NOTES ON WEYL ALGEBRAS AND D-MODULES
MARKUS BRODMANN

ABSTRACT. Weyl algebras, sometimes called algebras of differential operators, are a
fascinating and important subject, which relates Non-Commutative and Commutative
Algebra, Algebraic Geometry and Analysis in very appealing way. The theory of modules
over Weyl algebras, sometimes called D-modules, finds application in the theory of partial
differential equations, and thus has a great impact to many fields of Mathematics. In our
course, we shall give a short introduction to the subject, using only prerequisites from
Linear Algebra, Basic Abstract Algebra, and Basic Commutative Algebra.

1. INTRODUCTION

We start these notes with a personal apology, which tries to explain why we decided

to teach a course on the specified subject, a subject in which we have never experienced
research.
In the Winter Semester 1986/1987 the author gave a course called “Algebren von Dif-
ferentialoperatoren” at the University of Ziirich (see [12]). He was inspired to do so,
as shortly before he participated at a “Borel-Seminar” which took place in Berne and
which was devoted to algebraic D-modules (see [11]). The main point of attraction for
the author was, that in the theory of D-modules he became confronted the first time
with a situation in which algebraic methods were the key tool to solve a deep analytic
problem, more precisely, a long standing problem in the field of meromorphic functions:
the “Problem of Singularities of Generalized I'-functions” — which was solved by Bernstein
by means of the theory of holonomic D-modules (see [5]). Further very appealing aspects
of the whole subject were the rich homological theory of D-modules and their associated
graded modules, as well as its relation to Sheaf Theory over schemes (see [7] and [11] for
example). Unfortunately, the author never found the time and the courage to do further
work in this beautiful and challenging field.

Much later, in the year 2006, the author’s interest was again directed toward the sub-
ject by one of his graduate students, namely Roberto Boldini, who had learned already a
considerable amount of Commutative Algebra at that time, and came to the conclusion
that he wanted to learn also some Non-Commutive Algebra and write his Master thesis
in this latter field. We finally agreed on the compromise, that he would work on Weyl
algebras and D-modules, a compromise which proved to be fertile and lead to the Master
thesis [8], the PhD thesis [9] and the article [10]. Also, one of the first courses taught by
our new collegue Joseph Ayoub after his appointment to our Department was a course
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on algebraic D-modules (see [2]). Consequently he then became the PhD co-advisor of
Roberto Boldini.

Almost at the same time, our attention was lead to the subject of Weyl algebras
from a completely different direction. Namely, in his opening address to a Workshop
on Castelnuovo-Mumford Regularity and Applications at the Max Planck Institute for
Mathematics in the Sciences at Leipzig in June 2007, Eberhard Zeidler, former Director of
that Institute, said that “physicists have a high esteem for Algebraic Geometry, because
it provides so many invariants. Among these invariants Castelnuovo-Mumford regularity
is particularly interesting”. By lack of knowledge, the author was tempted to take this
statement as a nice encouragement without much concrete meaning. But not much later,
he had to learn that E. Zeidler’s statement was indeed not just a nice compliment — and
he had the luck to learn this even from a member of the research group in Mathematical
Physics of his own Department, namely from Michael Bachtold. We notably learned
from him, that in Mathematical Physics one is interested in degrees of defining equations
of characteristic varieties of D-modules, a subject which obviously is closely related to
Castelnuovo-Mumford regularity. Indeed Michael Béachtold needed to know for his PhD
thesis [3], whether the Hilbert function (with respect to an appropriate filtration) of a
D-module U over a standard Weyl algebra W bounds the degrees of polynomials which
are needed to cut out set-theoretically the characteristic variety of U. This immediately
leads to the question, whether the Hilbert function h,; of a graded module M which
is generated over the polynomial ring K[Xj, Xs,..., X,] by finitely many elements of
degree 0 bounds the (Castelnuovo-Mumford) regularity reg(Anng(M)) of the annihilator
Anng(M) of M. This motivated us to have written the Master thesis [30] of our former
student Maria-Helena Seiler, in which the mentioned bounding result for the regularity
of annihilators is proved. So, the theory of Weyl algebras and D-modules did actually
create a link between Mathematical Physics and Castelnuovo-Mumford regularity, and
luckily we could contribute a bounding result for that latter invariant which was of use
in Mathemathical Physics.

Not much later it turned out, that the ideas used in [30] could be combined with some
earlier bounding results of [14] or (even better) of [17] to get a number of a priori bounds
for the Castelnuovo-Mumford regularity of Ext- and Tor-modules, e.g. bounds which
hold over arbitrary Noetherian homogeneous rings with local Artinian base ring and for
arbitrary finitely generated graded modules over them. This lead to the article [13].
So, luckily thanks to the theory of Weyl algebras and D-modules we got inspired from
Mathematical Physics to prove a number of results on Castelnuovo-Mumford regularity.

The author also ought to mention here Lyubeznik’s finiteness results for local coho-
mology modules of regular local rings in characteristic 0 (see [24] and also [25]), which
brought a break-through in Commutative Algebra, as they base on the use of D-modules
— and hence present a very important link between these two fields.
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So, during the past two decades, we repeatedly saw ourselves confronted with links
between Commutative Algebra and the Theory of D-modules and we finally did compre-
hend this as an invitation to revisit the latter field. This became our reason to teach the
present lectures. Clearly, in view of the time available we must restrict ourselves to give
a basic introduction to the subject and leave aside the previously mentioned applications
and extensions, which all would need prerequisites from other theories. At some places,
we will allow ourselves to mention some links to more advanced subjects, like for exam-
ple local cohomology and Hilbert polynomials of graded K-algebras. But we do this in
exercises and such that the reader need not understand these links to follow the course.

Besides this Introduction, these notes are divided up in 13 more Sections, which will
be devoted to the following subjects:

— Filtered Algebras

— Associated Graded Rings

— Deriwations

— Weyl Algebras

— Arithmetic in Weyl Algebras

— The Standard Basis

— Weighted Degrees and Filtrations
— Weighted Associated Graded Rings
— Filtered Modules

— D-Modules

— Grobner Bases

— Weighted Orderings

— Standard Degree and Hilbert Polynomials

We expect to address ourselves mainly to an audience with a basic interest in Algebra.
So we decided to emphasize in our lectures the algebraic and arithmetic aspect of standard
Weyl algebras. In particular, we shall treat in detail their weighted degree-filtrations.
This means, that we go beyond the ”classical approach” in this respect, which usually
focuses on the standard degree and the standard order filtration. We keep our algebraic
and algorithmic point of view also in our treatment of D-modules and in particular their
characteristic varieties. We only hint, in the section on D-modules, the link between these
modules and systems of differential equations. But we do this without using any analytic
tools and by defining rings of ”"smooth functions” just as rings on which ”polynomial
partial differential operators of arbitrary order act from the left.”

In recompense to emphasizing so much the algorithmic and algebraic aspect of the subject
we have to leave aside the analytic aspect of the theory. We comprehend those readers,
who would prefer not to neglect the analytic aspect of the theory, as this aspect — more
precisely, the theory of differential operators — was indeed one of the driving forces to
develop the theory at all. On the other hand it seems justified to emphasize the combina-
torial and algorithmic aspect of the subject also from the point of view of Analysis. One
should not forget, that the use of Standard Bases and the Reduction Principle in Weyl
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algebras have their historic origins in the theory of differential operators, and hence are
historically rooted in Analysis.

Sections 1 - 11 were the subject of an introductory series of lectures at the University
of Science of Thai Nguyen. In a series of five lectures at the VIASM we gave an account
on all 14 sections, and mentioned a few applications (to the Gelfand-Kirillow dimension
of D-modules for example), which are not contained in these notes.

Our suggested basic reference for this course is Coutinho’s introduction [18], although
in these notes we do not follow that introduction and we partly use our own terminology.
We start in a slightly more general setting, than Coutinho’s introduction, and so also
we recommend the references [8],[9], [23] and [26]. Files of [8] and [9] are available on
request at the author of these notes. For readers who have already some background in
the subject, we also recommend as possible references [6], [7], [11], [21], [28], or the first
part of the PhD thesis [9].

Finally, we aim to fix a few notations and make a few conventions which we shall keep
throughout these notes.

1.1. Conventions, Reminders and Notations. (A) (General Notations) By Z,Q and
R we respectively denote the set of integers, of rationals and of real numbers. We also
write

Rsg:={z€eR|z>0}and Ryg: {zr €eR |2z >0}
for the set of non-negative respectively of positive real numbers. Moreover, we use the
following notations for the set of non-negative respectively the set of positive integers:

No:=ZNRspand N:=ZNR,y =Ny \ {0}
(B) (Rings) All rings R are understood to be associative, non-trivial and unital, so that
they have a unit-element 1 = 15 € R\ {0} and the following properties hold
(a) 0z =20 =0 and 1z = 21 =z for all x € R;
(b) z(yz) = 2(yz), x(y + z) =xy + xz and (z +y)z = vz + yz for all z,y,2 € R.
Rings need not to be commutative.

(C) (Homomorphisms of Rings) All homomorphisms of rings are understood to be

unital, and hence are maps h : R — S, with R and S rings, such that
(a) h(x +y) = h(z) + h(y) and h(zy) = h(z)h(y) for all z,y € R;
(b) h(1g) = 1g.

(D) (K-Algebras) All fields are considered as commutative. If K is a field, a K-algebra
is understood to be a ring A together with a homomorphism of rings € : K — A such
that

€(c)a = ae(c) for all ¢ € K and all a € A.
As the ring A is non-trivial, the homomorphism € : K — A is injective. So, we can and
do always embed K into A by means of ¢ and thus identify ¢ with €(c) for all ¢ € K.
Hence we have

c:=¢€(c) =cly =1acand ca = ac for all c € K and all a € A.
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Keep in mind, that a K-algebra A is a K-vector space in a natural way.

(E) (Homomorphisms of K -Algebras) Let K be a field. A homomorphism of K-algebras
h: A— B is a map with K-algebras A and B such that:

(a) h: A — B is a homomorphism of rings;
(b) h(c) =cforall c € K.

Observe, that a homomorphism of K-algebras is also a homomorphism of K-vector spaces.

(F) (Modules) We usually shall consider unital left-modules, hence modules M over a
ring R, such that

x(m+n)=zm+azn, (zr+ym=zm+ym, (xy)m =x(ym)and lm =m

for all z,y € R and all m,n € M. Very often we refer to left-modules just as modules.

(G) (Noetherian Modules and Rings) Let R be a ring. A left R-module is said to be
Noetherian, if it satisfies the following equivalent conditions

(i) Each left submodule N C M if finitely generated, and hence of the form N =
>, Rn; with r € Ny and nq,na,...,n, € N.

(ii Each ascending sequence Ng C N; C --- N; C N;; 1 C -+ of left submodules N; C
M ultimately becomes stationary and thus statisfies N;; = Nj41 = Njji2 = ...
for some iy € Ny.

We say that the ring R is left Noetherian if it is Noetherian as a left module.
Keep in mind the following facts:

(a) If 0 — N — M — P — 0 is an exact sequence of left R-modules then M is
Noetherian if and only N and P are both Noetherian.

(b) If M and N are two Noetherian left R-modules, then their direct sum M @ N is
Noetherian, too.

(c) If R is left Noetherian, a left R-module M is Noetherian if and only if it is finitely
generated.

(H) (Modules of Finite Presentation) Let R be a ring. A left R-module M is said to
be of finite presentation if there is an exact sequence of left R-modules

RS R M —0 withrsecN,.

In this situation, the above short exact sequence is called a (finite) presentation of M and

R* 5 R is called a presenting homomorphism for M.
Keep in mind, that the presenting homomorphism is given by a matrix with entries in R,
more precisely: There is a matrix

A= | ™ %22 T @r [ ¢ R*™ such that
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s s s
h(.’l?l,IQ, RN ,133> = (xl,xQ, e ,LCS)A = (Zazia“, inaig, RN ,ina”)
i=1 i=1 i=1

for all (z1,x,...,25) € R®. This matrix A is called a presentation matriz for M.
Note the following facts:

(a) A left R-module M of finite presentation is finitely generated.
(b) If R is left Noetherian, then each finitely generated left R-module is of finite
presentation.

(I) (Graded Rings and Modules) A (positively) graded ring is a ring R together with a
family (R;)ien, of additive subgroups R; C R such that
(1) R= @ieNo R;;
(2) 1e Ro;
(3) for all 7,7 € Ny and all @ € R; and all b € R; it holds ab € R;;.
A graded (left) module over the graded ring R is a left R-module together with a family
(M;)jez of additive subgroups M; C M such that
(1) M= @jeZ Mj;
(2) For all i € Ny, all j € Z, all a € R; and all m € M, it holds am € M,;,;.
A homomorphism of graded (left) modules is a homomorphism h : M — N of left
R-modules, in which M = B, _, M; and N = P, , N; are both graded and h(M;) C N;
for all y € Z.
(K) (Prime Varieties) Let R be a commutative ring. We denote the prime spectrum of
R, hence the set of all prime ideals in R, by Spec(R). If I C R is an ideal, we denote by
Var(I) the prime variety of I, thus

Var(I) := {p € Spec(R) | I C p}.
Let

VIi:={aeR|3IneN:a" eI}
denote the radical ideal of I. Keep in mind the following facts:

(a) Var(I) = Var(v/1).
(b) If I,J C R are ideals, then Var(I) = Var(.J) if and only if /T = +/J.

Before giving a formal acknowledgement, the author likes very much to express his
gratitude toward his Vietnamese fellow mathematicians, who gave him the chance to visit
the Country so many times, to teach several invited short courses, to present talks and to
discuss on Mathematics at various Universities since his first visit of Vietnam in 1996. He
also looks back with pleasure to the many visits of Vietnamese mathematicians in Ziirich
as well as the numerous mathematical cooperations and the many personal friendships
which resulted from them.

Acknowledgement. The author expresses his gratitude toward the Vietnam Institute
for Advanced Study in Mathematics (Hanoi) for the invitation and generous financial
and institutional support during his stay in Vietnam in Fall 2013, but also toward the
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Universities of Thai Nguyen, of Hué and toward Ho Chi Minh University of Pedagogy
(Ho Chi Minh City) for their intermediate invitations and financial support.

2. FILTERED ALGEBRAS

We begin with a few general preliminaries, which will pave our way to introduce and
to treat Weyl algebras and D-modules. Our first preliminary theme are filtered algebras
over a field. It will turn out later, that this concept is of basic significance for the theory
of Weyl algebras.

2.1. Definition and Remark. (A) Let K be a field and let A be K-algebra (see Con-
ventions, Reminders and Notations 1.1 (D)). By a filtration of A we mean a family

Ae = (Ai)ien,
such that the following conditions hold:

(a) Each A; is a K-vector subspace of A;
(b) Az Q Ai+1 for all 7 € No,

(c) 1€ Ap;

(d) A = U’iENO AZ’

(e) AZA] Q Ai+j for all ’L,j < N().

In requirement (e) we have used the standard notation
AiAj = > Kfgforalli,jeN,
(f,9)€EA;xA;

which we shall use from now on without further mention. To simplify notation, we also
often set

A;=0foralli<0

and then write our filtration in the form
Ao = (AZ)ZEZ

If a filtration of A is given, we say that (A, A,) or — by abuse of language — that A is a
filtered K -algebra.

(B) Keep the notations and hypotheses of part (A) and let Ay = (A;);ez be a filtered
K-algebra. Observe that we have the following statements;

(a) Ap is a K-subalgebra of A.
(b) For all ¢ € Z the K-vector space A; is a left- and a right- Ap-submodule of A.

2.2. Example. (The degree filtration of a commutative polynomial ring) Let n € N and
let A = K[X;,Xy,...,X,] be the commutative polynomial algebra over the field K in
the indeterminates X1, X5, ..., X,,. Then clearly A is a K-space over its monomial basis:

A=K[X1,X,.... X)) = P KXPxXpe. Xr= Kx~

V1,U2,...,vn ENg veNy
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where we have used use the standard notation
X=X X2 X, for v = (1,1 .. 10p) € NG
So, each f € A can be written as
f= Z C(Zf)iz
veN?

(Cl(/ ) ) veN? bl

veNy
whose support
supp(f) = supp((e”) ) =z € Ni | & # 0}

is finite. We also introduce the notation
n
lv| = ZV“ for v = (v1,1a,...,1,,) € Nj.
i=1

Then, with the usual convention that sup(()) := —oo, we may describe the degree of the
polynomial f € A by

deg(f) = sup{ly| | ¢’ # 0} = sup{|v| | v € supp(/)}.
Now, for each ¢ € Ny we introduce the K-subspace A; of A which is given by

Ai={feAldeg(f)<i}= E  Kx~
veNy with |y|<i

With the usual convention that u + (—o0) = —oo for all u € Z U {—o0}, we have the
obvious relation

deg(fg) = deg(f) + deg(g) for all f,g € A= K[Xy,Xo,...,X,]
From this it follows easily:

The family A, = (A4; == {f € A| deg(f) <1})

1€Np
is a filtration of A. This filtration is called the degree filtration of the polynomial algebra
A=K[X1, X, ..., X,

Clearly filtrations also may occur in non-commutative algebras. The next example
presents somehow the “generic occurrence” of this.

2.3. Example. (The degree filtration of a free associative algebra) Let n € N, let K be
field and let A = K (X, Xs,...,X,) be the free associative algebra over K in the inde-
terminates X7, Xs,..., X,,. We suppose in particular that (see Conventions, Reminders
and Notations 1.1 (D))

cX;=X,cforallce Kand alli=1,2,... n,

and hence

cf = fcforall ce K and all f € A.
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Let 1 € No. If
o= (01,00,...,04) € {1,2,...,n}
is a sequence of length ¢ with values in the set {1,2,...,n} we write

X, = f[XUj = X, Xy - X

k3

j=1

Then, with the usual convention that the product [ ic0 X of an empty family of factors
equals 1 and using the notation

— i
S, o= J{1.2,....n}
i€Np
we can write A as a K-space over its monomial basis as follows:

A=K(X{, Xo,...,X,) =

=D 4 KX, X,y .. X, =

€Ny (01,02...04)€{1,2,...,n}*

-® D Kx.-

i€Np oe{l,2,..., n}l

=P Kx,.

g€Sy

Clearly, as in the case of a commutative polynomial ring, each f € A may be written in

the form
f= Z X,

QESn
with a unique family
f — KSn
(Cé))gegn € H K - K )
Qesn

whose support
supp(f) = supp((cS)ges,) :={a € Sa | ) # 0}
is finite. We also introduce the notion of length of a sequence o € S,, by setting

Mo) =1, ifc € {1,2,...,n}"
Now, we may define the degree of an element f € A by
deg(f) :=sup{A(e) | &) # 0} = sup{A(e) | o € supp(f)}.
For each ¢+ € Ny we introduce a K-subspace A; of A, by setting
A={fedldeg(f)<i}= P KX,
o€S,, with A(e)<i
We obviously have the relation

deg(fg) < deg(f)+ deg(g) for all f,g e A= K(Xy,Xo,...,Xp).
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Moreover, it is easy to see:
The family A, = (A; = {f € A| deg(f) < i})

is a filtration of A. This filtration is called the degree filtration of the free associative
K-algebra A = K(X1,Xo,...,X,).

1€Np

Later, our basic filtered algebras will be Weyl algebras. These are non-commutative
too, but they also admit the notion of degree and of degree filtration. From the point
view of filtrations, these algebras turn out to be “close to commutative”, as we shall see
later. To make this more precise, we will introduce the notion of associated ring with
respect to a filtration in the next Section.

3. ASSOCIATED GRADED RINGS

3.1. Remark and Definition. (A) Let K be a field and let A = (A, A,) be a filtered
K-algebra. We consider the K-vector space

Gr(A) = Gra,(A) = @ Ai/Ai.
i€No
For all i € Ny we also use the notation
Gr(A); = Gra,(A); == A;JA; 4,
so that we may write

Gr(A) = Gra,(A) = @ Gra.(A):.

ieN
(B) Let i,j € Ny, let f, f' € A; and let g,¢" € A, sflch that
h=f—f €A 1andk:=g—g¢ € Aj_;.
It follows that
fo=Ffd=rfg—(f—h)(g—k)=—fk+hg+hk

e AA 1 +A A+ A 1A C

C Air-1 + Ajra-1) + Ag-n+G-1) € Aitj1
Soin A;y;/Airj—1 = Gra,(A)iy; C Gry,(A) we get the relation

fa+Aija=Ffg+ A
This allows to define a multiplication on the K-space Gra,(A) which is induced by
(f+Ai—)(g+Aj—1) = fg+ Aipj_1 foralli,j € Ny, all f € A; and all g € A;.

More generally, if r, s € Ny and

f= Zﬁ, with f; € A; and f; = (f; + Ai_1) € Gry, (A); for alli =0,1,...,7,
i=0
and, moreover

g= Zg_j, with g; € A; and g; = (g; + Aj—1) € Gra,(A), for all j =0,1,...,s,
=0
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then
r+s r+s
fg= Z Z fig; = Z Z (figj + Aitj—1)-
k=0  i+j=k k=0  it+j=k

(C) Keep the above notations and hypotheses. Observe in particular, that Gra,(A)y is a
K-subalgebra of Gry, (A), and that there is an isomorphism of K-algebras
GI'A. (A)O = Ao.
Moreover, with respect to our multiplication on Gry4,(A) we have the relations
Gra, (A);Gra,(A); € Gry,(A);y; for all 4,5 € Z.
So, the K-vector space Gra,(A) is turned into a (positively) graded ring
Gra,(A) = (Gra,(A), (Gra,(A))ien,) = €D Gra.(A);
1€Np
by means of the above multiplication. We call this ring the associated graded ring of A

with respect to the filtration A,. From now on, we always furnish Gra,(A) with this
multiplication.

3.2. Example and Exercise. (A) Let n € N, let K be a field and consider the commu-
tative polynomial ring A = K[X;, Xo,...,X,]. Formulate the universal property of the
K-algebra A within the category of all commutative K-algebras and within the category
of all associative K-algebras.

(B) Now, furnish A = K[X;, Xy, ..., X,] with its degree filtration. Then, on use of the
universal property of A it is not hard to show that there is an isomorphism of K-algebras
K[X1, X5, ..., X,] — Gra, (A),
given by X; — (X; + Ag) € A1/Ao = Gra,(A); C Gry,(A) foralli =1,2...,n.

We now introduce a class of filtrations, which will be of particular interest for our
lectures.

3.3. Definition. Let K be a field and let A = (A, A,) be a filtered K-algebra. The
filtration A, is said to be commutative if
fg—gf €Ay foralli,j € Ngand for all f € A; and all g € A;.

It is equivalent to say that the associated graded ring Gry4, (A) is commutative.

Later, in the case of Weyl algebras, we shall meet various interesting commutative
filtrations - and precisely this makes these algebras to a subject which is intimately tied to
Commutative Algebra. We now shall define three special types of commutative filtrations,
which will play a particularly important role in Weyl algebras.

3.4. Definition and Remark. (A) Let (A, A,) be a filtered K-algebra. The filtration
A, is said to be very good if it satisfies the following conditions:

(a) The filtration A, is commutative;



12 MARKUS BRODMANN

(C) dlmK(Al) < 0Q;
(d) Az = AlAi—l for all ¢ € N.

Under these circumstances we clearly have
dimg (A1 /Ap) = dimg (GrA.(A)l) = dimg(A;) — 1 < 0o and Gry, (A) = K[Gra, (A)1].

So, in this situation, the associated graded ring Gra,(A) is a commutative homogeneous
(thus standard graded) Noetherian K-algebra. If A, is a very good filtration of A, we say
that (A, As) — or briefly A —is a very well-filtered K-algebra.

(B) Let (A, A,) be a filtered K-algebra. The filtration A, is said to be good if it satisfies
the following conditions:

(a) The filtration A, is commutative;

(b) Ap is a K-algebra of finite type;

(c) Aj is finitely generated as a (left-)module over Ay;
(d) Az = AlAi—l for all = € N.

Under these circumstances we clearly have

Ay = Gra, (A)o is commutative and Noetherian
A1/Ag = Gry,(A); is a finitely generated Ag-module, and
Ger (A) - Ger (A)O [Ger (A)l] :

So, in this situation, the associated graded ring Gra,(A) is a commutative homogeneous
Noetherian Ag-algebra. If A, is a good filtration of A, we say that (A, As) — or briefly A
—is a well-filtered K-algebra.

Clearly, a very well-filtered K-algebra is also well-filtered.

(C) Let (A, A,) be a filtered K-algebra. The filtration A, is said to be of finite type if

it satisfies the following conditions:

(a) The filtration A, is commutative;

(b) Ag is a K-algebra of finite type;

(c) There is an integer 0 € N such that A; is finitely generated as a (left-)module over

Ag for all 7 <9 and

(d) A= Y0, AjA;_; for all i > 6.
In this situation, we call the number § a generating degree of the filtration A,. Under
these circumstances we clearly have

Ap = Gry, (A)o is commutative and Noetherian
Ay1/Ag = Gry,(A); is a finitely generated Ag-module, and

Gry,(A) = Gry, (A Z Grya, (A

So, in this situation, the associated graded ring Gryu, (A) is a commutative Noetherian
graded Ap-algebra, which is generated by finitely many homogeneous elements of degree
< 4. If A, is a filtration of A, which is of finite type, we say that (A, A,) is a filtered
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algebra of finite type.
Clearly, a well-filtered K-algebra is also finitely filtered. Moreover, if A, is of finte type
and 0 = 1, the filtration A,is good.

3.5. Example and Exercise. (A) Let n € N, let K be a field and consider the commu-
tative polynomial ring A = K[X1, Xo, ..., X,,], furnished with its degree filtration. Then,
it is easy to see, that A = K[X1, Xy, ..., X,] is a very well filtered K-algebra.

(B) Let n € N, let K be a field and consider the commutative polynomial ring
A = K[X1,Xs,...,X,]. Let m € {0,1,...,n — 1} and consider the subring B :=
K[Xl,Xg,...,Xm] C A, so that A = B[X,41, Xina2, ..., Xp]. For each polynomial
f= Z NX € A we denote by degp(f) the degree of f with respect to the indeter-
minates X,,41, Xmi2, - - ., Xp, hence the degree of f considered as a polynomial in these
indeterminates with coefﬁcients in B. Thus we may write

degg(f) = sup{Zwiui | (v1,v2,...,v,) € supp(f)}

where
Wy =Wy =+ =Wy =0and w41 =Wpio=--+=w, = 1.
Show, that by
A;={f e A|degg(f) <i}forallieN
a good filtration A, on A is defined and that there is a canonical isomorphism of graded
B-algebras
A= B[Xpi1, Xmias oo, Xn] = Gra, (A).
(C) Let n € N, with n > 1, let K be a field and consider the free associative K-algebra
A= K(X1,Xs,...,X,), furnished with its degree filtration A,. For each i € {1,2,...,n},
let
X; = (X;+ Ay) € A1/Ag = Gry, (A); C Gry,(A).
Show that
X, X;=X;X;if and only if i = j.

(D) Let the notations and hypotheses be as in part (C). Show that A = K(X;, Xo, ..., X,)
has the following universal property in the category of K-algebras:

If Bis a K-algebra and ¢ : {X;, Xs,..., X,,} — B is a map, there is a unique

homomorphism of K-algebras ¢ : A —» B such that ¢(X;) = ¢(X;) for all

1=1,2,...,n
Use this to show, that there is a unique homomorphism of (graded) K-algebras (which
must be in addition surjective)

¢ : A — Gra,(A), such that X; — X, := (X; + Ag) € Ay/Ag = CGra, (A)1.
(E) Let (A, A.) be a filtered K-algebra, let r € N and let iy, 1s,...,4, € Nyg. We define

inductively
i if r=1,
A HAZJ —{(Hr IA ) - ifr>1.
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In particular, if i € Ny we set

Assume now, that the filtration A, is good and prove that
A, = (A1) and A;A; = A, for all r € N and all ¢, j € Ny.

Assume that the filtration A, is of finite type and has generating degree §. Prove that

g
A= > [ A7 foralli e N,.

V1,U2,0eey V[;GNoti:Z?:O Nz Jj=0

4. DERIVATIONS

Filtered K-algebras and their associated graded rings are one basic ingredient of the
theory of Weyl algebras. Another basic ingredient are derivations (or derivatives). The
present section is devoted to this subject.

4.1. Definition and Remark. (A) Let K be a field, let A be a commutative K-algebra
and let M be an A-module. A K-derivation (or K-derivative) on A with values in M is
amap d: A — M such that:

(a) dis K-linear: d(ca + b) = ad(a) + d(b) for all o, f € K and all a,b € A.
(b) d satisfies the Leibniz Product Rule: d(ab) = ad(b) + bd(a) for all a,b € A.

We denote the set of all K-derivations on A with values in M by Derg (A, M), thus:
Derg (A, M) := {d € Homg (A, M) | d(ab) = ad(b) + bd(a) for all a,b € A}.
To simplify notations, we also write
Derg (A, A) =: Derg(A).

(B) Keep in mind, that Homg (A, M) carries a natural structure of A-module, with scalar
multiplication given by

(ah)(x) :=a(h(x)) for all a € A, all h € Homg (A, M) and all x € A.
It is easy to verify:
Derg (A, M) is a submodule of the A-module Homg (A, M).

It is also easy to verify that “derivations vanish on constants®, thus (with our usual
convention that we identify ¢ € K with c¢l4 € A, as suggested in Conventions, Reminders
and Notations 1.1 (D)):

d(c) =0 for all c € K.

Next, we shall look at the arithmetic properties of derivations and gain an important
embedding proceedure for modules of derivations of K-algebras of finite type.
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4.2. Exercise and Definition. (A) Let K be a field, let A be a commutative K-algebra
and let M be an A-module. Let d € Derg (A, M), let r € N, let vy, 15,...,1,. € Ny and

let ay,as,...,a, € A. Use induction on r to prove the Generalized Product Rule
T
. Vi1 .
d(Ha]V?) = Z via; (Ha?)d(ai)
j=1 i€{1,2,...,r|v;>0} j#i

and the resulting Power Rule
d(a") = ra"'d(a) for all a € A.
(B) Let the notations and hypotheses be as in part (A). Assume in addition that A =

Klay,as,...,a,]. Let e € Derg(A, M). Use what you have shown in part (A) together

with the fact that e and d are K-linear to prove that the following uniqueness statement
holds:

e = d if and only if e(a;) = d(a;) for all i = 1,2,... 7.

(C) Yet assume that A = Klay,aq,...,a,]. Prove that there is a monomorphism of
A-modules
@f = @é‘glm._war) : Derg (A, M) — M", given by d — (d(a1),d(az), ..., d(a,)).

This monomorphism @g is called the canonical embedding of Derg (A, M) with respect
to ag, aq, ..., a,.

(D) Let the notations and hypotheses be as in part (C). Assume that M is finitely
generated. Prove, that the A-module Derg (A, M) is finitely generated.

Now, we turn to derivatives in polynomial algebras, a basic ingredient of Weyl algebras.

4.3. Exercise and Definition. (Partial Derivatives in Polynomial Rings) (A) Let n €
N, let K be a field and consider the polynomial algebra K[Xi, X5,...,X,]. Fix i €
{1,2,...,n}. Then, using the monomial basis of K[X;, X5, ..., X,] we see that there is a
unique K-linear map

0

8i:ﬁZK[Xl,XQ,...,Xn]—)K[Xl,XQ,...,Xn]
such that for all v = (v1,1s,...,1,) € Ny we have
0 T wv; v XV L X7, if ;>0
0;(X%) = X)) = " JFT 0 ‘
(X5) aX,-(jl;[l i) {0, if v = 0.

(B) Keep the notations and hypotheses of part (A). Let
o= (i, oy fin), v = (Vi,00, .., 1) € Nj

and prove that -
0; (KEXZ) = X£o; (KZ) + X*0; (Kﬂ)-

Use the K-linearity of 0; to conclude that

0; = EDerK(K[Xl,XZ,...,Xn]) forall1=1,2...,n.

0
0X;
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The derivation 0; = % is called the i-th partial derivative in K[X1, Xs, ..., X,].

As we shall see in the proposition below, the canonical embedding introduced in Exercise
and Definition 4.2 (C) takes a particularly favorable shape in the case of polynomial
algebras. The exercice to come is aimed to prepare the proof of the mentioned proposition.

4.4. Exercise. (A) Let the notations and hypotheses be as in Exercise and Definition 4.3.
For all 7,7 € Z let ¢, ; denote the Kronecker symbol, so that

1, ife=yj,
Oij = e
0, ifiz#jy.
Check that
0;(X;) =0;;, foralli,j € {1,2...,n}.
(B) Keep the above notations and hypotheses. Show that

(a) For each i € {1,2,...,n} it holds K[X1, Xs,..., X; 1, Xi11,..., X,] C Ker(0;)
with equality if and only if Char(K) = 0.
(b) K C N, Ker(9;) with equality if and only if Char(K) = 0.

4.5. Proposition. (The Canonical Basis for the Derivations of a Polynomial
Ring) Letn € N, let K be a field and consider the polynomial algebra K[X1, Xo, ..., X,].
Then the canonical embedding of Derg (K[Xl, X, ..., Xy into K[X1, Xo, ..., X,]" with
respect to X1, X, ..., X, (see Ezxercise and Definition 4.2 (C)) yields an isomorphism of
K[Xy, Xa, ..., X,]-modules

0 = Ox, x,,..x, : Derg (K[X1, Xa,...,X,)]) — K[X1, Xs,..., X,]",

gien by
Xn(d) - (d(X1>7 d(X2)7 s 7d(Xn))7

for all d € DerK(K[Xl,XZ, e ,Xn]).

In particular, the n partial derivatives Oy, s, . . ., O, form a free basis of the K[X1, Xa, ..., X,]-
module Derg (K[Xl, Xo, ... ,Xn]), hence

Derg (K[X1,Xs,..., X,]) = P K[X1, Xs, ..., X,]0;.
i=1

Proof. According to Exercise and Definition 4.2 (C), the map © is a monomorphism of
K[Xy, Xy,...,X,]-modules. By what we have seen in Exercise 4.4 (A) we have

@(82-) = (5i,17 52',27 ce 752’—1,1'7 52‘,1‘, 5z',z‘+1, e ,5i,n) = (5@]-)?:1 =€
foralli =1,2,...,n. As the n elements
€ = (57‘»])‘7:1 < K[X17 X27 s 7Xn]n Wlth Z - ]., 2, Lo, n

form the canonical free basis of the K[X;, Xy, ..., X,]-module K[X;, X5, ..., X,]" our
claims follow immediately. 0
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5. WEYL ALGEBRAS

Now, we are ready to introduce Weyl algebras. We first remind a few facts on endo-
morphism rings of commutative K-algebras and relate these to modules of derivations.

5.1. Reminder and Remark. (A) Let K be a field and let A be a commutative K-
algebra and let M be an A-module. Keep in mind, that the A-module
Endg (M) := Homg (M, M)
carries a natural structure of K-algebra, whose multiplication is given by composition of
maps, thus:
fg:= fog, hence (fg)(m) := f(g(m)) for all f,g € Endgx(M) and all m € M.

The module Endg (M) endowed with this multiplication is called the K-endomorphism
ring of M. Observe, that this endomorphism ring is not commutative in general.

(B) Keep the above notations and hypothesis. Then, we have a canonical homomor-
phism of rings
ey : A — Endg (M) given by a — €y(a) := aidy, for all a € A,
where idy; : M — M is the identity map on M, so that
enr(a)(m) = am for all a € A and all m € M.
It is immediate to verify that this canonical homomorphism is injective if M = A:
The canonical homomorphism €4 : A — Endg(A) is injective .

We therefore call the map €4 : A — Endg(A) the canonical embedding of A into its
K-endomorphism ring and we consider A as a subalgebra of Endg(A) by means of this
canonical embedding. So, for all a € A we identify a with €4(a).

5.2. Remark and Definition. (A) Let K be a field and let A be a commutative K-
algebra. By the convention made in Reminder and Remark 5.1 we may consider A as
a subalgebra of the endomorphism ring Endg(A). We obviously also have Derg(A) C
Endg(A). So we may consider the K-subalgebra

Wk(A) := K[A,Derg(A)] = A[Derg(A)] C Endg(A).

of the K-endomorphism ring of A generated by A and all derivations on A with values in
A. We call Wi (A) the Weyl algebra of the K-algebra A.

(B) Keep the hypotheses and notations of part (A). Assume in addition, that the
commutative K-algebra A is of finite type, so that we find some r € Ny and elements
ai,as,...,a, € A such that

A= Klay,aqg,...,a].
Then according to Exercise and Definition 4.2 (D), the A-module Derg(A) is finitely
generated. We thus find some s € Ny and derivations dy,ds, . .., ds € Derg(A) such that

Derg(A) = ZAdi.
i=1
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A straight forward computation now allows to see, that
Wk(A) = Klay,ay...,a,;dy1,ds, . .., ds] C Endg(A).
In particular we may conclude, that the K-algebra Wi (A) is finitely generated.

(C) Keep the above notations and let n € N. The n-th standard Weyl algebra W (K, n)
over the field K is defined as the Weyl algebra of the polynomial ring K[X;, Xo, ..., X,],
thus

W(K, ’I’L) = WK(K[Xl, XQ, ce 7Xn]) g EHdK(K[Xl,XQ, PN ,Xn])
Observe, that by Propsition 4.5 and according to the observations made in part (B) we
may write

W(K,n) = K[X1,Xo,...,X,;01,0s,...,0,] C Endg (K[X1, Xa,..., X))
The elements of W(K,n) are called polynomial differential operators in the indetermi-
nates X1, Xs,..., X, over the field K. They are all K-linear combinations of products of

indeterminates X; and partial derivatives 0;.
The differential operators of the form

XUt =Xy Xpmop o = [ X [] 0 € W(K, n)
i=1 j=1

with

vi= (v, ), pi= (1, i) € NG
are called elementary differential operators in the indeterminates X7, X, ..., X,, over the
field K.

We now aim to study the structure of standard Weyl algebras. One of the main goals
we are heading for is to find an appropriate ”monomial basis“ in each of these algebras.
We namely shall see later that the previously introduced elementary differential operators
form a K basis of the standard Weyl algebra W(K, n), provided K is of characteristic 0.
To pave our way to this fundamental result, we first of all have to prove that in standard
Weyl algebras certain commutation relations hold: the so-called Heisenberg relations. To
establish these relations, we begin with the following preparations.

5.3. Remark and Exercise. (A) If K is a field and B is a K-algebra, we introduce the
Poisson operation, that is the map

[e,0] : B x B — B, defined by [a,b] :== ab — ba for all a,b € B.

Show, that the Poisson operation has the following properties:
(a) [a,b] = —[b,a] for all a,b € B.
(b) [[a,b],c] + [[b, c],a] + [[c, a],b] = 0 for all a,b,c € B.
(c) [aa+ d/d, b+ B'V] = aBla, bl + af'[a, V] + o' Bld’, b] + o/ '], V]
for all o, o/, 3,8 € K and all a,d’,b,b' € B.
Observe in particular, that statement (a) says that the Poisson operation is anti-
commutative, whereas statement (c) says that this operation is K -bilinear.
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(B) Now, let K be a field, let A be a commutative K-algebra and consider the Weyl
algebra Wi (A) := K[A, Derg(A)]. Show that the following relations hold:

(a) [a, b]—Oforalla be A
(b) [a,d] = —d(a) for all a € A and all d € Derg(A).
(c) [d,e] € DerK(A) for all d,e € Derg(A).

(C) Let the notations and hypotheses be as in part (B). Let d,e € Derg(A, M), let
r € N, let v1,vs,...,1, € Ny and let ay,as,...,a, € A. Use statement (c) of part (B) and
the Generalized Product Rule of Exercise and Definition 4.2 (A) to prove that

d.el([Ta) = 32 viar™ ([] o) ld. el(a

ii;>0 j#i
Give an alternative proof of this equality, which uses Exercise (c) of the above part (B).

5.4. Proposition. (The Heisenberg Relations) Letn € N, and let Kbe a field. Then,
in the standard Weyl algebra

W(K,?’L) = K[Xl,XQ,...7Xn;al,82,...,an]

the following relations hold:
(a) [X;, X =0, foralli,je{l,2,...,n};

(b) [Xl,(?]] = _6i,j7 fOT‘ all Z,j S {1, 2, ce ,TL},'

(c) [05,0;]=0,  foralli,je{l,2,...,n}.

Proof. (a): This is clear on application of Remark and Exercise 5.3 (B)(a) with a = X;
and b = Xj.

(b): If we apply Remark and Exercise 5.3 (B)(b) with a = X; and d = 0;, and observe
that 0;(X;) = d;;, = 0;; we get our claim.

(c): Observe that for all i,k € {1,2,...,n} we have 0;(X}) € {0.1} C K. So for all
i,7,k € {1,2,...,n} we obtain

105, 0,)(Xk) = 0:(0;(Xx)) — 0 (9:(Xy)) € B(K) + 0;(K) =040 =0,

Now, we get our claim by Exercise and Definition 4.2 (B) and Remark and Exercise 5.3

(B) (c) and (C). O

The Heisenberg relations are of basic significance for the arithmetic in standard Weyl
algebras. Before we show that the elementary differential operators provide a basis for a
standard Weyl algebra we shall study the arithmetic of these algebras. In particular, in
the next section we shall prove a product formula for elementary differential operators,
which will be of basic significance. We shall do this in a slightly more general setting,
namely just for K-algebras "mimicking“ the Heisenberg relations. The next exercise is
aimed to prepare this.
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5.5. Exercise. (A) Let n € N, let K be a field, let B be a K-algebra and let
Cll,a,l,...,(ln;dl,dg,...,dn eB

be elements mimicking the Heisenberg relations, which means:

(1) [ai,a;] =0, for all 4,5 € {1,2,...,n};
(2) lai,dj] = —0;, foralli,je{l,2,...,n};
(3) [di,d;j] =0, for all 4,j € {1,2,...,n}.

Let u, v € Ny. To simplify notations, we set
0% :=0forall b€ B and all k € Z.

prove the following statements (using induction on p and v):
(a) ajay = a¥aj’;
(b) dj'd} = didy;
(c) diay = a¥d} for all 4,5 € {1,2,...,n} with i # j.
(d) dia? = a¥d; +va?~ " for alli € {1,2,...,n}.
(B) Keep the notations and hypotheses of part (A). For all (A, As,...,\,) € Ny and
each sequence (by,bs,...,b,) € B" we use again our earlier standard notation

A = (>‘17>\27 <o 7)\71) and QA = bi\lbé\? o bi\ln - Hbz)\z
=1

Now, let
po= (1, 1y ey pin), V= (V1,09,...,1), and

/

po= (s ), Y= (405, ) € NG

Prove that the following relations hold

(a) (a*d") (nyldli) = ( | i azul H?:l d?j) ( H?:l a;’ H?:l dfj) = [[isy o d}” a;d;".
(b) a*d* =T, a]" H;‘l=1 d;’ = [, afdit.

6. ARITHMETIC IN WEYL ALGEBRAS

As announced above, we now aim to do some Arithmetic in standard Weyl algebras.

We like in this course to approach our subject in a way which relies much on arithmetic
considerations. This means in particular, that we make explicit a number of computations
in the hope that readers who up to now were mainly faced with commutative rings, get
fascinated by the complexity of the arithmetic in Weyl algebras.
The following arithmetical Lemma is formulated in a more general framework, namely
in a situation, which "mimicks” the Heisenberg relation. If we specialize this Lemma to
standard Weyl algebras, we get a most important formula, which expresses the product
of two elementary differential operators as a Z-linear combination of elementary differ-
ential operators. This will also give us an explicit presentation of the commutator [d, €]
of two elementary differential operators d and e. This result on its turn will lead us to
the Reduction Principle for arbitrary products of elementary differential operators and
thus pave our way to the standard basis presentation of Weyl algebras, which we shall
introduce in the next section.
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We prove the announced Lemma in a setting which is more general than just the frame-
work of Weyl algebras, because in this form it will be help us to o prove the universal
property of Weyl algebras.

6.1. Lemma. Letn € N, let K be a field, let B be a K-algebra and let

Q1,02 ...,0,;dy,da, ..., d, € B

such that:
(1) [ai,aj] =0, foralli,j € {1,2,...,n};
(2) lai,dj] = —0;5,  foralli,je{l,2,...,n};
(3) [di,d;j] =0, foralli,je{l,2,...,n}.

Then, the following statements hold:
(a) For all p,v € Ny and all i € {1,2,...,n} we have

min{u,v} k-1
war= > ()T - parta
k=0 p=0
(b) Let
W= (i, s e ), V= (V1 Ve, e, V), and
&/:(lulhlu/hmu'ln,% 7Z::(Vi7yé7"" TL)GN”
Set
I:={k:= (ki,ka,... k) €Ny | ky <min{u;, v/} fori=1,2,...,n},
and let

Then, we have the relation

(de a d“ . Haw ﬁduy ﬁa?{ ﬁdi‘;) _
Jj=1 i=1 j=1
_ ﬁazuﬂru{ﬁdfﬂrul + Z AkH uz+u —k; deﬂru;fki _
kel\{0} i=1 i=1
:QH+LC_ZH+i+ Z )\kQZJrlL*EC_Zﬁ-HL—E.
kED{O}

Proof. (a): To simplify matters we use the notation

06" := 0 for all b € B and all k € Z
already introduced in the previous Exercise 5.5 (A). Then, it suffices to show that
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We proceed by induction on p. The case 4 = 0 is obvious. The case u = 1 is clear by
Exercise 5.5 (A)(d). So, let u > 1. By induction we have

-1 v — p—1 - vk ju—1—k
o =3 (") L - ppara

k=0 p=0

It follows on use of Exercise 5.5 (A)(d) and the Pascal formulas for the sum of binomial
coefficients, that

p—l k—1
i = atar”at) = 3 (") [T - i) -

k=0 p=0

pn—1 1 k—1
=3 (" ) T ety =
k=0 k p=0
pn—1 1 k—1
= <,u i > H(z/ —p) (al’-”kdi + (v — k)a;”k’l)df*l*k =
k=0 p=0
_ - p—=1 o v—k gu—k M= T Yl k-1 gr—1-k
= [ L H(V —pla; " di" + L H(V —p)v )a; i } =
k=0 p=0 p=0
pn—1 1 k—1 pn—1 1
=2 <M k > L1 = ppai ™ (M k ) L[ = pparar =
k=0 p=0 k=0 p=0
— p—1 - k k . p—1 o k ju—k
S I G ) ) (O B (D ) (R
k=0 p=0 k=1 p=0
pn—1 k—1
=ald! + Z <,u > H(V — p)ar R F 4
k=1 p=0
p—1 _1 k—1 p—1
30 (47 ) T - w4 Tl - et =
k=1 p=0 p=0
pn—1 #/__1 #/__1 k—1 i pn—1
S SH{ G R (1 | (RO S | (I
k=1 p=0 p=0
pn—1 k—1 pn—1
=t + Y (1) [T~ mer ™+ [T - et =
k=1 k p=0 p=0
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(b): According to Exercise 5.5 (B)(a),(b), the previous statement (a) and Exercise 5.5
(A)(a),(b) and (c¢) we may write

@)@ a) = (T[T di) ( T T %) = []aataa —
= (L]l [14) =TI
=1 7j=1 =1
iy 2 (dtia?)di = f[al mi} (M> ]ﬁ@‘— Jay Far k)t =
7 k 7 p az 7 ) 7

=1 =1 = p=0
noomin{p} (ke , /

=110 X (LI:;) [T =pyay ™ ray ) =
i=1 k=0 p=0

) Z ﬁ ((ZZ) H (v; — p)a;-’ﬁ”l{’kidifﬁuéfki) _

n n k;—1 n
-3 T ()T T o [ -
kel i=1 v i=1 p=0 i=1
n n k;—1 n n
=SS AT ()T T o T [ -
kel =1 v i=1 p=0 i=1 i=1
= ﬁa f[ “1"‘% 4 Z )\kH VH‘V —k; Hdw-i—ué_ki _
i=1 i=1 ken{o} =1 i=1
— QZ+Z dﬁ*ﬁ + Z )\kQZJrZ fkdﬁ+ﬁ —k
ke0)

O

As an application we now get the announced product formula for elementary differential
operators.

6.2. Proposition. (The Product Formula for Elementary Differential Opera-
tors) Let n € N, let K be a field and consider the standard Weyl algebra

W(K,n) = K[Xl,Xg,...Xn;81,82...,8n].

Moreover, let
W= (i, fns - ), V= (V1 Ve, -, V) and

/

&I:: (:u/lnulla"'a:u;l)a v = (V17V27"'7Vn>€N8'
Set
I:={k:= (ki, ke, ..., ky) € Ny | k; <min{u;, v/} fori=1,2,...,n},
and let
n ' no k-1
= (T (4 AT T 04~ 0)

i=1 i=1 p=0
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Then, we have the equality

n n

(X#01) (X 0) = (ﬁXﬁ‘ ﬁ@fj)(HXf" IERE
i=1 j—l i=1 j=1
ﬁ uz+u Hamﬂbz + Z )\kHXVﬂrV —ki Hauﬂrm _

i=1 kel\{0}  i=1

+v/ au+u + Z Ak X”*” ’faﬂﬂ‘ —k
kel\{o}

Proof. 1t suffices to apply Lemma 6.1 (b) with a; := X; and d; := 0; fori =1,2...,n. O

Now, we can prove the main result of the present section. To formulate it, we introduce
another notation and suggest a further exercise.

6.3. Notation and Remark. (A) Let n € N and let
K= (K1, Ko, ..., kp) and A= (A1, A, ..., Apn) € NG
We write
r<Aifandonly if k; < \; fore=1,2,....n

and

k< Aif and only if K < X\ and Kk # \.
(B) Keep the notations of part (A). Observe that

k< Aif and only if A — k € N}

and

£ < Aif and only if A — k € Njj \ {0}.

(C) We now introduce a few notations, which we will have to use later very frequently.
Namely, for

QI(&1,0&2,...,0@»,@2(51,52,...,ﬁn> ENBL

we set
M(a,B) :={(a —k, 8 — k) | k € Ng \ {0} with k£ < o, 8}

and

M(a, B) :=={(a— kB — k) | k € Ny with k < a, B} = M(e, ) U {(a, §)}-
Moreover, we write
Mc(a, B) == {(A, &) € Ng x N§ | A < v and s < p for some (v, u) € M(a, 5)}.
Observe that
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6.4. Exercise. (A) Let n € N, let K be a field and consider the standard Weyl algebra
W(K,n)=K[X1,Xs,...,X,;01,09,...,0,]
In addition, let
po= (1, 1y ey fin), V= (11, 10,...,1,) and

po= (s ), Y= (0,05, ) €N

Moreover, let the sets
M(y+v,p+p) C M+, p+ 1) € Nj x Ng
be defined according to Notation and Remark 6.3 (C). Prove that
(X (XPo) — X e S zxen,
(M) EM(v+r/ ptp')
and
(X¥0")(X ) € . zXMoe
(Ax)EM(v+r/ ut-p')
(B) Let the notations be as in part (A) and let the set
M(y + ', u+ ') € Ny x Nj
be defined according to Notation and Remark 6.3 (C). Prove that
[X“om, X* 0] € S zxtes
(A E)EM(v+v/ put+p')

6.5. Theorem. (The Reduction Principle) Let n € N, let K be a field and consider
the standard Weyl algebra
W(K,n)=K[X1,Xs,...,Xn;01,02,...,0,]
Let r € N and let
v = (V%i), Véi), v and E(i) = (u(i), ,ug), o uY eNE, fori=1,2,...,n.

Moreover, let the set

M =M (D @) pl) C Np x Ny
i=1 i=1

be defined according to Notation and Remark 6.3 (C). Then, we have

HXHU)QH@ — XX Z(i)QZf:1 p Z ZX20".
i=1 (m,A)eM
Proof. We proceed by induction on r. The case r = 1 is obvious. The case r = 2 follows

from Proposition 6.2, more precisely from its consequence proved in Exercise 6.4 (A) (see
also Notation and Remark 6.3 (C)) . So, let r > 2. We set

r—1 r—1
M’ := M ( Zz(i)’ Zﬁ(i))'
i=1 i=1
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By induction we have

r—1
o= [[x" 0" — x=-Yg € 3 zx¥or -

i=1 (N k")eM!
By the case r = 2 we have (see once more Notation and Remark 6.3 (C) and Exercise 6.4
(A))
0 = (XTim e grisiuty xp W gu xRl e N7 zx09% = .
(Aw)EM

As

ﬁiy(i)éu(i) _ Xz;':lk(i)gzgzl pu® — o+ QXZ(T)QHM’

i=1
it remains to show that

oX2" 9 € M.

Observe that

QKZWQH(T) c NKZ(T-)QH(T) _ Z ZKA/QEXZWQEM
(X ,r")eM

Observe also that
(N + " 5 + ") € M for all (X, ') € M,
so that in the notation introduced in Notation and Remark 6.3 (C) we have
M + ™, & +H(T)) € M for all (\,r') € M.

So, on application of Exercise 6.4 (A) it follows that

X&/QEIXK(T)QB(T) c Z ZXAQE C Z ZKAQQ - M
(AE)EMX +v() K5/ +ul) (Ar)EM
and this shows that indeed QXKW Qﬁm e M. O

Now, in the next section, we can show that the elementary differential operators form
a K-basis of the standard Weyl algebra W(K, n), provided the field K has characteristic
0. To prepare this, we add an additional exercise.

6.6. Exercise. (A) Let n € N and consider the polynomial ring K[X, Xs, ..., X,]. More-
over, let

o= (p1, ps - ), and v o= (v, v, ..., 1) € N,
Fix i € {1,2,...,n} and prove by induction on p;, that

“’_1 Vi— i . .
am Xu = Q" HXV] _ { z ( v — k)X HJ#X j ?f Vi > i
if Vi < Wi.



NOTES ON WEYL ALGEBRAS AND D-MODULES 27

(B) Let the notations and hypotheses be as in part (A) and use what you have shown
there to prove that

(X" Ham HX”J =

7j=1

I ’kf;_ol(yi — k)X ity > foralli € {1,2,...,n};
~ o, if v; < p; for some i € {1,2,...,n}.

I TS (i = kX2 e, ite >
0, otherwise .

7. THE STANDARD BASIS

Now, we are ready to prove the fact that over a base field of characteristic 0 the
elementary differential operators form a vector space basis of the standard Weyl algebra.

7.1. Theorem. (The Standard Basis) Let n € N and let K be a field of characteristic
0. Then, the elementary differential operators

n n

XY0! = 1_[)(;’11_[(92”z with p = (g1, p1, - - ., ) and v = (v1, v, ..., v) € Nj

=n i=1
form a K-vector space basis of the standard Weyl algebra
W(K, TL) = K[Xl,XQ, ce ,Xn;f?l,f)g, ce ,8n]
So, in particular we can say

(a) W<K? n) = @Z:HENQ KXZQE = @ul,yl, 3V, V2, Vn ENg K Hz n XVZ H’L 1 afz
(b) Each differential operator d € W(K n) can be written in the form

Z c X”&“
v,uENg
with a unique family
d _ poNRxNR
(Ckvé)Z,HENS c H K=K 0% Oa
v,p€Ng
whose support
supp(d) = supp (i) )upeny ) = {(v, 1) € Ng x Ng | eff), # 0}
18 a finite set.

Proof. We first show, that the elementary differential operators generate W(K,n) as a
K-vector space, hence that
RS

v,ueNg

Observe, that by definition each element d of W(K,n) is a K-linear combination of prod-
ucts of elementary differential operators. But by the Reduction Principle of Theorem 6.5
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each product of elementary differential operators is contained in the K-vector space M.
It remains to show, that the elementary differential operators are linearly independent
among each other. Assume to the contrary, that there are linearly independent elemen-
tary differential operators in W(K,n). Then, we find a positive integer r € N, families

H(') (ngug)’._-’us))’ O = (Vf)wéz),.--,Vﬁi)) eNg, (1=1,2,...,1)
with
(@, D) £ (9, vD) for all 4, € {1,2,... 7} with i # j,

and elements
ADeK\{0} (i=1,2,...,r),
such that

T

i=1
We may assume, that

‘E(T)’ = max{|ﬁ(i)] li=1,2,...,1}
and that for some s € {1,2,...,r} we have

H(i)%u forallz<sand,u’)—u for all @ > s.
Then, it follows easily by what we have seen in Exercise 6.6 (B), that

) ‘ n ( ) V() . .
X gu® (Xﬁm) _ {H] L VX ifs<i<r

0, if i < s.
So, we get
0= d(Xﬁ(T) ZC X,,( )8“(” (X“(T) _ Z (i) H (r) 'X”(Z)
=1 =5
As Char(K) = 0, and as the monomials Xﬂm are pairwise different for i = s,s+1,...,7r,
the last sum does not vanish, and we have a contradiction. O

7.2. Definition and Remark. (A) Let the notations and hypotheses be as in Theo-
rem 6.5. We call the basis of W(K, n) which consists of all elementary differential opera-
tors the standard basis. If we present a differential operator d € W(K, n) with respect to
the standard basis and write
— (d v
d= D )Xo

v,uENg

as in statement (b) of Theorem 6.5, we say that d is written in standard form. The support
of a differential operator d in W(K, n) is always defined with respect to the standard form
as in statement (b) of Theorem 7.1. We therefore call the support of d also the standard
support of d.

(B) Keep the above notations and hypotheses. It is a fundamental task, to write an
arbitrarily given differential operator d € W(K,n) in standard form. This task actually
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is reduced by the Reduction Principle of Theorem 6.5 to make explicit the coefficients of
the differences

T o) OPR Se: .
Ay = HX* M — XX g i ¢ Z ZXA0".
=1 (Ar)EM

This task can be solved by a repeated application of the Product Formula of Propsition 6.2
or — directly — by a repeated application of the Heisenberg relations. Clearly, to this is a
task which usually is performed by means of Computer Algebra systems.

We now prove the following application, a result on supports, which will turn out to be
useful in the next section.

7.3. Proposition. (Behavior of Supports) Let n € N, let K be a field of characteristic
0 and consider the differential operators

dye e W(K,n) = K[X1,Xa,...,Xpn;01,00,...,0].
For all (o, B) € Ny x Ni, let the sets
M(a, B) € M(a, 8) € Ng x Ng
be defined according to Notation and Remark 6.3 (C). Then, we have

(a) (supp(d) Usupp(e)) \ (supp(d) Nsupp(e)) € supp(d + €) C supp(d) U supp(e).
((b supp(cd) = supp(d) for all c € K\ {0}.

)
C) Supp(de) - U (v,p)€supp(d)and(v/,p’)Esupp(e) M<Z + 2,’ E + H/) :
(d) Supp([ ]) U( p)€supp(d)and(v/,p’)Esupp(e) M(Z + 2/’ H + H,) :

Proof. (a), (b): These statements follow in a straight forward way from our definition of
support, and we leave it as an exercise to perform their proof.

(¢): In the notations of Theorem 7.1 we write

d= Z C(Zdé Lo and e = Z c(;}?ﬁ,_zl_ﬁ/.

(v,p)€supp(d) (v/,u")€supp(e)
it follows that
. o, 00

(v,p)€supp(d)and(v/,p’) Esupp(e)

But according to Exercise 6.4 (A) we have
supp (X YL XY L ) C My + 1, p+ ) for all (v, u) € supp(d) and all (/, 1) € supp(e).

Now, our claim follows easily on repeated application of statements (a) and (b).

(d): As in the proof of statement (c) we can write

de = Z C(C,l) C(f?/ vor xv ge

(v,p)€supp(d)and(v/,p’) Esupp(e)
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and, similarly

It follows that
[de, ed] =de —ed =
- Z Cz(,i/)iczc;?u’—z—i—zl—ﬁl B

(v,p)€supp(d),(v/,p’) Esupp(e)

- 2.

(v,n)€supp(d),(v/,p’) Esupp(e)

_ d) .(e) v ou v o Voap' yrap _
- Z Cz,gcr/,ﬁ’ (— £ga L T Al aA _*) =

(v,p)€supp(d),(v/,p’) Esupp(e)

(v,p) €supp(d),(v/,p')Esupp(e)

By Exercise 6.4 (B) we have
supp ([X“0%, X¥0*]) € M(v+ 1/, p + 1)
for all (v, u) € supp(d) and all (¢, i) € supp(e).

Now, statement (d) follows easily on repeated application of statements (a) and (b). O

7.4. Exercise. (A) Let n € N, let K be a field of characteristic 0 and consider the standard
Weyl algebra

W(K,Tl) = K[Xl,XQ,...,Xn;ﬁl,ag,...,8n].

Prove in detail statements (a) and (b) of Proposition 7.3.

(B) Let the notations and hypotheses be as in part (A). Present in standard form the
following differential operators:

0IX? — X,0:X, — 1, X207 —0,X2, 0uX1X50, + 01X, Xy € W(K,n).

(C) Keep the notations of part (A), but assume that n = 1 and Char(K') = 2. Compute
01 (X7) for all v € Ny and comment your findings in view of the Standard Basis Theorem.

As another application of the Standard Basis Theorem we now can prove

7.5. Corollary. (The Universal Property of Weyl Algebras) Let the notations and
hypotheses be as in Theorem 7.1. Let B be a K-algebra and let

¢Z{Xl,XQ,...,Xn,al,ag,...,an}—)B

be a map "which respects the Heisenberg relations “ and hence satisfies the requirements

(1) [p(Xy), 0(X;)] =0, foralli,j € {1,2,...,n};
(2) [¢(Xz)> QS((%)] = —51',]', fO’f’ (1” Z,j € {1, 2, Ce ,TL},'
(3) [6(81), 6(8;)] = 0, for alli,j € {1,2,...,n)}.



NOTES ON WEYL ALGEBRAS AND D-MODULES 31

Then, there is a unique homomorphism of K-algebras
¢:W(K,n) — B

such that N N
O(X;) = ¢(X;) and ¢(0;) = ¢(0;) for all i =1,2,...,n.

Proof. According to Theorem 7.1 there is a K-linear map

¢ : W(K,n) — B given by
o(x20m) = T o(X0)" [T 600 for all
=1 =1

o= (p1, 2y -y i) and v = (v1, v, ..., 1) € Nj.

Next, we show, that the previously defined K-linear map 5 is multiplicative, and hence
satisfies the condition that

o(de) = ¢(d)gp(e) for all d,e € W(K,n).
As the multiplication maps
W(K,n) x W(K,n) — W(K,n),(d,e) =»de and Bx B — B,(a,b)— ab

are both K-bilinear, it suffices to verify the above multiplicativity condition in the special
case where
d:= X¥0" and e := XL/Q“—,
with
o= (pa, i, fin), Vo= (v1,04,...,1,) and

/

po= (s ), Y= (05, ) € NG

But this can be done by a straight forward computation, on use of the Product Formula
of Proposition 6.2 and on application of Lemma 6.1 with

a; : ¢(X;) and d; := ¢(0;) for all i = 1,2,...,n.

It remains to show, that ¢ : W(K,n) — B is the only homomorphism of K algebras
which satisfies the requirement that

a(Xz) =¢(X;) and 5(81) =¢(0;) foralli=1,2,...,n.

But indeed, if a map 5 satisfies this requirement and is multiplicative, it must be defined
on the elementary differential operators as suggested above. This proves the requested
uniqueness. 0]

7.6. Exercise. (A) Let n € N, let K be a field of characteristic 0. Show, that there is a
unique automorphism of K-algebras

a: W(K,n) — W(K,n) with a(X;) = 9; and a(9;) = =X, for all i = 1,2,...,n.

(B) Keep the notations and hypotheses of part (A). Present in standard form all elements
a(Xrol) € W(K,n) with u, v € No.
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8. WEIGHTED DEGREES AND FILTRATIONS

In this Section we introduce and investigate a particularly nice class of filtrations of
the standard Weyl algebras, the so-called weighted filtrations. To do so, we first will
introduce the related notion of weighted degree of a differential operator.

8.1. Convention. Throughout this section we fix a positive integer n, a field K of char-
acteristic 0 and we consider the standard Weyl algebra

W .= W(K,n) == K[Xl,Xg,...,Xn;al,ag,...,(%]
8.2. Definition and Remark. (A) By a weight we mean a pair
(v,w) = ((vl,v2, ey ), (W, wa, . . ,wn)) € Ny x Ny
such that
(vi, w;) # (0,0) for all t =1,2,... n.
For
a:=(aj,as,...,a,), b:=(by,by...,b,) €R"
we frequently shall use the scalar product

a- l_) = i albl
i=1

(B) Fix a weight (v,w) € Nj x Nj. We define the degree associated to the weight (v, w)
(or just the weighted degree) of a differential form d € W by

deg”*(d) :=sup{v-v+w - p | (z, p) € supp(d)}.
with the usual convention that sup(f)) = —oo.
Observe that by our definition of weight, for all d € W and all 4, v € Ny — and using the
notations of Notation and Remark 6.3 (C)— we can say:
(a) deg™(d) € Ng U {—o0} with deg™(d) = —oo if and only if d = 0.
(b) If A <vand s < pfor all (A, i) € supp(d), then
deg®(d) <v-v+w- p.
(c) If supp(d) € M<(v, 1), then
deg™(d) <v-v+w- p.

(C) Keep the notations and hypotheses of part (B). We fix some non-negative integer
1 € Ny and set
Wi = {d € W | deg™(d) < i}.

Observe, that we also may write

W — & KXY9".

v,peNf v v+w-p<i
8.3. Lemma. Let (v,w) € N} x Nj be a weight and let d,e € W. Then we have
(a) deg™(d + e) < max{deg®(d),deg™(d)}, with equality if deg®*(d) # deg®(e);
(b) deg™(cd) = deg™(d) for all c € K\ {0}.
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(c) deg™(de) < deg”(d) + deg™(e);
(d) deg™ ([d,e]) < deg™(d) + deg™™(e).

Proof. (a): The stated inequality is clear by the second inclusion of the following relation
(see Proposition 7.3 (a)):

(supp(d) Usupp(e)) \ (supp(d) Nsupp(e)) C supp(d + e) C supp(d) U supp(e).

It remains to establish the stated equality if deg™(d) # deg™(e). It suffices to treat the
case in which deg”(d) < deg®(e). In this case, there is some

(v, 1) € supp(e) \ supp(d) with v - v 4w - p = deg*(e).
By the first of the previous inclusions we have (v, 1) € supp(d + e) and hence
deg™(d+e) > v-v+w- pu=deg™(e).

By the already proved inequality deg™(d + e) < max{deg”*(d), deg"*(d)} it follows that
deg™(d + e) = deg™(e).

(b): This is obvious.

(c): This follows easily by Proposition 7.3 (¢) and Definition and Remark 8.2 (B) (b).

(d): This follows in a straight forward manner by Proposition 7.3 (d) and Definition
and Remark 8.2 (B) (c). O
8.4. Theorem. (Weighted Filtrations) Let

(('Ul,’l)g, cey ), (W, we, ... ,wn)) = (v,w) € Nj x Nj
be a weight. Then, the family
Wi = (Wi = {d € W | deg™(d) < i})

is a commutative filtration of the the K-algebra W = W(K n).
Moreover, the following statements hold.
(a) Wgﬂ = K[XZ,(?] | vV, = O,wj = O]
(b) Let § = d(vw) = max{vy, va, ..., Up; W1, Wa, ..., w,}. Then, for all i > § it holds

i€Ng

0
vw DWW
W =y W
j=1

(c) The filtration W¢* = (Ww)ieNo is of finite type.

7

Proof. 1t is clear from our definitions, that
Wi C Wi foralli € No, 1€ Wg*  and W= | W™
1€Np
On use of Lemma 8.3 (¢) it follows immediately that

Wffww%” C W%ﬁ; for all 4,5 € Ny.
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So the family (Wi* := {d € W | deg”(d) < i})ieNO constitutes indeed a filtration on the
K-algebra W.

Now, let 7, j € Ny, let d € Wi and let e € W*. Then by Lemma 8.3 (d) we have
deg™ (de — ed) = deg™ ([d, €]) < deg”(d) + deg™(e) —1 <i+j—1,
so that
de —ed € Wi/ .

This proves, that our filtration is commutative (see Definition 3.3).

(a): Set
S={i=12,...,n|v; #0}and T:={j=1,2,....,n | w; # 0} and

S:={1,2,...,n}\Sand T := {1,2,...,n} \ T.
Let v, p € Nj. Then
v-v+w-p=0ifand only if »; =0 for all ¢ € S and p; =0 for all j € T,
But this means that
We = > K ] xvor=
(vi)ies and (u));cx  i€S and jeT
= K[X;,0; | v; = 0,w; =0].
(b): Let i > 6. Let
vi=(vi,va, ... Vn), = (l1, fl2, - - -, fn) € Ny with

o :=deg™ (XY0") =v-v+w- p< i

We aim to show that
b

XY0t € Y T WIEW = M.
j=1
If o <0 this is clear as
We* = WiWy* C Wi*W, C M.
So, let 0 > 0. Then either

(1) there is some p € {1,2,...,n} with v, > 0 and v, > 0, or else,
(2) there is some g € {1,2,...,n} with w, > 0 and g, > 0.
In the above case (1) we can write

X2t = X,d, with d .= (") o
k=1
As deg”™(X,) = v, < 0 and deg™(d) = o — v, it follows that

XU = X,d € WEAW, C WEeWE, C M.

o—vp =
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In the above case (2) we may first assume, that we are not in the case (1). This means in
particular that either v, = 0 or v, = 0, hence v,v, = 0, so that

deg™*(X[20,) = wy < 0.

Now, in view of the Heisenberg relations, we may write

XYM = X;qé?qe with e := HX;/S H 0;:’“_5’“’“.
s#£q k=1
As vgvy = 0, we have deg™(e) = 0 — wy, and it follows that

X9k = X100, € W%W%wq - W%Wftwwq C M.
But this shows, what we were aiming for, hence that
X*#0% € M whenever v -v +w - p <.
But this means that 5
Wi C M =) Wrew
j=1
and hence proves statement (b).

(c): This is an immediate consequence of statements (a) and (b) (see Definition and

Remark 3.4 (C)). O

8.5. Definition. Let the notations and hypotheses be as in Theorem 8.4. In particular,
let

((v1,02, ..., vn), (Wi, w2, ..., wy)) = (v,w) € Nj x Nj

be a weight. Then, the filtration
Wee = (W), = ({d € W[ deg®(d) <i}), .,

)

is called the filtration induced by the weight (v, w). Generally, we call weighted filtrations
all fitrations which are induced in this way by a weight.

8.6. Definition and Remark. (A) We consider the strings
0:=(0,0,...,0), 1:=(1,1,...,1)€N"

and a differential form d € W. We define the standard degree or just the degree deg(d) of
d as the weighted degree with respect to the weight (1,1) € Ny x N, hence

deg(d) := deg'(d).
Observe that
deg(d) := sup{lu| + |p| | (1, v) € supp(d)}.
The corresponding induced weighted filtration
Wiee .= Wi = (W = ({d € W | deg(d) < i})

7 )iENo i€Np
is called the standard degree filtration or just the degree filtration of W.



36 MARKUS BRODMANN

(B) Keep the notations and hypotheses of part (A). The order of the differential oper-
ator d is defined by
ord(d) := deg®(d).
Observe that
ord(d) = sup{|u| | (p,v) € supp(d)}.
The corresponding induced weighted filtration
Wt = Wat = (W), = ({d € W | ord(d) < i})

is called the order filtration of W.

1€Ng

Now, as an immediate application of Theorem 8.4 we obtain:

8.7. Corollary. Let the notations be as in Convention 8.1. Then it holds

(a) The degree filtration W is very good.
(b) The order filtration W is good and W' = K[X1, Xo, ..., X,].

Proof. In the notations of Theorem 8.4 (b) we have
6(1,1) = 1 and §(0,1) = 1.
Moreover, by Theorem 8.4 (a) we have
Wit = K and Wit = K[X, Xo, ..., X,)]
This proves our claim (see Definition and Remark 3.4 (C)). O
8.8. Exercise. (A) Show that the degree filtration is the only very good filtration on W.

(B) Write down all weights (v,w) € NI x NI for which the induced filtration Wg* is
good.

9. WEIGHTED ASSOCIATED GRADED RINGS

This Section is devoted to the study of the associated graded rings of weighted filtra-
tions of standard Weyl algebras. We shall see, that these are all naturally isomorphic to
polynomial rings.

9.1. Convention. Again, throughout this section we fix a positive integer n, a field K of
characteristic 0 and consider the standard Weyl algebra

W:=W(K,n)=K[X1,Xa,...,Xpn;01,05,...,0].
In addition, we introduce the polynomial ring
P:=KW,Ys,....Y0: 21, Zo,...,Z,)
in the indeterminates Y7, Ys,...,Y,; Z1, 2>, ..., Z, with coefficients in the field K.

9.2. Definition and Remark. (A) Fix a weight (v,w) € Nj x Nj and consider the
induced weighted filtration Wg*. To write down the corresponding associated graded
ring, we introduce the following notation:

= P G = Grygz (W) = @D Grypen (W) .

1€Np 1€Np
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(B) Keep the above notations and hypotheses. For each j € Z we introduce the

notations:
I5 = {(r,p) eNg xNg |v-v+w-p<jk
IZ = {(r,p) e Ng x Ny [v-v+w-p=j}
Fix some i € Ny. Observe that

G%w = Wfﬂ/ W;)Twl -

~( D rxxo/( D rxo)-

=
IN

(v.wers; (DS il
= (( @ KX e Kx#om)/( @ Kx*o).
(CADIS ol (v,p) €I} (vwels;

As a consequence, we get an isomorphism of K-vector spaces
@ D KX e
(v,p)€1Z7

such that
e (XPOL) = (XYOE + W) e= Wi /Wi = Gi* for all (v, p) € 27

-

In particular we can say:

The family ((XZ04)* := e™(X¥91)) w is a K-basis of G7*.

= /) (v,p)elz;

We call this basis the standard basis of G;*. Its elements are called standard basis ele-
ments of the associated graded ring G*“.

(C) Keep the previously introduced notation. We add a few more useful observations
on standard basis elements. First, observe that we may write

(a) (X*0)* € G, for all (v, ) € N x Ng.

vvtw-p
(b) X7 € Gi and 0] € G for all 1,5 € {1,2,...,n}.
Moreover, by the observations made in part (B) we also can say that all standard basis

elements form a basis of the whole associated graded ring, thus:
(¢) The family ((X¥0%)*) is a K-basis of G*2.

(v,1) ENE XN
Finally, as the associated graded ring is commutative, and keeping in mind how the
multiplication in this ring is defined (see Remark and Definition 3.1 (B)) we get the
following product formula

(d) (X047 = (T, X7 IT- 0)" =TT (X7) T, (07)™ = (X) (@)™

9.3. Exercise and Definition. (A) We fix a weight (v,w) € Nj x Nj. As in Definition
and Remark 9.2 (A) we use again the notation

IZ ={(y,p) eNg x N Jv-v+w-p=i}
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and consider the K-subspace

P = @ KY*Z'CPforallicN.
CAD]S =y

of our polynomial ring P = K[Y1,Ys,...,Y,; Z1, 25, ..., Z,]. Prove the following state-
ments:

(a) K € Pg%;

(b) PP C ]P%% for all 7, j € N.

(C> P - @iENO ]P)T

(B) Let the hypotheses and notations be as in part (A). Conclude that the family

(e

; )iGNO defines a grading of the ring P.

We call this grading the grading induced by the weight (v, w) € Nj x Nj. If we endow our
polynomial ring with this grading we write it as P22, thus

P =P = PP
1€Ng

9.4. Theorem. (Structure of Weighted Associated Graded Rings) Let (v,w) €
Ni x Ni be a weight. Then there exists an isomorphism of K-algebras, which preserves
gradings

nw:P:IP’wi)Gw
given by
Y, =0 (Y;) = X[, foralli=1,2,... n;
Zj = n?(Y;) =05, forallj=1,2,...,n.

Proof. According to the universal property of the polynomial ring P there is a unique
homomorphism of K-algebras

n* P — G*™
such that
Y, = ™ (Y;) = X7, foralli =1,2,... n;
Zj = (Y;) =05, forall j =1,2,...,n.
In view of the product formula of Definition and Remark 9.2 (C) we obtain
ne (YYZE) = (X¥0™)" for all v, p € N,

In particular n*® yields a bijection between the monomial basis of the polynomial ring P
and the standard basis of the associated graded ring G*. So, n** is indeed an isomor-
phism. But moreover, for each ¢ € Nj it also follows that n** yields an bijection between
the monomial basis of the subspace P7* C P and the standard basis of G;*. But this
means, that n*¥ preserves the gradings. 0
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In Lemma 8.3 (c) we have seen that weighted degrees are sub-additive, which means
that

deg”(de) < deg™(d) + deg™(e) for all d,e € W.

As an application of the Theorem 9.4 we now shall improve on this and show, that
weighted degrees are indeed additive, which means that the above inequality is in fact
always an equality.

9.5. Corollary. (Additivity of Weighted Degrees) Let (v,w) € N x N§ be a weight
and let d,e € W. Then

deg”(de) = deg™(d) + deg™“(e).
Proof. It d =0 or e = 0 our claim is clear. So let d,e # 0. We have
i := deg™(d) € Ny and j := deg”™(e).
We use again the notation
IZ, = {(z,p) e Ng x Ny |v-v4w-p=k} forall k € Ny
and set
M= P KX andN:= P KX“"
CAD]S) ey (v,p)€lZ;
We then may write
d=a+r with a € M\ {0} and deg™(r) < i;
e=>b+s witha € N\ {0} and deg”™(s) < j.
We thus have
de = ab+ (as + br +rs)

By what we know already about degrees we have deg™(as+br+rs) < i+j (see Lemma 8.3
(a), (c)). So, in view of Lemma 8.3 (a) it suffices to show that

deg®™(ab) =i+ j.

To do so, we write

a= Z C(z(,g—z—ﬁ’ with c(zaé € K\ {0} for all (v, ) € supp(a) and
(v,p)€supp(a)
b= Y XY, with ), € K\ {0} for all () € supp(b).

(v ,p")€supp(b)
It follows that

ab = Z c(‘f)ci) VOLXY G
(v €supp(a) and (' u)€supp(b)
By Exercise 6.4 (A) and in the notation of Notation and Remark 6.3 (C), it follows that
XPQuXyor — xetortite Y KXRO

(Ax)EM(v+r/ pt-p')
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for all (v, 1) € supp(a) and all (', u') € supp(b). Observe that
(v + y',g—kﬁ') € ]I%ﬂ. for all (v, u) € supp(a) and all (y',&') € supp(b).
So, by Definition and Remark 8.2 (B)(c) it follows that
deg (X*QUXY O — X¥H Q) < it
for all (v, ) € supp(a) and all (v, i) € supp(b). If we set
h = Z c(;f;ci,? H'K vt guetp’
(v €supp(a) and. (' u)esupp(b)
and on repeated use of Lemma 8.3 (a) and (b) we thus get
deg®™(ab — h) =
deg™ | Z c(‘f) cl(,) (XLORXY oM — XZJFK’QHJFEI)} <i+J.
(v.m)€supp(a) and. (' u)€supp(h)
So, we may write
ab = h + u with deg"(u) < i+ j.
By Lemma 8.3 (a) it thus suffices to show that deg®(h) =i+ j. As

b= Z C(a) (g’) XZ/+Z/ a/ﬁ-u c @ K&z@g

vl 2
(v.u)€supp(a) and (v u/)esupp(b) (wp) €=y,

It suffices to show that h # 0. To do so, we consider the two polynomials

f= ) dOYrzteP and
(v,p)€supp(a)
D DR M ey A
(/,p")€supp(b)
As supp(a) and supp(b) are non-empty, and all coefficients of f and g are non-zero, we
have f # 0 and g # 0. As P is an integral domain. it follows that fg # 0. We set

h’ (h + W:—;—Uj 1) € W;}—t}]/wz—&—] 1= va

i+j0

so that
h = > e (X ),

(v.p)€supp(a) and (/') Esupp(b)
Applying the isomorphism
e P =P =5 G
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of Theorem 9.4, we now get

0# e (fg)=m=([ Y enyezy| ey, YYZ2"]) =
(v,pt)€supp(a) (v/,p')Esupp(b)
= > cCpe Y ZE) =
() esupp(a) and. (' u)esupp(b) -
_ Z C;éc(y?ﬁ/nw (prz’ Zﬁ+&’) -
(vw)esupp(a) and (v/,u’)esupp(b)
- > el (XE Q)T = e,

(v.p)€supp(a) and (v ,u')esupp(b)
But this clearly implies that h # 0. O
9.6. Corollary. (Integrity of Standard Weyl Algebras) The standard Weyl algebra
W is an integral ring:
Ifdye € W\ {0}, then de # 0.

Proof. Apply Theorem 9.4 and keep in mind that an element of W vanishes if and only if
its degree (with respect to any weight) equals —oo. O

9.7. Exercise. (A) We fix a weight (v, w) € Ny x N{ and set
e ={v-v+w-p|v,peNgh

Prove the following statements

(a) 0 e '™ C Np.
(b) If 4,5 € T then i 4 j € '™,
() GI* #£0& P £0< e

[ ig called the degree semigroup associated to the weight (v, w).

(B) Let n = 1, v = (p) and w = (q), where p,q € N are two distinct prime numbers.
Determine I'** and the standard bases of all K-vector spaces

P2 and G for ¢ € T,

at least for some specified pairs like (p, q) = (2,3),(2,5),(5,7),...
(C) Show, that the ring Endg (K[Xy, Xa, ..., X,]) is not integral.

10. FILTERED MODULES

Now, we aim to consider finitely generated left-modules over standard Weyl algebras:
the so-called D-modules. Our basic aim is to endow such modules with appropriate
filtrations, which are compatible with a given weighted filtration of the underlying Weyl
algebra. This will allow us to define associated graded modules over the corresponding
associated graded ring of the Weyl algebra - hence over a weight graded polynomial ring.
We approach the subject in a more general setting.
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10.1. Definition and Remark. (A) Let K be a field and let A = (A, A,) be a filtered
K algebra. Let U be a left-module over A. By a filtration of U compatible with A, or just
an A,-filtration of U we mean a family

Us = (Ui)iez,
such that the following conditions hold:

(a) Each U; is a K-vector subspace of U;
(b) Uz Q Ui+1 for all 4 S Z;

(C) U= UigZ UZ;
(d) AZUJ - Ui+j for all 7 € No and allj €.

In requirement (d) we have used the standard notation
AU;== ) KfuforallieNyandallj€Z,
(f,’u,)EAiXUj
which we shall use from now on without further mention. If an A,-filtration U, of U is

given, we say that (U, U,) or — by abuse of language — that U is a A, filtered A module or
just that U is a filtered A-module.

(B) Keep the notations and hypotheses of part (A) and let U, = (U;);cz be a filtered
A-module. Observe that

For all 7 € Z the K-vector space U; is a left Ag-submodule of U.
(C) We say that two A,-filtrations U, U are equivalent if there is some r € Ny such
that
(a) Ui(i),, - UZ-( ) c Ul+r for all 7 € Z.

Later, we shall use the following observation.

Assume that the obove condition (a) holds, let 1 € N and let @ € A;. Then we have
b) aUM CUY_ foralljez = UM CcUY, . | foralljeZandallk e N.

j+k(i—1)
(c) aU]( - UJ(JIrZ Jforallj€Z = a2r+1U(2) cu®? for all j € Z.

j+ 2r+1 z 1

To prove statement (b), we assume that aU(l) C UJ(JF)l , for all j € Z and proceed by

induction on k If £ = 0 our claim is obvious. If k > 0, we may assume by induction that

ak_lU; C U]Jr k_1)(_1) for all j € Z, so that indeed
krr(D) k-1 (1) _ (@ .
a Uj = aa Uj C a’Uj+(k—1)(i 1 - UJJr b D) (1) (1) = Uj+k (i-1) for all j € Z,

and this proves statement (b). If we apply statement (b) with k& = 2r + 1 and observe
condition (a), we get

a2r+1U](2) 2r+1U(1) U(l

(2)
J+r = Yi+r+(2r+1)(i—1) cu

j2r+(2r+1)(i—1)
(1) 2 2 .
= Uj+2r+2ri—2r+i—1 = U](—‘,-)Q'rz—i-z 1= Uj(+)(27"+1)z | for all j € Z,

and this proves statement (c).
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10.2. Remark and Definition. (A) Let K be a field and let A = (A, A,) be a filtered K-
algebra and let U = (U, U,) be an A,-filtered A-module. We consider the corresponding
associated graded ring

Gr(A) = Gra,(A) = @ Ai/Ai.
1€Np
and the K-vector space
Gr(U) = Gry, (U) = P U:/U;s.
i€Z
For all 7 € Z we also use the notation
GI‘(U)Z = GI'U.(U>i = Ui/Uifl,
so that we may write
Gr(U) = Gry, (U) = @ Gy, (U):.
i€Z
(B) Let i € No, let j € Z let f, f' € A; and let g,¢" € U; such that
hZ:f—f/EAi_l andk::g—g/EUj_l.
It follows that
fo=14d="rg—(f+h)(g+k)=—fk—hg—hk
€ Ain_l + Ai_lUj + Ai—lUj—l -
C Uis(-1) + Ujri-1) + Ui-1y4G-1) € Uigj1-
So in U;1j/Ui+j—1 = Gry, (U)iv; C Gry, (U) we get the relation
fog+Uijo1 = f'g 4+ Uj.

This allows to define a Gry, (A)-scalar multiplication on the K-space Gry, (U) which is
induced by

(f +Ai)(g +Uj—1) == fg+ Uigja
for all i € Ny, all j € Z, all f € A; g € U;. More generally, if r, s € Ny, t € Z,

f= ZE, with f; € A; and f; = (f; + Ai_1) € Gra, (A); foralli =0,1,...,7,
i=0

and
t+s
g= > Gj, withg; € Uj and g; = (9; + Uj_1) € Gy, (U); forall j =t,t+1,...,t + s,
j=t
then
. r+i+s . r+it+s
fg= Z Z figj = Z Z (figj + Uirj1)-
k=t i+j=k k=t it+j=k

(C) Keep the above notations and hypotheses. With respect to our scalar multiplication
on Gry, (U) we have the relations

Gry, (A);Gry, (U); € Gry, (U)yj for all 4, j € Z.
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So, the K-vector space Gry, (U) is turned into a graded Gra, (A)-module
GYU.(U) = (GYU.(U), (GrU.<U)i)i€Z) = @GrU.(U)i
i€z
by means of the above multiplication. We call this Gry, (A)-module Gry,uue:(U) the

associated graded module of U with respect to the filtration U,. From now on, we always
furnish Gry, (U) with this structure of graded Gra, (A)-module.

10.3. Definition. Let K be a field and let A = (A, A,) be a filtered K-algebra. Assume
that the filtration A, is commutative, so that the corresponding associated graded ring

Gr(A) = Gra, (4) = P Ai/Aia
i€Np
1s commutative.

Moreover, let U = (U,U,) be an A,-filtered A-module and consider the corresponding
associated graded module

Gr(U) = Gr, (U) = P U/Ui.
i€z
Moreover, consider the annihilator ideal
ADIIGTA.(A) (GIU.(U)) = {f c GI"A. (A) | fGl"U. (U) = 0}

of the Gry, (A)-module Gry, (U). We define the characteristic variety Vi, (U) of the A,-
filtered A-module U = (U,U,) as the prime variety of the annihilator ideal of Gry, (U),
hence

Vi, (U) := Var(Anng, ,, (4)(Gry, (U))) C Spec(Gra, (A)).

We also call this variety the characteristic variety of the left A-module U with respect to
the A, filtration U, or just the characteristic variety of U with respect to U,.

10.4. Proposition. (Equality of Characteristic Varieties for Equivalent Fil-
trations) Let K be a field and let A = (A, A,) be a filtered K-algebra. Assume that the
filtration Ae is commutative. Let U be an A-module which is endowed with two equivalent
Ae-filtrations U.(l) and U.(2). Then

VU.(U(U) = VU.@)(U).
Proof. We have to show that
\/AnnGrA. (4) (GI“U.(:l) (U)) = \/AnnGrA.(A) (GTU'(z) (U)) .
By symmetry, it suffices to show that

\/AnnGrA.(A) (GI“U.(l) (U)) - \/AnnGrA. (A) (GI"U.(z) (U)) .

In view of the fact that the formation of radicals of ideals is idempotent, it suffices even
to show that

AnnGrA.(A) (Gon(l) (U)) - \/AnnGrA. (A) (GI"U.(z) (U)) .
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As Gr,0)(U) is a graded Grg,(A)-module, its annihilator is a graded ideal of Gra,(A).
So, it finally is enough to show, that

ac \/AnnGrA. (A) (GrU.(z)(U)) for all i € Ny and all @ € Anng,,_(4) (GrU.u) (U))Z

So, fix some ¢ € Ny and some
a € AnnGrA_(A) (GrUfl)(U))i g GI‘A. (A)Z = Ai/Ai—l-

We chose some a € A; with @ =a+ A;_1 € A;/A;_1.. For all j € Z we have in Gry, (U)
the relation

UV + US| = (a+ A )0 uY) =a@? jut)) = aGry, (U); =0,
and hence

aUM c U

e for all j € Z.

According to our hypotheses we find some r € Ny such that U, ,51_),, cU ,52) cU, ,Sr)r for all
k € Z. Thus, by Definition and Remark 10.1 (C)(c) we therefore have

2r+1U (2) C U

J+2T+11 forall j € Z.

So, for all j € Z we get in U@ = Gry, (U)4(2r+1); the relation:

Jj+(2r+1)i / ]+(2r+1)z 1

62r+1GrU' (U)j = (a 2r+1 +A(2r+1)z 1)(Uj /Ujf)l) C a2r+1UJ( U(2

J+(2r+1)i—
This shows that a>*! € Anng,,, (4) (GrU<2)(U)) and hence that indeed

a € \/AnnGrA. (A) (GI"U.(Q) (U)) .
0

So, provided (A, A,) is a commutatively filtered K-algebra, the characteristic variety
of an A,-graded A-module (U, U,) depends only on the equivalence class of the filtration
U,. This allows us to define in an intrinsic way the notion of characteristic variety of a
finitely generated (left-) module over the filtered ring A. We work this out in the following
combined exercise and definition.

10.5. Exercise and Definition. (A) Let (A, A,) be a filtered K-algebra and let U be a
(left) module over A.

Let V C U be a K-subspace such that U = AV.

Prove the following claims:
(a) A;V =0 for all i <O.
(b) The family A,V := (Aiv)iez is an A,-filtration of U.
The above filtration A,V is called the A,-filtration of U induced by the subspace V.

(B) Let the notations and hypotheses be as in part (A). Assume in addition that
s:=dimg (V) < 0.
Prove that
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(a) U is finitely generated an an A-module;
(b) A;V is a finitely generated (left-) module over A,.
(c) The graded Grg,(A)-module Grga,y(U) is generated by finitely many elements
91:92:---,95 € GerV(U)O'
Keep in mind that we can always find a vector space V' C U of finite dimension with
AV = U if the A-module U is finitely generated.

(C) Let the notations and hypotheses be as above. Let V) V2 C U be two K-
subspaces such that

AV = AV® = U and dimg (VWY), dimg (VP) < 0.

Prove that

(a) The two induced A,-filtrations AV and A,V are equivalent.
(b) If the filtration A, is commutative, it holds

VA.V(I) (U) — VA.V(2) (U)

(D) Keep the above notations and hypotheses. Assume that the filtration A, is com-
mutative and that the (left) A-module U is finitely generated. By what we have learned
by the previous considerations, we find a K-subspace V' C U of finite dimension such
that AV = U, and the characteristic variety V4,1 (U) of U with respect to the induced
filtration A,V is independent of the choice of V. So, we may just write

Va, (U) == Vu,v(U),

and we call V4, (U) the characteristic variety of U with respect to the (commutative !)
filtration As of A. This is the announced notion of intrinsic characteristic variety.

(E) Keep the above notations. Assume that the filtration A, is of finite type (see
Definition and Remark 3.4 (C)) and that the (left) A-module U is finitely generated. The
A, filtration U, of U is said to be of finite type if

(a) U; =0 for all i < 0;

(b) There is an integer o such that U; is finitely generated as a (left) Agp-module for
all j <o and

(c) Ui=>jc, AjUi—j for alli > 0.

In this situation o is again called a generating degree of the A,-filtration U, (compare
Definition and Remark 3.4 (C)). In this situation, we also may chose a K-subspace V' C U
such that

dimg (V) < oo and AgV = U,
For this choice of V' one now can say:
U = AV and the filtrations U, and A,V are equivalent .

As a consequence it follows by Proposition 10.4 and the observations made in part (D),
that

Vu,(U) =V 4, (U) for each A,-filtration U, which is of finite type .
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11. D-MODULES

11.1. Convention. (A) As in section 9, we fix a positive integer n, a field K of charac-
teristic 0 and consider the standard Weyl algebra

W:=W(K,n)=K[X1,Xo,...,Xpn;01,00,...,0,]
In addition, we consider the polynomial ring
P:=KW,Ys,....Y0 21, 2o, ..., Zy)
in the indeterminates Y7, Ys,...,Y,; Z1, %>, ..., Z, with coefficients in the field K.

(B) Let (v, w) € Ny x N¢ be a weight. We consider the induced weighted filtration Wg*
and also the corresponding associated graded ring.

G¥ = @ G := Gryyue (W) = EB Gryyge (Ww)z
ieNg 1€Ng

(see Definition and Remark 9.2 (A)).

(C) Moreover, we shall consider the polynomial ring
P =P = PP
i€Np
furnished with the grading induced by our given weight (v, w) (see Exercise and Defini-
tion 9.3 (B)), as well as the canonical isomorphism of graded rings (see Theorem 9.4):

NP =P = G

11.2. Definition and Remark. (A) By a D-module we mean a finitely generated left
module over the standard Weyl algebra W.

(B) Let U be a D-module. If U, is a We*-filtration of U, we may again introduce
the corresponding associated graded module of U with respect to the filtration U, (see
Definition 10.3):

Gry, (U) = @ Ui /Ui,
i€z
which is indeed a graded module over the associated graded ring G*. But, in fact, we
prefer to consider Gry, (U) as a graded P*®-module by means of the canonical isomor-

phism n* : P = P2 =, G,

(C) Keep the notations and hypotheses of part (B). Then, we may again consider the
characteristic variety of U with respect to the filtration U,, but under the previous view,
that Gry, (U) is a graded module over the graded polynomial ring P = P*®. So, we define
this characteristic variety by

Vu, (U) == Var(Annpu (Gry, (U))) = Var((n*2) ™' [Anngss (Gry, (U))]) € Spec(P).
Observe in particular, that the ideal
Annpuw (Gry, (U)) = (1*) " [Anngew (Gry, (U))] C P2
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is graded.

(D) Finally, as U is finitely generated, we may again chose a finite dimensional K-
subspace V' C U such that WV = U, and then consider the induced filtration We“V of
U and the corresponding intrinsic characteristic variety (see Exercise and Definition 10.5
(D)) of U with respect to the weight (v, w), hence:

VE(U) i= Vigzu (U) = Vigauy (U).
11.3. Example. (A) Keep the above notations and let

di= Y dDx29" e W\ {0} and § == deg™(d),

(v,p)€supp(d)

with c(zdﬁ) € K\ {0} for all (v,pu) € supp(d). We also consider the so-called leading
differential form of d with respect to the weight (v, w), which is given by

R = > M XLor € W\ {0}

(v,p) Esupp(d):v-v+w-p=34

Moreover, we introduce the polynomial
fo = > iy ze e P\ {0}.
(v,p)€supp(d):v-vtw-p=4
Now, consider the cyclic left W-module
U:=W/Wd,
furnished with the filtration
Ueg := WK (1 4+ Wd/Wd) = (Ui = (W= + Wd/Wd))ieZ.

(B) Keep the above notations and hypotheses. Observe first, that for all ¢ € Z we may
write

U /Uiy = W= /W2 + Wd N W
By the additivity of weighted degrees (see Corollary 9.5) we have
Wd N W = Wid for all i € Z.
So, we obtain
Gry,(U); =U; /U1 = Wfﬁw/(ijwl + ij“%d) for all i € Ny
Consequently, there is a surjective homomorphism of graded G*“-modules

T G = DWWy - Gry, (U) = @R W™/ (Wi + Wid)
i€EZ iE€EZ
If we set

B = b+ WY, € Wi /Wi, = G§*
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it follows that
Anngw (Gry, (U)) = Ker(m) = @ (W + Wiid) /Wi =
i€z
=P (W + Wihee) /W) = GUh™.
1EZ
Consequently we get
Cry, (U) = G /G¥h™.

As nu(fe) = 1" and if we consider Gry, (U) as a graded P2-module by means of 72,
we thus may write

Gry, (U) = P*/P* f** and Anng(Gry, (U)) = Pf*.
In particular we obtain:
Vo (U) = V2(U) = V(W/Wd) = Var(Pf*) C Spec(P).

11.4. Exercise. (A) Let n =1, K =R and let d := X} + 0? — X?0?. Determine the two
characteristic varieties

Ver(W/Wd) for (v, w) = (1,1) and (v,w) = (0, 1).

(B) To make more apparent what you have done in part (A), determine and sketch the
real traces

Vi (W/Wd) := {(y,2) e R* | (Y1 —y, Z1 — 2)K[Y1, Z] € V(W /Wd)}
for (v,w) = (1,1) and (v,w) = (0,1). Comment your findings.
Now, we shall establish the fact that D-modules are finitely presentable. To do so

we first will show that standard Weyl algebras are left Noetherian (see Conventions,
Reminders and Notations 1.1 (G) and (H)). We begin with the following preparation.

11.5. Definition and Remark. (A) Let I C W be a left ideal. We consider the following
K-subspace of G¥:

G (1) = @ (INW™ + W) /Wi C D W /W) = G
1€Np 1€Np

It is immediate to see, that G*() C G** is graded ideal. We call this ideal the graded
tdeal induced by I in G¥.

(B) Let the notations and hypotheses as in part (A). It is straight forward to see, that
the family

= (INWe),_,

is a filtration of the (left) W-module I, which we call the filtration induced by We*.
Observe, that for all i € Z we have a canonical isomorphism of K-vector spaces

G™(I); == (I NW + W) /W =2 T NW /I NW = [7%/ 17 = Grpee (1),
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It is easy to see, that these isomorphisms of K-vector spaces actually give rise to an
isomorphism of graded G*-modules

Ge(1) = €D (1N W+ Wi ) /Wiy = €D 1/ 17 = Grpgn(1),
1€EZ S/
So, by means of this canonical isomorphism we may identify
G*™(I) = Grpw(I).

11.6. Lemma. Let I,J CW be two left ideals with I C J. Then we have
(a) G*(I) C G*(J).
(b) If G¥™(I) = G*™(J), then [ = J.

Proof. (a): This is immediate by Definition and Remark 11.5 (A).

(b): Assume that I C J. Then, there is a least integer i € Ny such that
I =1NW* CJ™=JNnW™
As I, = J= it follows that
G™(I); = I;*/I;*] is not isomorphic to I,/ " = G*(J);,

so that indeed
G™(I) # G*™(J).
O

11.7. Theorem. (Noetherianness of Weyl Algebras) The Weyl algebra W is left
Noetherian.

Proof. : This is immediate by Lemma 11.6 as G* = P*™ = P is Noetherian. O

11.8. Corollary. (Finite Presentability of D-Modules) Each D-module U admits a
finite presentation
W — W' — U — 0.

Proof. This follows immediately by Theorem 11.7 and the observations made in Conven-
tions, Reminders and Notations 1.1 (H). O

11.9. Example. (A) Consider the polynomial ring U := K[X7, Xs,..., X,,]. As
W Q EHdK<K[X1, XQ, ce ,Xn]) = EndK(U),

this polynomial ring can be viewed in a canonical way as a left module over W, the scalar
being multiplication given by

d-f:=d(f) forall d € W and all f € U.
As f-1= f for all f €U it follows that
U:W1U

So, the W-module U := K[X;, Xy, ..., X,] is generated by a single element, and hence in
particular a D-module.
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(B) Keep the previous notations and hypotheses. Observe that

znjwai = P rxo
i=1

v,peNG :u#£0

and hence
W=K[X,Xs,...,.X,] 0> Wo,=Ue ) Wo,.
i=1 i=1
We thus have an exact sequence of K-vector spaces
0— Y Wo —W-"5U —0,
i=1
in which W — U is the canonical projection map given by
X* ifpu=0
(e = {X5 =0
0, if p#0
Our aim is to show:
W 5 U is a homomorphism of left W-modules.
To do so, it suffices to show that for all v, u, /', ' € Ny it holds
7(dd') = dr(d'), where d := X*0" and d' := XY " .
If = p' =0, we have
W(dd/) _ W(KZXZI) — W(gz#—z’) — Kz-i—z’ — XZXZ, — XZW(XZI) _ dﬂ(d/).
If =0 and p' # 0 we have
(dd') = m(X“ XY ) = 7 (X)) = 0= X¥r (XY 9¥) = dr(d).
So, let 1 # 0. By the Product Formula of Proposition 6.2 we have
dd = X OUXY O = XU ot 4 g,

with
g = Z Ak Xz%—z’—&@ﬁz’—&

kEN0<k<pp!

and

= (DAL )

i=1 i=1 p=0
Assume first, that p’ # 0. Then we have

T (XY o) = 0 and (X2 £ E) = 0 for all k € N with 0 < k < p, /.
It thus follows, that
m(dd') =0 = d0 = dr(X¥ *) = dr(d).
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So, finally let y' = 0. Then dd' = X' vHIGE L s and

i—1 v+ — .
5 — H:'L:1 Z:o (v — p)X;i_* Bt p < v
0, otherwise.

So, by what we have learned in Exercise 6.6 (B), we have
s = XPO1(XY).
As s is a K-multiple of a monomial in the X;’s we have 7(s) = s. It thus follows
m(dd) = 7(XX ) + 7(s) = s = X2O4(XY) = X0 XY = dn(d).

This proves, that 7 is indeed a homomorphism of left W-modules.

(C) Keep the previous notations and hypotheses. Then, according the above observa-
tions, we have an exact sequence of left W-modules

0— W W U o,

in which A is given by
(dr,da, ... dp) = h(dy,dy,. .. dy) = did.
=1

This sequence clearly constitutes a presentation of the left W-module U (see Conventions,
Reminders and Notations 1.1 (H)) and the corresponding presentation matrix for U is the
row

o

2

0= e Wl

On
11.10. Exercise. (A) We consider the polynomial ring U = K[X;, Xo, ..., X,,| canonically

as a D-module, as done in Example 11.9. Fix a weight (v,w) € Nj x Njj. Consider the
K-suspace K C U, observe that WK = U and endow U with the induced filtration

U, := W*K.
Show, that there is an isomorphism of graded P-modules
GI"U.(U) = GI‘WMK(U) = UE,

where
U* = @ UF with Uf := » _ KX*for all i € N,
1€Ng v-v=i
is the polynomial ring U endowed with the grading associated to the weight v € Nf.
Determine the characteristic variety

Ve(U) C Spec(P).

(B) Keep the notations and hypotheses of part (A). Show, the left W-module U is
simple: If V' C U is a proper left W-submodule, then V' = 0.
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11.11. Remark and Definition. (A) We furnish the polynomial ring K[X;, Xs, ..., X,]
with its canonical structure of D-module (see Example 11.9). We now consider a ring O
with the following properties

(1) O is commutative;
(2) O is a left W-module;
(3) K[X1,Xs,...,X,] C O is a left submodule.

In this situation, we call O a ring of C*-functions (or a ring of smooth functions) in
X17X2,...,Xn over K.

The idea covered by this concept is that for all d € W and all f € O the product df € O
should be viewed as the result of the application of the differential operator d to the
function f. Therefore, one often writes

d(f) = df for all d € W and all f € O.

(B) Let the notations and hypotheses be as in part (A). By a system of polynomial
differential equations in O we mean a system of equations

di1(f1) + dia(fo) + ...+ di-(fr) =0
dor(f1) + doo(fo) + ...+ do(fr) =0

with 7, s € N such that
dij € Wand f; € Oforalli,j € Nwith¢ <sandj<r.

The above system of differential equations can be understood as a linear system of equa-
tions over the ring @. We namely may consider the matrix

di dip ... dyy
N KR R —
Qo d ... dy
Then, the above system may be written in matrix form as
N1 0
SR _ (o
r) \o

We call D the matriz of differential operators associated to our system of differential
equations. So, systems of differential equations correspond to matrices with entries in a
standard Weyl algebra.

(C) Keep the previous notations and hypotheses, then the matrix of differential opera-
tors D € W**" gives rise to an exact sequence of left W-modules

0 — W* 22 Wr 2 Uy —s 0.
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In particular Up is a D-module and the previous sequence is a finite presentation of
Up. We call this presentation the presentation induced by the matriz D and we call Up
the D-module defined by the matrix D — or the D-module associated with our system
of differential equations. So, each system of differential equations defines a D-module.
Obviously, one is particularly interested in the solution space of our system of differential
equations, hence in the space

fi 0
$p(0) = {(fi. for- o Sy e 0" | D | 2| = |0
Jr 0
Observe, that S(D) is a K-subspace of O".
11.12. Proposition. Let r,s € N, let
diy dig ... dy
P KR v I—
da do ... dy

be a matriz of differential operators, consider the induced presentation
0 — W* "=22 W =P U, — 0

and the corresponding solution space Sp(QO).
Foralli=1,2,...,r let e; := (5Z~,j)§:1 € W” be the i-th canonical basis element. Then,
there is an isomorphism

o

Ep : HomW(UD, (9) — Sp(0),
given by
m — ep(m) = (m(w(e1)),m(x(e2)), ..., m(w(e.))) for all m € Homw (Up, O).
Proof. Observe, that there is indeed a K-linear map
e := ep : Homy (Up, O) — O"
given by
m > ep(m) = (m(w(e1)), m(r(e2)), ..., m(w(e))) for all m € Homw (Up, O).

If e(m) = 0, then m(w(e;)) = 0 for all ¢ = 1,2,...,7r. As 7 is surjective, the elements
mw(e;) (i =1,2,...,7) generate the left W-module U = Up. So, it follows that m = 0
and this proves, that the map ¢ is injective.

it remains to show that

E(Homw<Up, O)) = SD(O) =: S(O)

Do do so, let
bj = (5]',]6)2:1 € We (j = 1,2,...,8)
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be the canonical basis elements of W*
First, let m € Homw (Up, ©). We aim to show, that e(m) € Sp(0). We have to show,
that the column

91 m(er)

Js m(er)

vanishes. For each i = 1,2,..., s we can write Z;Zl di;e; = b;D = h(b;), and hence get
indeed

9i = Zdijm(ﬂ(ej)) = m( Zdijﬂ(eg‘)) - m(ﬂ(z dije;)) = m(m(h(b;))) = m(0) = 0.

Conversely, let (fi, fo,..., fr) € S(O), so that >/, di;f; = 0. We aim to show that
(f17 f27 s 7f7’) S 5(H0mW(U, O))

To this end, we consider the homomorphism of left W-modules
k: W' — O, given by (uy,ug,...,u,) — Zujfj.
j—1

Observe that
k(h(b:)) = k(bD) = k(dir, dia, ..., di) =Y dijf; =0foralli=1,2,...s.
j=1
It follows that k o h = 0. Therefore k£ induces a homomorphism of left W-modules
m : U — O, such that monm = k.

It follows that m(m(e;)) = k(ej) = f; for all j = 1,2,...,r. But this means that
(flaf?v"'va)ZE(m) GE(HomW(U7O)) O

11.13. Exercise. (A) Let n = 1, K = R and let O := C*(R) be set of smooth functions on
R. Fix d € W = W(R, 1) = R[X, 9] and consider the matrix D = (d) € W'*!. Determine

Up, Sp(O) and V*“(Up)
for all weights (v, w) = (v,w) € Ng x Ny \ {(0,0)} and for
d=0, d=0*-1, d=0*—-1, d=0—2*andd=0*+c0 — b with c,b € R\ {0}.
(B) Let n,m € N, O := K[X;, Xs,...,X,] and consider the matrix
o

05"

D= e Wl

oy

Determine

UD, SD(O) and VQ(UD)
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12. GROBNER BASES

In this section, we introduce and treat Grobner bases of left ideals in standard Weyl

algebras with respect to so-called admissible orderings of the set of elementary differential
operators. What we get is a theory very similar to the theory of Grobner bases of ideals
in polynomial rings. a theory many readers may be familiar with already. Indeed a great
deal of what we shall present in the sequel could also be deduced from the theory of
Grobner in polynomial rings. Nevertheless, we prefer to introduce the subject in a self
contained way so that readers who are not familiar with Grobner in polynomial rings can
follow our approach without further prerequisites. As for Grobner bases in polynomial
rings and their applications, there are indeed many introductory and advanced textbooks
and monograph. So, we mention only a sample of possible references for this subject,
namely [1], [4], [16], [19], [20], [22], [27] and [33].
The main goal of the present section is to prove that left ideals in Weyl algebras admit
so-called universal Grobner bases. This existence result can actually be proved in the
more general setting of admissible algebras. Readers, who are interested in this, should
consult for example Boldini’s thesis [8] or else [29], [32] or [34].

12.1. Convention. (A) As previously, we fix a positive integer n, a field K of characteristic
0 and consider the standard Weyl algebra

W:=W(K,n)=K[X1,Xo,...,Xpn;01,00,...,0]
Moreover, we consider the polynomial ring
P:=KW,Ys,....Y0 21, 2o, ..., Zy)
in the indeterminates Y7, Ys,...,Y,; Z1, 2>, ..., Z, with coefficients in the field K.

(B) In addition, we fix the isomorphism of K-vector spaces
d:W =P given by X*0% — Y*Z% for all all v, u € Ng.

Moreover we respectively consider the set [E of all elementary differential operators in W
and the set M of all monomials in P, thus:

E = {X%0" | v,p € Ny} and M := {Y¥2" | y, i € Nj} = B(E),

In a first step we now introduce some basic notions of our subject, namely: admissible
orderings (of the set E of elementary differential operators, leading (elementary) differ-
ential operators and (in the polynomial ring P) leading monomials and leading terms.
Mainly for those readers who have not met these concepts in the framework of polyno-
mial rings, we shall add below a number of examples and exercises on these new notions.

12.2. Definition, Reminder and Exercise. (A) (Total Orderings) Let S be any set. A
total ordering of S is a binary relation <€ S x S such that for all a, b, c € S the following
requirements are satisfied:

(a) (Reflezivity) a < a.

(b) (Antisymmetry) If a < b and b < a, then a = b.

(¢) (Transitivity) If a < b and b < ¢, then a < c.

(b) (Totality) Either a < b or b < a.
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We write TO(S) for the set of total orderings on S.
If <e TO(S) and a,b € S, we write

a<bifa<banda#b, b>aifa<b b<aifa<b.

(B) (Well Orderings) Keep the above notations and hypotheses. A total ordering
<e TO(S) is said to be a well ordering of S, if it satisfies the following additional
requirement:

(e) (Ezistence of Least Elements) For each non-empty subset 77 C S there is an
element ¢ € T such that t <t forall ¢ € T

In the situation mentioned in statement (e), the element ¢ € T — if it exists at all — is
uniquely determined by 7" and called the least element or the minimum of T with respect
to < and denoted by min<(7"), thus

minc(7) € T and t < ¢ for all t' € T.

We write WO(S) for the set of all well orderings of S.

(C) (Admissible Orderings) A total ordering <€ TO(E) of the set of all elementary
differential operators is called an admissible ordering of E if it satisfies the following
requirements:

(a) (Foundedness) 1 < X*0" for all v, u € Nj}
(b) (Compatibility) For all \, X', k, k', v, u € NI we have the implication:

If XAQE S XA/QE, then XAJrZQﬁ-i-g S XA'JrgQﬁ’—i—ﬁ'

We write AO(E) for the set of all admissible orderings of E.
Prove the following facts:

/

(¢) v, v/, f N X ki, i/, € NI with X20% < XY 9% and X29® < X' 0¥, then

XAtrgate - N+v g+

(d) AO(E) € WO(E).
(D) (Leading Elementary Differential Operators and Related Concepts) Keep the above

notations and hypotheses. If <€ AO(E) and d € W\ {0}, we define the leading elementary
differential operator of d with respect to < by:

LE<(d) := max supp(d),

so that
LE<(d) € supp(d) and e < LE<(d) for all e € supp(d).

Moreover, we define the leading coefficient LC<(d) of d with respect to < as the co-
efficient of d with respect to LE<(d), and the leading differential operator LD<(d) of d
with respect to < as the product of the leading elementary differential operator with the
leading coefficient, so that:

(b) LD<(d) = LC<(d)LE<(d).
(c) LE< (d — LDS(d)) < LE<(d).
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Finally, we define the leading monomial and the leading term of d with respect to <
respectively by

LM< (d) := @(LES(d)) and LT<(d) := @(LD<(d)) = LC<(d)LM<(d).
Prove the following statements:

(d) If d,e € W\ {0}, with d # —e, then LE<(d + ¢) < max<{LE<(d),LE<(e)}, with
equality if and only if LD<(d) # —LD<(e).

The previously introduced notions are of basic significance for this and the next section.
So, we hope to illuminate their meaning in the following series of examples and exercises,
which were already announced prior to the definition of these concepts.

12.3. Examples and Exercises. (A) (Well Orderings) Keep the above notations and
hypotheses. Prove the following statements:

(a) Let ¢ : Ny — N x N§ be a bijective map. Show that the binary relation
<,C E x E defined by

X¥0" <, XY & o v, p) < o (v, p)

for all v, p, v/, i € Nj} is a well ordering of E.
(b) Show that in the notations of exercise (a) the well ordering <, is discrete, which
means that the set {e € E | e <, d} is finite for all d € E.
(c) Show, that there uncountably many discrete well orderings of E.
(d) Let n = 1, set X; =: X,0; =: 0 and define the binary relation < on the set of
elementary differential operators E = {X"0" | v, u € Ny} by
/
XYO* < XV O if either {y < V/ or else
v="vand pu <y

for all v, u € Ny. Show, that < is a non-discrete well ordering of E.

(B) (Admissible Orderings) Keep the above notations and hypotheses.
(a) We define the binary relation <,,C ExIE by setting (again for all v, u, v/, i’ € Np):

X" <100 XY O if either
(1) v=v'and p= 4/, or
(2) v and 35 € {1,2,...,n}: [p; < Wy and pg = iy, Vk < j], or else
(3) Fie{1,2,...,n}: [, <V and v = v}, Vk < i].
Prove that <€ AO(E). The admissible ordering < is called the lexicographic
ordering of the set of elementary differential operators.
(b) Set n =1, Xj =: X, 0; =: 0 and write down the first 20 elementary differential
operators d € E = {X"0" | v, u € Ny} with respect to the ordering <jq.
(c) Solve the similar task as in exercise (b), but with n = 2 instead of n = 1 and with
30 instead of 20.
(d) We define another binary relation <geglexC E X E by setting

Z/
Z/

deg(d) < deg(e) or else

d <qeglex € if eith
Sdegl € 1I eltner {deg<d) — deg(e) and d Slex €.
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Show, that <gegex€ AO(E). This admissible ordering is called the degree-
lexicographic ordering of the set of elementary differential operators.
(e) Solve the previous exercises (b) and (c) but this time with the ordering <gegiex-
(f) We introduce a further binary relation <gegreviex© E X E by setting (again for all
v, pu, V', 1 € Np):

XYM <gegreviex XY O if either

(1) deg (X¥0") < deg (X” 8”) or else
(2) deg (X* Qﬁ) deg (X” o* ) and either
() 2= o and p= 4, or
(ii) p = ' and Ji € {1 2,...,n}: [v; > v and v, = v, Vk > i], or else
(ii) 45 € {1,2,...,n}: [,u] > ph and iy = iy, Vk >j].

Prove, that <gegreviex€ AO(E). This admissible ordering is called the degree-
reverse-lexicographic ordering of the set of elementary differential operators.

(g) Solve the previous exercise (e) but with <gegreviex instead of <geglex-

(h) An admissible ordering of the set Ml = {Y*Z" | v, u € Nj} of all monomials in P
is a total ordering of M which satisfies the requirements
(1) (Foundedness) 1 < m for all m € M.
(2) (Compatibility) For all m,m’ and t € M we have the implication:

If m <m', then mt < m't.
For any <€ AO(E) we define the binary relation <¢C M x M by setting
m <g m' & & 1(m) < d 1 (m) for all m,m’ € M.
Prove, that <¢€ AO(M) and that there is indeed a bijection
oo : AO(E) — AO(M), given by <—<g .

The names given in the previous exercises (a), (d) and (f) to the three admissible
orderings of E introduced in these exercises are "inherited“ from the ”classical“
designations used in polynomial rings, via the above bijection.

(i) Prove, that <geglex and <gegreviex are both discrete in the sense of exercise (A) (b),
where as <j. 1S not.

(C) (Leading Elementary Differential Operators and Related Concepts) Keep the previous
notations and hypotheses.

(a) Let n =1, set Xy =0 X, 0y =: 0, Y7 = Y and Z; =: Z. Write down the lead-
ing elementary differential operator, the leading differential operator, the leading
coefficient, the leading monomial and the leading term of each of the following
differential operators, with respect to each of the admissible orderings <jcx, <deglex
and Sdegrevlex:

(1) 5X6 +4X40 — 2X20% + X0* — 305.
(2) 0* —4X03 +6X%0% —4X0 + X*.
(3) 012 — X59T + X70° — X99° + X2,

(b) Let n = 2 solve the task corresponding to exercise (a) above for the differential

operators
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(1) X3?X3 420703,
(2) XPX30707 — 0105
(3) XF+ X%+ 0F + 0% with k € N.

The next proposition will play a crucial role for our further considerations. it tells us
essentially, that ”"leading differential operators behave as leading terms of polynomials®.
It is precisely this propoerty, which will allow us to introduce a fertile notion of Grobner
bases for left ideals in Weyl algebras.

12.4. Proposition. (Multiplicativity of Leading Terms) Let <€ AO(E) and let
d,e € W\ {0}. Then it holds

(a) LTS(CZG) = LTS(d>LTS(6)

(b) LM<(de) = LM< (d)LM<(e).

Proof. The product formula for elementary differential operators of Proposition 6.2 yields
that

LE< (XZQEXZ’QE') = XY O for all v, v, p,p' € Np.
We may write
d= Z C(ZCQ X%9" and e = Z c;,)ﬁ,_!_ﬁ/
(v,p) E€supp(d) (v/,u")€supp(e)
with C(JZ, (c}), € K\ {0} for all (v, ) € supp(d) and all (', 1) € supp(e). With appro-
priate pairs (1 , 1) € supp(d) and (', /@) € supp(e) we also may write

LE<(d) = X9 and LE<(e) = X 9#”  hence also

LC<(d) = ¢t and LC<(e) = 5l o

Now, bearing in mind the previous observation on leading elementary differential operators
we may write

de — Z Czdﬁ)_z_g C;)&/_Z/_El _
(v,p)€supp(d),(v/,p’)€supp(e)
—= Z C(Zdﬁ) C(Zf)ﬁ/_z_&_z,_&/ =
(v,p)€supp(d),(v/,p’) Esupp(e)
- el X 0 1),

(v,p) €supp(d), (v, ) Esupp(e)

with 7y, € W, such that for all (v, ) € supp(d) and all (¢, 4') € supp(e) it holds
LE<(ry ) < XU gut whenever 1, e 7 0.
By Definition, Reminder and Exercise 12.2 (C)(c) we have
Xt getn o x v OO 8ﬁ(0)+ﬂl(o) for all

(v, ), (', 1)) € supp(d) x supp(e) \ { (@, u ), @O, 1/ O))}.
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By Definition, Reminder and Exercise 12.2 (D)(d) it now follows easily that
LES (de) — XB(O)+KI(O)QH(O)+H/(O) and
d e
LCS(dG) = C(Z(()))H(O)C(gfzo)&/(o) = LCS (d)LCS(e),
We thus obtain
LM< (de) = @(Xg(0>+g/<o)au<0>+w<o)) OO 0Ol 03 0
<(de) = (X QHOH O _y 0yt gy

— o(x*" 2" (x¥"94”) = ®(LE<(d))®(LE<(e)) = LMS(d;LMS(e).

But now it follows
LTS (de) = LCS(de)LMS (de) = LCS(CZ)LCS (€)LM§(d)LMs(€) =
= LC<(d)LM<(d)LC<(e)LM<(e) = LT<(d)LT<(e).
O

The next result may be understood as an extension of the classical division algorithms
of Euclid for uni-variate polynomials to the case of differential operators. Those readers,
who are familiar with the Buchberger algorithm in multivariate polynomial rings will
realize that our result corresponds to the division algorithm in multi-variate polynomial
rings. Observe in particular that — as in the case of multi-variate polynomials — we will
divide "by a family of denominators* and that the presented division procedure depends
on an admissible ordering.

12.5. Proposition. (The Division Property) Let <€ AO(E), let d € W and let
F C W be a finite set. Then, there is an element r € W and a family (q7) jer € W such
that

(a) d= ZfeF (]ff +ry

(b) ®(s) ¢ PLM<(f) for all f € F\ {0} and all s € supp(r).

(c) LE<(qsf) < LE<(d) for all f € F with qsf # 0.
Proof. We clearly may assume that ' C W\ {0}. If d = 0, we choose r = 0 and ¢y = 0 for
all f € F. Assume, that our claim is wrong, and let U C W be the set of all differential

operators d € W which do not admit a presentation of the requested form. As <€ WO(E)
and U C W\ {0}, we find some d € U such that

LE<(d) = min<{LE<(u) | u € U}.
We distinguish the following two cases:
(1) There is some f € F such that LM<(d) € PLM<(f).
(2) f ¢ Uyep PLM<(f).

In the case (1) we find some e € E such that LM<(d) = ®(e)LM<(f) and so we can
introduce the element

LC<(d)

T=d ey

ef € W.

If d =0, we set
. LC<(d)
L)

r =0, e, and gp =0 for all f' € F\ {f}.
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But then
LC(d)

- LC<(f)
is a presentation of d with the requested properties.
So, let d’ # 0. Observe, that by Proposition 12.4 (a) we can write

LC<(d) o _ LC<(d) o _ LC<(d)
-~ T =D = T
LC<(d)LM (¢)LM- (f) = LO<(d)(e)LM<(f) = LC< (d)LM<(d) = LT<(d).

d

ef =qif +r

LT<(

LT<(e)LT<(f) =

If follows that LD< (Eg%g;e f) = LD<(d), and hence by Definition, Reminder and Exer-

cise 12.2 (D)(d) we obtain that
LES (d,) < LES (d) = ming{LEg (U) | u e U}
Therefore, d ¢ U and so we find an element v’ € W and a famil "Nper € WE such
9 Yy Qf fle

that

(@) & = pepdpf +7;

(b) ®(s') ¢ PLM<(f") for all f' € F and all s’ € supp(r’).

(c)) LE<(¢} f'") < LE<(d) for all f € F with ¢}, # 0.

Now, we set

r =1 and q; := ar C AEARaEE
= = ’ LC<(d . /
R VAT e
As
LC<(d
LE<(q}) < LE<(d) < LE<(d) and LE< ([ 71¢) = LE<(e) < LE<(d)
<
we get
/ LC<(d>
LE =LE = < LE<(d).

Now, it follows easily, that the requirements (a),(b) and (c) of our proposition are satisfied
in the case (1).

So, let us assume that we are in the case (2). We set
d' = d — LD(d).

If d =0 we have d’ = LD<(d) and it suffices to choose ¢f := 0 for all f € F' and r = d.
So, let d # 0. Then, we have LE<(d') < LE<(d) (see Definition, Reminder and
Exercise‘12.2 (D)(c)), so that again d' ¢ U. But this means once more, that we get
elements 7" and ¢j € W (for all f’ € F) such that the above conditions (a)’, (b)" and (c)’
are satisfied. Now, we set

r:=r"+LD<(d) and g := ¢} for all f € F.

As supp(r) C supp(r’) U{LE<(d)} and LE<(¢qsf) < LE(d') < LE<(d) for all f € F with
qr # 0 the requirements (a),(b) and (c) are again satisfied for the suggested choice. O
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Now, we are ready to introduce the basic notion of this section: the concept of Grobner
basis.

12.6. Definition, Reminder and Exercise. (A) (Monomial Ideals) An ideal I C P is
called a monomial ideal if there is a set S C M = {Y*Z" | v, u € Ny} such that

I = ZIP’S.

s€S
Show that in this situation for all m € M\ {0} we have
(a) If m = 21;:1 fis; with s1,89,...,8 € S and f1, fa,..., f; € P, then there is some
i€{1,2,...,t} and some n; € supp(f;) such that m = n;s;.
(b) m € I if and only if there are n € M and some s € S such that m = ns.
(B) (Leading Monomial Ideals) Let <€ AO(E) and 7' C W. Then, the ideal

LMI<(T) := ) PLM(d)
deT\{0}
is called the leading monomial ideal of T with respect to < T.
Prove that for all m € M, we have the following statements.
(a) Ifm= Zle szMS(tz> with ti,ta,...,ts € T and fl, fg, cee fs c IP, then there is
somei € {1,2,...,s} and some n; € supp(f;) such that t; # 0 and m = n,LM<(¢,).
(b) m € LMI<(T) if and only if there are elements u € E and ¢t € T such that
(C) (Grébner Bases) Let <€ AO(E) and let L C W be a left ideal. A Grébner basis
of L with respect to < (or a <-Grébner basis of L) is a subset G C L such that

#G < 0o and LMI<(L) = LMI(G).

Prove the following facts:

(a) If G is a <-Grobner basis of L and G C H C L with #H < oo, then H is a
<-Grobner basis of L.

(b) If G is a <-Grobner basis of L, then for each d € L\ {0} there is some u € E and
some g € G\ {0} such that

LM< (d) = LM () LM< (g) = LM< (ug).
(c) If G is a <-Grobner basis of L, then for each d € L\ {0} there is some monomial
m =Y*Z% € P and some g € G \ {0} such that
LM< (d) = mLMc<(g).
Now, we prove that Grobner bases always exist, and that they deserve the name of
"basis“, as they generate the involved left ideal. Clearly, these statements correspond
precisely to well known facts in multi-variate polynomial rings. After having established

the announced existence and generating property of Grobner bases, we shall add a few
examples and exercises on the subject.

12.7. Proposition. (Existence and Generating Property of Grobner Bases) Let
<€ AO(E) and let L CW be a left ideal. Then the following statements hold.

(a) L admits a <-Grébner basis.



64 MARKUS BRODMANN

(b) If G is any <-Grébner basis of L, then L =

gGG

Proof. (a): This is clear as the ideal LMI<(L) is generated by finitely many elements of
the form LM< (g) with g € L.

Let G C L be a <-Grdbner basis of L and assume that )

(b): g € L. As
<€ WO(E), we find some e € W\ > _ . Wg such that

gEG
geG

LE(e) = min{LE<(d) | d € L\ > Wg}.

By Definition, Reminder and Exercise 12.6 (C)(b) we find some u € E and some g € G
such that

LM< (e) = LM< (u)LM<(g).

Setting Cele)
L < (&

LC<(9)"

we now get on use of Proposition 12.4 (a) that
LT<(e) = LC<(e)LM<(e) = LC<(e)LM< (u)LM<(g) =

LC<(e) o
L UT<(LT<l) =

V= —

= LCS (e)LTS (u)@ S(g>

= —LT<(v)LT<(g9) = —LT<(ve).
Ased¢ > oWgand g€ G, we have

e+wvg €L\ Z Wyg.
geG
In particular e + vg # 0. So by Definition, Reminder and Exercise 12.2 (D)(d) it follows
that
LE<(e + vg) < LE<(e)LE(¢) = min{LE<(d) | d € L\ > Wg}.
- geG
But this is a contradiction. O

Now, we add the previously announced examples and exercises.

12.8. Examples and Exercises. (A) (Leading Monomial Ideals) Keep the above nota-
tions and hypotheses. Prove the following statements:

(a) Let d € W\ {0} and <€ AO(E). Prove that LMI-(Wd) is a principal ideal.
(b) Let n =1, X; =: X and 0; =: 9. Set L := W(X? — 9) + W(X9) and determine
LMIS (L) for S::Slexa Sdeglex and Szzgdegrevlex-
(B) (Grébner Bases) Keep the above notations and hypotheses. Prove the following
statements:

(a) Let the notations be as in exercise (a) of part (A) and prove that {cd} is a <-
Grobner basis of Wd for all ¢ € K\ {0}, and that any singleton <-Grébner bases
of Wd is of the above form.
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(b) Let the notations and hypotheses be as in exercise (b) of part (A) and compute a
<-Grobner basis for <i=<lex, Sdeglex and S::Sdegrevlex

We now head for another basic result on Groébner bases, which says that these bases
enjoy a certain restriction property. This will be an important ingredient in our treatment
of Universal Grobner bases. We begin with the following preparations.

12.9. Notation. (A) For any set S C W we write
supp(S) == |_J supp(s).

seS
(B) Let <€ TO(E) (see Definition, Reminder and Exercise 12.2 (A)) and let T C E.
We write <[r for the restriction of < to T, thus — if we interpret binary relations on a
set S as subsets of S x S:

<Ip = <N(TxT), sothat :d<[re<d<eforalldecT.

12.10. Proposition. (The Restriction Property of Grébner Bases) Let L C W
be a left ideal. Let <, <'€ AO(E) and let G be a <-Grébner basis of L. Assume that

< rsupp(G) - Sl rsupp(G) .
Then G is also a <'-Grébner basis of L.

Proof. Let d € L\ {0}. We have to show that LM</(d) € LMI</(G). We may assume
that 0 ¢ G. If we apply Proposition 12.5 to the ordering <’, we find an element r and a
family (g,),ec € WY such that

(1) d=>"ycc 9 + 7

(2) ®(s) ¢ PLM</ (g) for all g € G and all s € supp(r).

(3) LE</(gy9) <' LE</(d) for all g € G with ¢, # 0.
Our immediate aim is to show that » = 0. Assume to the contrary that r # 0. Asr € L
and G is a <-Grobner basis of L, we get LM<(r) € LMI<(G). So, there is some g € G
such that ¢, # 0 and LM< (r) = nLM<(g) for some n € M (see Definition, Reminder and
Exercise 12.6 (B)(a)). As <lapp(@) = <'lsupp(c) it follows that

®(LT<(r)) = LM<(r) € PLM< (g).

As LT<(r) € supp(r), this contradicts the above condition (2). Therefore r = 0.
But now, we may write

d= Y qu9, whith G* := {g € G| g, # 0}.
geG*
By the above condition (3) we have LE</(¢,9) <’ LE</(d) for all ¢ € G*. So, there is
some g € G* such that LE</(d) = LE</(q,9) (see Definition, Reminder and Exercise 12.2
(D)(d)), and hence LM</ (d) = LM</(gy9). Thus, on use of Proposition 12.4 (b) we get
indeed
LM< (d) = LM< (qy)LM< (g) € LMI</(G).

Now, we shall introduce the central concept of this section.
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12.11. Definition. (Universal Gréibner Bases) Let L C W be a left ideal. A wuniversal
Grébner basis of L is a (finite) subset G C W which is a <-Grébner basis for all <€ AO(E).

Clearly, our next aim should be to show, that universal Grobner bases always exist.
There are indeed various possible ways to prove this. Here, we shall do this by a topo-
logical approach which relies on an idea of Sikora [31], and which can be found in greater
generality in Boldini’s thesis [9]. We approach the subject by first introducing a natural
metric on the set of total orderings of all elementary differential operators. Then, we
make the reader prove in a series of exercises, that we get a complete metric space in this
way.

12.12. Definition, Exercise and Convention. (A) (The Natural Metric on the Set
TO(E)) For all i € Z we introduce the notation
Ei:={e € E | deg(e) < i} = {X*0" | |v| +|u| < i}.
We define a map
dist : TO(E) x TO(E) — R, given by for all <, <'e TO(E) by
9—sup{reNo|<[g, = SlhEr}7 if S?AS/,
0, if <=<'.

dist(<, <) = {

Prove that
(a) For all <,<’e€ TO(E) and all r € Ny we have

1
dist(<, <) < o if and only if <[z, = <&, .
(b) The map dist : TO(E) x TO(E) — R is a metric on TO(E).
From now on, we always endow TO(E) with this metric and the induced Hausdorff topol-

0gy.

(B) (Completeness of the Metric Space TO(E)) Let (<;)ien, be a Cauchy sequence in
TO(E). This means:

1
For all r € Ny there is some n(r) € Ny such that dist(<;, <;) < > for all 4,7 > n(r).

We introduce the binary relation <C E x E given for all d,e € E by
d < e if and only if d <; e for all i > 0.
Prove the following statements:
(a) If r € Ng, d,e € E, 41, and 4,5 > n(r), then d <; e if and only if d <; e.
(b) If r € No, d,e € E,41, and ¢ > n(r), then d <; e if and only if d <e.
(c) <e TO(E).
(d) If r € Ny, and ¢ > n(r), then dist(<;, <) < 5.
(e) lim; oo <;=<.
(f) TO(E) is a complete metric space.

Now, we are ready to prove the basic ingredient of our existence proof for universal
Grobner bases.
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12.13. Proposition. (Compactness of the Space of Total Orderings) The space
TO(E) is compact.

Proof. Let (<;)ien, be a sequence in TO(E). It suffices to show, that (<;);en, has a con-
vergent subsequence. Bearing in mind Definition, Exercise and Convention 12.12 (B)(f)
(or (e)), it suffices to find a subsequence of (<;);en, which is a Cauchy sequence. Observe
that all the sets E, are finite. We want to construct a sequence (S, ),cn, of infinite subsets
S, € Ny such that for all s € Ny we have

(1) Serl g Ss-

(2) Sj rlE5+1 = SkrESJrl for all j, ke Ss.
We construct the members S, of the sequence (S;),cn, by induction r. As E; is finite, we
can find an infinite set Sy C Ny such that requirement (2) is satisfied with s = 0. Now, let
r > 0 and assume that the sets Sy, S, ...,S, are already defined such that requirement
(1) holds for all s < r and requirement (2) holds for all s <.
As E, .5 is finite, we find an infinite subset S,,; C S, (which hence satisfies requirement
(1) for s = r) such that requirement (2) is also satisfied with s = r+1. This completes the
step of induction and hence proves that a sequence (S, ),cn, With the requested properties
exists.
Now, we may choose a sequence (i)gen, in Ny, such that

1, < i,41 and i, € S, for all r € Nj.
In particular it follows that

= <l for all j,k >1r

Si]‘ r]Eer Ert1

and hence (see Definition, Exercise and Convention 12.12 (A)(a))
1
diSt(Sij, S’lk) < ? for all j,l{) >,

So, the constructed subsequence (<;, )ren, of our original sequence (<;)en, is indeed a

Cauchy sequence. O

What we need indeed to prove our main result, is the compactness of subspace of
admissible orderings in the topological space of total orderings.

12.14. Proposition. (Compactness of the Space of Admissible Orderings) The
set AO(E) is a closed subset of TO(E) and hence compact.

Proof. Let (<;)ien, be sequence in AO(E), which converges in TO(E) and let
lim; oo <5 = <.

We aim to show, that <€ AO(E). According to Definition, Reminder and Exercise 12.2
(C), we must show, that for all A\, ), &, £, v, i € N the following statements hold.

(1) 1< X9~

(2) If XAQE < XA’QE then XAJrZQE"FE < XA/JrHQﬁ,-FB‘
So, fix A, N, k,’,v, ;0 € NI Then we find some r € Ny such that all the elementary
differential operators which occur in (1) and (2) belong to E,;. Now, we find some

i € Ny such that dist(<;, <) < 5, hence such that <[ = <ilg.,,. As <;e AO(E)

or Ery1
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the required inequalities hold for <;. But then, by the coincidence of < and <; on E, 1,
they hold also for <. O

Now, after having established the following auxiliary result, we are ready to prove the
announced main result.

12.15. Lemma. Let L. CW be a left ideal and let G C L be a finite subset. Then, the set
UL(G) :={<€ AO(E) | G is a < — Grdbner basis of L}
is open in AO(E).

Proof. We may assume that Up(G) is not empty and choose <€ U (G). We find some
r € Ny with supp(G) C E, ;1. Let <'€ AO(E) such that dist(<, <') < 5=. So, we obtain

2r -
that <'Ig,,, = <'[g,,, and hence in particular that <'lspp) = <'lsupp@)- By

Proposition 12.10 it follows that G is a <’-Grobner basis of L and hence that <'€ UL(G).
But this means, that the open neighborhood

1
{<'e AO(E) | dist(<, <) < 5}
of < belongs to UL(G). O

12.16. Theorem. (Existence of Universal Grobner Bases) Fach left ideal L of W
admits a universal Grobner basis.

Proof. Let L C W be a left ideal. For each <€ AO(E) we choose a <-Grébner basis G<
of L. In the notations of Lemma 12.15 we have <€ U;(G<). So, by this same Lemma
the family

(UL(GS)) <€AO(E)
is an open covering of AO(E). By Proposition 12.14 we thus find finitely many elements
<1, <9,..., <€ AO(E)
such that

AO(E) = | JUs(G-).

Let <€ AO(E). Then <€ UL(G«,) for some i € {1,2,...,r}. Therefore G, is a <-
Grobner basis of L. So |J._, G<, is a Grébner basis of L for all <e AO(E). O

As a first application of the previous existence result we get the following finiteness
result.

12.17. Corollary. (Finiteness of the Set of Leading Monomial Ideals) Let L CW
be a left ideal. Then the set

{LMI<(L) |[<€ AO(E)}

of all leading monomial ideals of L with respect to admissible orderings of E is finite.
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Proof. Let G C L be a universal Grobner basis of L. Then we have
{LMI<(L) |[<€ AO(E)} = {LMI<(G) |<€ AO(E)}.
Therefore

#{LMI<(L) |[<€ AO(E)} < #{) PO(h) | H C supp(G)} <

heH
< #{H C supp(G)} = 27w

13. WEIGHTED ORDERINGS

This section is devoted to the study of admissible orderings which are compatible with
a given weight. In relation to this, we shall introduce the fundamental notion of symbol
of a differential operator with respect to a given weight. We shall see, that these symbols,
which are indeed polynomials, behave again multiplicatively. Moreover, we shall see that
the symbols of all members of a Grobner basis of a given left ideal generate the so-called
induced ideal of the given left ideal. Our ultimate goal is to prove, that number of
characteristic varieties of given D-module with respect to all weights is finite. Moreover,
we shall prove a certain stability result for characteristic varieties found in Boldini’s thesis
9], which is published in [10].

13.1. Notation. (A) As previously, we fix a positive integer n, a field K of characteristic
0 and consider the standard Weyl algebra
W .= W(K,n) = K[Xl,XQ, ce ,Xn;al,ag, e ,8n],

the polynomial ring

P:=KW,Ys,....Y0: Z1, 2o, ..., Zy)
in the indeterminates Y1, Y5, ..., Y,; 21, Zs, ..., Z, with coefficients in the field K and the
isomorphism of K-vector spaces

O:W P, X" YYZ" for all v, u € Nj.
(B) We also write
Q:={(v,w) € Nj x Ny | (v;,w;) # (0,0) for all i =1,2,...,n} C Ny x N{

for the set of all weights. If

w = (v,w) €
we also use the suffix w instead of the suffix vw in all the previously introduced notations.
So we write for example

W =W, deg®(d) := deg™(d), P, :=P",
Observe, that
w+aeQand sw e Q for all w,a € ) and all s € N,

where the arithmetic operations are performed in N2".

Now, we introduce the concept of admissible orderings which are compatible with a
given weight.
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13.2. Definition and Exercise. (A) Weight Compatible Orderings We fix a weight and
an admissible ordering of the the set E of elementary differential operators in W (see
Definition, Reminder and Exercise 12.2 (C)):

w=(v,w) € Qand <€ AO(E).

We say that < is compatible with the weight w = (v, w) € 2 (or w-compatible), if for all
d,e € E we have:
If deg®(d) < deg®(e), then d < e.
So, < is compatible with w = (v,w) if and only if for all v, u,v', " € Ny we have the
following implication:
If vo+ pw < v'v + p'w, then X*9 < X¥ 9"
We set
AO=(E) = AO*™(E) := {<€ AO(E) | < is compatible with w = (v, w)}.

(B) Weighted Admissible Orderings) Keep the notations and hypotheses of part (A).

We define a new binary relation
<E=<MCE X E

on E, by setting, for all d,e € E:

d<<eif either  deg®(d) < deg®(e)
or else  deg®(d) = deg®(e) and d < e.

Prove that for each weight w = (v, w) € 2 and each <€ AO(E) the following statements
hold.

(a) <2€ AO“(E).

(b) (<) = <=

(c) <€ AO“(E) if and only if < = <«
The admissible ordering <¢€ AO(E) is called the w-weighted ordering associated to <.

Another important concept, which was already mentioned in the introduction to this
section, is the notion of symbol of a differential operator. We now will introduce this
notion after a few preparatory steps.

13.3. Definition and Exercise. (A) Let w = (v,w) € Q, let i € Ny and let
d= Z c(;QXZQﬁ eW with % e K\ {0} for all (v, ) € supp(d).

vy

(v,p)€supp(d)
We set
supp;(d) := {(v, u) € supp(d) | vv + pw = i}.
and
di = d* = Z c(zdﬁ)&z@ﬁ.
(v,v)€supp;(d)
Prove that for all d,e € W, all 7,5 € Ny and for all weights w = (v, w) € Q the following
statements hold:
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/

supp;; ;(de) = {(v+ v/, p+ ') | (v, p) € supp;(d) and (v

(e) If d,e # 0, i := deg®(d) and j := deg®(e), then

@h - X g
(v,p)€supp; (d), (v ,u) Esupp(e)

(B) Keep the notations and hypotheses of part (A). We set

o (d) == ®(df) = Z c(‘i)YKZﬁ.

(v,v)€Esupp(d)

Prove on use of statements (a)—(e) of part (A) that for all d,e € W, all 4,57 € Ny and for
all weights w = (v, w) € € the following statements hold:
(a) 07(d) := oy (d7).
(b) If i > deg®(d), then oy (d) = 0.
(Cg 0y (d) = o7 (dy).

(d) o7(d+e) = o;(d) + oi(e).

(C) (The Symbol of a Differential operator with Respect to a Weight) Keep the notations
of part (A), (B). We define the w = (v, w)-symbol of the differential operator d € W by

0 ifd=0
“(d) := 7
o*(d) {a(";egw(d) if d + 0.

Prove that for all d,e € W\ {0} the following statements hold.
(a) O-g(d) = (I)(dﬁegi(d)) = ag(dﬁegi@i)'
0“(d) + o%(e) if deg®(d) = deg®(e),

(b) o(d+e) = 2(d) if deg(d) > deg“(e).

First, we now prove that symbols behave well with respect to products of differential
operators.

13.4. Proposition. (Multiplicativity of Symbols) Let w = (v,w) € Q and let d,e €
W. Then

o“(de) = o“(d)o*(e).

Proof. If d =0 or e = 0, our claim is obvious. So, let d,e # 0. We write i := deg®(d) and
j := deg®(e). Observe that deg®(de) =i + j. So, by Definition and Exercise 13.3 (A)(e)
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we have
Oﬂ(de) = O'erj (de) = Q)((de)lﬂ) _
J— d (e) % Z, + / .
= & > ccls), e gty =
(Zvﬁ)ésuppii(dx(zl 7&')€Supp%(e)
= > (D) e guid
v v E —_ =

(v,p)esupp; (d), (v ,p) €supp;(e)

= ( Z C(;Z)xzzﬁ)( Z CfﬁL/zﬂ’z&') -
(v,p) Esupp;*(d) (V' ,p')Esupp;(e)
= O(d;)P(e) = 0;°(d)o (e) = o*(d)o*(e).
O

In Definition and Remark 11.5 we have seen, that each left ideal L of the standard Weyl
algebra W induces a graded ideal in the associated graded ring with respect to a given
weight. These induced ideals will play a crucial role in our future considerations. We just
revisit now these ideals.

13.5. Reminder, Definition and Exercise. (A) (Induced Graded Ideals) Let L C W
be a left ideal, let w = (v, w) € Q be a weight and let us consider the w-graded ideal (see
Definition and Remark 11.5)

GL) =@ (LW + W2 ) /W2 | = D LY/L2 | = Grpe(L) C G2(L),
i€EZ i1€EZ
where

LY = LNW2:= (LNWY)

v /i€eNg

is the filtration induced on L by the weighted filtration W¢". We now consider the w-graded
ideal of P< = P given by

G (L) := (1) (G(L)),
where N

e =np<:P="P¢ — G-
is the canonical isomorphism of graded rings of Theorem 9.4. We call G*(L) the (w-
graded) ideal induced by L in P.

(B) Let the notations and hypotheses be as part (A). Fix ¢ € Ny and consider the i-th
w-graded part

w

T = T N B = ()7 (69)
of the ideal G*(L) C P. Prove the following statements:
(a) Let d € L with deg®(d) =i and let d := d + W¥ ;| € G¥(L);. Then it holds
()~ (d) = @(d7’) = 0*(d) € G™(L)s.

(b) Each element h € G¥(L); \ {0} can be written as
h = 0*(d), with d € L and deg®(d) =
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(C) (The Induced Erxact Sequence Associated to a Left Ideal with Respect to a Weight)
Keep the above notations and hypotheses. Prove the following statements:

(a) There is a short exact sequence of graded of graded P“-modules
0 — G (L) — G — Gryegr(W/L) — 0,

where 1 := 1+ L € W/L and WK1 is the w -filtration induced on the cyclic
D-module W/L by its subspace K1.

—w

(b) Annp(GrW%KT(W/_L)) =G (L).

(c) V&(W/L) = Var(G*(L)).
We call this sequence the short evact sequence associated to the left ideal L with respect
to the weight w.

Now, we are ready to formulate and to prove a result which we already announced in
the introduction to this section. It relates the symbols of the members of a Grobner bases
of a left ideal with the induced ideal with respect to a given weight.

13.6. Proposition. (Generation of the Induced Ideal by the Symbols of a
Grobner Basis) Let w € Q, let L CW be a left ideal, let <€ AO(E) and let G be a
<“2-Grobner basis if L. Then it holds

(1) G(L) = e Po(g).
(b) For each h € G*(L) \ {0} there is some g € G\ {0} and some monomial m =
Y¥*ZE € P such that

LM< (bel(h)) = mLMc (bel(aﬂ(g))).
Proof. (a): As the ideal G*(L) C P is graded, it suffices to show, that for each i € Ny

and each h € G*(L); \ {0} we have h € > gec Po?(g). So, fix i € Ny and assume

that h ¢ > o Po*(g) for some h € G*(L); \ {0}. Then, by Reminder, Definition and
Exercise 13.5 (B)(b), the set

& = {e € L |deg“(e) =i and 0*(e) ¢ > Po*(g)}
9eG
is not empty. Choose d € & such that
LE<o(d) = minco{LE<u(e) | e € &}.
As G is a <“-Grobner basis of L we find some g € G and some u € E such that LM< (d) =
LMcw(ug) (see Definition, Reminder and Exercise 12.6 (C)(b)). With
V= —chﬂ(d)u
LC<u(9)
it follows that LE<w(d) = LE<w(vg), hence
LD<u(d) = LC<u(d)LE<s(d) = LC<u(d)LE<s(ug) = LD<w(vg) and deg®(vg) = i.

So, by Definition, Reminder and Exercise 12.2 (D)(d) we may conclude that either

(1) deg®(d —vg) < i, or else
(2) deg”(d —vg) =i and LE<u(d — vg) < LE<u(d).
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In the case (1) we have (see Definition and Exercise 13.3 (C)(b) and Proposition 13.4)
0(d) = 0*(d — (d — vg)) = 0*(vg)) = 0*(v)o*(g) € Y  Po*(g)
geG

and hence get a contradiction.

So, assume that we are in the case (2). As d —vg € L it follows by our choice of d,
that 0(d —vg) € > ;Po*(g). But now, by Definition and Exercise 13.3 (C)(b) and by
Proposition 13.4 we have

0“(d) = 0%(d — vg) + 0*(vg) = 0(d — vg) + 0*(v)0*(g) € Y _Po*(g),
geG

and this is again a contradiction.

(b): We find some i € Ny such that LM< (®~!(h)) = LM<(®~'(h*(h))). As the ideal
G*(L) C P is graded, we have h(h) € G*(L). So we may assume, that h € G*(L);\ {0}.
Now, by Reminder, Definition and Exercise 13.5 (B), we find some d € L with deg®(d) = i
and ®~!(h) = d;, whence

LM< (@7'(h)) = LM<(d7) = LM< (d).

As G is a <“-Grobner basis of L, we find some g € G\ {0} with deg®(g) = j and some
monomial m = Y*Z% € P such that (see Definition, Reminder and Exercise 12.6 (C)(c)
and also Definition and Exercise 13.3 (C)(a))

LM_. (d) = mLMcu(g) = mLM<(g) = mLM< (97 (04)),
and so we get our claim. ([l

Now, we are ready to prove our first basic finiteness result. It says that the set of all
induced ideals of a given left ideal in the Weyl algebra is finite.

13.7. Corollary. (Finiteness of the Set of Induced Ideals) Let L C W be a left
tdeal. Then, the following statements hold:

(a) #{G*(L) | w € Q} < oo.
(b) #{VL(W/L) | w € Q} < 0.

Proof. (a): Let g be an universal Grobner basis of L. Then, by Proposition 13.6, for each
w € Q we have G7(L) = 3, _.Po¥(g). For each g € G we write

- Y g

(v,pt)€supp(g)

geG

Then, for each w € 2 we have

o“(g) = q)(gdgegi(g)) = Z C(EQH)XZZE-

Therefore
#{o“(g9) |w € Q} < #{H Csupp(g)} = 9#supp(g)
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It follows that
#{@g(L) _ Zpag(g) lwe )< #{(Ug(g))QEG c P¢ lweQl < H o#supp(g) _ ofsupp(G)

geG geG

(b): This follows immediately from statement (a) on use of Reminder, Definition and
Exercise 13.5 (C)(c). O

The second statement of the previous result says that a given cyclic D-module has
only finitely many characteristic varieties, if w runs through all weights. Our first main
theorem says, that this finiteness statement holds indeed for arbitrary D-modules. To
prove this, we first have to investigate the behavior of characteristic varieties in short
exact sequences of D-modules. This needs some preparations.

13.8. Exercise and Definition. (A) Let w € Q and let
0—Q—>U-"5P—0

be an exact sequence of D-modules. Let V' C U be a finitely generated K-vector subspaces
such that U = WV. We endow Q) with the filtration

Qe = (fl(W%V))ieNo.
Prove the following statements:
(a) For each ¢ € Ny there is a K-linear map

it QifQicy — WEV/WE LV, g+ Qi1 = 1(q) + Wi, V.
(b) For each i € Ny there is a K-linear map
T WeV/WE V — Wen(V) /W n(V), d+ W7, V= 7w(q) + W 7 (V).
(c) For each i € Ny it holds
! (Wz‘g—ﬂ(‘/)) = u(Q:) + Wi, V.
(d) For each i € Ny there is a short exact sequence of K-vector spaces
0 — Qi/Qi1 —5 WEV/WL V5 Wen(V) /W m(V) — 0.

(B) (The Graded Ezact Sequence associated to a Short Ezact Sequence of D-Modules)
Keep the hypotheses and notations of part (A). Prove the following statements:

(a) For each ¢ € Ny there is a short exact sequence of K-vector spaces
0 — Gro,(Q); —= Gryyey (U); =% Grygep ) (P)i — 0.
(b) There is an exact sequence of graded P“-modules
0 — Gro,(Q) —= Gryey (U) —= Grye,y(P) — 0,

with 7 := @, cy, & and T := Py, Ti-
The exact sequence of statement (b) is called the exact sequence induced by the eract
sequence 0 — Q - U = P — 0 and the generating vector space V of U.

(C) Keep the previous notations and hypotheses. Prove the following statements:
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(a) For each finitely generated K-vector subspace T' C @ with Q@ = WT and V' C «(T),
the two filtrations Q. and WeT of () are equivalent.

(b) Var(Annp(Gro, (Q))) = V<(Q).

Now, we can prove the crucial result, needed to extend the previous finiteness statement
for characteristic varieties from cyclic to arbitrary D-modules.

13.9. Proposition. (Additivity of Characteristic Varieties) Let w € Q) and let
0—Q—>U-""5P—0
be an exact sequence of D-modules. Then it holds
Ve(U) = VE(Q) UVE(P).

Proof. We fix a finitely generated K-vector subspace V C U with WV = U and consider
the corresponding induced short exact sequence (see Exercise and Definition 13.8 (B))

0 — Gro,(Q) —= Gryey (U) — Grye, ) (P) — 0.
On use of Exercise and Definition 13.8 (C)(b) we obtain
V(U) = Var(Annp(Gryey (U))) =
= Var (Annp(GrQ,(Q))) U Var (AnnP(Ger,ﬂ(V)(P))) = V(Q) UV<(P).

Now, we are ready to prove the announced first main theorem of this section.

13.10. Theorem. (Finiteness of the Set of Characteristic Varieties) Let U be a
D-module. Then
#{V<(U) |w € Q} < 0.

Proof. We proceed by induction on the number r of generators of U. If r = 1 we have
U = W/L for some left ideal L C W. In this case, we may conclude by Corollary 13.7
(b). So, let r > 1. Then, we find a short exact of D-modules
0—Q-——>U-""P—0
such that @) and P are generated by less than r elements. By induction, we have
H{V(Q) | w € O} < 00 and #{V(P) | w € O} < oo.
By Proposition 13.9 we also have
{VE(U) Jw € Q} = {V¥(Q)UV¥(P) | w € O},
hence
#{VU) |w € Q} < #{VHQ) |w € Q) + #{V(P) |w € O} < o0
OJ

As already announced in the introduction to this section, our ultimate goal is to estab-
lish a certain stability result for characteristic varieties of a given D-module. To pave the
way for this, we perform a number of preparatory considerations, which are the subject
of the exercises to come.
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13.11. Definition and Exercise. (A) (Leading Forms) We consider the polynomial ring
P. Let
f= ) y*zteP with ) € K\ {0} for all (v, ) € supp(f).
(v,p)€supp(f)
We set
supp; (f) := {(z, p) € supp(f) | vv + pw = i}
and consider the i—th homogeneous component of f with respect to w, thus the polynomial
fe=rt= Y, dpyran
(v,v)€supp; (f)
The leading form of f with respect to the weight w is defined by
0 if f=0,
faege(f) i f#0.

Prove that for all f,g € P, all 4,5 € Ny and for all weights w = (v, w) € € the following
statements hold:
(a) Ifz' > deg (f), then =0

(b) fi*= i (f7)
(c) (f+g)*—f + 9
(d) (fo)i =22 k= zf 9
(e)
(f) L

)

LF2(f) := {

(f
e LF‘“(fg) LF=(f)LF(g).
f) LF(f) = f if and only if f is homogeneous with respect to the w-grading of P.
(g) Ifde W, then o2(d) = LF*(®(d)).
(B) (Leading Form Ideals) Keep the notations and hypotheses of part (A). If S C P is
any subset, we define the leading form ideal of S with respect to w by

LFI(S) := Y PLF¥(f)
fes
Let SCT CPand <€ AO(]E). Prove the following statements:
(a) LFI2(S) C LFI¥(T).
(b) If for each t € T\ {0} there is some monomial m = Y*Z£ € M C P and some
s € S such that LM<. (®7(t)) = mLM<. (®7'(s)), then LFI¥(S) = LFI*(T).
(c) For each ideal I C PP it holds

LFI2(I) = \/ LFI£(VI).
(d) If I,J C P are ideals, then
(1) LFI%(I N J) C LFI%(I) N LFI¥(I) and LFI¥(1)LF1<(J) C LFI(1.J);
) /LFIZ(I N J) = \/LFI¥(I) N LFI=(J) = \/LFIZ(1) N /LFE(J)

The announced Stability Theorem for Characteristic Varieties we are heading for, con-
cerns the behavior of characteristic varieties under certain changes of the involved weights.
To prepare this new type of considerations, we suggest the following exercise.
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13.12. Exercise. (A) Prove that for all d € W, all i, 7 € Ny, all s € N and for all weights
a = (a,b),w = (v,w) € Q the following statements hold (For the unexplained notations
see Definition and Exercise 13.3):

(a) supp([di]5) = suppi(d) (supp§(d).

(b) supp([d;]7) € supp§i(d).

(c) Ifi > deg (d), j > deg®(dy) and s > deg®(d) — j, then the inclusion of statement

(a) becomes an equality.
(d) If i > deg®(d), j > deg® (df) and s > deg®(d) — j, then
(5 = djyE

(B) Prove on use of statements (a)—(d) of part (A) that for all d € W, all i, 7 € Ny, all
s € N and for all weights w = (v,w),a = (a,b) € Q the following statements hold:

(d)y v . wia
(a) o3(d7) = 2, wesuop @nsupps (@) Y2 = 07(dy).
(

b) If i > deg®(d), j > deg®(d;") and s > deg*(d) — j, then
(o (d)]§ = o5 (d).

The next two auxiliary results are of fairly technical nature. But they will play a crucial
role in the proof of our Stability Theorem.

13.13. Lemma. Let a,w € ), let d € W\ {0} and let s € N such that
s > deg®(d) — deg® (0*(d)).
Then, the following statements hold:
(a) deg®"*?(d) = deg® (0%(d)) + s deg®(d).
(b) LE*(0(d)) = o**(d).
Proof. We write
:= deg®(d) and j := deg® (¢*(d)).
Observe, that 0¥(d) = o/(d) = ®(d}), so that
j = deg® (6“(d)) = deg®(dy’) and also s > deg®(d) — j.
Now, by Exercise 13.12 (B)(b) we obtain
LF=(02(d)) = [oF(d)]f = 05757(d).
It remains to show that
J + si = deg®™*(d).
As LF®(0%(d)) # 0 we have 0%, *(d) # 0 and hence j + si < deg®"*(d) (see Definition
and Exercise 13.3 (B)(b)).

Assume that j + si > deg®"*“(d). Then, we may write deg®"*“(d) = k + si, with k > j.
It follows, that s > deg®(d) — k. On application of Exercise 13.12 (B)(b) we get that

[0 (d)]i; = ople(d) = 0*F2(d) # 0.

As k> j = deg® (0%(d)) we have [07(d)]; = 0 (see Definition and Exercise 13.11 (A)(a)).
This contradiction completes our proof. 0
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13.14. Lemma. Let L C W be a left ideal, let a,w € Q, let <€ AO(E) and let G be a
(<9)“-Grébner basis of L. Then

LFI%(G*(L)) = LFI2({0%(g) | g € G}).
Proof. By Reminder, Definition and Exercise 13.5 (B)(a) we have
S:={0%(9) g€ G\{0}} CC (L) =T
If we apply Proposition 13.6 (b) with <¢ instead of <, we see that for all t € T there

is some monomial m = Y*Z" € M C P and some s € S such that LM<a (®71(¢)) =
mLM<a (®7!(s)). By Definition and Exercise 13.11 (B)(b) it follows that

LFI%(G*(L)) = LFI*(S) = LFI*(T) = LFI*({0%(9) | g € G}).

Now, we are ready to formulate and to prove the announced stability result.

13.15. Theorem. (Stability of Induced Graded Ideals, Boldini [9], [10]) Let L C
W be a left ideal and let a € Q). Then, there exists an integer s = 5(a, L) € Ny such that
for all s € N with s >3 and all w € Q we have

LFI2(G*(L)) = G*™(L).

Proof. Let G be a universal Grobner basis of L. Then, by Lemma 13.14, for each w € 2
we have
LFI*(G*(L)) = LFI*({0“(9) | g € G}) = Y _PLF*(0*
geG

Now, we set

5 := max{deg*(g) | g € G\ {0}}.
By Lemma 13.13 it follows that LF*(0%(d)) = 0®*¢(d) for all s € N with s > 5 and all
w € . So, for all s € N with s > and all w € {2 we have

LFI*(G*(L)) = > _o*t*(d
geG

If we apply Proposition 13.6 (a) with o + sw instead of w we also get

a+w
E O_a-l—sw

geG

for all s € N with s > 5 and all w € Q2. This completes our proof. 0

13.16. Notation. If 3 C Spec(P) is a closed set we denote the vanishing ideal of 3 by I3,
thus:
I3 = ﬂp = V/J, for all ideals J C P with 3 = Var(J).
pe3
13.17. Theorem. (Stability of Characteristic Varieties, Boldini [9], [10]) Let U
be a D-module, and let o € ). Then, there exists an integer s = 5(a, U) € Ny such that
for all s € N with s >s and all w € Q) we have

Var (LFI* (Iye(r))) = VE™<(U).



80 MARKUS BRODMANN

Proof. We proceed by induction on the number r of generators of U. First, let r = 1.

Then we have U = W/L for some left ideal L C W. By Theorem 13.15 we find some
5 € Ny such that for all s € N with s > 5 and all w € {2 we have

LFI2(G*(L)) = G*™(L).
By Reminder, Definition and Exercise 13.5 (C)(c) we have

—w

Vet (1) = Var(G* (L)) and ey = /G(L).
By Definition and Exercise 13.11 (B)(c) we thus get

LFIQ(IVg(U)) _ \/LFI&(1 /@Q(L)) = Q/LFIQ(@Q(L))7

so that indeed — for all s € N with s > 5 and all w € 2 — we have
Var (LFI2(Iye(r)) = Var(LFI2(G*(L)) = Var(G*™™(L)) = ver=(U).
Now, let » > 1. Then, we find a short exact of D-modules

0—Q—=>U-""5P—0

such that @ and P are generated by less than r elements. By induction, we thus find a
number s € Ny, such that for all w € 2 and all s € N with s > 5 it holds

Var (LFI*(Iys(g))) = V2*(Q) and Var (LFI*(lye(p))) = VEH<(P).
By Proposition 13.9 we have
Vet () = Vet (Q) U Vet p)
and hence, moreover
Iya) = Iva@uve(@) = Lva@) N Lve(p).-
By Definition and Exercise 13.11 (B)(d)(2) it follows from the last equality that

VLFE (Fe() = /LFE (Fpeqg)) 0 /LFI2 (Fya(r).

Therefore
Var (LFI(Iyw(py)) = Var (LFI2(Iye(g) ) U Var (LFI(Fye(p) ).
It follows, that
Var (LFIQ(IVQ(U))) = VQ"‘SE(Q) U VQ-‘FSQ(P) — Vg—f—sg(U)

for all w € Q and all s € N with s > 5. This completes the step of induction and hence
proves our claim. [

To formulate our Stability Theorem in a more geometric manner, we introduce the
following notiony,

13.18. Definition. (The Critical Cone) Let 3 C Spec(P) be a closed set. Then, the
critical cone of 3 is defined as

CCone(3) := Var(LFI*(I3)),
where 1 = (1,1) € € denotes the standard weight.
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On use of the introduced terminology, we now can define our Stability Theorem as
follows.

13.19. Corollary. (Affine Deformation of Characteristic Varieties to Critical
Comnes, Boldini [9], [10]) Let U be a D-module. Then, there is an integers = 5(U) € Ny
such that for all w € Q and all s € N with s > 5 it holds

VA(U) = CCone(V<(U)).
Proof. This is immediate by Theorem 13.17. 0J

14. STANDARD DEGREE AND HILBERT POLYNOMIALS

In this section, we give a kind of outlook to the relation between D-modules and
Castelnuovo-Mumford regularity, which we mentioned in the introduction. We shall con-
sider a situation, which is exclusively related to the standard degree filtration of the
underlying Weyl algebras.

14.1. Preliminary Remark. (A) Let n € N, let K be a field of characteristic 0 and
consider the standard Weyl algebra W = W(K n) = K[X1, Xo,..., X,;01,00,...,0,].
Moreover let O be a ring of smooth functions in X7, X, ..., X,, over K (see Remark and
Definition 11.11 (A)). One concern of Analysis is to study whole families of differential
equations

di(fr) +dia(fo) + ... +di(fr) =
d21(f1) + d22(f2) +.o+ d2r(ff‘> -

dsl(fl) + dsZ(fQ) +...+ dsr(fr) =0.

for fixed r, s € N. So, one chooses a family

F C Wy
of matrices of differential operators. Then one studies all systems of equations
fi 0
ol _ |0 |
Jfr 0
whose matrix of differential operators (see Remark and Definition 11.11 (B)) satisfies
diy diz ... dir
Do doy dog ... da cT.
da dy ... dy

(B) Let the notations and hypotheses by as in part (A). One aspect of the above
approach is to study the behavior of the characteristic varieties

VIE(D) := V(D) = Vyyaes (Up)
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with respect to the degree filtration (see Definition and Remark 8.6 and Definition and
Remark 11.2 (D)) of the D-module Up defined by the matrix D (see Remark and Defini-
tion 11.11 (C)) if this latter runs through the family F.

The goal of this section is to prove that the degree of hypersurfaces which cut out the
characteristic variety V4°8(D) is bounded, if D runs through appropriate families F. These
families are defined by the condition, that the so called natural Hilbert function of the
D-module Up is always the same if D runs through . The idea of stratification by Hilbert
functions of the set of matrices W**" which stands behind this approach, has its ana-
logues in other theories. A most prominent example for this is the role of Hilbert schemes
in Algebraic Geometry.

To pave the way to our main result, we need a of number additional prerequisites from
Commutative Algebra, which go beyond what we required for the previous sections —
namely: basics of Hilbert polynomials, of graded local cohomology as well of Castelnuovo-
Mumford regularity. What we shall need can be found for example in [15] — notably in
Chapters 16 and 17. Below, we recall in a brief survey some of these notions and list a
few facts, which we shall use later.

14.2. Reminder, Definition and Exercise. (Hilbert Functions, Hilbert Polynomials
and Hilbert Coefficients for Modules over Very Well Filtered Algebras) (A) Let K be a
field and let R = @ieNO R; be a homogeneous Noetherian K-algebra, so that Ry = K
and R = K|[xy,xs,...,z,| with finitely many elements x1,xs, ..., z, € Ry. Moreover, let
M = @,., M; be a finitely generated graded R-module. Then dimg(M;) < oo for all
1 € Z and so we may define the Hilbert function of M, thus the function

ha o Z — Ny given by @ +— hy (i) := dimg (M;) for all i € Z.
Now M admits a Hilbert polynomial, thus a polynomial
Py (X) € Q[X] such that hp(i) = Pa(i) for all i > 0.
Keep in mind that
dim(M) = dim (R/Anng(M))
and
e (y00) = { P00

Keep also in mind, that the Hilbert polynomial Py, (X) (like all numerical polynomials)
has a binomial presentation:

dim(M)—1

Pur(X) = <—1>kek<M>(

r+dim(M) — k — 1)
k=0

dim(M) —k —1
with ey (M) € Z for all k =0,1,...,dim(M) — 1

and
eo(M) > 0 if dim(M) > 0.
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The integer e, (M) is called the k-th Hilbert coefficient of M. If dim(M) > 0, the (positive)
Hilbert coefficient eq(M) is called the multiplicity of M. Finally let us also introduce the
postulation number of M, thus the number

pstin(M) :=sup{i € Z | ha(i) # Pu(3)}.

(B) Now, let (A, A,) be a very well filtered K-algebra, so that the associated graded
ring Grg, (A) is a commutative Noetherian homogeneous graded K-algebra (see Definition
and Remark 3.4 (A)). Let U be a finitely generated (left) A-module. Chose a vector space
V' C U of finite dimension such that AV = U. Then, we know, that the graded Gry4, (A4)-
module Gra,y(U) is generated by finitely many homogeneous elements of degree 0 (see
Exercise and Definition 10.5 (B)(c)), and hence is finitely generated. So, by part (A) this
graded module admits a Hilbert function

hU,A.V = hGrA.V(U) L — NO with ¢ — hU,A.V@) = dlmK (GI"A.V(U)Z') for all 7 € Z,

the Hilbert function of U with respect to the filtration induced by V. Moreover, by part
(A), the module Gra,y(U) admits a Hilbert polynomial, thus a polynomial

PU,A.V(X) = PGrA.V(U)(X) - Q[X] Wlth hU,A.V@) = PU,A.V(i) fOI' all Z > O

We call this polynomial the Hilbert polynomial of U with respect to the filtration induced
by V. Keep in mind that according to part (A) we have that
da,(U) := dim (Gra,v(U)) = dim (V4 (U))
and
da,(U)—1, ifds,(U)>0
deg (P, X)) = * *
g (P (X)) {—oo, it da, (U) < 0.

According to part (A) the polynomial Py 4,v(X) has a binomial presentation:

dae (U)—1
Pyaw(X) = Poryvn(X) = D (=DFex(Gra,v(U)) (X C;:d{‘(}()(]_) k_fl_ 1)

with
er(U, AV) == ek(GrA.V(U)) €Zforall k=0,1,...,d4,(U) — 1.

The integer e (U, AJV) is called the k-th Hilbert coefficient of U with respect to the
filtration induced by V. Finally, keep in mind, that by part (A) we have

eo(U, AV) € N if dy, (U) > 0.

In this situation the number ey(U, A, V') € N is called the multiplicity of U with respect
to the filtration induced by V. For the sake of completeness, we set

eo(U, AV) :=01if da,(U) < 0.

Finally, according to part (A) we may define the postulation number of U with respect to
the filtration induced by V:

psting 4, (U) := pstin(Gra,v(U)) := sup{i € Z | hya,v(i) # Puav(i)}.
(C) Keep the notations and hypotheses of part (B). Prove the following claims.
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(a) The multiplicity eq,(U) := eo(U, A,V) is the same for each finite dimensional
K-subspace V C U with U = AV.

(b) There is a polynomial Qu a,v(X) € Q[X] such that
(1) deg (Qua.v(X)) = da,(U),

(2) A(Quaw(X)) == Quaw(X) — Quaw (X —1) = Pya,v(X) and
(3) dlmK(AZV) = QU,A.V(i) for all ¢ > 0.

14.3. Reminder, Remark and Exercise. (Castelnuovo-Mumford Regularity) (A) Keep
the notations and hypotheses of Reminder, Definition and Exercise 14.2(A). For each
finitely generated graded R = ,cy, Bi = K[r1,72,...,7,J-module M = P,.; M; let
reg(M) denote the Castelnuovo-Mumford regularity of M, so that

reg(M) := max{a;(M)+i|i=0,1,...,dim(M)},
with
a;(M) :=sup{j € Z | Hy, (M); # 0},
where H};ﬁ(M ); denotes the j-th graded component of the (naturally graded) i-th local
cohomology module Hy, (M) = @y Hy, (M) of M with respect to the irrelevant ideal

R+ = ®m€N Rm
(B) Keep the notations and hypotheses of part (A). Let
gendeg(M) :=sup{m € Z | M = Z RM,;}

k<m
denote the generating degree of M, and keep in mind that
gendeg(M) < reg(M).

Keep in mind, that the ideal Anng(M) C R is homogeneous and hence a finitely generated
graded R-module. Use the previous inequality to prove the following claims:

(a) If r € Z such that reg (Anng(M)) < r, there are elements

fi, fas -y fs € Anng(M) N (URZ)

i<r

such that
Var(Anng(M)) = ﬂ Var(f;).
i=1

(b) The number s of statement (a) can be chosen such that
s <Y hp(i) — rdim(M).
i=1

(c) Use statement (b) to show that we can choose s such that

s < (r Zl}z}é)m) — rdim(M) — 1.
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(C) We keep the notations and hypotheses of parts (A) and (B) and recall a few basic
facts on Castelnuovo-Mumford regularity, which can be found in [15] (and partly may be
easily proved on application of the long exact cohomology sequence and the additivity of
local cohomology), and which we shall use later in some arguments.

(a) If re Nand R = K[11,T5,...,T,] is a polynomial ring over the field R, then
reg(R) = reg (K[T1,T5,...,T;]) = 0.

(b) If 0 — N — M — P — 0 is a short exact of finitely generated graded R
-modules, then

reg(N) < max{reg(M),reg(P) + 1}.
(c) Ifr € Nand if MM, M® .. M) are finitely generated graded R-modules, then

reg (@M(i)) = max{reg(M¥) |i=1,2,...,7}.

=1

(D) For later use, we mention the following bounding result (see Proposition 2.5 of

[13])
(

a) For each d € Ny there is a bounding function
By N2 x 7 — 7

such that for each field K, for each homogeneous Noetherian K-algebra R =
@Dicn, Fi and each finitely generated graded R-module M = P, , M; of dimension
d with M = RM, we have

reg(M) < By(hg(1), har(0), pstin(M), eg(M), e1(M), ..., eq_1(M)).

1EL

Use the bounding result of statement (a) to prove the following result, in which NZ denotes
the set of all numerical functions h : Z — Nj:

(b) There is a function
B:NyxNj — 7
such that for each field K, for each homogeneous Noetherian K-algebra R =
@Dicn, i and each finitely generated graded R-module M = P, ., M; with M =
RM, we have
veg (M) < Bk (R), hay).
Another bounding result, which we shall use later is (see Corollary 6.2 of [14]):

(c) Let R = K[T1,T5,...,T,] be a polynomial ring over the field K, furnished with

its standard grading. Let f : W — V be a homomorphism of finitely generated

graded R-modules such that V' # 0 is generated by p homogeneous elements of
degree 0. Then

2'r—1

reg (Im(f)) < [max{gendeg(W),reg(V) + 1} + p + 1]

We now prove a result of Commutative Algebra, which is a special case of Theorem
3.10 of [13].
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14.4. Proposition. Let r € N, let R := K[T}, T, ..., T,| be polynomial ring over the field
K and let M = @HGNO M, be finitely generated graded R-module with M = RM,. Then

reg (Anng(M)) < [reg M + hp(0)* + 217" 4 1.

Proof. Observe first, that we have an exact sequence of graded R-modules

0 — Anng(M) — R - Hompg(M, M), with x + €(x) := zldy;, for all z € R.
Moreover, there is an epimorphism of graded R-modules

7w RO 5 A — 0.
So, with ¢ := Hompg(7, Idys) we get an induced monomorphism of graded R-modules
0 — Homp(M, M) % Hompg (R™™) M) = M0,
So, we get a composition map
fi=goe: R — M™© =V, with Im(f) = Im(¢) = R/Anng(M).

Now, observe that gendeg(R) = 0 (see Reminder, Remark and Exercise 14.3 (C)(a)),
reg(V) = reg(M) (see Reminder, Remark and Exercise 14.3 (C)(c)) and that V' is gen-
erated by hjs(0)? homogeneous elements of degree 0. So, by Reminder, Remark and
Exercise 14.3 (D)(c) we obtain

reg (R/Anng(M)) = reg (Im(f)) < [reg(M) + ho(M)? + 2] 2

On application of Reminder, Remark and Exercise 14.3 (C) (b) to the short exact sequence
of graded R-modules

0 — Anng(M) — R — R/Anng(M) — 0
and keeping in mind that reg(R) = 0, we thus get indeed our claim. O

14.5. Notation, Remark and Exercise. (A) Let B : Ny x Ny* — Z be the bounding
function introduced in Reminder, Remark and Exercise 14.3 (D)(b), so that for each field
K, for each homogeneous Noetherian K-algebra R = P, en, [ti and each finitely generated
graded R-module M = @, , M; with M = RM; we have reg(M) < B(hi(R), ha). We
define a new function
F:Nx N — Z by
F(r,h) := [B(r,h) + h(0)> +2]* " +1for all 7 € N and all h € NZ.

(B) Let the notations as in part (A). Use Proposition 14.4 and Reminder, Remark and
Exercise 14.3 (B) to show that for each field K, for each r € N, for each polynomial ring
R = K[T1,Ts,...,T,] and for each finitely generated graded R-module M = @neNo M,
with M = RM, we have the following statements:

(a) reg (Anng(M)) < F(r, hy).

(b) There are homogeneous polynomials fi, fa, ..., fs € Anng(M) with
(1) s < (FOMIETY — F(r hyy) dim(M) — 1.
(2) deg(f;) < F(r,hy)) foralli=1,2,...,s.
(3) Var(AnnR(M)) = Var(fi, fo, ..., fs) = iz, Var(fi).

No, we are ready to prove the main result of this section.



NOTES ON WEYL ALGEBRAS AND D-MODULES 87

14.6. Theorem. (Boundedness of the Degrees of Defining Equations of Char-
acteristic Varieties, [13]) Let n € N, let K be a field of characteristic 0, let U be a
D-module over the standard Weyl algebra
W:W(K,n) = K[XI,XQ,...,Xn;81,82,...,8n]
and let V- C U be a K-subspace of finite dimension with U = WV'. Morover, let
F:NxN} —7Z

be the bounding function defined in Notation, Remark and Ezercise 14.5 (A). Keep in
mind that the degree filtration Wi of W (see Definition and Remark 8.6) is very good
(see Corollary 8.7 (a)) and let

h 7 — N,

U wdesy

be the Hilbert function of U induced by V with respect to the degree filtration W& (see
Reminder, Definition and Ezercise 14.2 (B)).

Then, there are homogeneous polynomials
fi, fos o fs €EP=KY1,Yo, ...\ Y0; Z4, 2o, ..., Zy)
such that
(a) deg(f;) < F(2n, hU,chg).
(b) Vygaes(U) = Var(fy, fo, ..., fs) = iy Var(fi).
Proof. Observe that (see Definition and Remark 11.2)
Viyaes (U) = Var (Annp(erfegv(U)).

Now, we may conclude by Notation, Remark and Exercise 14.5 (B)(b), applied to the
graded P-module Gryyaes,, (U) and bearing in mind that - by Exercise and Definition 10.5

(B)(c) — we have
er(.legv(U) - ]P)GI‘W(.:IegV(U)O.
U

In the following conclusive remark, with included exercises, we aim to present Theo-
rem 14.6 in the framework of our Preliminary Remark 14.1.

14.7. Conclusive Remark and Exercise. (A) We consider the standard Weyl algebra
W=W(K,n)=K[X1,Xs,...,X,,01,0,...,0,] (n€N,Char(K) =0),

the graded isomorphism
ni=n2 P =K[Y,,Ys...,Yn: 21, Z,...,Y,] — G .= G, given by

Yi— X' Z;,— 0 foralli=1,2,...,n.
We fix r,s € N. For each matrix of differential operators D € W**" we consider the
induced presentation (see Remark and Definition 11.11 (C))

We L2y W T2 U — 0
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and set

Vp = Z Kmp(e;), where e; := (6;;)j—, € W' for all i =1,2,...,r.
i=1
Observe that
dlmK<VD) <r and UD = WVD

So, we may define the natural Hilbert function of D (see Preliminary Remark 14.1 (B)
and also Reminder, Definition and Exercise 14.2 (B))

h])izh IZ—>N0.

Up,We*EVp
In addition, we define the characteristic variety of D with respect to the degree filtration
by
VIE(D) := V4 (Up) = Vyyaes (Up).
(B) Keep the notations and hypotheses of part (A). For any numerical function h € N¥
we consider the possibly empty sets

Fo" = {D € W | hp = h}

and
F:= | F*

r,s€N
Morover, for any conic closed set

3 = Var(a) C Spec(P) = A7 with a C P a homogeneous ideal

we introduce the defining degree
defdeg(f)) = inf{s € NO | Elfla f27 R ft € U]Pz : 3 = Var(fla f27 R ft)}
i=0
of 3.

In addition, for each 3 as above we introduce the set of (generic) points of 3 whose closure
has maximal dimension, hence the set:

3= {p €3 | dim(P/p) = dim(3)}.

Fix a numerical function h € NZ. Use Theorem 14.6 and (concerning statement (b)) the
Associativity Formula for Multiplicities to show that

(a) For each D € IF}, it holds
defdeg(V&(D)) < F(2n, h).
(b) #(Vde(D)l) remains bounded, if D runs through Fy,.

(C) In the spirit of an example, we look at the case of one single differential equation
d(g) =0, deW\{0}and g€ O,

where O is a ring of smooth functions in X7, Xy, ..., X,,. So, we look at the case r = s = 1.
In all the notations introduced in part (A) and (B), we allow ourselves to write just d for
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the matrix D = (d) € W*1.
Following what we did in Example 11.3 we write

d = Z DX € W\ {0} and & := deg(d) = degii(d),

(v,pt)€supp(d)

with c,(jﬁg € K\ {0} for all (v,u) € supp(d). Again we consider the leading differential
form of d, but this time with respect to the standard degree, hence with respect to the
weight (1, 1):

h:=hil .= > A Xrot e W\ {0}
(v,p) €supp(d):|u|+|p|=0
and consider the polynomial
fo= .= Z cggzzg& c P\ {0}.
(v,p) Esupp(d):|u|+|p|=6

Now, we have
Uj=W/Wd and V; = K(1+ Wd) ¢ W/Wd = U,.
Clearly Uy is furnished with the filtration

WiEV; = Wi K (1 4+ Wd) = (Wi + Wd)/Wd)),_,
Now, still following part (B) of Example 11.3 we have
Grygaesy, (Ug) = P/Pf and V4 (d) = Var(f) C Spec(P).
Moreover, for each ¢ € Z we have an exact sequence of K-vector spaces
0— Py L5 P, — Gr waesy, (Ua)i — 0.

To interpret this example and to learn more about it, prove the following statements:

(a) defdeg(V98(d)) < 6 with equality if and only f is a square free polynomial.
(b) For all i € Z we have

ha(i) = her, gey, Wa)(1) = he(i) — hp(i = 0) =

0, if 1 <0,
= ¢ (), if0>i<o
(o) = ("), ifixa
¢) Pu(X) := Py yyacsy, (X) = (2n2tzi(1_1) - (27122(:15_1)'
(d) eo(d) := eo(Uqg, WieVy) = 0.

f) reg (erdegv (Ug)) =6 — 1.

(c)
) €
(e) pstln(d) := pstln; yaesy, (Ug) = 0 — 2.
(f)
(g) reg (AHHIP (erdegv (Ud))) = gendeg(Annp (erilegvd(Ud))) =9.
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