choices of “the variable-part of the definition” makes it pos-
sible to pass from one ring to another.

The advantage of this abstraction is, that theorems proven in a larger class apply to
the smaller class. For instance, a theorem on multivariate dimension polynomials in
difference-differential rings applies to all rings that could be obtained from a difference-
differential ring.
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A-Ring

\g|
I
=

Ore-Ring O

K[X]

0 = 0Oid

D-Ring

The figure shows the relation between
e the ring of Ore-polynomials O,
e the ring of difference-differential operators D,
e the ring of differential operators with set of derivations A,
e the ring of difference operators D,
e the ring of commutative polynomials K[X].

At each of this rings, a theory of Grobner bases for the computation of univariate and
multivariate dimension polynomials has been developed. The connection of this rings
already leads to the suspicion, that a common theory applies to all this rings.
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In the picture arrows indicate how one can pass from one ring to the other. For example,
the arrow from the ring of Ore-polynomials © to a differential ring indicates, that by
choosing o as the identity operator oiq, an Ore variable 9 acts as derivation.

Section 1.3. shows how to construct the ring of difference-differential operators from the
ring of Ore-polynomials by the fundamental isomorphism ¢ and derive the character-
ization Corollary 4. From that, it is evident that we can model differential rings and
difference-rings by choosing the set of automorphisms resp. the set of derivations as the
empty set, and therefore connect this concepts.

As we have seen in section 1.3, an Ore-Variable 0 is fully characterized by fixing an
unitary endomorphism o and a o-skew derivation 0 (see Lemma 9), and using the com-
mutation rule

0-x=o0(x)0+0(z), z e K.
To pass from the Ore-Ring to a differential ring, the choice ¢ = ojq and derivation §

allows the Ore-variable 0 to act by derivation and therefore gives rise to a differential ring.

Similar, by choosing the derivation § as zero-derivation § = dg and ¢ arbitrary we get a
difference-operator
0-x=o0(x)0, z e K,

and therefore a difference ring D.

If at the same time § = §y and o = 0;q we've got the commutation rule
0-x=x0,
and therefore the model of a commutative polynomial.

Starting now from the difference-differential ring (R, A, X)), difference-rings and differential-
rings are easily obtained by choosing the set of derivations A respectively the set of
automorphisms X as the empty set.

Commutative polynomials are obtained by setting the set of derivations A := {Jp} and
the set of automorphisms ¥ := {ojq}. Using multiple copies of &y resp. oiq allows to
model a multivariate polynomial ring K[X].

Finally, a difference-operator acts by o - & = o(x)o, hence o = 0iq gives rise to commu-
tative polynomials.

The Weyl-Algebra A, (K), the ring of differential operators with polynomial coefficients,
can be constructed in at least two ways. One way would be to view it as a sub-algebra
of the algebra of linear operators of K[X], namely Endg (K[X]). In particular, A, (K) is
generated by the operators #1,...,4, and dy,...,d,, where #;, d; : K[X] — K[X] act
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naturally by

()= f ()= feKX]

Another view would be that A, (K) is the free algebra
K{x1,...,xpn,d1,...,dy)
whose generators satisfy the commutation rule
TiT; = TjT, d;d; = d;d;, dix; = xjd; + 0; (1.33)
where §; j is the Kronecker symbol, defined by d; ; = 1 if i = j and zero otherwise.

To clarify the last missing connectors from the (difference-)differential-ring, we observe
that A, (K) a differential ring (and therefore as a particular difference-differential ring),
where the underlying ring is K[X], and monomials are of the form d' with [ € N”.

The Relation to Algebras of Solvable Type

In literature, the notion of algebras of solvable type occured in [KRW90]. If K is a
(commutative) field of characteristic zero, they consider R = K(Xj, ..., X,,), the free as-
sociative algebra in the variables X; over K. Words w of length p in R can be represented
as Xj -+ X, A word w is said to be a standard monomial if and only if

w:Xil--'Xip/\lgilSizé...ﬁipgn.

In R, we can add terms, but we restrict the multiplication X; and X to be the product
X;X; = X;-X;only if 1 <i < j <n. For the product of X; with X; where 7, j are as
in the last sentence, we encounter the operation x.

Suppose we have a linear order < on the set of words in R. On the generators Xi,..., X,
of R, we introduce a new, non-commutative, product * that satisfies for all choices of
1,7 such that 1 <14 < j < n the condition

E|Cij S K\{O} Hpij ER: Xj * X; = Cz‘jXZ'Xj + pij A LT(pij) < Xin. (1.34)

In particular, it is possible to express every f € R as a K-linear combination of standard
monomials (and hence, remove any occurence of the x-product, leaving only the usual
product).

Definition 9. The algebra R = K(X1,...,X,,) is called an algebra of solvable type if
and only if

e R is an associative ring with 1

e for all a,b € K and indices 1 < h < i < j < k < n, and t is a monomial in
Xy, X
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1. axbt =bt xa = abt
2. X, * bt = bXpt
3. bt*Xk:thk

o for 1 <1i < j < n there exist 0 # ¢;; € K and p;; € R such that
X * X = ¢i; X: X5 + pij, LT(pij) < Xi X;.
In particular, we can consider f,g € R and calculate w.r.t. the new product x as follows:
fxg=c-fg+h, ceK, LT(h) <LT(fg).
The axioms we’ve considered so far, allows us to find that for f,g € R we have:

o LT(f*g) =c-LT(f) LT(g) for some c € K;

e For h € R, LT(f) < LT(g) implies
1. LT(f xh) < LT(g*h)
2. LT(h* f) < LT(h*g).

So, there is quite some structure available. Let us consider the situation where we have
a solvable algebra with two generators, i.e. m = 2. This situation has been studied in
[LKM11]. It turns out, that condition (1.34) translates as follows

Xox X1 =cpo- XiXo+a - X1+ 8- Xo+7, c12,a, 3,7 € K.
In this setting we have the following ([LKM11, Theorem 1.]):
Theorem 11. Consider the free algebra
Ale,a,B,7) =K{x,y | yxx =c- a2y + az + By +7),

Let q be transcendental over K. Then, A(c,a, B,7) is isomorphic to one of the five
algebras:

e the commutative algebra K[z, y];

o the first Weyl algebra A1 = K(z,d | de = xd + 1);

e the shift algebra S1 = K(s,z | sz = xs +s);

e the g-commutative algebra K[z, y] = K(¢)(z,y | yr = q - zy);
o the first g-Weyl algebra A\Y = K(q)(x,0 | 0z = q- 20 + 1).

From that, we see that algebras of solvable type in two generators are also contained in
our picture, and therefore related to our construction. We will in the upcoming chapters
introduce an algorithmic treatment of rings of that type.
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2. The Concept of Grobner Reduction

At the introduction we have encountered a variety of non-commutative polynomial rings
that can be used to model physical problems in a suitable operator algebra.

By careful inspection of the procedures in current literature, we’ve got the increasing evi-
dence that the interplay of filtrations and Grobner bases must have a key role. Therefore,
in this section, we are going to equip the considered rings with a certain type of filtration
(so called “monomial filtrations”). The filtration on the ring extends to a filtration on
the considered module. This “filter-space” (which we are defining more precisely in the
next section), viewn as a K-vector space, has as most important invariant its dimension.

For several rings a theory of computation of dimension has been considered. At [FL15a],
the author, in joint work with Giinter Landsmann, has developed the concept of Grobner
Reduction. This work was presented at ISSAC 2015 in Bath.

Grobner reduction will provide an uniform approach of computing the vector space
dimension of filter-spaces of left modules. The introduced concept is an axiomatic ap-
proach to related techniques, characterizing the properties of a binary reduction relation.

With this layer of abstraction, we are in the position to prove several known characteri-
zations from a different point of view then in current literature, without explicit knowing
the reduction relation forehead.

2.1. Filtered Modules over Filtered Rings

As indicated in the introductory chapter, we let throughout this thesis denote R an
arbitrary ring with one, containing a commutative ring K as a subring. Sometimes, K
will coincide with a field K of characteristic zero, this will be emphasized at occurence.
Hence, we will use the symbol K if we want to express that K is a commutative ring, and
K to express that K equals a field K of characteristic zero. The symbol <, is understood
as in (1.20).
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Definition 10 (Filtered Ring).
Let R be a ring. By a p-fold filtration on R we mean a family of additive subgroups

R. CR, r e NP,
such that
1. R, - Rs C Ry, r,s € N?;
2. R. C Ry, r <;s € NP,

3. R= U Ry

reINP

4. 1 € Ry

Definition 11 (Monomial Filtration).
A filtration of R is called monomial if and only if

1. Ry = K;
2. feR, =T(f) CR,, r € INP;

General p-fold filtrations on rings and modules, with an application of computing the
Gelfand-Kirillov-Dimension, were studied in [Tor99].

Lemma 13 (R is left- and right- Ry-module).
If R is a filtered ring, Ry is a subring and each R, is a left and a right Rg-module.

We will give now some examples of filtrations on rings appearing in literature. Later
on, we will use the filtrations appearing in this examples in applications involving this
filtered rings.

Example 6 (Filtration on K[X]).
If R :=K[x1,...,xz,], one possible (n-fold) filtration is given by

FY.={feR: Vi: deg,.(f) < i}, r=(ry,...,m) € N
This filtration on R is an example of a monomial filtration.

Another example of a monomial filtration would be, for a term order <, to consider the
subset of R
F® .= {f eKzy,...,z,): LT(f) 2"}, r e N".

For the commutative semigroup in the multivariate polynomial ring, we will use the

common symbol T"(X) (e.g. [AL94]), defined by

TX) = {at .2k (ky,... k) € NPL

n
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(i.e. the commutative semigroup consisting of power products), to indicate monomials.
The first filtration contains at most finitely many monomials, the total number is given
by the multinomial coefficient

, r=(ry,...,m) € N",

|
#|FT§1)QTTL(X)’: <T‘1+...+Tn> _ (T1+...—|—Tn).

T1,...,Tn ril ool

The second filtration might consists of infinitely many monomials m that satisfy m < x”.

Example 7 (Filtration on D).
For the ring D, in [ZW08a] the following situation is considered: Let

A= okmglt gl e A €D, (ki k) € NTL(L 1) € 27,

n

and set

For a general operator f € D we define

flo=1 Y AMy=max{Al,: fL#0}, v=12

ANEAm
Then, a bivariate filtration on D 1is given by
D,s:={feD: |fi<r A |fla <s}, r,s € N.
To prove that
f €Dy -Dyg= [ € Dpyg, p=(p1,p2) = (q1,2) € N?,

take f € Dy - Dy, i.e. there exists a € D, and b € Dy such that f = ab. Let

a= Z ann € Dy, b= Z bup € Dy, ay, b, €K,
neAm,n ,U«EAm,n

such that T(a) C D, and T(b) C Dy, or what is equivalent,
VneT(a): i <p1 A lnla<p2,  YueT®):|ph <qa A | <.
By Lemma 6, we have that
T(ab) € {N'p: p € T(b)},

where
N e {8" o3 6! € T(a) such that k' <, k}.

Hence, for all monomials n € T(a) with |n|1 = l|al1, we get for all p € T(b) with
[l = [bly that

Nply = [N+ |l < [nl+ el = lal + bl = p1 + @1

49



For | - |o we use the property that the automorphisms have the same exponent vector
regardless of non-commutativity, i.e.

VeeK:ol -z =o' (x)o' = |0t x|y = |o!(2) - ol]z = |02,

hence by triangle inequality
(N pl2 = [nple < [nl2 + |pl2 = lalz + [bl2 = p2 + go.
The remaining properties

Dr,s - Dr’,s’ (7’, 3) <r (T’,, S/) D= U Dr,s 1e D070
7,8

are plain.

Example 8 (Filtration on O).
In [Lev07], the multivariate ring of Ore-polynomials in O™ = {dy,...,0,} over the
field K, denoted by O, with commutation rule

0; - x = 0;(x)0; + 6;(x), z €K,

for o; an injective K-homomorphism and §; a o;-skew derivation is considered. Ring
elements are K-linear combinations of power products of the form

™ ((’)(”)) = ok =" . 0k k= (ki,... ko) € N").

If now partition the set O™ into p disjoint subsets O, ..., O, such that
01 = {81, ‘e 78n1}
Oy = {8n1+.4.+nk,1+1a cee 78n1+.‘.+nk}7 1<k<p,
and ny + ...+ ny, = n, then we denote
%0, = [0f* ... 0k o, = D .
ate(’)i

A p-fold filtration on O is given by
(Dr::{fe(D: |f|0i§ri}7 T:(T‘1,...,T’p)€1Np7

where
|f’Oz = maX{‘U’Oi : 77€T<f)}7 1<i<p.

In [Lev07], the monomials in O, are denoted by the symbol O(r1,...,1p). However, at
the first section, we reserved the symbol © for differential monomials. Therefore, we
suggest to use the symbol

O(ri,...,mp) ={oeT" (O(")> 2 Vit olo, <15}, (r1,...,rp) € NP
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instead. A different view on that would be, that we can build up this p-fold filtration as
an intersection of p univariate filtrations. This is achieved by setting

OF ={feO:|flo, <k}, keN1<j<p,
and considering the filtration
Ok, ky) =00 N...NOP, k= (k,... k) € NP

Writing the p-fold filtration in that way, reflects in the structure of a partial product
order. However, not every p-fold filtration has the structure of the product order.

Many more filtrations are know throughout literature, such as the Bernstein filtration
at the Weyl algebra, the ring of differential operators with polynomial coefficients.

Given now a ring R, the obvious question is how to construct a filtration. We are going
to answer the question in two steps. As a first step, we restrict ourselves to the case
p = 1. Later on, we will consider the general case. It is obvious that we consider certain
subsets Ri C R, that satisfy

e Vk,le N: k<Il= R, CRy;

e |J Ry,=R.
k=0

Let S denote the set of subsets R of R that fulfill this two rules.

One possible choice to design a filtration on R is to consider the family of subsets
R™ :={reR:u(r) <k} CR,

where u is about to be characterized. This choice of R,(gu) obviously satisfies the two

)

characteristic properties for the set 5, i.e. R](Cu € S. The following Lemma gives a full

characterization of univariate filtrations.

Lemma 14 (Characterization of one-dimensional filtrations). With the above notation,
the family
R™W .= {feR: u(f)<k}, keN,

is an univartate filtration of R if and only if the map u satisfies the following conditions:
1. If x € R, then u(z) =0 if and only if x € K;
2. Vz,y € R:u(r +y) <max{u(x),u(y)};
3. Vx,y € R:u(ry) <u(x) +uly);

Furthermore, for any univariate filtration R,, there exists a mapping u : R — N, satis-
fying conditions 1.-3. such that R, = Rﬁu).
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Proof. Clearly, if v : R — N is a mapping satisfying the above conditions and R,gu) =

{r € R: u(x) <k} (where k € N), then the family {R](Cu) : k € N} satisfies con-
ditions 1.-4. of Definition 10 (with p = 1). Note that, if x € R,(Cu) and ¢ € K, then
u(ex) < u(c) + u(z) = u(z). This observation and property 2. imply that every R,(iu) is
a K-module. Conversely, suppose that u is a mapping from R to N such that the family
R,(Cu) ={x € R: u(x) <k}, k € N, satisfies conditions 1.-4. of Definition 10. Since
R(()“) = K and u(z) > 0 for any = € R, we obtain that = € K is equivalent to u(z) = 0.
The other properties of the map u follow from the fact that every R,gu) is a K-module
and from the first two conditions of Definition 10.

In order to prove the last part of the statement, consider a univariate filtration {R, : r €
N} of R and define the mapping u : R — N by setting u(z) = min{k : x € Ri}. It
is easy to check that wu satisfies conditions 1.-3. Indeed, since Ry = K, we have that
u(a) = 0 for any a € K and, conversely, the equality u(z) = 0 (where 2 € R) implies
that x € Ry = K. Furthermore, the fact that every Ry is a K-module and the first two
properties of a filtration imply that the mapping satisfies conditions 2 and 3.

It remains to show that Rﬁu) = R, for all » € N. As we have already seen, R(()u) = K = Ry.

Let © € R,. Then u(x) < r, hence, z € Rr™. Conversely, let y € R™. Then u(y) <,
so y € R,. This completes the proof of the lemma.
O

Remark. The first part of Lemma 14 can be generalized to p-fold filtrations (p > 1) as
follows. Let us consider a mapping u : R — NP and let u; := mjou: R — N (1 <1i < p),
where m; is the projection of NP onto its i-th component: (ai,...,ap) — a;. For any
r=(ry,...,rp) € NP, let Rﬁ“) ={r e R: ui(x) <r;forl <i<p} Then, one can
mimic the corresponding part of the proof of Lemma 14 to obtain that {Rﬁu) : r € NP}
is a p-fold filtration of R if and only if the mapping u satisfies the following conditions:

1. If x € R, then u(x) = 0 if and only if z € K;
2. u(z +y) <x (max{ui(x),u1(y)},..., max{u,(x),u,(y)}) for all x,y € R;
3. u(zy) <z (wi(x) +ui(y),. .., up(x) + up(y)) for all z,y € R.

At the same time, if p > 1, then not every p-fold filtration is of the form {Rf«u) r € NP}
with a mapping u : R — NP satisfying the above conditions. It follows from the fact that
the same element of R can belong to different components R, and R with incomparable
(with respect to <) p-tuples r, s € NP.

Example 9. Let K[z, y] be a polynomial ring in two variables over a field K, equipped
with a natural bifiltration

Res:={f €Klz,y]: deg,(f) <rAdeg,(f) <s},  (r,s) €N’
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and let the factor ring R = K[z, y]/(x® — y*) be equipped with the canonical image R,
of the filtration {R; : r € INQ};Denotmgithe coset of a polynomial f € K[z, y] by f, we
obtain that, say, xy?> € R12 N Rap (e.g. x> € Ryo\R12).

Definition 12 (Filter valuation). Let M be a set of monomials contained in R, v : M —
N. We extend v to R by setting:

v:R— N, f[f—=v(f):={max{r(m)}:meT(f)}.
We call v a filter-valuation on R if and only if
Ry = {f € R:v(f) <k}
defines a filtration on R.

Lemma 15 (Characterization of filter valuations). Let R be a ring containing a set of
monomials M C R, and let K be a field of characteristic zero. Further, let v be a filter
valuation on R. Set

RV .= {feR:v(f)<k}, Ro=K.
Then, for a, B,v,A\,n € M, ¢ € K\{0}, r,s € N, a,b € R, for the statements
(1) v(x-c-n) <v(\) +v(n);
(2) v(An) <v(N) +v(n);
(3) v(A-c) =v(N);
(4) MnRY)-RY € RY);
(5) Fa:v(aB) <rAv(y) <s=v(By) <r+s;
(6) 3a:v(af) <r=v(B) <r;
(7) v(B) < v(ap);
(8) v(ab) < v(a)+ v(b);

the following implications hold:
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Proof. First, we assume (1) and show (8). To that end,

a-b= Za#,u : ann = Zauﬂ’bnna ay, by € K,

pneEM neM A AEM
hence

v(ab) < max {v(aup - byn)}t = max v byn)}-

)

Now, by (1), we conclude
v(ab) < v(p-byn) <vp) +v(n) <wvia)+v(b).
For the converse, assume (8) and specialize a = A and b = ¢- 7. Then:
v(ab) = v(A-c-n) < v(N) + vic-n) = v(A) + v(n).

(1) = (2) is seen by specializing ¢ = 1. Similar, setting n to 1, shows that (1) = (3).
For proving (1) = (4) take

a€MNRY)-RM =a=Xb=XY b= Xbup,
pneM peM

v(a) <max{v(A-byu): b, #0} <v(\)+v(p) <r+s=ac Rff_/i_)s.

(5) = (2) is shown by taking w = 1. For (5) = (6) take v = 1 and observe that (1) = 0.
Next, we will show (6) = (7). To that end, set r := v(af) to get

v(B) <7 =wv(B) < v(ap).
For the converse, we take the chain of inequalities
v(B) <v(aB) <r=v(B) <

Finally, we assume (2),(7) and that the monomials form a multiplicative monoid, we
want to show (5). We have

v(By) < v(aBy) < v(aB) +v(y) = +s.
O

Definition 13 (Set of p-fold filtrations). We denote the set of all p-fold filtrations on
the ring R by the symbol F,(R), meaning that there is a NP-indiced family of subsets,
satisfying the conditions of Definition 10. For filtrations F' and G we set

(FNG) s = F NG, F e Fy(R),G € Fy(R),r € NP, s € N

Lemma 16 (Intersection of Filtrations). Given a ring R, let F' € F,(R) be a p-fold
filtration, G € F4(R) a g-fold filtration on R, such that F' and G are distinct. Then
FNGe FpyR).
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Proof. To prove property 1. take
a€(FNG)psy NbEFNG)gu ©ac NG N bEFNG,.
From that, we get that the product ab € F,. F; C F,4; and ab € GsG,, C Gy, hence
ab € Fryy NGy = (FNG) (it 51u)-
For property 2. assume that (r,s) <, (r/,s’). Then, F, C F,» and G54 C Gy. Therefore,
(FNG)pe) =F-NGs CE NGy = (FNG)( o)

To show property 3., we take the two-fold union

UFrne) ey =JUJFEnc)=JFn|JG:=RNR=R.

Finally, 1e (F N G)(O,O)‘ O

Lemma 17. Given a p-fold filtration F' € F,(R) of R, and a partition (p1,...,pn) of p
st. p=p1+ ...+ pn. We define n projections

i Fp(R) — Fp,(R), Fosm(F)e = Frrritirissr 1<i<n,
i€l

where the union ranges over all tuples
Z:={i:= ("1, sTi1,Tit1s---,Tn) € NPL X ... x NPim1 x NPit1 x| x NP}
Then, m;(F') is a p;-fold filtration of R.
Proof. Throughout this proof, we abbreviate
(t,7) := (T1y ey Tim 1, 6y T 1y e e o ).
Further, we set

sup{(¢t,7), (t,8)} := (max{ry, s1},...,max{ri_1, si—1}, t, max{rit1, Si+1},..., max{r,, sp})
= (t,sup{?, 5}).

To show that 7(F); are vector spaces, take a,b € m;(F);. Then, there exists 7,§ such
that

a€Fupm N b€ Fuz = a,b€ Fapi),t,5)} = Flesup(isy) S ()

If a € m;(F),b € mi(F)y then there exist 7, § such that a € Fi; 7 and b € F, 3. Thus,
the product
ab € Flyyr5vs) C i F)eye-

The remaining properties are obvious. O
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A special case is that each p-fold filtration of R has p projections onto Fi(R)

i« Fp(R) = Fi(R), 1<i<p.

Now, we consider the converse.

Lemma 18 (Projection of Filtrations). For each integer tuple (p1, ...

map

@ Fp (R) X .. X Fp, (R) = Fpyttpn (R)

(F(l), . ,F(”)> =@ ((F<1>, - ,F<">)) _ON

The map ¢ is injective.

Proof. We generalize the notion (F' N G)(,, from before,

(F“), . ,F(”)) =FYn...nF™

T T
(7”1,...,1””) "

where each F() is a p;-fold filtration and r; € NPi. Assume that

o (FO, F)) = (60, 6)).

i.e. we have for (rq,...,r,) € N™ that

~ (a,....a)

(r1ye57n)

ri#r; \J=0 j=0 \j=0 =0
=an lJ [NeY | =cnr=a.
ri#ri \Jj=0

Corollary 5. Given a partition p =p1 + ...+ pn,

1. For 1 <i<mn the association F — 7;(F) provides a map

i« Fp(R) = Fp,(R)

2. The association @ is a map

0 Fp (R) x ... x Fp, (R) = Fp(R).
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3. Let m:=(m1,...,mp), t.e. m:Fp(R) = Fp, X ... x Fp. (R). Then
T o =1d.
Consequently the map o is a section and w is the corresponding retraction.

Having now fixed a filtration on a ring R, we consider now a finitely generated left R-
module M, that is generated by {h1,...,hq}, such that M inherits a filtration on R in
the natural way, by setting

M, := R.hy + ...+ Rohy, 7 €NP.

Definition 14 (Filtered Module). Let M be a left R-module. A p-fold filtration of the
module M with respect to the p-fold filtered ring R is a family

M, C M, r e NP
of additive subgroups of M with the properties
1. R, - Mg C M, s, r,s € NP,
2. M, C M;, r <;s¢&NP;

3. M= | M,.
relNP

M together with such a filtration is called a filtered module over the filtered ring R.

Notation. If X is an arbitrary subset of a filtered module
M= ] M,
relNp

wet set
X, =XNM,, r € NP,

Definition 15 (Artinian Ring). We call a ring left-artinian if and only if it satisfies
the descending chain condition on left-ideals (i.e. every strictly descending chain of
left-ideals must terminate).

Definition 16 (Noetherian Module). A left R-module M is called noetherian if and only
for submodules of M the ascending chain condition holds (i.e. every strictly ascending
chain of submodules must terminate).

In the following Lemma we want to give an intuition about the nature of noetherian
modules. An overview is given in [RM87].

Lemma 19 (Characterization of noetherian modules).
The following statements are equivalent:

e M is a noetherian R-module;
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o Every submodule of M is finitely generated;
o FEuvery collection of submodules of M has a maximal element;
Moreover, for given a filtered ring R and a filtration M, of the R-module M

e If R is a noetherian ring and M is a finitely generated R-module, then M is
noetherian;

o For each v € NP, M, is a left Ry-module.

Obviously, if M is a left module over a left-artinian ring R then M is noetherian is
equivalent to saying M is a finitely generated left R-module, and satisfies the ascending
chain condition.

Example 10. We consider, the skew polynomial ring S = R[x;0,d] where x acts on R

by
x-r=o(zx) z+(r), d(rs) = a(r)d(s) + so(r), r,s € R.

In [RMS7, Theorem 2.9 (iv)], it is shown 1, that if o is an automorphism and the ring
R is (left-) noetherian, then S is (left-) noetherian. But remark, that o bijective is
an additional assumption, as condition (1.29) only allows to deduce that o is injective.
Howewver, in applications, the assumption that o is an automorphism is often fulfilled,
and induction allows to prove a multivariate analog of Hilbert’s basis theorem (Theorem

7).

A p-fold filtration of R extends naturally to a p-fold filtration on free modules: Let R
be a filtered ring, and
F = Rei @ ... D Rey

the free R-module on the set E := {e1,...,e4}. Then,
F.=Rre1®...® Ryeg, r e NP, (2.1)

defines a filtration of the free module F. If a filtration is monomial with respect to the
basis M, then so is the extended filtration of F' with respect to the basis ME, meaning
that always

feF. =T(f) CF,.

By using above notation, we immediately get that if R = KM then F = R¥) = gME),

Example 11 (Filtration on free D-module F').
We extend the order functions of the difference-differential ring D to the free module
F =D1: For e € Ay B and v =1,2 let

|)\€‘v = ’)‘|u

"While in [RMS87] the skew-polynomial ring S = R[z;0,0] is considered as right R-module, i.e.

n
elements in S are written as > xFby, with by, in R, we reformulate their approach to left-modules.
k=0
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and for a module element let

fly s=max{|t|,: t € T(f)}, f= Y  fiteF

t€Amn E
This gives the extended filtration on F - for r,s € N
Fr,s :Dr,sel@"'@Dr,seq = {fEF: |f|1 ST/\|f|2 < 3}-

From |ej|, = 0 it is clear that E C Fyo whence (F,. ;) is a bivariate filtration. Since the
ring filtration is monomial, the extended filtration is so too. From that, we see that the
following is equivalent

.feFr,s
o VteT(f): [th <rAltla<s
.T(f)gFr,s

Let R be a filtered ring, and M, N filtered R-modules. An R-homomorphism ¢: M — N
is called a filter respecting homomorphism (or simply a morphism) if it respects the filter
structure, that is, if

o(M,) C N, r € NP,

A morphism induces Ry-linear maps M, — N, for all » € NP,

Lemma 20 (Homomorphic images of Filtration).
Let R be a filtered ring and ¢: M — N a homomorphism of R-modules.

1. If M is filtered over R then im(yp) is filtered by setting im(p), = @(M,). @ is then
a morphism M — im(yp).

2. If N is filtered over R then M is filtered by setting M, = o~ *(N,). ¢ is then a
morphism M — N.

Thus, each finitely generated R-module M = Rh; + --- + Rhg inherits a filtration by
first extending the family R, to the free module F' = R? and then pushing down with a
map

T F— M, ei — m(e;) = hy, 1< <q.

By specializing Lemma 20 to inclusion N — M any submodule N C M naturally

inherits a filtration from M via
N, = NN M,.
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2.2. Reduction Relations

The key ingredient of Grébner basis techniques is the notion of reduction. A reduction
relation p on X is a binary relation p C X x X. We write f — h to indicate that
(f,h) € p, and f —* h when there is a chain of finite length

f=fh—hHh— - —fu=h, k € N.

Note, that also k = 0 is allowed in this setting, that indicates that f reduces to itself.
An equivalent characterization is given by

f—"h:e(f,h) € U o
keN

We give now a couple of examples of reduction relations.

Example 12 (Polynomial reduction).
For the multivariate polynomial ring over the field K, the polynomial f reduces modulo
g to h in one step, if and only if a monomial m € T™(X) exists such that

LT(f) =LT(m-g) A h=f-m-g, fig.heR, meT"(X).
Again, T"(X) is the commutative semigroup of power products in 1,. .., Ty.
Winkler and Zhou [ZWO08a] give a reduction relation for the ring D.

Example 13 (Relative reduction).
Let < and <’ be generalized term orders on Ay, , E, F a finitely generated free D-module.
For f,g,h € F,

FE5 h & 3NEAn,: LT (Ag) =LT<(f) A LT (Ag) < LT(f) A
h=f—LC<(f)/LC<(Ag) - Ag.

Therefore, writing —4 for ordinary leading term reduction w.r.t. < by g, we obtain
fSghie f—yh A LTo(Ag) < LTL(f).
With I we denote the set of p-irreducible elements, that is
I'={zxe X: Aye X such that (z,y) € p}. (2.2)

A subset Y C X is called p-stable if y € Y and y — 2 implies that z € Y.

For a Grobner reduction, we will later on consider stable reduction relations on filtered
free modules.
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If p C M x M is a relation on a R-module M, then for &k € N we set

Zn=A{f: (10,  Za=Uz 2= %, (2.3)
1<k k=0

i.e. the set Z;, holds the elements f € M that reduce to zero in k steps, the set Z<j, hold
elements that reduce in at most k steps to zero, and Z all elements that reduce to 0. It
is plain, that

o
Z=\]Zs={feM: f—"0}.
k=0
Obviously 0 € Z, because 0 reduces in zero steps to 0, hence 0 € Zy C Z.

In the following we set up a list of axioms, which make a relation appropriate for reducing
module elements to normal forms.

Definition 17 (Strong Reduction).
Let M be an R-module, N C M a submodule and p a binary relation on M. p is called
a reduction for N provided that

1. p is noetherian, i.e. every sequence
fr— o
terminates;

2. the set of irreducibles I (compare (2.2)) is a monomial K-linear subspace of M,
that is, I is a K-vector space and

VieM: fel=T(f)CI,

3. f—h= f=h (mod N);
p is called a strong reduction for IV if it satisfies in addition
4. I NN =0, that is, every non-zero element in NN is reducible.

Lemma 21. A relation that satisfies axioms 1-4, i.e. a strong reduction, is noetherian
and confluent®.

Proof. The case where f € [ is trivial, since f can’t be reduced further. On the other
hand, if f € N it reduces by axiom 4. in a finite number of steps (axiom 1.) to an
irreducible element ¢ (which we call normal form). Obvious, i € I and by axiom 3. it is
in N. Therefore we conclude ¢ = 0. Suppose, there exist two different normal forms i;
and 7o, then their difference i1 — 75 is contained in I NN and therefore zero. This proves
that 47 = 49, or what is equivalent, the reduction relation — is confluent. ]

2A reduction relation p C X x X is called confluent if and only if for all a,b, ¢ € X with b not equal
to ¢, such that @ — b and a — ¢, implies the existence of d € X such that b —+* d and ¢ —* d. A
noetherian reduction relation that is confluent is said to have the Church-Rosser property. In literature,
this property is sometimes also called diamond property. The theory of polynomial Grobner basis is
developed upon this presentation in [Win96].
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Notation. If F' is a free module, and — is strong reduction, we will write NF(f) for
the unique normal form of f € F. Thus, we always have

f—" NF(f).

In the following we will characterize a reduction relation by describing the behavior on
arbitrary modules.

Lemma 22 (Additive Decomposition by strong reduction).
Let M be an R-module, N C M be a submodule of M, and the relation p C M x M be
a (noetherian) reduction on M. Then, we have

1. M=N+1;
2. INNCO0& Z=N.

Consequently, if F' is a free module and p is a strong reduction for N C F', then
F=N&®I and Z=N.

Proof. The additive decomposition is plain. To prove that IN N C 0= Z = N, observe
that by axiom 1. and 3. the zero set Z is contained in N. Assume now, that INN C 0,
and let n € N. Then, there exists an irreducible element r € N such that n —* r.
Thus, » € INN C 0 and so n —* 0, i.e. n € Z. For the converse, assume that
x € INN, z—>0 and zx is irreducible. Therefore x = 0. Consequently /NN C 0. [O

One might is now led to the question how such a reduction relation might look like. We
want to stay as general as possible, but give the reader the intuition that this concept
is actually available on an arbitrary module.

Lemma 23 (Existence of strong reduction).
Let N be an arbitrary submodule of the free R-module F. Then, there exists a strong
reduction for N.

Proof. Assume that N C F whence MI[E € N. Choose a set S being maximal in the
non-empty inductively ordered set {T'C ME : K- TNN = 0}. Put C = K-S. Obviously

F=KME) =NgC,
so consider projection pc : N @ C — C and define a reduction relation

p={(f.h) €FxF:fgCnNh=pc(f)}

It is clear that p terminates. The set I of p-irreducible elements in C' which is a monomial
K-linear space. If f — h then

f=n4+ceNaC

and h = ¢ which shows that f = h (mod N). Finally, INN = CNN =0, and thus p is
a strong reduction for V. O

62



For applications one might wants to consider restricted reduction relations, where we do
not leave a subspace of the considered module. This is of particular interest for filtered
modules. Therefore we conclude the definition started before by giving the defining
property for Grobner reduction.

Definition 17 (Continued). Let R be a filtered ring, F' the free R-module generated by
E :={e1,...,eq}. Let N C F be a submodule. A strong reduction p C F' x F for N is
called a Grobner reduction for N if it satisfies the axiom

5. F, is p-stable for all r € INP.

Lemma 24 (Additive Decomposition by Grobner reduction).
Let R be a filtered ring, F the free R-module generated by {e1,...,eq}. Let N C F be
a submodule, p C F x F be a Grobner reduction. Then,

F.=N,+1I,, reN” (2.4)

Consequently
F=Na&lI, F.=N,oI,, r € NP, (2.5)

Proof. Let f € F,.. Reduce f to normal form f —* h = NF(f). By axiom 3. we
have that f = h (mod N), therefore f —h = n € N. By axiom 5. h € F,. Thus,
helINnk, =1. Asboth, fand h are in F}., so is n. Therefore, f =n+r € N, +1.. O

Remark. Equation (2.4) corresponds to ’division with remainder’ in the classical the-
ory. Similar, equation (2.5) describes 'uniqueness of normal forms’ in Grébner basis
computation.

Lemma 25 (Monomial submodules and Grébner reduction).

Assume that the set of monomials M in R is a monoid. Let N C F be a monomial
submodule (i.e N is generated by a subset of MIE ). Choose a monomial K-linear com-
plement I of N in F (e.g., I = K-S where S = {t € ME: t ¢ N}). Let p; denote
projection N & I — I and let p C F x F be the relation

p=DI |F\1-
Then, with arbitrary monomial filtration, p is a Grobner reduction for N.

Proof. Let N be generated by X C ME. The general element of N is n = ) a,.
The elements a, € R are

ay = Z ay -m, ay €K whence n = Z Z ay’ - mx. (2.6)

meM rzeX meM

Since MM C M, the expressions maz are monomials in MIE. After (possibly) some cancel-
lations, equation (2.6) results in the unique representation of n as K-linear combination
of ME. Since each surviving term is a (monomial) multiple of a generator monomial of
N, it is in N, this means, N is a monomial module.
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Let S ={te ME:t ¢ N}, and let I = K- S, the vector space generated by elements
from S. By construction, I is a monomial subspace of F'.

Evidently NN I = 0.

Write f € F as K-linear combination of elements of M[E.. We may split this expression
as

F=Y_ft+> fit,  fieK

tes 1S
which shows that f € N + I. Consequently ' = N @ I. The relation p results in

p:f—h&s feF\INh=p(f)

Thus, with exception of elements in I, every f € F reduces to normal form in one step.
If f— hthen f € F\I and h = p;(f) = pr(n+r) =r; thus, f —h =n € N, ie.,
f=h mod N. Consequently p is a strong reduction for N.

Let f € F, and f — h. By monomiality of F,., T(f) C F,. Because f =n+ his a
direct decomposition, it follows that T(h) C F.. Consequently h € F,. and p is a Grobner
reduction. O

2.3. Computation of Dimension in Finitely Generated Modules

The task of computing the dimension in finitely generated modules of differential and
difference-differential operators has been considered by many researchers.

But already the first legitimate question in this context “What Dimension is actually
meant?” is not obviously answered. While in general topological spaces X the Krull-
Dimension appears (the supremum over all lengths of chains (X, Xi,...,X,), where
X C X, ordered by inclusion), in multi-filtered rings the Gelfand-Kirillov Dimension
[Tor99] is an important quantity.

Let K be a field of characteristic zero. Previously, we have considered filter-spaces F;.
which are subspaces of F' and form a K-vector space. As a K-vector space, we have
a basis, the number of K-linear independent basis elements is called the vector space
dimension. Vector space dimension is described by the Hilbert-Function. When talking
about dimension in this section we mean vector-space dimension over the field K, and
restrict our attention to finite-dimensional spaces. For an algebra over a field, the di-
mension as vector space is finite if and only if its Krull dimension is 0. We will denote
dimension of the vector space V' over K by the symbol dimg (V).

In differential algebra, the notion of differential dimension polynomial was introduced

by Kolchin [Kol64]. This dimension polynomial carries certain invariants, and its com-
putation has been addressed for the last 50 years. Methods for its computation include
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characteristic sets as well as Grobner basis techniques. After all, the differential di-
mension polynomial is obtained from a differential ring equipped with an univariate
filtration, namely the order of the differential operator. This was the starting point of
considerations in different base rings (that we’ve considered in the introduction), for a
survey on related techniques see [KLAV9S, Lev07, ZW08a, ZWO08b, Lev12].

In this section, we let the commutative subring K C R contained in R be a field K of
characteristic zero.

Theorem 12 (Main Theorem on Dimension).
Let M = Rmy + --- + Rmy be a finite R-module with free presentation

0—N-—F- 5 M-—0

where F' = R1. Assume given a strong reduction for N with set of irreducibles I. Let
V C F be a monomial K-linear subspace that is p-stable and let U be the set of irreducible
monomials in V. Then w(U) is a K-vector space bases for m(V'). In particular we obtain
that

dimye 7(V) = |m(U)| = |U].

Proof. Let f,h € I. Then n(f) = m(h) implies that f —h € N NI = 0 whence 7|I is
injective. Since U = INMENV C I it is plain that 7|U is injective, whence |7 (U)| = |U|.
Let
chw(,uj) =0, ¢; €K, u; € INME.
J
Then };cju; € N NI =0. Therefore ¢; = 0 Vj. This demonstrates that m(I N ME)
is K-linearly independent. Thus 7(U) C «(I N ME) is linearly independent. Now we
may reduce elements f € F until an irreducible r is reached. Doing this for elements
f € V and taking into account that the reduction stays inside V' we obtain an irreducible
r € V. Thus
VfeV3IrelnV with n(r) =n(f).

Now take m € (V). 3f € V with m = 7(f). Choose r € INV with 7(r) = 7(f),

r:ch,uj, cj € K, u; € ME.
J

Since V' is monomial, all p; are in V' and because r € I, all terms of r must be in 1.
Therefore
pi e VAMENT =U Vj.

Consequently

m=m(r) = chﬁ(,uj) e K-n(U).

So (m(U))x =V and w(U) is a K-basis. O
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In the general situation consider a finite module M over an arbitrary monomially filtered
ring R
R=|J R M=Rmi+-- +Rm,
relNP

Choose a free presentation
0—N-—F-"M-—0 (2.7)

with F' = RY. We get the following corollary.

Corollary 6 (Dimension in Filterspaces).

Let F be equipped with extended filtration from R and consider M with the filtration
M, = 7(F,). Forr € NP et U, be the set of irreducible monomials in the filter space F,.
Assume given a Grobner reduction for N. Then the sets w(U,) provide K-vector space
bases for the spaces M,. In particular

dimg M, = |7(U,)| = |Uy| r € NP.
Proof. Apply Theorem 12 with V = F. O
Combining this corollary with Lemma 25 gives:

Corollary 7 (Dimension in Monomial Submodules).

Assume that the monomials in R form a multiplicative monoid, let N C F be a monomial
submodule. Let S = {t € ME: t ¢ N}. Then, for arbitrary monomial filtration R, and
extended filtration F,., we have

dimg (F/N) =15,

Proof. Let I =K -S. Then INMEFE = S and thus I "MFENF, = SNF, =5,. Using
Corollary 6 proves the assertion. O

Let us consider a degenerate case, where the filtration F. is chosen trivial by setting for
all » € IN? the filter space F,, = F'. Careful specialization of Corollary 6, gives us the
following interesting result.

Corollary 8 (Irreducible Monomials provide Basis).

Let F be the free module F = KME)  and let I denote the irreducible monomials in F.
Choose the free presentation (2.7). Then, the monomials (I N ME) provide a linear
independent K-basis of the R-module M.

Proof. To prove (I NME) is K-linear independent let (for A\, € I " ME)

chﬂ()\k):ﬂ’ (ch)\k> :0$ZC]€)\]C ENﬂI:>ZCk)\k=0,
k=0 k=0 k=0 k=0

and therefore ¢, = 0 for all k.
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To show that w(I N ME) spans M consider y € M, hence there exists a sequence of
coefficients ¢ € K and A\, € I N MFE such that

yeM=y=m (ch)\k> = chﬂ'()\k).
k=0

k=0
The claim follows. O

We now consider the situation as in Theorem 12, that is, we are concerned with the
free presentation (2.7). To compute dimg 7 (V) with V' C F where V is a monomial
set, we can now use the following algorithm (formulated by Giinter Landsmann). The
algorithm presumes that the monomials contained in V', namely VNME, can be finitely
enumerated, i.e. there exist finitely many monomials m € V N ME.

Algorithm 1 Compute dimg 7 (V')
Require:
R=K®M:.
F a free R-module generated by E := {e1,...,eq};
V C F a monomial subset;
Ensure: dimg (V)
d <+ dimK(V);
B «+ ()
order the set VNME : VNME = {s; : 1 < j <d};
for1<j<ddo
compute NF(s;) and write it as K-linear combination of monomials

NF(s;) = Z st

teME

B + BUT(NF(s;)) where T(NF(s;)) = {t: 5] # 0};
N « |BJ;
order the set B: B={t;: 1 <i< N}; ‘
construct the d x N matrix M := (M; ;) with M;; = s ;
> The j-th row of M is the coordinate vector of s; in the basis B
return rk(M)

Theorem 13. Algorithm 1 is correct.

Proof. Since V' is monomial, we have V =K - (V N ME). Therefore
7(V)=nK - (VNAME)) =K. n(VNME),

so the set of all 7(t) with t € V N ME generates (V') as K-module. Obviously, we may
replace each such t by its normal-form NF(¢), i.e. w(V') is K-generated by the set

(r(NF(t)) : t € V N\ ME},
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and this set must contain a K-basis as a subset. The rank is now the desired dimension.
O

2.4. Example from Physics

2.4.1. The Wave-Equation

The wave-equation is an example of a hyperbolic linear partial differential equation
of second order. It can be used, to model physical phenomena such as Hooke’s Law,
appearing at the modelling of the stiffness of a spring. The homogeneous wave-equation
in d-dimensional space is given by

1 9%u 9 1 0%u 4792
=1 g

We let V2 denote the Laplace-Operator applied to the spatial coordinates z1,..., x4,
which is usually denoted by A. However, we’ve reserved A for the set of derivations of a
(difference-) differential ring, that’s why we’ve decided to use this notion. Without loss
of generality, we assume that ¢ = 1, which can be achieved by substituting ¢’ = ¢ - t.

Let’s model this equation in terms of a module of differential operators over a differential
field. To that end, we consider the differential field K(z1, ..., z4,t) with set of derivations
A = {d4,...,04,,0:}, where 0 acts by derivation w.r.t. k, and consider the cyclic
module that is generated by the wave-equation, i.e. we consider the cyclic free module
generated by

d
gai=0; =) oz, (2.9)
=1

that corresponds to (2.8). Let © denote the commutative semigroup generated by A,
we define on © the map

orda : © = N, o8 gkagft s orda (68 .. 0k ) i= ke .+ kg + ke, (2.10)
and extend to the ring of differential operators R, as in Definition 12.
Lemma 26. The family of subsets
Ry :={f € R:orda(f) <k} (2.11)
forms a filtration on R, i.e. orda(-) is a filter valuation in the sense of Definition 12.

Proof. As it is easily seen (for example at (1.19) with ¢ = id), we have for the choice
01 = 6™, 09 = 6" where m,n € N1 and for ¢ € K\{0} that

01-c-09=c-0109+ Z Cl-5l-92,

I<zm
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the coefficients ¢; might zero. In particular we have
orda (0 - ¢+ 09) = orda(61) + orda (62).
From that, we obtain by Lemma 15 that for all a,b € R we have
orda(ab) < orda(a) + orda(b) = RyRs C Ry 4.
The remaining properties are obvious. O
The same reasoning can be applied to other settings.

Example 14 (Example for Filter-valuations). The following maps are examples for filter
valuations:

e The total degree deg(-) at the ring of commutative polynomials;
e The degree |-|o, w.r.t. a partition of Ore-variables O := {0, ...,0,} into p disjoint
subsets O1,...,0,.
Computation of the Univariate Hilbert Function

Suppose, we want to find the univariate dimension polynomial for the cyclic module gen-
erated by g4 as in (2.9). If R denotes the ring of differential operators of the differential
field (K(z1,...,zq4,t), A), we have the exact sequence

0 — Rgq — R~ R/Rg; — 0, (2.12)
and we consider the reduction relation
f—hie=h=f—c-60k . sk . gy A LT(f) =LT(5;0k ... 6% . gg). (2.13)

By Corollary 6 we need to find a closed form representation for the irreducible monomials.
We fix an order on the indeterminates by ranking

0 > 0gy > ... > 0y (2.14)

An element is reducible with respect to the wave-equation if the order in the first ranked
variable §; is > 2, therefore the irreducibles are those which have order in §; equal to zero
or one. Hence, a possible description of the irreducible monomials contained in © N R,
is given by

d d
INONR,| = {(O,kzl,...,kd):Zkigr}u{(l,kl,...,kd):1+Zk:l-§r}.
=1 =1

But the cardinality of this sets can be given explicit as univariate polynomial in r, by
using Lemma 4. With that, we find that

¢(r):<T2d>+<r+j_1>, r>0,d>1. (2.15)
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In particular, for d = 3 we obtain the result

o(r) r+3 L r+3—1 r+3 n r+2
)= =
3 3 3 3 )
which happens to coincide with [KLAV98, Example 5.7.5.], the minimal differential
dimension polynomial of the wave-equation.

Computation of the Multivariate Hilbert Function
In this paragraph, we will consider a multi-filtered version and therefore a multivariate
generalization of result (2.15).

If we make a full partition of the set A, i.e. we decompose the set A with d + 1
elements {dz,,...,0s,,0:} into exactly d + 1 sets, each containing one ¢,, (respectively
one containing J;), we get for g4 a (d 4+ 1)-variate Hilbert function, that is, we consider
the (d + 1)-fold filtration

Ry gy ={f € Riords, (f) <rgpr AVi: ord(;xi(f) < ri}. (2.16)
Let us consider the case d = 1, i.e. we consider g; = 5,52 - 5%, that is, we have
(K(x,t),A), A = {64,0.}, Ry vy :={f € R:ords,(f) <riAords, (f) < ra}.
The irreducibles in R are obviously given by
Li={feR:Ah: f— h}={f € R:ords,(f) <1},

hence I; N Rg = 0, because any multiple h of g satisfies ords,(h) > 2. When we now
reduce by reduction relation (2.13), it is possible to give explicit the normal form. In
particular, if we reduce 66 by g1, we obtain

et
s k even,

5k5l — 6k5l _ 6k725l . — 5k725l+2 ¥

t Yz t %z t z 91 t x 6t5]£+l,1 k odd.
For the last step, we keep in mind that in N = Rg;, we have 672 — 62 = 0, in particular
62 = 62 (mod N).

Now we can consider the monomials 5%5% in the (4, 7)-plane, and count the irreducible
monomials contained in R, ,,. Suppose, we know that the irreducibles can be described
by a polynomial. Interpolating this data, the bivariate dimension polynomial can be
written explicit as

L] + 17 ro = 07
P(r1,m2) i= 2 + 1, ry =0,
2(r1 + 7o), ri,79 > 1.
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At the border 1 = 0 or 79 = 0, the result 21 + 273 is not valid, which is (as in the case
of univariate Hilbert polynomials over the graded polynomial ring) a matter of regularity.

For two variables we obtain by reduction the following
OO0y — 6F 2020 4 OF TP 6Loy T = h, k> 2.

It now might happen, that k — 2 = ords, (h) > 2. In that case, we can reduce the mono-
mials 55725?'2551 and 55725125;’”2 once more by g2, until we arrive a linear combination
of monomials m; where ords, (m;) < 1.

Example 15. For the monomial 5?5;153 we have that

556463 — 633555 + 536407

/ (2.17)

5,563 + 5,655% 010503 + 8,6467,

so we have
076305 —* NF(670305) = 6:0507 + 2 - 65000 + 040,67 € I

We apply this algorithm to the cyclic module generated by (2.9). Suppose, from some
additional insight, we knew that we can express the Hilbert function by a multivariate
polynomial. Let ¢; denote the multivariate dimension polynomial associated to g in
k + 1 variables (i.e. we consider the cyclic R-module N = Rgy). With Algorithm 1, we
derive by interpolation of small data that for r; > 1

(251(7“1,7'2) = 2(7‘1 +T’2),
$2(r1,72,73) = 21+ rirg+rirg +rars),
(153(7"1, 92,73, 7“4) = 2(7“1 + 719+ 13+ 14+ 1r1r2r3 + 17274 + 1717374 + 7“27‘3?”4).

Next, we will stay with (2.9), but split the indeterminates into the sets
Ay = {d}, Ag = {0g,...,00,}, (2.18)
where

d
orda, (f) :==ords,(f),  orda,(f):=) ords, (f), fER.
=1

Motivation to consider this setting might be given by some physical interpretation, where
time plays an exposed role compared to geometry. The partition of the set A gives rise
the bivariate filtration:

Ry rp i={f € R:orda,(f) <ri Aorda,(f) < ra}. (2.19)
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Let now 14 denote the Hilbert function associated to filtration (2.19) with respect to
N = Rggq. Obviously, 1 = ¢1. Again, we apply Algorithm 1, do an interpolation of the
resulting data, and obtain the following sequence of bivariate polynomials (we assume
r; > 1):

¢1(7’1,7’2) = 2(7’1 —|-T‘2)
Pa(r1,ra) = 1+7 +7“2+27"17’2+7’§
P3(ri, o) = 14+ (5/3)re + r% +ry + (1/3)7‘5’ + 2r1re + rlrg

Let us identify the d-dimensional wave equation (2.9) by the vector
ga = w(ga) == (ords, (ga), ordsz, (9a), - - -, ords, (94)) = (2,...,2) .
——
(d+1)—copies

Clearly, the reducible monomials m w.r.t. the wave-equation satisfy w(m) >, w(gq). We
quote now the result [KLAV9S8, Proposition 2.2.11], that provides an explicit formula for
the number of points in IN" less than w(gg) is given.

Theorem 14 ([KLAV98, Proposition 2.2.11]). Let a partition
{1,...;om} =v1U... Uy, viNv; =0 fori#j
be fized, such that m; = |v;| and m =mq + ...+ my. For any subset
A:={ay,...,ap} CTN™, ar = (ak1, .- akm) 1<k<n,
such that n € NT et

A, ::{(al,...,am)eA:Zaigrk VE:1<k<gq}, r=(ri,...,rq) € N

1€V

Define the set of those elements not greater than or equal to any m-tuple from A w.r.t.
product order, that is

Ua(r) :=={(u1,...,um) € N :V(ay,...,am) € A, I 1<i<m:a; >u;}
where r = (r1,...,1¢) € N, and denote
e S(¢,n) := the set of all l-element subsets of {1,...,n};

 dy; := 0 and dy; := max{a,; : v € o} foro € S(l,n) and 1 < j <m;

® boyi = ) Gon;
h€Ev;
Then, \Ua(r1,...,7rq)| can be given as polynomial p in q variables by
- T [t my — by
Uatraecoeor)l = plrascccor) = (-0 5 T(HF ),
=0 oceS(tn)i=1 '
hence, we have deg, (p(r1,...,7q)) < m; for 1 <i < gq, in particular deg(p) < m.
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Example 16. Let us apply Theorem 1/ to gq. As already mentioned before, the wave-
equation can be identified by its exponent gg — w(gq) = (2,...,2) € N¥L If we partition
A = {04,0z,,...,05,} into (d+1)-subsets as before, we get with the notation of Theorem
14 that m; =1 for 1 <k <d+1 and

a = (all,...,al(d+l)) = (27,2) 6]Nd+1

and therefore

Hence, Theorem 14 provides an explicit closed formula for the dimension polynomial by

d+1 ) . d+1 - . d+1 d+1
Ga(r1y .y rgr1) = H <7“Z—|—11 O> - H < Z+11 2) = H(Ti+1) - H(Ti— 1).

=1 i=1 i=1 i=1

In the same manner, we can partition the set A as in (2.18), derive m; = 1 and mq = d,

gd — w(gd) = (OI'dAl (gd)7 OrdAz (gd)) = (27 2) — (alla al2) =ac NQ,

and therefore
agy = agg = 0, bo1 = g1 = by2 = Gp2 = 2.

and compute the explicit closed form as

Ya(r1,m2) = (r1+1) (r2;d> —(r—1) <T2 +j - 2).

If we specialize d = 1, 2,3, we obtain the same results as with Algorithm 1, hence, we’ve
derived a verification of the results.

2.4.2. The Heat-Equation

As a second example for a physical system that can be described in an operator-algebra,
we consider the heat equation. The heat equation is derived from Fourier’s law (stating
that the time rate of heat transfer through material is proportional to the negative
gradient in temperature and to the area), and from the conversation law of energy.
The equation derived for the wave-propagation of heat in an isotropic and homogenous
medium in d-dimensional space is

the parameter o denotes the thermal diffusitivity, which depends on the used material.
The heat equation is an example of a parabolic partial differential equation. We now
consider the cyclic free module generated by

d
hg=0 —a-» 62, acR, (2.20)
=1

Without loss of generality, we assume o = 1.
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Computation of the Univariate Hilbert Function

We keep our setting from before, that is, we consider
e the differential field (K, A) with A := {04, 0z,,...,0z,};
e the filter valuation (2.10);
e the filtration on R given by (2.11);
e the exact sequence (2.12);
e the reduction relation (2.13) (with g4 replaced by hg);
e and the order (2.14).

The essential condition Iy N (Rhg) = 0 is equivalent to the statement, that irreducible
monomials m satisfy ords, (m) = 0, for every monomial with ords, (m) > 1 can be reduced
further by hg. This allows us, by Corollary 7, and Lemma 4 to find the univariate
dimension polynomial by

d +d
o(r) =[INONR,| = {<O’k1’~--’kd):zkigr} ) < d )
i=1

Computation of the Multivariate Hilbert Function

Similiar to the univariate case, we can now compute the result of reduction w.r.t. hy as

d d
_ _ : 1
ofol .. ol — oFsl . ol — ot gl sl hg =0yt (O akiv? T o))
=1 =1
Z J#i
For example, for d = 3, we have

m = 0y 0l 82 618 — gy (l 2612 ols 4 gl 5122l 4 gl gtz glat?)

X1 "x2°I3 o~ I3 X1 X2 X123
This reduction can now be iterated as in (2.17), until ords,(m) = 0.
In the following, ¢, denotes the dimension polynomial associated to the cyclic free mod-

ule generated by hy in k41 variables, associated to the filtration (2.16). The interpolation
for values r; > 1 again gives polynomials:

$1(r1,72) = 2r+re+1,
$2(r1,72,73) = 2riro+2rir3 +rerz + 1o+ 13+ 1,
¢3(r1,72,73,74) = 2ryror3 + 2rirors + 2717374 + TOT3T4+

ror3 + rora +1r3rs + 211 1o+ 13+ 14 + 1.
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Next, we do again the split (2.18), i.e. we consider the bivariate filtration (2.19), to
derive the following bivariate dimension polynomials (r; > 1):

P1(r1,r2) = 2ri+ry+1,
¢2(T1,T2) = 27‘17“24-(1/2)7‘%4-7‘1+(3/2)T2+1,
P3(ry,re) = 1+(11/6)r2+7"§+(1/6)r§’+r1 +27"17"2+7"17"§.

Example 17. Let us once more apply Theorem 14 to the heat equation hg given by
(2.20). The full partition of A into (d+ 1)-sets corresponds to the exponent vector

a = (ords, (ha), ords,, (ha), ..., ords, (ha)) = (a11,...,a1a41)) = (1,2,...,2) € N4+
mi1 =1, mo =d, and therefore
Yk : age =0, bglzc_lgl:l/\bngC_LUjZQ, 1<y <n.

The Theorem implies

d+1 d+1
d)d(rl, . 77’d+1) = H(TZ + 1) — 71 1_‘[(7’Z — 1).
i=1 =2

For the split (2.18) we get a = (1,2) such that

d@lzd(BZ:Ov bo1 = o1 = 1 Nby2 = g2 = 2,

Ya(ri,re) = (11 + 1) <T2 c_l|_ d> -7 (TQ +; B 2).

Once more, if we specialize d = 1,2,3, we obtain the same results as with Algorithm 1,
hence, we’ve derived a verification of the results.

and finally

2.5. Homomorphic Image of Grobner Reduction

We consider a ring R containing a commutative ring K, and a set of monomials A C R,
such that R = K™ (recall notation (1.25)) and the free R-module F

F=Rei & @ Reg

as well as a submodule N C F. Let S = K be another such ring (with set of
monomials 2 C S) and let ¢ : S — R denote a surjective homomorphism of rings such
that ¢(K) = K and ¢(Q) = A. Let

G=Se1®---® Se,
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denote the free S-module of same rank as R. We extend the map ¢ to a homomorphism
of S-modules (denoted by the same symbol)

q q q
p: G— F, Zriei — @ <Z riei> = Zcp(n)ei. (2.21)
i=1

i=1 =1

Suppose now, we are given a strong reduction o for G, and we want to apply the
knowledge from the S-module G in the R-module F', where G and F' are connected by
(2.21). This is, we want the following diagram to commute:

g z 0(g) = f
G Ul l,) N=gG)CF (2.22)

NF,(g) —£— p(NF,(g)) = NF,(¢(g))

In this picture, ¢ is a reduction in G, p is a reduction in F. In particular, the elements
g and NF;(g) are in G, while p(g) = f and ¢(NF,(g)) = NF,(¢(g)) are in N. We
reproduce [FL15a, Proposition 6].

Theorem 15 (Homomorphic Image of Grobner Reduction). If o C G x G is a strong
reduction for ¢~ (N) then there is a strong reduction p C F x F such that

»(NF(g)) = NF(¢(g)),

that is, in diagram (2.22), when o is a strong reduction, the reduction p can also be
chosen as strong reduction. Further, if o is a Grébner reduction for ¢~ (N) with respect
to a monomial filtration S = J,cnp Sr then p is a Grébner reduction for N with respect
to the filtration

R= [ ¢(S).

reNpP

Proof. Let
I, ={g € G: Az with g — z}

denote the monomial subspace of irreducibles in G. By Lemma 24 we have that
G=p Y (N)®I,=F=No&pl,).
Let p: F' — ¢(I,) denote projection. We define the relation p C F' x F by
f—phe féells) Nh=p(f).

It is clear, that p is noetherian (i.e. Axiom 1. is fulfilled). ¢(I,) is the K-space of
p-irreducibles, and ¢(I,) is monomial. Indeed, if

f=ol)ep)ni= D it=f=> oli)p(t). (2.23)

teQFE teQF
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By monomiality of I, we know that all monomials ¢ occurring in this sum are in I, and
so the corresponding ¢(t) are in ¢(I,). Since ¢(QF) = AE, i.e., ¢ maps monomials
in G onto monomials in F', by collecting terms in (2.23) we see, that T(f) C ¢(I,)
demonstrating Axiom 2. Axiom 3. and 4. are obvious.

Take g € G and let i = NF,(g). Then ¢ —% i and
g—i=vep ' (N)
according to Axiom 3. for . Now we have

¢(9) = (V) + (i) € N ® p(I,).

If v € ker ¢ then ¢(g) = ¢(i) equals its own normal form. Further,

v & ker = o(g) —p ¢(i)-
In both cases we derive ¢(i) = NF,(¢(g)).
Now assume that S = |J,cnp Sr is a filtration and that o is a Grobner reduction with
respect to the extended filtration
Gy = Sre1 @D Sreq.
Then Lemma 24 assures that
Gr=¢ YN), @ (I,), VrecNP,

By Lemma 20, we find that R, = ¢(S,) is a filtration on R and F, = ¢(G,) yields the
extended filtration F' = (J, o Fr-

Let f —, h and f € F,. There is a g € G, with ¢(g) = f. Let i = NF,(g). Then
i € G, and so (1) € p(G,) = F,. But ¢(i) = NF,(f) and therefore we see that h € F,.
Consequently p is a Groébner reduction. O

Applying the last theorem to the ring D provides an alternative method for constructing
a Grobner reduction in free D-modules. By Corollary 4, we’ve encountered such a
homomorphism, and hence find a possible way of handling the negative exponents that
occur in monomials of difference-differential operators, by designing a Grobner reduction
for positive exponents exclusively.
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3. Classic Examples and their Relation to
Grobner Reduction

In this chapter we are going to present some classic examples appearing in literature,
and their relation to Grobner Reduction. Part of this work was presented in the report
[FL15b], developed in joint work with Giinter Landsmann.

While we’ve formulated the algebraic setting on a general (non-commutative) ring, in
literature more concrete examples are considered. At concrete examples, a reduction
relation is presented and a corresponding theory of Grobner bases for computation of
the multivariate Hilbert function is introduced.

As a matter of fact, most of this principles can be viewn under the aspect of Grobner
Reduction. Surprisingly, the only major requirement on the underlying ring R is the
existence of monomials M contained in R, i.e. Ml C R, and a commutative ring K such
that K C R.

Throughout this chapter R denotes an arbitrary (possibly non-commutative) ring con-
taining a commutative ring K in such a way that R is a free K-module. All rings that
will occur are of this type. There are situations where the ring K contains a field K that
is central in R. Then, there may be two different monomial concepts:

1. R= KM (R is the free K-module with basis M );
2. R =KM2) (R is a vector space over a field K with basis My).

In certain instances we will need the assumption that K is a field. This will be empha-
sized at occurrence.

Further, we will consider several rings R and investigate reduction relations for submod-
ules of free modules over them. Always, F' will denote the free R-module with basis
E:={e1,...,eq}.

While the rings are equipped with certain filtrations there is always present a well-
ordering < of the monomials MIE that distinguishes for all F\{0} a leading term LT(f)
and a leading coefficient LC(f).

In each of the examples below we are now concerned with two reduction relations: For
the free module F' let f,g,h € F, g # 0. Then we have
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1. full reduction p:

JLC(mg)
p : : T h=/f- P; (3.1
f—0h = dmeM: LT(mg) € T(f)A f LC(mg)mg A P; (3.1)
2. leading term reduction o:
f—%h = JmeM: LT(mg)=LT(f)Ah=f— JLC(mg) g A P; (32)
g LC(mg) ’

The symbol 'P’ denotes a predicate P = P(f, g, m, h) depending on the actual situation.
For a subset G C F one has then in both cases

f—ah = dgeG:f-—4h
These reduction concepts are the core of Grobner bases.

In literature, paradigms related to what we’ve encountered in Chapter 2 are discussed.
However, the concepts appearing in current papers do not satisfy the second axiom of
Definition 17, i.e. the irreducibles form in general not a K-vector space, but only a
monomial subset of F, i.e. we have for all f € F': f € I = T(f) C I, where [ is as in
(2.2). From that point of view, we replace axiom 2. by

2’. I is a monomial subset of F', that is

VieF(fel=T(f)<I);

We call a reduction relation p C F' X F' a weak reduction, if it satisfies axioms 1., 3. and
4. from Definition 17 and axiom 2’.

If it additionally satisfies axiom 5. from Definition 17, the reduction relation is called a
weak Grébner reduction.

Definition 18. A weak reduction p C F' x I satisfies
1. p is noetherian, i.e. every sequence of reduction steps terminates;
2’. I is a monomial subset of F,i.e. Vf € F(f €I = T(f) CI),
3. f—h=f=h (mod N);
4. INN = 0;
If additionally
5. f—hNfeF. =>heckF,

it is called a weak Grobner reduction.
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Even when G is a Grobner basis, p is in general not a strong reduction as shown at
Example 19. Plainly every (strong) Grobner reduction in the sense of Definition 17 is
also a weak Grobner reduction.

Definition 19 (Grobner Basis in a Free Module).
Consider a submodule N of a free module F = KME)  Assume given

e a well-order < on MFE;
e a predicate P = P(f,g,m, h);
e p the full reduction defined by these data.
A subset G C N is a Grobner basis for N if and only if p is a weak reduction for N.

Given a filtered ring and the obvious necessary data, we need to check the defining ax-
ioms in order to reveal the relation p as a (weak) Grébner reduction for N = RG. The
set GG is then exposed as a Grobner basis for N and the filter groups are p-stable.

So we fix a set G C F and write p and o for the relations f —§ h and f —g h
respectively, i.e. f —, h means f —4§ h and similar for 0. All our examples follow
the pattern along the following lines.

Termination

Fix a positive integer ¢ and design an injection ¢ : M — INY. The set N? is ordered
lexicographically, i.e.

a<b:s Amin{i: a;#b;} < bmin{i: a;#£bi}> a,be N
The set of monomials ME inherits a well-ordering < by means of this injection.

We call such an order induced by the injection ¢. The well order < extends to a well
order on the set of all finite subsets of ME (this is {T(f) : f € F'}):

T(f) < T(g) := max{T(f) & T(g)} € T(g)- (3.3)
where A is the symmetric difference (consider e.g. [BWK93]).
Lemma 27. For f,h € F, and full reduction —,C F x F defined by (3.1), we have:
[ —p h=T(h) <T(f).

Proof. For arbitrary g, from f —§ h we see that LT(mg) € T(f)\T(h) - where m is
a term as mentioned in (3.1) - whereas for all terms ¢ with ¢ > LT(mg) we have that
hy = fi. This demonstrates that T(f) = T(h). O

Since o C p it is clear that I, C I, and o terminates if p terminates. Consequently both
relations terminate there.
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The set of irreducible monomials should be a monomial subset of F

A reformulation of the predicate ’the set of irreducible monomials form a monomial
subset of [’ is given by the simple formula

fel=T(f)CI.
The relation p has the property

f is p-reducible <= 3h : f —, h

& dge GImeM (LT(mg) e T(f)ANP(f,g,m, f — Lfg(i:;))mg)> .

In case that P does not involve h, i.e., P = P(f, g, m), we obtain
[ is p-reducible < 3g € GIm € M (LT (mg) € T(f) A LC(mg)| fir(mg) A P(f,g,m)).
For I, to be monomial it is then enough to verify the monomial irreducibility condition

Jg € GIm € M (LT(mg) € T(f) ALC(mg) € K* A P(LT(mg), g, m)) =

3.4
59 € Gam € M (LT(mg) € T(F) ALC(mg) fuxug A P(Fgm)) . O

The monomial irreducibility condition for o under the assumption P = P(f,g,m) is
the same as as for p, except that on the right hand side of the implication we have
LT(mg) = LT(f). For details see [FL15b].

It is clear that this condition is hard to satisfy. Indeed, I, is not monomial in gen-
eral.
Compatibility of reduction with congruence modulo N = RG

This is always obvious from the general pattern (3.1) and (3.2).

INN =0, i.e. each non-zero element in NN is reducible

The validity of this condition must be guaranteed by an appropriate choice of the gen-
erator set G which is achieved by the usual Buchberger completion procedure.

Each filter should be p-stable

In our examples we will consider univariate filtrations (F}.),cn of F' that are constructed

due to the following scheme:

We start with an ’order-function’ v : Ml — N where v(m) can be read off from m € M,
i.e. v(m) is the sum of certain exponents that are present in m. The function m extends
to ME by setting

v(me) := v(m), me M, e € FE.
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and further to entire F' (we always use the same symbol)

Af) = {T::{V@) TN TeR)

Then, for f,g € F,c € K, we have

v(f +g) < max{v(f),v(g)}, vic- f) <v(f).
The univariate filtration induced by v is then
FW) .= {feF:u(f) <r}, r € N.

This is closely related to what has been discussed at Definition 12, respectively its
properties that have been examined at Lemma 15. Remark that this defines implicitly
the sets RS”), where 7 € N, since R = R!. From the properties of v it is plain that

e the sets FT(”) are monomial K-modules;

e U Fr(y) =F.
r=0

It remains to check that R, - Fs C F,s (for r,s € N), which is then the only property of
filtrations that depends on the actual ring structure of R. The multivariate filtrations
that we consider are constructed from univariate ones by means of intersection: Given
order functions vy, ...,v, and r = (r1,...,7rp) € NP we set

B — FUO AR —{f e Frun(f) <m A Aup(f) <)
The next theorem condenses the preceding discussion.
Theorem 16. Let G e a subset of the free R-module F = KME) - Assume that
o < is a well order on MFE;
e P=P(f,g,m,h) is a predicate F x G x Ml x FF — {0,1};

p is the full reduction defined by (<, P,G);

(Rq(nj)) N is defined by an order function v; : Ml — N, 1< <p;
re

e R,=RYN..nRY,  reNr;

o Fr =@.cp Rre.

Under these assumptions, if
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1. R’E‘])jo)gR(j_gg; T73€N7j:1>"'7p;

r

2. P = P(f,g,m) and the monomial irreducibility condition (3.4) holds;
3. f—0hANfeEF,=hekF, foralgeG;
4. NNI,=0;

then (F,)rene is a monomial filtration on F w.r.t. the monomial filtration (R, )rene and
the full reduction p is a weak Grobner reduction for N = RG.

The Difficulties arising at the considered Rings

All the theories that are developed in current literature, take care of the differences at
the concrete setting. But what exactly are the differences?

The most obvious difference is the commutation rule of ring. The non-commutativity
might even has influence on the support (i.e. the set T(f)) of the considered element
f in the free module. For example, while in a difference-ring we have o' - a = o'(a)o?,
the situation is different in a differential ring, where lower order terms are introduced
(compare (1.28)). We've encountered this behaviour already at Lemma 6 (reformulated
at (1.19)), Lemma 10 or for the Weyl-algebra at (1.33).

But more can be said. At the Weyl algebra we have the situation, that the monomials xzd
do not form a multiplicative monoid. This is the major difference to all other considered
examples, and causes slight difficulties in the computation. However, as we will find out,
the non-commutativity is in some sense well-behaved, that the leading terms are pre-
served, the details are carried out in the upcoming sections, in particular at Lemma 31,
or for the Ore-algebra at Lemma 42 and Lemma 43.

We note also, that Grobner bases in [DL12al, are defined by Definition 21, which dif-
fers from our setting Definition 19. Still, we will show how this connects to our concepts.

In difference-differential rings, we still have non-commutativity, but the monomials form
a multiplicative monoid. Most technical part is here to ensure the condition

feF.Nf—h=he€F,, r € NP,

For the bivariate case, that can be covered by an appropriate choice of <; and <9, by
restricting the reduction as in Definition 7. This is demonstrated at Theorem 20. A
similar situation is at the Ore-algebra. For the Ore-algebra, this condition achieved by
using multiple term orderings, see Definition 24.

The Weyl algebra produces an involved theory, and the same is true for the Ore-algebra.

Having in mind section 1.4, it is not too surprising that the commutative case can re-use
ideas from this rings, and theory can be simplified.
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3.1. Bernstein Polynomials over the Weyl Algebra A, (K)

The theory of the Weyl algebra A,,(K) in n variables, is the study of modules over rings
of differential operators with polynomial coefficients over the field K. There exists a vast
account on literature, most noteworthy the book by Coutinho [Cou95] that provides a
readable introduction to the topic. In this section, we review work appearing in [DL12a]
under the scope of Grébner reduction.

In the difference-differential ring, or in the ring of Ore-polynomials, the monomials M
form a multiplicative monoid, i.e. MM C M. For the Weyl-Algebra, this is not longer
the case. As indicated in section 1.4, there are several possible viewpoints on the Weyl
algebra, with two different concepts of monomials.

Let K be a field of characteristic zero and let d; denote the i-th partial derivative of the
polynomial ring K[z1,...,z,]. The Weyl algebra A,,(K) is the K-algebra generated by
Klz1,...,zn| U{d1,...,d,} as a subalgebra of Endg(K|x1,...,z,]). The multiplication
in this ring obeys the rules (1.33).

Let A denote the ring A, (K). We may consider A as a free K[zy,...,z,]-module with
basis M; = {d' : [ € N*}. Then M is a monoid isomorphic to N and, according to our
notational convention K and R specialize to K = K[z1,...,z,] and R = KM).

We will here stress the second approach: A as a free K-vector space with distinguished
set of monomials My = {z¥d' : (k,1) € N™ x N"}. In the following we write A for M.

Explicitly, the product of two monomials in A, (K) is

k gl _ § : k v l+q—v n _ | | %
d - pdq = d p d E k,l N = 3.5
i X < ).’IJ (.’L’ ) y , 0L, D, q € s <’U> <’[),L> ( )

v
veEN” =1
To visualize the scope of the sum we may write

I‘kdl CxPdd = Z l p! xk—l—p—vdl—‘rq—v‘
; v) (p—o)!
v<rinf{l,p}

Filtrations in the Weyl algebra
Let F = A the free A-module with basis E := {ey, ..., e,}.

Lemma 28 (Cancellation laws in A). Let A\, u € A and t1,ta € AE. Then
1. )\'tlz)\'t2:>t1:t2;

2. -t1=p-t1 = A=
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Proof. \ = zFd', t, = 2Pd9e; and ty = x"d%es.

1. If My = Mo then 2Fd' - 2Pdle; = x¥d' - 2" d%ey, therefore e; = e3. We get

§  byattPTugiteT = § et by, cy € N.
u<ginf{l,p} v<,inf{l,p}

Therefore there exists u,v € N™ such that

xk+pdl+q — cvkarT*UlerS*U karrlers — buxk+p7udl+q7u'

It follows that
p=r—v, ¢g=8S—v, r=p—u, S=q—u

from which we derive u = v = 0. Consequently t1 = ts.

2. Is proven in the same style. O

For A € A we define the three order functions A — N. For A = z*d! € A
1/1(/\) =ki+- -+ kn, 1/2()\) =0+ 41, Vg()\):l/l()\)—FVQ(/\).
Exactly like in (3.11) these order functions extend to functions v; : F¥ — N:

vilf) {max{l/j(t) :t e T(f)}, f € F\{0};

y]()\e) = 1/]()\)7 - —00, f =0,

where A € A and e € E.

From the definition it is clear that for f,g € F and ¢ € K\{0}

vi(f £ 9) <max{v;(f),v;i(g)}, vi(c- ) =v;(f), j=1,23. (3.6)
Note that the extensions of v3 to F' is not the sum of the extensions to F' from r; and
V.

We define three well-orders <., <4 and <,4 on AE:

The first <, comes from the injection
AE — NP3t = aFdle s (11 (), va(t), k1, ... kny L1y Dy e)
<4 comes from
AE — N2H3 = akfdle — (ba(t), 1 (t), 11y .. Loy ety e ooy Koy €)
and finally <.4 by the map
AE — N2t = 2Fdle s (u3(t), k1, oo skl ooy Doy €)

where FE is ordered naturally and IN? is ordered lexicographically. Each one determines
leading term and leading coefficient written LTy, LCy where k € {x,d, zd}.
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Lemma 29. Let
AN=2a2Fd e A, t=2a"dec AE,  fec F\{0}.
We have k,l,r,s € N" and set |k| = k1 + ...+ ky, and similar for l,r,s. Obviously
|k +1 = |k| + 1]

Then:

1o (At) = [k[ + ||, va(At) = [I] + |s], v3(At) = [k| + [r[ + |I] + |s| = v1(At) + va(A2)

2. LT, (At) = LTq(At) = LTq(\t) = 2™ d e

3. ni(f) = ni(LTx(f)), va(f) = va(LTa(f)), vs(f) = v3(LTza(f)),

4. vi(At) = v;(N) + v;(t), j=123
Proof. Points 1. and 2. follow from (3.5). For 3. take s € T(f). Obvious

s <k LTk(f), ke {z,d, xd},
and by the choice of < have
vi(s) < n(LTx(f)),  vals) < va(LTa(f)),  ws(s) < ws(LTaa(f))

Hence, we obtain

vi(f) = max{ri(s) : s € T(f)} = vi(LTx(f));
)

(
vo(f) = max{ra(s) : s € T(f)} = v2(LTa(f));
v3(f) = max{us(s) : s € T(f)} = v3(LTwa(f));

4. is obvious from 1. O
Lemma 30. Let \,u € A and s,t € AE. Then, for k € {z,d, zd}:

o A\ <ppu= LTk(Mt) <g LTj(ut);

o s <it = LTi(As) < LTx(At).
Proof. First, let A = 2Fd!, p = 2"d*, t = 2*dPe and X\ <, p. Then

LT, (M) = zFteq+Pe LT, (ut) = z"+*d* Pe.
If v1(A) < vi(p) then |k| < |r|, so
(LT, (At) = |k + | = k| + |a| < |r| + |a| = |r + a] = v (LT, (ut)),

and thus LT, (At) <, LT, (put).
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If v1(N) = vi(p) and va(N) < va(p) then |k| = |r| and |I| < |s| so
vi(LTe (M) = [k + |af = |r| + |af = v(LT:(ut)),

and
(LT (M) = 1]+ 18] < |s| + || = mo(UT (),
which also means LT, (\t) <, LT, (ut).

If 1(A) = v1(p) and vo(X) = vo(p) (ie. |k| = |r| and |I] = |s|) and k # r then let
J :=min{i : k; # r;}. We obtain

(|k+al, |l + B, k+ a,l+ B,e) <iex (Ir + al,|s+ B|,r+a,s+ 5, e).

Once again this means that LT, (At) <, LTy (ut).

The same argument can be used for the last remaining case v1(A) = v1 () and vo(A) =
vo(p) and k = r. Then we must have | # s, let j := min{i : [; # s;}, then [; < s; which
results again in LT, (\t) = LT, (ut).

Second, let A = 2%d8, s = zFdle,,, t = zPd9e,,, such that s <, t. The proof works similar
as before. The only difference is one more case: When z¥d' = 2Pd? then e,, must be
smaller e,, and the statement follows.

The proof of the statements for k € {d, xd} is the same with the pairs

(VQ('),LTC[, -<d), (V3('),LTzd, “<:ch)-
O

Lemma 31. Let K be a field of characteristic zero, A = A,(K), F = A®) the free
A-module on the set E. Let a € A\{0}, f € F\{0}. Then, for k € {z,d,zd}:

o LTi(a- f) = LT(LTx(a) - LTx(f));
e LCi(a- f) = LCi(a) - LCk(f).

Proof. We show the statement for k = x, the cases k = d, xd are handled analogously.
Let Ao = LT;(a), ap = LC;(a) and tg = LT, (f), fo = LCz(f). Thus, we have

a = ap\o + Z axA = foto+ Z fit.

A<zAo t<zto

Then, we have

a-f=aofodoto+ Y aofidot+ Y axfodo+ Y, Y afirt

(Sl) t<zto A<zAo A<z Ao t<zto B

(S2) (S3) (54)
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Pick out a term Mgt of sum (52). Then, from Lemma 30 we immediately derive that
LT, (Xot) <z LT (Aoto).

When choosing a term from sum (S3) we obtain
LT, (Ato) <z LTx(Xoto),

or at (S4) we have
LTI()\t) <z LT:,;()\()t) <z LTI()\OtQ).

Now, let s € T(a - f). Then there exists A € A,t € AE with A € T(a) and ¢t € T(f) and
s € T(At). If follows that s <5 LT, (Af).

A=XMAt=ty= s =<, LT,
A= AtFtg=s=<, LT,
AFEMNAt=t) = s <, LT,
AFE M ALFEty= s <, LT,

Aoto);
Aot) <z LT4(Aoto);
Ato) <z LTz (Aoto);
Aoto).

o~ o~ o~ o~

Consequently
LT,(a- f) = LT, (Aoto) = LT, (LT, (a) - LT (f)),

and

LCy(a- f) = aofo = LCyx(a) - LCL(f).

Corollary 9. Let A € A\{0} and f € F\{0}. Then
LTy(Af) = LTi(\ - LT4(f)), k€ {z,d,zd}.
Corollary 10. Leta € A and f € F. Then:
vp(a- f) = vi(a) + vi(f), k=1,2,3.

Proof. If a =0 or f = 0 the statements are obvious. So assume a # 0 and f # 0. Set

A = zFd = LT, (a) t1 = 2%d’e; = LT,(f)
A2 = 2Pd? = LT4(a) ty = 27d%ey = LT4(f)
A3 = 27d® = LT 4(a) t3 = 2°dSe3 = LT,4(f)

From Lemma 29 we get
LTx(/\ltl) = xk+adl+ﬁ61, LTd()\QtQ) = $p+7dq+662, LTxd(/\gtg) = $T+Eds+c(33.
Hence, by the preceding discussion we have

vi(a- f) = wn(LTx(a- f)) = vi(LTe (LT (a) - LT2(f))) = vi(LTz (A1 - £1))
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= (a"Td™Per) = [k + af = k| + |a] = v1(LT4(a)) + 11 (LT2(f))
= vi(a) + v (f).

va(a- ) = va(LTala - f)) = va(LT4(LTg(a) - LTy(£))) = va(LTa(Aa - £2))
= 1p(aPd0eg) = |q + 6| = |q| + |8] = v2(LTy(a)) + v2(LTy(f))
= a(a) + va(f).

v3(a- f) =v3(LTya(a - f)) = v3(LTza(LTya(a) - LTza(f))) = v3(LTwa(Xs - t3))
=w3(z" A Ce) = |r4+e+ s+ =|r+s|+]e+ (]
= Vg(LTzd(CL)) + Vg(LTzd(f)) = 1/3((1) + Vg(f).

Lemma 28 generalizes to the statement that A, (K) is a domain.

Corollary 11. Leta€e A, f e F. Thena-f=0=a=0V f=0.

Proof. Assume a # 0 and f # 0. Let v denote any of vy,v5,13. Then v(a) > 0 and
v(f) > 0. It follows that v(a- f) = v(a) + v(f) > 0. Consequently a - f # 0. O

Definition 20 (Filtration on A, (K)). Let A = A, (K), F = A®), For r, s € N we set
F® ={feF: u(f)<r}, F=FYNF? k=123

We will show that these sets define filtrations on F'. Remark that we have defined

implicitly A,(f) and A, s since we may consider A as the free module A

Lemma 32. Let Fr(k) be defined as in Definition 20.
1. (F}“) N defines a univariate filtration on F (1 <1 < 3).
re

2. (Frs) defines a bivariate filtration on F.

r,s€N

Proof. From (3.6) it is clear that all the sets Fr(i) - hence also the F) , are monomial
K-vector spaces, that is, vector spaces with the property

feFY s 1(f)c FY, 1<i<3.
Immediate from Corollary 10 we obtain

A9 EO € B,

Therefore, also A, sFyy C Frit s4u- O

3
F,7.

C F,

Proof. By monomiality, if f € ) then T(f) € F®). Thus, for arbitrary t € T(f),
v1(t) + v2(t) = v3(t) < r. Therefore, also v1(t) < r and ,(t) <7, ie. t € FYnE? =
F,,. Thus T(f) C F,, and so f € F,.,.

Now assume that f € F,.,. Then T(f) C F,,. Therefore, if t € T(f) then v3(t) =
v1(t) + v2(t) < r+r. Consequently t € Fz(f) This shows that f € F2(f,’)

1 <3 <3.

Corollary 12. For r € N we have that FT( ) ¢

O
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3.1.1. (x,0)-Grobner Bases

Donch and Levin [DL12a] introduced the notion of (x, d)-Groébner basis for free modules
over A, (K). We present their concepts here and show the relation to Grébner reduction.

Remark. In section 1.4 we have used the symbols x; and d; as generators for the free alge-
bra whose generators satisfy the commutation rules (1.33). In [DL12a] the Weyl algebra
A, (K) over K is considered, where A,,(K) is generated by z1,...,z, and 01, ..., 0, such
that 0; plays the role of d;. This explains, why their reduction is called (x, d)-reduction.
Consequently, we should name the concept (z,d)-reduction. However, for the better
reference to literature, we choose to stay along with the name (z, 9)-reduction, although
actually no 0 appears in our considerations (as we have reserved it for Ore-operators).

If not explicitly mentioned differently, we consider for a monomial always an n-tuple

afd =t akedl L dlr k= (k. k), D= (1, 1) € NP

Lets consider [DL12a]. First the authors defined a divisibility notation in a non-standard
way mimicking commutative monomials

2*d|zmd® e (k1) < (r,s), k,l,r,s € N (3.7)

This notion extends to divisibility of monomials AE by defining t1 := zhdler, ty == a"d%ey
of the free A-module F = A®) by setting

t1|t2 = mkdl|$rds Ner = es.

In this case the quotient t9/¢; is the element " kgs—t e A.

Lemma 33. Let t1,t5 € AE. Then

tl\tQ:Z-tlztg—i—ansj, nje}N*,sjeAE
J
such that
Vi vi(sj) < vita) Ava(sy) < va(te).
Proof. t; = zFdle, to = 2"d%e, k <, r and | <, s. Using formula (3.5) gives

tﬁ = xT—de—l . :Ekdle — Z <8 - l> ajr—kdv(xk)ds—l—l-l—ve
v

b v<r5—1
_ (8 - l> wr—kdO(l,k)ds—Oe + Z (S - l) xr—kdv(xk)ds—l—‘rl—ve
0 v
0#v<rs5—1
T3S s—1 r—k v/ k\ gs—v_ __ o
=az"d’e+ Z ( y >:J: d’(z")d e—tg—i-Zn]sj
0#v<rs5—1 J

Since the index v in the previous line is in N\ {0} the conditions on the s; are obvious.
O
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Example 18. Forn =1, i.e. in A1(K), we have that 2d® divides z*d* in the sense of
(3.7), and we can write

x4dt

25 22d% = 2%d - 22d® = 2*d* + 2235,
T

We have
3=u(2®d®) < v (zid?) =4 A3 = a(3d®) < p(atd) = 4.

Lemma 34. Let t1,to,w € AE. Then

w
t1 <z tg/\tg”w:> <'t1> =0.
to w

Proof. Set t; = z%dPeq, ty = x7d%y, w = x"d%es such that v <, rand § <; s. From
t1 <y ta we get v1(t1) < v1(t2) whence |a] < |vy|. From (3.5) we obtain

-0
tg =20 pdP ey = Z (S >33T_7d“(ma)ds_5+5_“61
2 u

u<rps—9

_ Z s—10 o xr—'y+oz—uds—§+6—uel
u ) (a—u)!

u<r85—0

To derive a contradiction assume that (% : tl) # 0. Then
w

Ju (0 < u<,s—dAgTTYteTugsTotBou o args 62>

that is
el = e, a=y+uApB=0+u<;s,

ie.u=8—-62>,0,0 <, 5.
If 0 < u then |a| = |y| + |u| > |v|, a contradiction. Therefore
u =0, a=yANB=0Ne = e,
i.e. t1 = t9. This contradicts the assumption t; <, to.
Consequently <% . t1>w =0. O

Let now f,g,h € F such that g # 0. (z,0)-reduction, defined in [DL12a], amounts to
the following

FEA = 3weT(s):

fw w

(LTx(g) |wAh=f— C, () mg N v <LTZ)@LTd(g)> < VQ(LTd(f))) .

92



0
Lemma 35. Assume that f Mg h and let w be the term mentioned in (3.8). Then

w & T(h).

Proof. Isolating the z-leader of g gives

Juw w
h=f——Jtv Y [1C,(g)LT, t
f LC,(g) LT.(9) ) ot HILZTI(Q) 8

fo _w fu__w
1= 16, (0 T, (o) - OV )~ 16 (0 T, () tﬁLZTgc(g)gtt

= f_ wLLT;p — Jw _w
F im0 2 e ™

Application of Lemma 33 gives

g S | = e
J

t<LT2(g) (3.9)
fwgt w
== fuw =) nifusi— ) LCe(g) ITe(g)'
j t-<;cLTz(9)

where all nj > 0 and v1(s;) < v1(w) and va(s;) < vo(w).

Considering (3.9), the coefficient of w in h is

fwgt < w )
hw:fw_fw_o_ -t
<o) VCa(9) \LTa(g) /.,

Lemma 34 now immediately provides h,, = 0. O
It is now possible to relate (z,0)-reduction to Grobner reduction.

Theorem 17. Let P denote the predicate

P(faga)‘) = V?()‘g) < VQ(f)
Then,

(2,0)

f—>gh<:>3)\eA<LTm(>\g)eT(f)/\h:f— fLTMg)AAP(f,g,A)).

LCq(Ag)
Consequently, using notation equation (3.1), we have that

FER e f—eh
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Proof. Observe that

P(f,9,\) < va(A-LTy(g)) < va(LTy(f)), cf. [DL12a]

Let f —a>)g h and set A = w/LT.(g), where w is the term mentioned in (3.8). Write

LT,(g9) = zFd'e w=a""d e = \=a"d".

Then
LT,(A\g) = LT, (\-LT,(g)) = LT, (z"d* - z¥d'e) = a"Fd*He = w,

and LC;(Ag) = LC,(g). It follows that

fw w fLTz()‘g) )\

R TRt s A i r oy v A LT.(\g) = w € T(f).

Since f (x%a)g h holds, the predicate P(f,g, ) is true. Consequently f —4 h.

Conversely assume that f —§ h. Let A € A be such that LT,(\g) € T(f) and

fur,(\g)

"= T ()

Ta oy AP 9:0).
Set w = LT,;(\g). Then w € T(f). Write A as A = z%d” and LT,(g) = x¥d'e. Then
w=LT,(\ LT,(g)) = LT, (z%d" - z*d'e) = z"+ka e,

Thus LT3 (g)|w and w/LT,(g) = “d” = A. Since LC,;(Ag) = 1-LC;(g) we obtain

_ Jw w
=S g (T ) < )
Consequently f (gc%a)g h. O

Lemma 36. I, is monomial.

Proof. Let LT, (Ag) € T(f) and P(LT.(Ag), g, A) hold. This means that
va(A-g) < va(LTx(A - g)).
Since LT, (Ag) € T(f) it follows that LT, (\g) <q LT4(f), and therefore

va(LT,(Ag)) < va(LT4(f)) = va(f).

Thus, v2(Ag) < va(f). Consequently LT, (Ag) € T(f) A P(f,g,A). This demonstrates
that the monomial irreducibility condition (3.4) is satisfied. O

In [DL12a] the authors define Grobner bases differently. Formulated in our notation:
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Definition 21. Let N be a submodule of ' = KM) and G € N\{0}. G is a (z,9)-
Groébner basis for NV if and only if

Vf e N\{0} 3g € G (LTx(9)[LT2(f) A valg) — v2(LT(g)) < va(f) — va(LT(f)) -

We position this notion into the frame of our concepts.

Theorem 18. Given G C N, let o denote the leading term reduction corresponding to

the relation f (x—’agg h, i.e.

fsThe IreA (mug) LT () A b= - m@ As(Ag) < u2<f>) ;

Then G is an (x,0)-Grobner basis for N if and only if I, " N = 0.

Proof. We fix some notation. Elements f,g € F\{0} are written

f=loto+ D fit=fotg+ > fit

t<zto t<dt6
g=git1 + Z git = git1 + Z git
t<zt1 t=<qt]

with coefficients fo, fi, £}, 91, 9t, 91 € K, i.e. we’ve got the leading terms

LT.(f)
LT.(g) =

Assume that G is an (z, 9)-Grobner basis for N and f € N\{0}. 3g € G such that

LT, (9)|LT.(f) Ava(g) — va(LTx(g)) < va(f) — v2(LT4(f))

to = 2*d"e, LTq(f) =
1= x”dslel, LTd(g) =

Using the notation from above we get
x”dslel\xkodloeo A sy —s1 <zl — lo,
hence 71 <r ko A s1 <z lo A ey = eg. Set A = ako—T1glo=s1 Then
LT, (\-g) = LT (2P0 glomst . ggs1e)) = zhodloey = LT, (f).
Further, we get
V(A - g) = va(LTa(@k* a0 = - ahdieh)) = [lg — 51 + 4] < J1g] = va( ),

(note that | - | implies summation of the entries of the multi-index, and not absolute
values). This shows that
LCx(f)

/ Hgf—m)\ga
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that means, f is o-reducible. Consequently, each f € N\{0} is o-reducible whence
NNI,=0.

Conversely, assume that N NI, = 0 and let f € N\{0} is o-reducible, 3g € G3I\ € A
such that

LCu(f)

I\ -9) = L) A =T = 7700

AgAva(X-g) < va(f). (3.10)

Write A = 2%d”. From (3.10) we get
zrodloey = LT, (f) = LT, (A\g) = LT (2%d" - 2" d* ey),

hence
ko=a+riANlgp=>b+s1 Ney=e1 = r1 <z ko N s1 <z lo,

i.e. LT,(g9)|LT,(f). Moreover
va(Ag) = v2(LTq(\g)) = va(LTq(2%d" - 2"1d*1€})) = b + 5.
From (3.10) we obtain b + s} <, and so

lo+ sy =b+s1+ sy <Ij+ s,

Therefore,
va(g) — va(ITa(g)) = va(a"1d%€}) — vo(a™ d* er) = 51 — 51
<lo—lo = va(f) — v2(LTx(f)).
Therefore G is an (x,d)-Grobner basis for N. O

Corollary 13. Let p denote (x,0)-reduction (3.8) for N. If G is an (x,0)-Grébner
basis for N then p is a weak reduction for N. Thus, an (x,0)-Grébner basis for N is a
Grobner basis for N w.r.t. p.

Proof. Consider an (x,0)-Grébner basis for N. Since I, C I, we obtain that I,NN = 0.
Together with Lemma 36 this says that p is a weak reduction for N. O

Even when G is a Grobner basis, the corresponding reduction relation p is in general
not a strong reduction.

Example 19. Consider A = A1(K), g = xd + d*> € A. Let p be the (x,0)-reduction
defined by G = {g} and N = Ag.

We show that NN 1, =0. Letac A
a = agxkodl + Z apft ap # 0.

N<I$k0 dlo
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Then,

a-g=agzkod"(zd+ d?) + Z au(zd + d?)

M<ka0 dlo

= apr™d" - zd + agz*d" - d* + Z (appxd + aypd®)

=g xkodlo
Set A\ = xFodlo. Then LT (X - g) = LT (z*0db - (zd 4 d?)) = xFot1dlo+l. Hence,
LT, (a-g) = LT, (LT,(a) - LT4(g)) = LT, (z*0d - zd) = zFotiqlo+!
and thus LT;(Ag) = LT;(a-g) € T(a-g). On the other hand, we have
va(Ag) = v2(LT4(\g)) = va(LTq(\ - LT4(g))) = va(LT g(zodb - d?)) = 1y + 2,
hence
va(a-g) = va(LTa(a- g)) = vo(LTa(LTa(a) - LTa(g))) = va(LTa(a) - d*).

Now, z*0d <4 LTy(a). Applying Lemma 30 gives

ahodhot? = LT (2*od - d?) g4 LTq(LT4(a)d?).
Therefore,

lop + 2 = 1o (2™ d""?) < 1y (LT4(LTy(a) - d*)) = vo(LT4(a) - d?),

and so va(Ag) < wva(a-g). Allin all,

X € A (LTz(Ag) = LTz (ag) Av(Ag) < va(ag)),

and choosing h appropriately we see that ag —7 h, hence ag is o-reducible. Therefore
NNl, =NnlI,=0. Consequently p is a weak reduction for N = Ag and {g} a Grébner
basis.

Now consider f1, fa,g € A
fi=zd, fo=d*

Then it is obvious that f1, fo € I,. But f1 + f2 is not:
LT,(1-g) =ad € T(f) Ava(l-g) =2 < wva(fi + fo),

i.e. fi+ fo reduces to zero (w.r.t. p), so fi+ fois & I,. This shows that I, is not closed
under addition and therefore p is not a strong reduction for N.

97



(2,0)

Theorem 19. Let f,g,h € F such that g # 0. Assume that f —%, h. Then, for
arbitrary r,s € N

1. feFY > herW,
2. feFY = he Y,
3. feF.s=hecF.,;

4. f€ F,§3) =he FQ(E);

Consequently the full reduction corresponding to an (x,0)-Grébner basis for a submodule
N C F is a weak Grobner reduction for N with respect to these filtrations.

Proof. By Lemma 31 we may assume that f —¥f h, i.e.
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EI)\EA(LTQC()\Q) eT(f)/\h:f—M)\g/\P(f,g,/\)>.

1. Assume that f € FY. Then vi(f) < r, whence Vt € T(f) : vi(t) < r. Take

t € T(h). If t € T(f) then vi(t) <r. If t ¢ T(f) then

JLT. (0g)
B, = —2r=(Ag)
Thus
(Ag)t #0 =1t € T(\g) =t < LTz(\g) € T(f).
Therefore

vi(t) < (LT(Ng)) <r = T(h) C FV = he WY,

. Let f € F,n(2). Then T(f) C FT(Z). Writing out the predicate P we obtain

va(A-LTa(g)) < va(LTa(f))-

Take ¢t € T(h). If t € T(f) then t € F®. If t ¢ T(f) then, with the same
argument as in the previous case, we obtain t € T(\g). Therefore t <4 LT3(\g) =
LT4(A - LT4(g)). Then we derive

va(t) < vo(LTa(A - LTa(g)) = v2(A - LTa(g)) < v2(LTa(f)),

whence v,(t) < r, that is, t € F'?. This shows that T(h) C F¥. Since the

filter-sets are vector spaces we arrive at h € F,@.

3. If feF,,then f € Fr(l) N F§2). Therefore also h € F,gl) N FS(2) = F,.

4. This follows from Corollary 12 and the previous point.



3.2. The Ring of Difference-Differential Operators

At the introductory chapter 1, we have encountered the ring of difference-differential
operators over a field K. In this section, we consider the situation where we have a
commutative ring K contained in the considered ring D, and we are given a tuple
d = (01,...,0m) of derivations and a tuple of automorphisms o = (o1, ...,0,) of K. All
these maps are assumed to commute with each other. The ring D is then constructed
as the free K-module on the set of formal expressions

Ay = {0Fat = of1 . ghmolt o gln (B e N1 € Z))

n

and a product that reflects the properties of derivations and automorphisms. We consider
the elements of the set A, as the distinguished monomials, and write A for A,, .
Consequently elements of D are finite K-linear combinations

Z ak,ldkal, ag| € K,
(k,l)EN™ xZn

and the product is driven by the rules
di-c=c-6; + 0;i(c) oj-c=oj(c)oy, ce K.

A left module over D is also called a difference-differential module, or A¥-module over
K.!' The concept covers difference modules (A = () as well as differential modules
(3 = 0) as special instances. But we can also make a link to the Weyl-algebra, considered
in the previous section.

Lemma 37. Consider a field K with char(K) = 0. Let

.Z. K — K[xl7 ... 7"1:71]7.

— d d .
2- A —_ {E’ ceey E}’
3. 2=0.
Then the resulting AX-ring is the Weyl-algebra A, (K).

Proof. This is due to the fact that partial derivatives have no relations among each other.
Precisely: Let A* be the monoid generated (in Endg(K)) by A. Then A* = N and
A, (K) is a free K-module with basis A*. O

We continue our consideration with the choice X = K. We use the notation

y* = 6%(y) and ys = o°(y), ke N™ seZ"

n the literature the tuples § and o are denoted informally as the sets A and ¥, whence the name.
Note though, that the mappings d; need not be distinct. The same is the case with the o;.
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The product in D can then be written explicitely

ol g 6T o% = gﬂ:k (’;) g ety e K.

For A = 6ol € A we set

viA) =ki+ ...+ km, vo(A) = [li] + ... + |1, vo(A) =v1(A) + 2(A). (3.11)
The extensions of these functions to D, given by

vi: D — N, a — max{r;(A) : A € T(a)}
induce the univariate filtrations
DY) ={aeD: vi(a) <r} j=0,1,2. (3.12)

Lemma 38. Let D be filtered as in (3.12), F a free D-module.

o The family (ng)) N is a monomial filtration on D, 7 =0,1,2.
re

° (Fr(j)>T€]N is a monomial filtration on F, 7=0,1,2.
Proof. The proof is a variation of Example 7. O
Fix an enumeration of the set F and set
t= 5kalei = (vi(t), i k1, o R [, - ], sgn(ly) + 1,00 sgn(l,) + 1) j=0,1,2.

The corresponding well-orders for monomials s = §¥cle;,, t = §"0%¢;, in AE are now

§=<t =
(vj(s), 01, k1s - km, [, o5 [ln], sgn(ln) + 1, ... sgn(ly) + 1)
<lex
(vj(t), 12,71, -, Tm, |S1]5 -+ |snl,sg0(s1) + 1,...,sgn(sy) + 1)

Then
s <5 t=vj(s) <v(t), j=0,1,2.

These orders single out LT;(f) and LC;(f) for each f € F\{0}. According to (3.1) we
get
: Jur;(p)
g heINe ALT;(A\g) € T(f)Ah=f— o2
f 8 he MEA(UT () € T A =1 = (00
and for G C F the reduction p; is
f —% h & 3g € G such that f —’ h.

Note that the predicate ‘P’ mentioned in (3.1) is empty here, i.e. we may set P = TRUE.
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Lemma 39. If f —% h=f —Ag and f € Y then h € FY).

Proof. There exists ¢ € G and A € A such that LT;(Ag) € T(f). Therefore, from
monomiality of the filtration, we get LT;(\g) € FY. Let b € T(M\g) be an arbitrary
monomial. Then from b <; LT;(Ag) we obtain v;(b) < v;(LT;(Ag)) < r, thatis, b € FY.
Consequently Ag € F,., and sois h = f —c- Ag. O

Together with the previous remarks, the last Lemma exhibits the relations p; as Grébner
reductions.

3.2.1. Relative Reduction

In [ZWO07a] the filtration (FT(O)) N is treated by using a variant of the term order <q
re

and its corresponding reduction. In [ZW08a| the bivariate filtration D, ¢ = DV np?

occurs. For the purpose of reduction the following two term orders have been used. For

monomials © = §Fole; and v = d"c%e;j in AE, set

u<1v <<
(va(u),vi(u), i, k1, .oy kmy [l -y |lnl,sen(ly) + 1, ... sgn(l,) + 1) (3.13)
<lex ‘
(r2(V), 1(V), Jy 71y« s Py |S1]s - - -y |Snl sgn(s1) + 1, ..., sgn(sy,) + 1)

respectively

U <20V <
()00, B ] L () 4 L sen) £ 1)
<lex
(1 (v),v2(V), J, 71y -+ s Py |S1]s - - -5 |Sn] sgn(s1) + 1, ..., sgn(sy,) + 1)

The appropriate reduction concept - called relative reduction in [ZW08a] - takes into
account both of these orders. Let f,g,h € F. Then f r—d>g h if and only if

3 € A(LTy(Ag) = LTy () A LTa(Ag) <2 LTa(f) Ah = f - MAg).

Here we meet leading term reduction (3.2) involving the predicate

Again, for G C F relative reduction is

rel rel

56 he 3g € G with f 25, h.
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Theorem 20. Let the orders <1 and <2 be given by (3.13) resp. (3.14), consider the
bivariate filtration F, s of F', given by

Fr,s = @ Dr,se’

ecE
induced by the filtration (Dm)(r,s)eNz on D, the set D, s as in Example 7. Then

rel

f—¢hNfeEF., =heF.;

Consequently, the full reduction associated to r—el>(; 18 a Grébner reduction.
Proof. Assume f lr—el>g hand f € F,s. Thus |f]1 <7 and |f|2 <s. We set

W= LTy (f) =LTi(\g), o i=LT5(f), c=LCi(\g).
Thus we may write

f = fuu+@:fu’ul+¢/
Ag = cu-+1.

From the assumption we obtain that A\g <o v’ and

_ LGi(f) fu
LCl()\g) C

Jfu

h=f Ag = fuut @ = "leut ) =9 — 7y

Therefore

T(h) € T(p) UT() = (T(f) UT(Ag)) \ {u}.
Take p € T(h). If p € T(f) then |uli < rAule < s. If p € T(Ag) then, since
Ag <2 u/, we obtain u <2 «' and therefore |u|; < |u/|; < r. Because u = LT;(\g) we
obtain p <1 u and thus |ula < |uls < s. So in any case we obtain |u|; < 7 A |ul2 < s,
that is, |h[y < r A |hlz < s. Therefore h € F, ;. Obviously f r—d>g h implies that

LT(h) <1 LT1(f). Consequently r—QI>G is a noetherian reduction compatible with the
filtration. O

3.2.2. Computation of Multivariate A-Y Dimension Polynomials

In the general case, Corollary 6 applies. We will generalize the dimension polynomial
computed in [ZWO07a, ZW08a, Lev12, Levl3]. To that end, we will set up a refined
filtration of the ring D, controlled by a partition of the basic operators in the difference-
differential field (K, A,Y). Again, K is actually the field K. After designing a Grébner
reduction for a submodule, Corollary 6 will give us an improved picture of the filter
spaces in the quotient.
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Consider the sets
A:{él,...,ém}, Z:{Ul,...,dn}

of the difference-differential field (K, A,Y). We divide A and ¥ into p respectively ¢
pairwise disjoint subsets

A=A1U---UA,, Y=31U---U%, (3.15)
where

Al = {51, ceny 5m1} Ak = {6m1+"'+mk—1+17 e 75’m1+'“+mk}7 2 S k S D,

and mq + - -- +m;, = m. Similar for X

El = {O’l,...,O'nl} Ek = {O—n1+---+nk,1+1>~--70n1+--~+nk}7 2 < k < q
where ny + -+ +ny = n.

Definition 22. For a monomial A\ = (5{“1 e 6fnmalll ooln € Ay we define

Ma, = D ki 1<r<p, s, =Y [, 1<s<q
8 EA o€

For a general difference-differential operator we set
lale := max{|\|¢: A € T(a)}, e {A,...., A, %, ..., 5}
The following device defines a p + g-variate filtration on D. For r € NPTY set
D,={ueD:Vi: 1<i<p: |ulp, <riAVj: 1<j<gq: ]u]gj <rprjt.  (3.16)
We reproduce now the result obtained in [FL15a, Theorem 2].

Theorem 21. Let K be a AX-field and M a finitely generated difference-differential
module. Produce a partition of the sets A, ¥ as described in (3.15) and equip the
operator ring D with the filtration described in (3.16). Extend the filtration to the finite
free presentation

0—N-—F- > M-—0

where F has K-basis E, and let < be a generalized term order on AE.
If G is a Grébner basis of N then the cardinality of the set

U ={te AENF,: Vge GVA €A
(t=LT<(Ag) = Fi: |A\gla, > VI |Agls; > 1rpij)}

provides the values of the Hilbert function of M, i.e.,

dimg M, = |U,| Vr e NPT9,
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Proof. The relation

f—he3dgeGINe ALT<(N\g) = LT<(f) and
Vi: 1<i<plgla < |flaAVi: 1<) <qlAgls, <|fls,  and

LC<(f)
h=f——=\
f LC<(Ag) I
defines a Grobner reduction for N and Corollary 6 is applicable. O

3.3. The Ring of Ore Polynomials

As we’ve indicated in the introduction, we continue now to consider a structure over the
commutative ring K. Given a K-endomorphism o: K — K, a o-skew derivation is an
additive map d: K — K satisfying

d(ab) = o(a)o(b) + d(a)b, a,be K.

An Ore-variable over K is a pair 0 = (0,9) where ¢ is an endomorphism and ¢ is a
o-skew derivation.

Let 0; = (04,6;) be Ore-variables (1 < i < n) such that all mappings o;,d; commute
with each other. Then the Ore algebra O defined by O = {01, ...,0,} is the set of K-
linear combinations on the set of formal expressions OF = 8{“ e aﬁ" with multiplication
determined by the rules

01--8]-:8]--& and 81.T:UZ(ZL‘)8Z+(51(JL’) r e K.
We set A := {0": k € N"} 2 N", as usual its elements are called monomials.

With the convenient notation
zk = (60 o o) (2) k,leN' zeK.

the product in the ring © may be written explicitely

l l
. q l—v  gqtv _ v | alt+g—v
x0" - yo E (v) Y, -0 g (v) TY[_p - 0

veEN™ v<rl

where z,y € K and [,q € N". In particular
20° -y = zyd?
demonstrating that K is naturally a subring of O.

Remark. With the notion from Lemma 10 we have Sy (z) = 2! 47> Which is valid for
the univariate case. Here, we want to develop a theory of the n-fold case, thats why we
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have chosen to change notation.

In [Lev07], the set O of variables is splitted into disjoint subsets O = O U---UO,,. This
gives order functions

vit A= N, F @)= >k 1<j<p,
aiEOj

and the total degree function vp(0%) = v1(9%) + - -+ + v,(9%), that extends to the free
module F = O®) where E = {e1,...,eq}. In the notion of Chapter 2, Example 8, we
have v;(-) = | - |o;-

As usual

W@ =), i) = {maxm”) i(0) T € F(0)

forall j =0,1,...,p.

For the remaining part of this section we assume that K is a field K.
Lemma 40. Let z,y € K\{0}, k,l € N". Then, we have
vi(zd® - yd'e) = v;(0) + v;(9"), j=0,...,p.
Proof. Take a term t € T(z0* - yd').
zd* -y = U;k <i> zyp_, - OTR T = Fu < kit =0,

thus, if 1 < j < p then

vit) = > (litv) < Y (litk) = D L+ > ki =v;(0)+v5(0%) = vj(zye-0"H).

0;,€0; 0;€0; 0;€0; 0;€0;

Since xy; # 0 the assertion follows. The statement for 7 = 0 follows by summing up all
J=1...,p. O

The p orders on AE considered in [Lev07] are defined by the p injections
;0 A — NPl
0 5 75(0F) == (1 (N), o (M), A (V) -, 5Ny s wp (N, K KL T P
with notation

k = (kl” : 7kn) = (klw . "kp)’ kz S N)k] S NCard(O]‘)’
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the elements designated by 1/7(\)\) and k7 left out. The extensions of 7j to AE are given
by
Pj: AE — Nn+p+2’ 6k€i — (pj(akei) = (7(8’“),@)

Thus, for terms tq1,to € AFE,
t1 < t2 & ;(t1) <tex @j(t2).
Note that
vi@) == > k, 1<j<p
8,€0;
Lemma 41. Let k,l € N, 7; as in (3.17). Then,
75 (0F ) = 75(9%) 4 1;(9Y), 1<j<p.
Proof. Using the notation from above it is plain that (k + )7 = k/ + I7. Therefore
vi (@) = |(k + 17| = [K + P| = K| + [F'| = (") +v5(8").
From this observation the statement is obvious. O

Leading term and leading coefficient functions are written LT;(-), LC;(-) for 1 < j < p.
As before it is plain that

vi(f) = v (LT;(f)) Vi
Lemma 42. Let x,y € K, k,l e N* e € E. Then,
LTj(xak ydle) = 0FFle, Vi:1<j5<np.

Proof. Take a term t € T(x0* - yd'e) with t # 0Fte. Then Jv <, k with t = 0" e. Let
io = min{i: v; # k;}. Then

Vi <ki0/\Vi<i02 v; = k; = (l+v)i0 < (k-f-l)io/\VZ'<io : (l—i-v)i:(k-i-l)i.
Thus
10 :min{i: (l—i-'l))i #* (k—i—l)i}/\(l—i-v)io < (k+l>io AVi: (Z-FU)Z' < (k—i—l)z

Therefore
volt) = L+ 0] = 1] + [o] < 1] + [k = i + k| = vo(8"¥e)

If 8i0 € Oj then
vj(t) < v;(0Fe) = t = 9" <; OF e

On the other hand, if 9;, € O; then
vi(t) < vi(0Fte) Au(t) < vo(0FFe)

and again t <; OF+Hle. O
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Corollary 14. Let a,b,xz,y € K\{0}, k,l,r € N", ey, e, € E such that u < v. Then,

O <; 0" = LT;(x0" - ad"e,) <; LT;(yd" - bd"e,)

1<j<np.
A LT(ad" - zd%e,) <; LT;(b0" - yd'e,).

Proof. We have to show that %"e, <; 8""e,. From the hypothesis we have
k (Al
Tj(a ) <lex T](G )
Thus, using Lemma 41
7j(0FF7) = 75(0%) + 75(0") <iex 73(0') + 75(87) = (8.

Therefore also
(75 ("), 1) <iex (75(0"F7), 0).
O

Lemma 43. Let an Ore-operator a € O\ {0} be given, such that LTj(a) = % and let
f e F\{0}. Then, for all j

e LTj(a- f) = LT;(a) - LT;(f);
o LCj(a- f) = LCj(a) - * (LC;(f)).

Proof. Set
LC;(a) = ao, LT;(f) = d"eo, LC;(f) = fo-

Thus
a = agd™ + Z a0 and f = fy0"eo + Z fl,eﬁle.

8k-<j8k0 8le-<j6l0 ()

a-f=ad - fod%qg+ Y apd®- fredet Y apd® - fo0Pe
N ——

(S1) dle<;dleg k=< ;0%0

(52) (53)

+ Y Y ot fdte

ok <;0%0 9le=<;0%eg

(54)
Pick out a summand of sum (52). If 8! <; 6% then
LT;(a,0% - f1.0'€) <j LT;(aod"™ - fod"ep).
If 9" = 9% then e < ey and

LTj(aoakO . fl’eale) = 8’“0“6 =y 8k0+1060 = LTj(akak . foaloe()).
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For a summand of sum (S3) we obtain
LT;(apd" - fo0"eq) <; LT;(agd™ - fod"ep).
As to sum (S54), from the scope of the first sum we derive
LT;(apd" - f1.0') <; LT;(agd™ - fod'ep).

If o < 9% then
LTj(aoakO . foaleo) -<j LTj(a[)akO . foaloeo).

If 9! = 9% then
LTj(agﬁkO . foaleo) = 8k0+l = 8k0+lo = LTj(aoakO . f()aloeo).

So, in any case,
LTj(akak . fl’eale) -<j LTj(CLoako . f()aloeo).

Let t € T(a- f). Then ¢t must be a term (surviving after cancellation) of one of the sum
expressions (S1)-(54). Consequently

t <5 LTj(agd® - fod'eq) = dFotloey = gk . 9loey = LTj(a - LT;(f)).

Moreover we see that the expression 9% - 9%¢y does not cancel out. It follows that
LTj(a- f) = LT;(a) - LT;(f).

From the expansion of expression (51)

agd® - fodey = Z <IZO> ao(fo)ﬁo_val°+”eo.

v<x

we derive

LCj(a- f) = ao(fo)k, = LCj(a) - LC;(f)k, = LC;(a) - " (LC;(f))

Corollary 15. Let A= 0F € A, f € F'\ {0}. Assume that 0 = (0,0), i.e.
0-x=oc(x) 0+ 0(zx).
Then for all j = 1,...,p, we have
o LT;(A-f) = A-LT;(f);
o LC;(A- f) = o"(LC;(f)).
Corollary 16. Let a € O\{0}, f € F\{0}. Then, for all j =0,...,p

vi(a- f)=vj(a) + v;(f).
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Proof. Let 1 < j < p and set LT;(a) = 9%, LT;(f) = 9"eg. Then

via-f) = v(LTj(a- f)) = v (LT (a) - LT;(f)) = v;(9% - 8"%eg) = v;(9*°) + 1;(9")
= vj(LTj(a)) +v;(LT;(f)) = vj(a) + v;(f).

The statement for j = 0 follows by summation. O

Corollary 17. Leta € O, f € F. Thena-f=0=a=0V f =0. Consequently, O is
a domain.

Proof. Let a #0A f # 0. Then v(a) > 0Av(f) > 0. Therefore
via-f)=v(a)+v(f) >0
hence a - f # 0. O
The order functions v; propose a natural filtration concept.
FO ={feF:v(f)y<r} reN, 0<j<p

For r € NP we set

P
F, = ﬂFT(]?):{fEF: vi(f) <ri A Au(f) <k
j=1

Again the sets (Dl(tj ) and O, are implicitely defined (F = O1).
Lemma 44. Let r € N. Tor all1 < j < p, the sets Fr(j) defines a univariate filtration
on F with respect to the univariate filtration (ng) in O. Forr = (r1,...,rp) € NP, we

have that ,
Fo=(\FY
j=1

is a p-fold filtration with respect to O,.

Proof.

o If fg€e Fr(j) then v;(f+g) < max{v;(f),v;(g9)} <r, thus the sets F,gj) are abelian
groups;

e r < sin N implies Fr(j) C Fs(j);

o
e U F =F;
r=0

o Ifa e @&j)/\f € OY then vi(a-f) =vj(a)+v;(f) <r+s, hence 0Y.FY ¢ Fs(i)t

O]
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3.3.1. Reduction with Respect to Several Term Orders
In [Lev07] the following theory is developed.

Definition 23. Let f,g € F, g # 0. Let k,i1,...,i, be distinct elements in {1,...,p},
Z={i1,...,ir} and L = (k,Z). Then f is L-reduced w.r.t. ¢ if and only if

AreA: ()\ LTu(g) € T(f) AVi € T: v;(\-LT;(g)) < z/l-(LTi(f))>

f is L-reduced w.r.t. G C F if and only if f is L-reduced w.r.t. g for all g € G.
The corresponding reduction concept in [Lev07] is given in the next definition.

Definition 24. Let f,g,h € F, g # 0. Z and L = (k,Z) as before. Then we say that f
L-reduces to h if and only if

f,h e JweT(f): LTulg) | w A
fw w
h=f_—
/ T(w/LTy(g)) (LCE(9)) LT,(g)Y .

Wi (S ITe) ) < mET)

(3.18)

LT(g)

Here for A € A the symbol 73 denotes the exponent of A, as power of 9, considered as
the corresponding endomorphism of K, precisely

A=0"1z¢e K= n\(z)=c"x).

Theorem 22. Let f,g,h € F, g # 0 and L = (k,Z) as before. Let P denote the
predicate

Let p denote the reduction relation

Juring)

f—>§h<:>3)\€A(LTk()“9)ET(f)Ah:f*LCk(/\'g)

X-gAP(f.9.0).

Then
f—thefEyn

Proof. Assume that f i>g h and let w € T(f) as mentioned in (3.18). Let LTy (g) = d'e.
Since LT (g)|w we may write w = dP*le. Set A = (w/LTy(g)) = 9P. Then, by Corollary
15,

LTi(A-g) = A-LTk(g) =P -d'e =P e =w

In terms of the 7-notation we obtain

Taw/1T(g)) (LCk(9)) = TA(LC(g)) = 0P(LCk(g)) = LCk(X - g).
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Consequently LT (A - g) € T(f) and h = f — {LCT:((;Z; A g. Since

(A g) = (T 9)) = 1\ LTi(g) = w4 (g, o5 - LTi0))

the formula P(f,g,\) is exactly the additional condition in (3.18), which means that
[ —4h

Conversely assume that f —% h. Let A\ = 9P as mentioned in the formula, LT} (g) = d'e
and set
w=LTp(\-g) =\ -LTj(g) = 9 - d'e = 9T le.

Then LTy (g)|w, and

LT (9)

= 0P = X\ = LC,()\ - g) = o?(LCi(9)).

In 7-notation:

T(w/1(g)) (LCk(9)) = Tor (LCk(g)) = 0" (LCk(g)) = LCk(A - ).
Therefore w € T(f) A LTk(g)|w and

he o Ju Y g AP(f.g,N)

Ttw/ 1Ty (9)) (LCE(9)) LTk (g)

and this means that f —E>g h. O

Lemma 45. P satisfies the monomial irreducibility condition (3.4). Therefore
fel,=T(f) ClI,.
Proof. Assume
Jg € GINEA: LT(A-g) € T(f)ALCr(A-g) € KX AVi € T:v;(A-g) < v (LTr(X - g)).
Then v;(\ - g) = v;(LT,(A - g)). As LTi(\ - g) € T(f) it follows
vi(LTx(A - 9)) < vilf) = vi(A - g) < vi(f).
Consequently
Jg € GIN € A: LTp(A-g) € T(f) NLCk(X - 9)|fur,ng) AVi €L 2 vi(A-g) S vi(f).

O]
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3.4. Computation of Multivariate Hilbert-Polynomials for
Polynomial Ildeals

The concept of dimension polynomial for the multivariate polynomial ring was intro-
duced by Hilbert already in the 19" century. Consider the multivariate polynomial ring
R =Klz1,...,z,] in n unknowns over a field K. Then R is a direct sum R = @, Ry,
where Ry, is generated by

(e akn s k4 4k, = k)

n

Clearly, dimg Ry, is equal to the number of such monomials, as they form a basis of Ry.
By Lemma 5, the number of monomials in n variables generating Ry is given by

n+k—1
k

Theorem 23 (Hilbert).

Let R = Klz1,...,2,] = @pey R be a graded polynomial ring over a field K, and
M = @,y My a graded R-module. Then, there exists a polynomial ¢(t) with rational
coefficients such that

dimKRk:< > k=ki+...+kn, kki,... kn€NKk>0,n>1.

dimg My, = ¢(k), k large enough.

This polynomial ¢ is called the Hilbert polynomial of the graded module M. Obviously
we obtain bounds for ¢(k) by

osan=3 ()= (1)

As we have proven a theorem on the dimension of a filtered module, we cover the Hilbert
polynomial as a special case of our considerations. Indeed, in the general case we can
apply Corollary 7 to actually compute a multivariate generalization of the Hilbert poly-
nomial.

The computation of Hilbert polynomials in this setting is addressed in [Sta78, KW88,
BS92, Eis95, CLO97]. A generalization towards bivariate Hilbert polynomials was made
in [Lev99]. With the help of Grébner reduction we are in position to reason about gen-
eral multivariate Hilbert polynomials in this setting.

The basis of one algorithm, for the computation of Hilbert polynomials, is to use polyno-
mial Grobner bases. From that point of view, it is reasonable to first make the connection
to our concept of Grobner reduction, i.e. we show how to achieve a filtration that is
compatible to polynomial reduction.

Lemma 46. Let a I R := K[zy,...,x,] be an ideal and G a Grébner of a w.r.t. any
term order <, then for r € N",

Rei={f € Klz1,...,wn] : LT(f) < 2} ... 2T}

112



defines a monomial filtration with the additional property
meR. Anm=nécR,.
Consequently — ¢ is a Grobner reduction w.r.t. (Ry)renn.
Example 20. If we consider the ideal a < R := K]z, y|, where
a:= p(fi =2y’ + 2yl fo =2y’ f3 1= 227" — 42y°) A R,
we obtain as a Grobner basis
G :={g1 ="y’ g2 := 2y’ g3 := 2y},

with respect to the lexicographic order (where x >y > z). Graphically, this ideal corre-
sponds to

n
[} €] o ] O o o €] o] O (9]
° e} o o o (] [o] o (] (o] (o}
(o] o o (o] o (o]
° ® ° (o] o o (@] o O
° ® ° ° (0} e} o (o] o} (9]
[ ® ° ° ¢ Q o (¢} (e} o o
[ ® ° ° [ ° @ ® ° ° °
° ° ° ° ° °® ° ° o 1N

Figure 3.1.: (m,n) — z™y"

Let us consider the bivariate dimension polynomial associated to the filtration
R.s ={f€R: deg,(f) <r A deg,(f) < s}, r,s € N.

Plugging in values (r,s) > (0,0), we can count the number of irreducible monomials.
This value can be interpolated as bivariate polynomial by:

# of irred. monomials in Ry : pa(r,s) =2r+s+10 € K[r, s, (r,s) > (5,4).

From that, we see that the growth of elements is linear by increasing the degree in one
direction. For the univariate filtration

Ry :={f € R: deg(f) < k},

we count as irreducible monomials
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k 6 |7 |8 |9 |10] 11
no. of irred. terms | 27 | 31 | 84 | 37| 40| 43

hence, we obtain p1(k) = 3k+10 for k > 7. For example, there are (852) = 45 monomials
i 2 variables of total degree 8. From this 45 monomials, there are 34 irreducible, leaving
11 reducible elements w.r.t. polynomial reduction with lexicographic order. They are
given by
Re\I = {ay", 2y°, ay®, 2%y°, 2y, &%y, o'yt 2ty® 20y, 20y?, By )

From this 11 monomials
6+2

5)

e One monomial (vy>) has degree 6, hence ( — 1 =27 irreducible monomials of

degree 6;

e Five monomials (vy®, xy®, x2y5, 23, 2%y ) have degree <7, hence (7;2) —-5=31
irreducible monomials of degree 7.

Further, we observe, that for all k € N we have
Ry C Rpp C Rop, N pa(k, k) =pi(k).

We now consider the general case of a p-fold filtration. Obviously, we could take the
theory developed for the ring of Ore polynomials. However, due to the behaviour of
monomials in K[z1,...,z,], we can greatly simplify this theory.

As in section 3.3 we split the unkowns into p disjoint subsets Xi,..., X, such that
their union equals X and each x; corresponds to exactly one X;. The degree w.r.t. this
partition is then given by

degy, : T"(X) =N, 2" = Y ki, 1<j<p.
Z‘iEXj

The free module F' is constructed by the generator E := {e := 1}, i.e. F = R'. With
this setting, the functional deg Xj(-) extends to R and F' respectively by choosing

max degy . (¢ ...[eF\{0};
deng (azke) = deng (xk)’ deng(f) _ { teT(f) XJ( ) \{0}

- . f=0,
forall 1 <j <np.

Let us now formulate the basic characteristics of degy ().

Lemma 47. Let R := Klx1,...,2,), a partition X = JI_; X; be fized, Then, for
k,l € N", a,b € K\{0}, f,g € R\{0} we have:

1. degy,(af £ bg) < max{degx, (f), degx,(9)};
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2. degx,(fg) = degx,(f) + degx,(9);

In particular, this points can be specialized to
3. degy; (az" - ba') = deng(wk) + degy; (z!) = inexj(ki +1i);

4. degy; (azk - f) = iner ki + degx, (f);

We can now apply the considerations from before, and designate the leading term w.r.t.
the partition X, this is, identify each monomial by the integer-vector

7 T"(X) — Nt a:kr—>(deng(:zk),kl,...,kn),

giving a one-to-one correspondence between 7™(X) and N"*!1. By ordering the terms A
appearing in f € R compared in lexicographic order, this gives LT;(f) and LC;(f).

However, it might happens, that 7;(\) = 7,(\) for j # k. If, for example, we have
X :={x1,x9,z3}, we can consider the partition X; := {z1}, X2 := {29, z3}. Then,

T (x3x023) = (3,3,1,2) = m(232023).
By Lemma 47, we immediately obtain
(2 -l = 1 (2P = (degx, (@ ey 410,k + 1)
= (degy, (2¥), k1, ..., kn) + (deg, (2'), 11, .. 1) = 75(F) + 75(a).
Similar as in the ring O, we plainly have for f € R that
LT;(f) = degx, (LT;(f)),  1<j<p
Lemma 48. Let 1 < j <p. Given f,g € R\{0}, we have:
o LT;(f-g) = LT;(f) - LTj(9);
o LC;(f-9) = LC;(f) - LCj(9)-
This applies in particular to f € T"(X) C R, i.e.
LT;(z" - g) = H :cfl -LT;(9), LC;(az® - g) = a-LC;(9) a € K.
z,€X;
The degree functionals deg X; induce a natural filtration of F = R!, by setting

F9 = {f € F:degy (f)<r}, reN1<j<p,

respectively, its p-fold counterpart defined as the intersection F,. = r(ll ’n...n Fr(f ),
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As before, we show that each Fr(j ) defines an univariate filtration on F w.r.t. the uni-
variate filtration on R, on R. Therefore, by Lemma 16, F; is a p-fold filtration w.r.t. R,.

We want now to characterize the full reduction that is obtained by this setting. This is
a straight-forward specialization of Theorem 22. We state it explicit here.

Definition 25 (Full reduction in K[X]).
Let f,g € F = R', s.t. g # 0, denote the predicate P by

P(f,g,2") & degx, (a" - g) < degy,(f), 2<j<p. (3.19)
Then, p is the full reduction

fLTl(a:k-g)

f—bhe Ik eT(X) <LT1(93kg) eT(f)nh=Ff~ LCi(z* - g)

z¥g A P(ﬁaw’“)) :

Let now
ri = degy, (f) = degx, (LTi(f)),  1<i<p.
The predicate (3.19) fits in full reduction in the sense that

zFg € F,fll) because LT (zFg) € T(f) € FWY,

and zFg € FT(QQ) Nn...N Fr(f) because of P. From that, one obtains that an arbitrary
permutation of the indices results in the same result. Namely, we could replace the
argument in Definition 25 by

Jur,@h-g)

chkeT"(X)<3£: 1SESPZLTz(l’k'g)GT(f)/\hZf—m

g A P(f,g,x’f,w) ;

(3.20)
where

P(f,g,2%,0) 1 degy (2% - g) < degy (f), 1<j<pj#L

Lemma 49. The predicate P given by (3.19) satisfies the monomial irreducibility con-
dition (3.4), i.e. fel,=T(f)CI,.

Proof. See the proof of Lemma 45. O
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4. Relative Reduction and Buchberger’s
Algorithm in Filtered Free Modules

While in the previous section, we've considered (and extended) the existing approaches
for the computation of a Grobner reduction, we now want to propose a Buchberger proce-
dure, for certain type of filtrations. We are interested in multivariate filtrations that are
built as intersection of univariate filtrations. In particular, we reflect the discussions of
the author and Prof. Alexander Levin, and propose a method for computing a generating
set, such that every non-zero element in the considered submodule reduces with respect
to this generating set to zero. The author has, together with Prof. Levin submitted a
pre-print to the proceedings of the ACA (Applications of Computer Algebra), see [FL16].

In [ZWO08a|, a method was presented, that provided the method terminates, produces a
Grobner basis with respect to relative reduction. In fact, this is a variant of Buchberger’s
algorithm (i.e. adding non-zero remainders with respect to multivariate division), by
taking into account relative reduction. However, in [Dén13], an example was presented
where the method does not terminate. This termination property has been examined in
[HZ15].

We reproduce the discussion from [D6én13, HZ15]. Let
<=lex(z3 > x1 > 12), <'= grevlex(xs, xo,x1).
on {x1,z2,z3} and let G; be defined as

Gi = {fo = 2323 + zlaxy, fi := 2323 + 212522}

x2:1:3+x§+4jx§ | j=0...3}.

344
U{gj =2,
Claim 1. Gg is a Grobner basis w.r.t. < for (fp, go). To that end, we observe that the
S-polynomials can be reduced to zero. Indeed,

S~ (fo,90) = x%xgxg — x%x% =x1-go— (m%x% + :L‘l.I%.T%)

“J1

S=i(fo, i) =wex3 - fo—a3 - fi=0

4.2.2 43 2 2
S=i(f1,90) = xjz5ws — xox3 = x5 - fo — 523 - go + 0.

For the second part of the loop, we <-reduce the S-polynomial S(fy, g;) relative to <’.
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Claim 2. Let H; := {fo,90,...,9i}. The S-polynomial
S<(fo,9:) = x3x§+4l x3 $I+4ix2$3 is not <-reducible modulo H; relative to <’ .
For the g; we observe for 0 < j < that
LT (232,70 gj) = aadt¥ad = LT (< (fo.91))
LT (S<(fo.90)) = o] Mazws < af V) ™0y = LT (ada, 0 gp),

hence (by the second line) reduction with one of {go,...,g;} is prohibited. For fy we

observe deg, (z7'z5°25® - fo) is the same for both monomials occurring in fo, hence we

make a tie break, and the monomial with higher degree w.r.t. x; is the dominant part.
But this is always the monomial x{zo which has already higher degree than S(fo, g:),
hence S<(fo,gi) can not be reduced with fj either.

It turns out, that S<(fo,gi) can be reduced by fi, in particular

LT<(95133%+4Z fi) = 1’?373%1 = LT<(5<(fo,9:))

LT (zfzy ™« fr) = wlay™ad < a7 sy = LT (S<(fo, 90),

hence, it is possible to achieve the following chain of reductions:

S<(fo, i) = @iy ™ ag — T aoxs —p S<(fo,90) — afay™ - fi
= —x{Maory — pfai el = hy —p by + 23t f
= —xz+4zx2$3 + $1x5+41x3 =: hy — ho — m%—l—4z 1
= 2 Mgy + 252 = —g; 1.

At each intermediate step, we observe, that the elements hy, he and g;41 are irreducible
w.r.t. H;. But obviously

Hivw = H;iU{git1},

hence, we add infinitely many elements g¢;11, which causes the algorithm to fail.

Although relative reduction is formulated for modules over the ring of difference-differential
operators, the example above is formulated for usual commutative polynomials. We’ve
already seen, that the interplay of rings allows to pass from one setting to the other,
hence the same or similar examples could have been formulated for other rings (where
this type of Buchberger algorithm is formulated).

We want to generalize the algorithm proposed in [ZW08a], and view it under the aspect
of Grobner reduction. First, let us fix the setup, that we assume in this chapter.

General Assumption 2. We consider a ring R generated by a set of monomials A C R.
Further, we assume that R contains a commutative subring K C R, that serves as
coefficient domain i.e. we have R = K(®). The letter F shall denote the free R-module
generated by E := {ey,...,e,} such that F' = RE) = g(AE),
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We assume, that R is p-fold filtered by
R.:={feR:vi(f)<riA...Ap(f) <r}, r=(ry,...,mp) € NP, (4.1)

each v;(-) is assumed to be a filter valuation (in the sense of Definition 12). For monomials
t1,to € AE C F, define

t1 <o, to = (Um(t1), vn(t1), ©(t1)) <iex (Wm(t2), vn(t2), @(t2)), 1 <m,n <p,

and

t1 <m to < (Vm(tl)a V(tl)a (p(tl)) <lex (Vm(tQ)v V(t2)7(p(t2)), 1 <m< D,

where ¢ : AE — N? (s a positive integer) uniquely identify ¢;, such as the exponent
vector in a power product. We define for t = Xe € AFE, that v;(Ae) := 1;(\) and
v(t) :=v1(t) + ... + 1vp(t) and extend this to F' by

vi(f) = max{uy(t) : ¢ € T()},  v(f)=nlf)+...+n(f),  feF\0}
We get the following facts:

o t1 <m ty = vm(t1) < vm(ta);

o t1 <5 t2 = ((Um(t1) <wim(t2)) V (m(t1) = vim(t2) Avn(ty) < vn(t2)));

In [HZ15] for the ring R the ring of difference-differential operators D is considered. For
the termination of Buchberger’s algorithm, the notion of difference-differential degree
compatibility is introduced. In fact, if the pair of generalized term orders <; and <3
are difference-differential degree compatible, the Buchberger’s algorithm as introduced in
[ZW08a] terminates. We want to lift their approach to our general setting, and generalize
relative reduction to set-relative reduction. To that end, we introduce so called admissible
orders.

Definition 26. Let R be a bifiltered ring with filtration
R.s={feR:vi(f) <rAwn(f)<s}, (T,S)EN2,

where v; are filter valuations. Let F' be a free R-module with basis E and let F' be the
induced filtration given by {F.s = R, sE : (r,s) € N2}. Let <1 and <2 be two term
orders on AE C F. The term orders <; and < are called admissible if and only if for
t1,t9 € AFE:

e if t; <1 t9 then lll(tl) < Vl(tg) or (Ul(tl) = I/l(tg) A Vg(tl) < Z/Q(tz));
o if t1 <9 tg then l/z(tl) < 1/2(t2) or (Vg(tl) = VQ(tQ) A I/l(tl) < I/l(tg));

e t1 <1ty <= t1 <9ty when Vl(tl) = l/1(t2) and l/g(tl) = Vg(tg).
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Example 21. If o : AE — N" (n is some positive integer) uniquely identifies a mono-
mial, then the pair

ty < tg = (ur(ty),ua(t1), o(t1)) <iex (u1(t2),ua(t2), o(t2)),
t1 <"ty re (ua(ty), ur(tr), ©(t1)) <iew (u2(t2),ui(ta), (t2))

is an example for a pair of admissible orders on the monomials AE in F.
The following Lemma is proven in [Lev00, Lemma 4.1].

Theorem 24. Consider the ring R with set of monomials A C R. Let the monomials
A be built as A = A¥ - B! where A :={a1,...,amn}, B:={b1,...,b,} and

AF . BU= b ke bl gl k=(ki,....km) e N1 =(4,...,1,) € Z"

Let S be an infinite sequence of terms AE (where E = {e1,...,eq}). Then, there exists
an index 1 < j < q, and an infinite subsequence

{)\16]', )\26]', ey )\kej, .. } - S
such that Ay divides A1 for allk=1,2,... .

Example 22. The monomials in the rings of our interested are covered by Theorem 24:

e commutative polynomials (with A = {x1,...,zm} and n=10);
e difference operators (with m =0 and B = {o1,...,0,});
e differential operators (with A = {d1,...,0m} and n =0);

difference-differential operators (with A = {61,...,0m} and B ={o1,...,0n});
e Ore-operators (with A ={01,...,0m} andn=0).

As a next step, we generalize [HZ15, Lemma 3.2] to monomially filtered rings with that
particular kind of monomials.

Lemma 50. Let F be a free R-module, < and <" be a pair of admissible term orders on
AE, and G; :={g1,...,9s,71,...,7i} € F\{0}. If ri11 is <-reduced modulo G; relative
to <', and if

forany A € Ayh € Gy : LT (riq1) # LT<(A - h),

then the ascending chain G1 C Go C ... stabilizes.

Proof. Since for all A € A and h € G; we have LT <(r;4+1) # LT<(A - h), the element 741
is irreducible w.r.t. G;. Condition (1.22) is involving the term order <’ would apply
only if r; 11 would be reducible, hence, we are considering the usual notion of reducedness
w.r.t. G; for the order <. If the chain G; C Gy C ... does not stabilize, then there
would be an infinite subsequence of monomials {\1e, Ase, ...} C AE , such that Ag|\giq
contrary to the statement of Theorem 24. O
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Theorem 25. If R denotes an arbitrary monomially bi-filtered ring, where R is built
from monomials of the form A* . Bl with (k,1) € N™ x Z", and the orders < and
<’ are chosen to be admissible, then Buchberger’s algorithm as formulated in [ZW08a]
terminates in a finite number of steps.

Proof. We start with G := {g1,...,9,} and already assume that it is a Grébner basis
with respect to <’ (which can be ensured by Lemma 50). Suppose that the relative
reduction proceeds by generating the sequence of sets G; := {g1,...,9¢,71,...,r;} for
1> 1 and let ;11 be reduced with respect to G;. Then, either

o LT.(ri+1) # LT<(Ah) for any A € A and h € G, or
e LT (r;y1) = LT<(Ah) for some A € A, h € G; such that LT ./ (r;41) < LT/(A\h).

By Lemma 50, the first case cannot occur infinitely often many times (that is, if all
(G; are obtained from G;_; via a transition of the first type, then the ascending chain
G1 C G, C ... stabilizes). For the second case, we have

LT<(rit1) = LT<(Ah),
LT</(TZ'+1) <! LT</()\h) - I/Q(LT</(T’¢+1)) < I/Q(LT</()\h>).

If the algorithm does not terminate, then (G;);>1 is a strictly increasing sequence. There-
fore, we can assume that there are infinitely many pairs (4,) € N? with i > j such that

LT~ (r;) = LT2(Arj) A LT (rs) <" LT (Ary).

We obtain a strictly descending (w.r.t. the order <’) infinite sequence of monomials in
AE that contradicts the fact that AE is well-ordered w.r.t. <’. O

While relative reduction is concerned with bivariate filtrations, we consider the situa-
tion of a multivariate filtration. To that end, we introduce the concept of set-relative
reduction.

Theorem 26. Let F' be the free R-module, where R is a (not necessarily commutative)
noetherian ring and the fixed commutative subring K of R is a field. Let f € F and
G={g91,...,9¢} € F\{0}. Let A be a subset of {<1,...,=<p}, and an order <7, (1 <
m,n < p) defined above be fized. Then, there exists hy,...,hg € R and r € F such that

f=higr+...+hggg+r
and
e h; =0 or for all < in A we have
LT (higi) < LT<(f), 1<i<gq;
e 7 =0 or for all < in A with LT(r) X LT<(f) we have that

LT<n (r) ¢ {LT<n (Agi) : LT<m(Agi) =" LT<m(r) s A€ A}, 1<m,n<p.
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Proof. We give a constructive proof, along the lines of [ZW08a, Theorem 3.1]. First, we
initialize » = f and h; = 0 for 1 < ¢ < ¢q. The next steps are repeated until r = 0 or
there exists no A and g; that satisfy the conditions of the theorem. If there exists A € A
such that for all < in A we have LT(r) < LT<(f) and

LTy (r) = LT<y (Agi) A LTzm(Ag) =3 LT<m(r),

we are allowed to perform the reduction step, and update the quantities r to r’ resp. h;
to h as
LC n (7’)
/ =< /
r=1r— ——"—"<\g; hi; = h; +
LCy (Agi) 4 ' '

Obviously, we have that

LC<y (r)

—Tom )y,
LC<y (Agi)

LT<n (') <3, LT<n (1), while for all < in A we have LT (Ag;) X LT<(f).

Since the monomials AF C F' are well-ordered, this can only be repeated finitely often.
Summing up the \; to h; we obtain for all < in A that LT (h;g;) = LT<(f). O

Definition 27. Let A C {<1,...,<,}, <€ {=F: 1 <4k <p}, f € F, the elements
{g91,...,9¢4} € F\{0} and r € F. We say that f A-reduces relative to <}, to r if only if
the conditions of Theorem 26 apply, and we call this process set-relative reduction. The
reduction is fully characterized by the tuple

(A, =) € P({=1,.--,=<p}) x {=F:1 <i,k <p}.

Consider now a set V := {f1,..., fp,} € F\{0}. Aset G :={g1,...,94} C F\{0} is a
Grobner basis for V' if and only if every element f € g(V) can be reduced modulo G
to zero in finitely many steps. For the reduction, we consider set relative reduction. As
easily observed, this definition is equivalent to (RG) NI = 0.

Based on set-relative reduction, we can now consider a p-step procedure for computing
Grébner bases in this setting. We restrict our attention to rings R where the monomials
are of the form A* - B! with (k,1) € N™ x Z"., i.e. we can presume that Theorem 24
and Theorem 25 holds.

We also assume that the fixed orthant decomposition of N x Z" consists of k£ orthants
and AU (1 < j < k) is a subset of A (we use notation (1.24) from Theorem 8, that al-
though formulated for difference-differential operators, can be generalized to monomials
of the form A*. B! easily), whose exponent vectors lie in the j-th orthant. Furthermore,
K[AY)] will denote the subring of R generated (as a K-vector space - as in Theorem 26,
we assume that K is a field) by the set A,

Exactly in the fashion of Theorem 8, we consider elements f,g € F, where < is a
monomial order of AE, and V (4, f,g) will denote a finite system of generators of the
K[AW]-module
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With that notation, for every generator v € V (3, f, g), the element

o f f
B LTj,<(f) LCj,<(f) LTJH(Q) LCJH(Q)

is said to be an S-polynomial of f and g w.r.t. j,v and <.

S<(ja f’g7v)

Based on the preceding results, we can now present Buchberger’s algorithm in this
setting.

Algorithm 2 Given V, compute a set G such that r(V) = r(G) and (RG)N I =0.
Require: F' is a free R-module, V := {fi,..., f,} € F\{0};
The ring R is p-fold filtered as in (4.1).
Ensure: G :={g1,...,9s} € F\{0} where g(G)= g(V) such that I N (RG) = 0.
(I understood as the irreducible elements w.r.t. set-relative reduction)
A —{=p}s
GO {fi, s fr ks
while there exist j € {1,...,k}, f,g € G© and v € V (4, f, g) such that Sz, (4, f,9,v)
A-reduces to r # 0 relative to <, by GO do
GO — GOy {r};
G GO
for{=p—1,...,1do
(A, =) < ({=p-- s =e1}, <45
while there exist j € {1,...,k}, f,g € G?9 and v € V(j, f,g) such that
S<,(4, f, 9,v)-A-reduces to r # 0 relative to < by GP~9 do
GP=0 « g=9y {r};
Gr—t+1) . q—0),
return G

Theorem 27. Consider V :={fi1,..., fs} € F\{0}, let G :={g1,...,94} € F\{0} be a
{=1, ..., <p\{=i}-Grébner basis of V relative to <;. Then, G is a Grébner basis of V
with respect to <; for all 1 < j < p.

Proof. If f € F can be {<1,...,<p}\{<i}-reduced modulo G relative to <; to zero,
then f can be reduced to zero modulo G with respect {<1,..., <p}\{<:} in the classic
way. To see, that G is a Grobner basis w.r.t. <; we take f € g(V), which we represent
as in Theorem 26 as

f:hlgl—l—...—l—hng.

In every step of the set-relative reduction, we have
LT<¢()\jgj) =i LT<¢(T)7 )‘j € T(hj)v 1 S] < q.
We now conclude that

r=cj\jgj +rj= LT<¢(7“]') =i LT, (r), cj € K.
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If now LT, (r) <; LT<,(f) then LT, (r;) <; LT, (f). This is in particular fulfilled for
the first step, where » = f. So in every step, we have

LT, (rj) =i LT<,(f).
Further, if

LT, (hjg;) =i LT, (Njgs) = LT, ((hj + ¢jAj)g5) =i LT<,(N95),
= LT, (hjg;) =i LT<,(rj) =i LT<,(f).

But this obviously fulfilled, since in the first step, we have h; = 0 for all j. O
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5. Outlook

In this thesis, we’ve presented the concept of Grobner reduction, for a common treat-
ment of modules over certain (non-commutative) rings of operators. While this approach
covers quite some rings of interest in the mathematical landscape, there still might be
extensions to a wider class of rings, that would be subject to further study. The book
[RM87] is devoted to non-commutative noetherian rings, and gives a lot of different per-
spectives on related constructions. There might be also some applications to physical
systems, that are described by operator algebras, where Grobner reduction could be
applied.

Another research perspective might be formulated as follows: Consider the ring R =
KM™) a5 well as an R-module M, and a binary reduction relation p € M x M. Let W
be a well-founded relation, rk : M — W a function, and X C M a set. Then, we define

u—vi<=Jr e X :v=u—xArk(v) <rk(u).

For example, one possible choice would be W = M, the function rk is the leading
term LT : R — M. Hence, leading term reduction can be viewed under that 'model-
reduction’. It turns out, that a great account of Theorems appearing in classic textbooks
on Grobner bases (such as [AL94, BWK93, Win96, CLO97]), can be proven under the
aspect of this reduction relation with a view towards Grobner reduction. A further choice
of rk would be as sketched at the beginning of Chapter 3, namely (3.3), in particular
tk : F' = Pin(AE) (the set of finite subsets of monomials MFE), that assigns to f € F
its support T(f).

125






A. Bibliography

[Ais10]

[AL94]

[ARO4]

[BSY2]

[Buc65]

[Buc70]

[Buc85]

[BW9S]

[BWKO3]

[BZ12]

[CLOYT]

C. Aistleitner. Differential aspects of differential characteristic set computa-
tions. PhD thesis, Johannes Kepler University, Linz, Austria, June 2010.

W. Adams and P. Loustaunau. An Introduction to Grébner Bases. Graduate
Series in Mathematics Volume 3, 1994.

D. D. Anderson and J. Robeson. Bases for Modules. Ezxpositiones Mathemat-
icae, 22:283-296, 2004.

D. Bayer and M. Stillman. Computation of Hilbert functions. Journal of
Symbolic Computation, 14(1):31 — 50, 1992.

B. Buchberger. Fin Algorithmus zum Auffinden der Basiselemente des Restk-
lassenringes nach einem nulldimensionalen Polynomideal (An Algorithm for
Finding the Basis Elements in the Residue Class Ring Modulo a Zero Dimen-
sional Polynomial Ideal). PhD thesis, Mathematical Institute, University of
Innsbruck, Austria, 1965. English translation in J. of Symbolic Computation,
Special Issue on Logic, Mathematics, and Computer Science: Interactions.
Vol. 41, Number 3-4, Pages 475-511, 2006.

B. Buchberger. Ein algorithmisches Kriterium fiir die Losbarkeit eines alge-
braischen Gleichungssystems. Aequationes mathematicae, 1970.

B. Buchberger. Grébner-Bases: An Algorithmic Method in Polynomial Ideal
Theory. Reidel Publishing Company, Dodrecht - Boston - Lancaster, 1985.

B. Buchberger and F. Winkler. Grébner Bases and Applications. Cambridge
University Press, 1998.

T. Becker, V. Weispfenning, and H. Kredel. Grébner bases: a computational
approach to commutative algebra. Graduate texts in mathematics. Springer-
Verlag, 1993.

B. Buchberger and A. Zapletal. Grébner bases bibliography. Internet, 2012.
URL http://www.ricam.oeaw.ac.at /Groebner-Bases-Bibliography/ (last seen
on 2012-09-07).

D. Cox, J. Little, and D. O’Shea. Ideals, varieties, and algorithms - an
introduction to computational algebraic geometry and commutative algebra
(2. ed.). Undergraduate texts in mathematics. Springer, 1997.

127



[CLOYS|
[Cou95]

[CS98]

[DL12a]

[DL12b]

[Dén12]

[Dén13)

[Eis95]

[FL14]

[FL15a]

[FL15b]

[FL16]

[Gal85]

128

D. Cox, J. Little, and D. O’Shea. Using Algebraic Geometry. Springer, 1998.

S.C. Coutinho. A Primer of Algebraic D-Modules. London Mathematical
Society Student Texts. Cambridge University Press, 1995.

F. Chyzak and B. Salvy. Non-commutative Elimination in Ore Algebras
Proves Multivariate Identities. Journal of Symbolic Computation, 26(2):187
— 227, 1998.

C. Donch and A. Levin. Computation of Bivariate Characteristic Polynomials
of Finitely Generated Modules over Weyl Algebras. ArXiv e-prints:1212.1833,
2012.

C. Doénch and A. Levin. Computation of the Strength of PDEs of Mathemat-
ical Physics and their Difference Approximations. ArXiv e-prints:1205.6762,
May 2012.

C. Donch. Standard Bases in Finitely Generated Difference-Skew-Differential
Modules and Their Application to Dimension Polynomials. RISC Report
Series, Johannes Kepler University Linz, Schloss Hagenberg, 4232 Hagenberg,
Austria, 2012.

C. Donch. Characterization of relative Grobner bases. Journal of Symbolic
Computation, 55:19-29, 2013.

D. Eisenbud. Commutative Algebra: With a View Toward Algebraic Geome-
try. Graduate Texts in Mathematics. Springer, 1995.

C. First and G. Landsmann. The Concept of Grobner Reduction for Dimen-
sion in filtered free modules. RISC Report Series 14-12, Research Institute
for Symbolic Computation (RISC), Johannes Kepler University Linz, Schloss
Hagenberg, 4232 Hagenberg, Austria, October 2014.

C. Fiirst and G. Landsmann. Computation of Dimension in Filtered Free
Modules by Grobner Reduction. In Proceedings of the International Sympo-
stum for Symbolic and Algebraic Computation, ISSAC '15. ACM, 2015.

C. Fiirst and G. Landsmann. Three Examples of Grobner Reduction over
Noncommutative Rings. RISC Report Series 15-16, Research Institute for
Symbolic Computation (RISC), Johannes Kepler University Linz, Schloss
Hagenberg, 4232 Hagenberg, Austria, October 2015.

C. Fiirst and A. Levin. Relative Reduction and Buchbergers Algorithm in
Filtered Free Modules. In Proceedings of the ACA (Applications of Computer
Algebra), 2016. Submitted pre-print.

A. Galligo. Some algorithmic questions on ideals of differential operators.
In BobF. Caviness, editor, FUROCAL 85, volume 204 of Lecture Notes in
Computer Science, pages 413-421. Springer Berlin Heidelberg, 1985.



[HZ15]

[IPY8]

[Kaul0]

[Kaul3]

[KJJ14]

[KKZ11]

[KLAV9S]

[Kol64]

[Kol73]

[Kou09]

[Koul0]

[KP11]

[KRW90]

[KWSS]

G. Huang and M. Zhou. On the Termination of Algorithm for Computing Rel-
ative Grobner Bases. ACM Communications in Computer Algebra, 49(1):28
— 28, June 2015.

M. Insa and F. Pauer. Grobner Bases in Rings of Differential operators. In
Grébner Bases and Applications. LMS Lecture Note Series 251, pp. 367-380.
Cambridge University Press, 1998.

M. Kauers. Latex-Style file for typesetting Mathematica Listings, 2010.

M. Kauers. Ore Polynomials in Sage. In Computer Algebra and Polynomi-
als, RICAM Special Semester on Applications of Algebra and Number The-
ory, 2013. available online at http://www.risc.uni-1linz.ac.at/people/
mkauers/publications/kauers13f.pdf [last seen on 2014-08-18].

M. Kauers, M. Jaroschek, and F. Johansson. Ore Polynomials in Sage. Lecture
Notes in Computer Science, Springer LNCS 8942:105-125, 2014.

C. Koutschan, M. Kauers, and D. Zeilberger. Proof of George Andrews’s and
David Robbins’s g-TSPP conjecture. Proceedings of the National Academy
of Sciences, 108(6):2196-2199, 2011.

M. V. Kondratieva, A. B. Levin, Mikhalev A.V., and Pankratiev E. V. Dif-
ferential and Difference Dimension Polynomials. Mathematics and Its Ap-
plications. Springer, 1998.

E. R. Kolchin. The notion of dimension in the theory of algebraic differential
equations. Bulletins of the American Mathematical Society, 70(4):570-573,
07 1964.

E. R. Kolchin. Differential Algebra and Algebraic Groups. Academic Press
Inc, June 1973.

C. Koutschan. Advanced Applications of the Holonomic Systems Approach.
PhD thesis, RISC-Linz, Johannes Kepler University, September 2009.

C. Koutschan. HolonomicFunctions (User’s Guide). Technical Report 10-01,
RISC Report Series, University of Linz, Austria, January 2010.

M. Kauers and P. Paule. The Concrete Tetrahedron. Text and Monographs
in Symbolic Computation. Springer Wien, 1st edition, 2011.

A. Kandri-Rody and V. Weispfenning. Non-commutative Grobner Bases in
Algebras of Solvable Type. Journal of Symoblic Computation, 9:1 — 26, 1990.

H. Kredel and V. Weispfenning. Computing Dimension and Independent Sets
for Polynomial Ideals. Journal of Symbolic Computation, 6:231-247, 1988.

129


http://www.risc.uni-linz.ac.at/people/mkauers/publications/kauers13f.pdf
http://www.risc.uni-linz.ac.at/people/mkauers/publications/kauers13f.pdf

[Lev99]

[Lev00]

[Lev05]

[Lev07]

[Lev10]

[Lev12]

[Lev13]

[Lev14]

[Lin13]

[LKM11]

[Mid11]

[Neu09]

[Ore33]

[0S94]

130

A. Levin. Computation of Hilbert Polynomials in Two Variables. Journal of
Symbolic Computation, 28(45):681 — 710, 1999.

A. Levin. Reduced Grobner Bases, Free Difference-Differential Modules and
Difference-Differential Dimension Polynomials. Journal of Symbolic Compu-
tation, 30(4):357-382, 2000.

V. Levandovskyy. Non-commutative Computer Algebra for polynomial alge-
bras: Grébner bases, applications and implementation. PhD thesis, 2005.

A. Levin. Grobner bases with respect to several orderings and multivariable
dimension polynomials. Journal of Symbolic Computation, 42(5):561-578,
May 2007.

A. Levin. Difference Algebra. Springer, 2010.

A. Levin. Multivariate Difference-Differential Dimension Polynomials. ArXiv
e-prints:1207.4757, July 2012.

A. Levin. Multivariate Difference-Differential Dimension Polynomials and
New Invariants of Difference-Differential Field Extensions. ArXiv e-
prints:1302.1505, February 2013.

A. Levin. Multivariate Dimension Polynomials of Inversive Difference Field
Ezxtensions, pages 146-163. Springer Berlin Heidelberg, Berlin, Heidelberg,
2014.

JKU Linz. Eidesstattliche Erklarung. http://www.jku.at/content/e262/
e241/e3287/e3902, 2013. [last seen on 2013-01-13].

V. Levandovskyy, C. Koutschan, and O. Motsak. On Two-generated Non-
commutative Algebras Subject to Affine Relation. In Proceedings of CASC
2011, Lecture Notes of Computer Science, vol. 6885., 2011.

J. Middeke. A computational view on normal forms of matrices of Ore poly-
nomials. RISC Technical Report 11-10, Research Institute for Symbolic Com-
putation (RISC), 2011.

A. Neubauer. Deckblatt fiir Dissertationen an der TNF der JKU Linz. http:
//www.jku.at/content/e262/e241/e3283/, 2009. [last seen on 2013-01-13].

@. Ore. Theory of non-commutative Polynomials. The Annals of Mathemat-
ics, 34(3):480-508, 1933.

T. Oaku and T. Shomyama. A Grobner Basis Method for Modules over
Rings of Differential Operators. Journal of Symbolic Computation, 18:223—
248, 1994.


http://www.jku.at/content/e262/e241/e3287/e3902
http://www.jku.at/content/e262/e241/e3287/e3902
http://www.jku.at/content/e262/e241/e3283/
http://www.jku.at/content/e262/e241/e3283/

[Pau07]

[Rit50]
[RMS87]

[S+13]

[SSTO00]

[Sta7s]

[Stal3]

[Tak&9]

[Tor99]

[Tor14]

[Tri78]

[Wil06]
[Win96]

[Zei90)

[ZWO05]

F. Pauer. Grobner bases with coefficients in rings. Journal of Symbolic
Computation, 42:1003-1011, 2007.

J. F. Ritt. Differential Algebra. American Mathematical Society, 1950.

J.C. Robson and J. C. McConnell. Noncommutative Noetherian Rings. Wiley
series in pure and applied mathematics. Wiley, 1987.

W.A. Stein et al. Sage Mathematics Software (Version 5.12). The Sage
Development Team, 2013. http://www.sagemath.org.

M. Saito, B. Sturmfels, and N. Takayama. Grébner Deformations of Hyper-
geometric Differential Equations. Algorithms and Computation in Mathe-
matics. Springer, 2000.

R. Stanley. Hilbert functions of graded algebras. Advances in Mathematics,
28(1):57 — 83, 1978.

R.P. Stanley. FEnumerative Combinatorics. Number Bd. 1 in Cambridge
studies in advanced mathematics. Cambridge University Press, 2013.

N. Takayama. Grobner basis and the problem of contiguous relation. Japan
Journal of Applied Mathematics, 6:147 — 160, 1989.

J. G. Torrecillas. Gelfand-Kirillov dimension of multi-filtered algebras. Pro-
ceedings of the Edinburgh Mathematical Society (Series 2), 42:155-168, 2
1999.

J. G. Torrecillas. Basic Module Theory over Non-Commutative Rings with
Computational Aspects of Operator Algebras. Lecture Notes in Computer
Science, 8372(8372):23-82, 2014.

W. Trinks. Uber B. Buchbergers verfahren, Systeme algebraischer Gleichun-
gen zu losen. Journal of Number Theory, 10(4):475 — 488, 1978.

H. S. Wilf. Generatingfunctionology. A. K. Peters, Ltd., 2006.

F. Winkler. Polynomial Algorithms in Computer Algebra. Springer-Verlag
New York, Inc., Secaucus, NJ, USA, 1996.

D. Zeilberger. A Holonomic Systems Approach to Special Functions Identi-
ties. Journal of Computational Applied Mathematics, 32(3):321-368, Novem-
ber 1990.

M. Zhou and F. Winkler. Grobner bases in difference-differential modules
and their applications. Technical report, Research Institute for Symbolic
Computation (RISC), Johannes Kepler University Linz, 2005.

131



[ZWO6]

[ZWO07a]

[ZWOTD]

[ZW08a

[ZWO08b]

132

M. Zhou and F. Winkler. Grobner bases in difference-differential modules. In
Proceedings of the 2006 International Symposium on Symbolic and Algebraic
Computation, ISSAC ’06, pages 353-360, New York, NY, USA, 2006. ACM.

M. Zhou and F. Winkler. Computing difference-differential Groebner Bases
and difference-differential dimension polynomials. RISC Report Series 07-
01, Research Institute for Symbolic Computation (RISC), Johannes Kepler
University Linz, Schloss Hagenberg, 4232 Hagenberg, Austria, January 2007.

M. Zhou and F. Winkler. On Computing Grébner Bases in Rings of Differ-
ential Operators with Coefficients in a Ring. In Mathematics in Computer
Science, volume 1, page pages, 2007.

M. Zhou and F. Winkler. Computing difference-differential dimension poly-
nomials by relative Grobner bases in difference-differential modules. Journal
of Symbolic Computation, 43(10):726-745, 2008.

M. Zhou and F. Winkler. Grébner bases in difference - differential modules
and difference - differential dimension polynomials. Science in China Series
A: Mathematics, 51(9):1732-1752, 2008.



133






Index

(z,0)-Grobner basis, 91 generalized term order, 26
p-fold filtration, 48 Grobner basis, 22

Grobner basis in a free module, 81
Artinian Ring, 57 Grobner reduction, 63

ascending chain condition, 57
Heat equation, 73
Bernstein filtration, 51 Hilbert function, 64
HolonomicFunctions package, 12
Hooke’s law, 68
hyperbolic linear partial differential
equation, 68

Cauchy product, 4
confluent, 61
creative telescoping, 13

derivation, 2
derivation monomial, 2
descending chain condition, 57

identity elements, 8
injection, 81

difference monomial, 11 Kronecker symbol, 44
difference operator, 11 Krull dimension, 64
difference ring, 11

difference-differential monomial, 8 leading term, 25
difference-differential ring, 8 Leibniz rule, 2

differential monomial, 2
differential operator, 3
differential ring, 2

module of operators, 32
monomial filtration, 48
monomial irreducibility condition, 82

embedding in endomorphism ring, 29 monomial subset, 80

filter respecting homomorphism, 59 noetherian module, 57

filter valuation, 53 noetherian ring, 22

filtered module, 57 non-commutative polynomials, 33
filtered ring, 48 normal form, 62

formal power series, 4
Fourier’s law, 73

free module, 25

free presentation, 65
free ring of operators, 30

operator-ring, 29

order function, 82

order induced by injection, 81

order of a difference-differential
monomial, 13

Gelfand-Kirillov-Dimension, 48 order of a difference-monomial, 12

general Leibniz rule, 2 order of a differential operator, 3

135



ordinary differential ring, 2
ordinary generating function, 4
Ore polynomials, 33

Orthant decomposition, 25

partial differential ring, 2
polynomial reduction, 60
power set, 10

rational generating function, 16

recurrence representation, 16

reduction chain, 60

reduction for N, 61

reduction to zero, 61

reduction w.r.t. several term orderings,
110

relative reduction, 27, 60

ring of difference operators, 11

ring of difference-differential operators,
8

ring of differential operators, 3

set of derivations, 2

136

set of monomials, 24
skew-derivation, 35
smooth function, 31
stable reduction, 60
standard bases, 22
strong reduction, 61
support, 24

symmetric difference, 81

Syzygy, 28

term set, 24
termination property, 117

univariate induced filtration, 83
universal solution, 32

vector space dimension, 64

wave equation, 68

weak Grobner reduction, 80
weak reduction, 80

Weyl algebra, 85



Curriculum Vitae

Christoph Fiirst

Research Institute for Symbolic Computation
Johannes Kepler University Linz

Altenberger Strafle 69

4040 Linz, Austria

Author’s Homepage: http://www.risc.jku.at/people/cfuerst
Author’s E-Mail: Christoph.Fuerst@risc.jku.at

Education

Ph.D. in Technical Sciences (2012-present)
Research Institute for Symbolic Computation
Johannes Kepler University Linz

Advisor: Univ.-Prof. Dr. Franz Winkler

Diploma in Computer Mathematics (2010-2011)
Research Institute for Symbolic Computation
Johannes Kepler University Linz

Advisor: Univ.-Prof. Dr. Peter Paule

Bachelor in Technical Mathematics (2006-2010)
Johannes Kepler University Linz

Scientific Work

Publications

C. Fiirst, G. Landsmann. [FL14]

The Concept of Grobner Reduction for Dimension in Filtered Free Modules.
DK-Report No. 2014-11 (09 2014). Also appeared as Technical report no. 14-12 in RISC
Report Series.

137


http://www.risc.jku.at/people/cfuerst
mailto:Christoph.Fuerst@risc.jku.at

C. First, G. Landsmann. [FL15a]

Computation of Dimension in Filtered Free Modules by Grobner Reduction.
Proceedings of the International Symposium on Symbolic and Algebraic Computation.
Also appeared as DK-Report No. 2015-03 (05 2015)

C. Fiirst, G. Landsmann. [FL15b]
Three Examples of Grobner Reduction over Noncommutative Rings.

Technical report no. 15-16 in RISC Report Series.

C. Fiirst, A. Levin. [FL16]

Termination of Buchberger’s Algorithm in Filtered Free Modules

Preprint submitted to the Proceedings of the ACA (Applications of Computer Algebra)
2016, Kassel.

Conference Activities

Linz Algebra Research Day (LARD) 2013
Grobner bases in Difference-Differential Modules

Grobner bases, Resultants and Linear Algebra (GBRELA) 2013
Relative Grobner bases for A-3 Modules

Linz Algebra Research Day (LARD) 2013 X-Mas Edition
Dimension in Difference-Differential Rings

Int. Symposium on Symbolic and Algebraic Computation (ISSAC) 2015
Computation of Dimension in Filtered Free Modules by Grobner Reduction

Linz Algebra Research Day (LARD) 2015
Recent Results on Grobner Reduction on Free Modules

Applications of Computer Algebra (ACA) 2016
Bases for Modules of Difference-Operators by Grobner Reduction

Linz Algebra Research Day (LARD) 2016 X-Mas Edition
Reduction Concepts in Free Modules

138



	Basic Setting
	Introduction
	Gröbner Bases for Modules
	Associated Rings of Operators
	The Interplay of the considered Rings

	The Concept of Gröbner Reduction
	Filtered Modules over Filtered Rings
	Reduction Relations
	Computation of Dimension in Finitely Generated Modules
	Example from Physics
	The Wave-Equation
	The Heat-Equation

	Homomorphic Image of Gröbner Reduction

	Classic Examples and their Relation to Gröbner Reduction
	Bernstein Polynomials over the Weyl Algebra An(K)
	(x,)-Gröbner Bases

	The Ring of Difference-Differential Operators
	Relative Reduction
	Computation of Multivariate - Dimension Polynomials

	The Ring of Ore Polynomials
	Reduction with Respect to Several Term Orders

	Computation of Multivariate Hilbert-Polynomials for Polynomial Ideals

	Relative Reduction and Buchberger's Algorithm in Filtered Free Modules
	Outlook
	Bibliography

