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1. INTRODUCTION

These Notes base on two short courses and series of lectures held at the University of
Thai Nguyen and the Vietnam Institute for Advanced Study in Mathematics Hanoi in
October — December 2013. For readers, who aim to get a more complete presentation of
the subject, we recommend to consider the notes [6] or [7], which also are available on
the authors homepage at the Institute of Mathematics of the University of Ziirich or on
request by e-mail.

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 bridging nature of the Theory of Weyl
Algebras and D-modules shows uo in a number of surprising applications. Let us mention
as an example Luybeznik’s finiteness results for local cohomology modules of regular local
rings in characteristic 0 (see [15] and [16]), 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. A further example is an application to Mathematical Physics
and relating characteristic varieties of D-modules with Castelnuovo-Mumford regularity
(see [2]) — an application lead to the result presented in Section 14 of this course.
Another interesting relation between Weyl algebras and Commutative Algebra is the
Theory of Grobner bases. Indeed, the Theory of Grobner bases in Weyl algebras proves
to be a very fertile tool in the study of D-modules and their characteristic varieties. This
lead to the Master and PhD theses of Boldini (see [3], resp. [4]) and the resulting article
[5]. We present some of the basic results in these papers in Sections 12 and 13 of this
course.
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2. FILTERED ALGEBRAS

Our first preliminary theme are filtered algebras over a field. Throughout N is under-
stood to be the set of Positive integers and Ny is understood to be the set of non-negative
integers.

2.1. Definition and Remark. (A) Let K be a field and let A be an associative unital
K-algebra. By a filtration of A we mean a family

A. = (Ai)iENo
such that the following conditions hold:
(a) Each A; is a K-vector subspace of A;
(b) Az Q AH—I for all ¢ S No,
(C) 1e Ao,
(d) A= UiENo AZ’ o
(e) A'LA] = Z(f,g)EAiXAJ‘ ng g AZ+] for all 1,79 € N(].
To simplify notation, we also often set
A;=0foralli<0
and then write our filtration in the form
Ae = (Adiez.

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) Let (A, A,) be a filtered K-algebra. Then, the degree of an element f € A is defined
by:
min{: € Ny | a € 4; if f#£0,
degy, (f) = t 0| } : 7_é
—00 if f=0.

Observe that we have
Ai = {f € Al degy (f) < i}
(C) Keep the above notations and hypotheses and let A, = (A4;);ez be a filtered K-
algebra. Observe that we have the following statements:
(a) Ag is a K-sub-algebra of A.
(b) For all ¢ € Z the K-vector space A; is a left- and a right- Ap-submodule of A.

2.2. Example. (A) ( Weighted degree filtrations of a commutative polynomial ring) Let
n € N and let A = K[X;, Xs,...,X,] be the commutative polynomial algebra over the
field K in the indeterminates Xi, X», ..., X,,. Let

w = (w1, W, ..., w,) € N\ {0}
Now, for each ¢ € Z we set

AL = ) EXpxye. . Xr= Ex-

1 =
v1,U2,...vn€Np: Z;L:I viw;<i veNy:  vw<i
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Then
AT = (A%)ZEZ

defines a filtration on A.

With the convention that sup(f)) = —oo and using the standard notations
f= Z C(Zf)iﬂ (C(gf) € K,Vv € Njj) and supp(f) :={v € Ny | C(zf) £ 0}
PASA)
we have

deg®(f) 1= deg2(f) = sup{v - w | v € supp(f)}.
The map
deg?: A — NoU {oo}, [ deg?(f)
is called degree with weight w and the filtration A is called the weighted degree filtration
of the polynomial algebra A = K[X3, X5, ..., X,,] with respect to w.

Choosingw =1 := (1,1,...,1) we get the standard degree respectively the standard degree
filtration of A = K[X1, Xa, ..., X,].

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

2.3. Example. (The standard filtration of a free associative algebra) Let n € N, let K be
field and let A = K(X;, Xs,...,X,) be the free central associative algebra over K in the
indeterminates X1, Xs,..., X,,. We suppose in particular that cX; = X,c for all ¢ € K
and all . =1,2,...,n, so that ¢f = fcfor all ce K and all f € A. Let ¢ € Ny. If

o= (01,09,...,0;) € {1,2,...,n}’
we write

X, =]][Xo, = X0 X0, ... X,
j=1

Then, with the usual convention that the product ]
equals 1 and using the notation

S, = UieNo{l’ 2,...,n}

we can write A as a K-space over its monomial basis as follows:

A= K(X), Xo,...,X,) = D KX,

gESy,

jep X of an empty family of factors

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

f=Y x,= Y WX, (f)eKweN)
gESy oesupp(f)
with finite support supp(f) :=={c €S, | cg) # 0}. Finally, we get a filtration
A, defined by A; := @ KX, forallieZ

oel;<;i{1,2,...,n}J
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with corresponding degree
degye : A — NoU{oo}, frrsup{i € Ny |3o €supp(f)N{L,2,...,n}'}.
This filtration and its degree are called the standard filtration respectively the standard
degree for A = K(X1, Xo,..., X,).
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):.

(B) Let 4,5 € Ny, let f, f' € A;and let g, ¢’ € A; such that f—f' € A;_jandg—¢ € A;_;.
Then we have fg — f’gl < Ai+jfl' So in Ai+j/Ai+jfl = GYA. (A)Hrj C GI‘A. (A) we get the
relation fg+A;+;—1 = f'¢'+ Airj_1. This allows to define a multiplication on the K-space
Gry, (A) which is induced by

(f+Ai)(g+ A1) = fg+ Airjq foralli,j € Ny, all f e A; and all g € Aj.

(C) Keep the above notations and hypotheses. Observe in particular, that Gra,(A)g is a
K-subalgebra of Grg,(A), and that there is an isomorphism of K-algebras

GI‘A. (A)O = Ao.
Moreover, with respect to our multiplication on Gryu,(A) we have the relations
Gryg, (A);Gra,(A); C Gra,(A);y, for all 4,5 € Z.
So, the K-vector space Gra,(A) is turned into a (positively) graded ring
Gran(4) = (Gra,(4), (Gra,(A))ics,) = €D Gra (4),
i€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 Gryu, (A) with this
multiplication.

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

3.2. 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—9gf € Aiyjq forall i, 5 € Ny and for all f € A; and all g € A;.

It is equivalent to say that the associated graded ring Gra,(A) is commutative.
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We now shall define three special types of commutative filtrations, which will play a
particularly important role in Weyl algebras.

3.3. Definition and Remark. (A) 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 j <6 and

(d) A; =0, AjA;; for all i > 4.
In this situation, we call the minimal number § = 4, € N the generating degree of the
filtration A,.
Observe that now, the associated graded ring Gra,(A) is a commutative Noetherian
graded Ag-algebra, which is generated by finitely many homogeneous elements of degree
<.
If A, is a filtration of A, which is of finite type, we say that (A, A,) is a filtered algebra of
finite type.

(B) A filtration A, of a K-algebra A is called a good filtration, if it is of finite type with
0 =04, = 1. If in addition it holds Ag = K, we speak of a very good filtration. We then
also say that (A, A,) is a well-filtered respectively a very well-filtered K-Algebra.

3.4. Example and Exercise. (A) Let n € N, let w = (wy,wa,...,w,) € Nj \ {0}, Let
K be a field and consider the commutative polynomial ring A = K[X;, X5, ..., X,], fur-
nished with its weighted degree filtration A¢ with respect to w. Then, it is easy to see,
that A is a very well filtered K-algebra if and only if w = (1).

More generally A is a well-filtered K-algebra if and only if w; € {0,1} for all ¢ €
{1,2,...,n}. In this situation we then have K[X; | w; = 0] = Aj and an isomorphism of
graded rings

e Grye(A), induced by X; — X; + A5, 1 foralli € {1,2,...,n},

where 9; ; denotes the Kronecker symbol.

(B) Let n € N, with n > 1, let K be a field and consider the free associative K-
algebra A = K(Xi, Xs,...,X,), furnished with its standard filtration A,. For each
i€ {1,2,...,n}, let X; = (X;+ Ag) € A;/Ag = Gry,(A); C Grya,(A). Then it is easy
to see that Yiyj = 7]-7,» if and only if ¢ = j. Therefore the filtration A, cannot be
commutative.

4. DERIVATIONS

Derivations (or derivatives) are also a basic ingredient for the theory of Weyl algebras.
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:
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(a) d is K-linear: d(aa + Bb) = ad(a) + £d(b) for all a, 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)(z) := a(h(zx)) for all a € A, all h € Homg (A, M) and all z € 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 if we identify ¢ € K
with ¢l4 € A we have:

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.

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 v4,15,...,1, € Ny and

let ai,as,...,a, € A. Use induction on r to prove the Generalized Product Rule
Vj v;i—1 Vj
d(HajJ) = Z via; (Haj])d(ai)
Jj=1 1€{1,2,...,r|v; >0} Jj#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 d,e € Derg(A, M). Prove that

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

(C) Yet assume that A = Klay,aq,...,a,]. Prove that there is a monomorphism of
A-modules
o) = @?gmzm,ar) : Derg (A, M) — M", given by d — (d(a1),d(as), ..., d(a,)).

This monomorphism @g/[ is called the canonical embedding of Derg (A, M) with respect
to the generators ay, as,. .., 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.
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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, Xs,..., X,]. Fix i €
{1,2,...,n}. Then, using the monomial basis of K[X;, Xs,..., X,] we see that there is a
unique K-linear map

0
8,~: GTIK[XMXQ,...,X”] —)K[Xl,XQ,...,Xn]
such that for all v = (vy,1s,...,1,) € Ny we have
0 T v, v X0 L, X7, if >0
ai XZ = XV] = e JFELG v

(B) Keep the notations and hypotheses of part (A). Let
o= (1, oy ooy pin), V= (v1,V,...,0,) €N

and prove that -
0 (X1XY) = X10;(X¥) + X¥0,(X%).

Use the K-linearity of 0; to conclude that

0; = 81)( € Derg (K[X1, Xo,...,X,]) forall 1 =1,2...,n.

The derivation 0; = 8LX7-, is called the i-th partial derivative in K[X7, Xo, ..., 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 exercise to come is aimed to prepare the proof of this.

4.4. Exercise. Let the notations and hypotheses be as in Exercise and Definition 4.3.
Check that 0;(X;) = ¢;;, for alli,j € {1,2...,n}. and show that:

(a) For each i € {1, 2, . ,n} it holds K[Xl,XQ, c. 7X7:717X/L'+17 . 7Xn] - Ker(@l)

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[Xy, 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, x5, x, : Derg (K[X1, Xo, ..., X,]) — K[X1, Xo,..., X,]",
gien by

for all d € DerK(K[Xl,XQ, . ,Xn]).
In particular, the n partial derivatives Oy, Ds, . . ., O, form a free basis of the K[X1, Xs, ..., X,]-
module DerK(K[Xl, Xo, ... ,Xn]).

Proof. We suggest the proof as an exercise. If you need hints, consult [6]. OJ
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5. WEYL ALGEBRAS

Now, we are ready to introduce Weyl algebras.

5.1. Reminder and Remark. Let K be a field and let A be a commutative K-algebra,
let M be an A-module and consider the endomorphism ring

Endg (M) := Homg (M, M)
of M together with the canonical homomorphism of rings
ey : A — Endg (M) given by a — €y/(a) := aidy, for all a € A,

which becomes injective if M = A and hence allows to consider A as a sub-algebra of its
endomorphism ring Endg (A).

5.2. Remark and Definition. (A) Let K be a field and let A be a commutative K-
algebra. We obviously also have Derg(A) C Endg(A). So we may consider the K-algebra

WK(A) = K[A, DerK(A)] = A[DGI‘K<A)] Q EIldK<A>,
which is called 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, € Asuch that A = Klay,as,...,a,]. Then according to Exercise and Defini-
tion 4.2 (D), the A-module Derf (A) is finitely generated. We thus find some s € Ny and
derivations dy, dy, .. .,ds € Derg(A) such that

Derg(A) = ZAdi.
i=1

A straight forward computation now allows to see, that
Wk(A) = Klay,az ..., a,;dy,da, . .., ds] € 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;, Xs, ..., X,],
thus

W(K,n) := Wk (K[X1,Xs,...,X,]) C Endg (K[X1, Xa, ..., X))

Observe, that by Propsition 4.5 and according to the observations made in part (B) we
may write

W(K,n) = K[Xl,XQ, Ce ,Xn;81,82, e ,8n] g EndK(K[Xl,Xg, . 7Xn])

The elements of W(K,n) are called polynomial differential operators in the indetermi-
nates X1, Xy, ..., X, over the field K. They are all K-linear combinations of products of
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indeterminates X; and partial derivatives 0;.
The differential operators of the form

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

with

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

Next, we aim to consider a class of important relations in standard Weyl algebras: the
so-called Heisenberg 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 is anti-commutative and K-bilinear, thus:
(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.
(¢) [aa+ /d, b+ B'V] = aBla,b] + af'[a, V] + o' Bld’, b] + o/ B[, V]
for all o, o/, 3,8 € K and all a,d’,b,b’ € B.

(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] =0 for all a,b € A.
(b) [a,d] = —d(a) for all a € A and all d € Derg(A).
(c) [d,e] € Derg(A) for all d,e € Derg(A).
(C) Let the notations and hypotheses be as in part (B). Let d, e € Derg(A), let r € N,
let v1,v9,...,1, € Ny and let ay,a9,...,a, € A. Use statement (c¢) of part (B) and the
Generalized Product Rule of Exercise and Definition 4.2 (A) to prove that

d.e](TTa?) = > wal " (T a7)1d. e)(ay).
j=1 it >0 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 K be a field. Then,
i the standard Weyl algebra

W(K,n) = K[Xl,XQ, ce 7Xn;81,82, ce ,3n]
the following relations hold:
(a) [Xi, X;] =0, foralli,je{l,2,...,n};

(b) [Xl,ﬁj] = _51',]'7 fOT’ all ’L,j S {1, 2, c. ,n};

(c) [05,0;]=0,  foralli,je{l,2,...,n}.
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Proof. (a): This is clear on application of Remark and Exercise 5.3 (B)(a) with a = X;
and b = X;.

(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

(05, 0;)(Xx) = 9;(05(Xx)) — 9;(9i(X1)) € 0i(K) + 0;(K) =0+0=0.

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

In the next section we shall establish an important product formula for elementary
differential operators. The exercise to come is is aimed to prepare this.

5.5. Exercise. (A) Let n € N, let K be a field, let B be a K-algebra and let
al,al,...,an;dl,dg,...,dn eB

be elements mimicking the Heisenberg relations, which means:

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

Let p,v € Ny. To simplify notations, we set
00F := 0 for all b € B and all k € Z.

prove the following statements (using induction on p and v):

(a)
(b) d”d” d”d“

(c) d“a —a”d“ for all i,j € {1,2,...,n} with i # j.
(d )da —a”d +val™ for all i € {1,2,...,n}.

(B) Keep the notations and hypotheses of part (A). For all (A, Ag,...,\,) € Ny and
each sequence (by,bs,...,b,) € B" we use again our earlier standard notation

A= (A Ag, .o Ag) and 0 =00y ) = [

Now, let p, v, i, € Nj and prove that the following relations hold:

(a) (QZC_ZEXQV;C_ZIL/) = (H:L laz H] ldf])(Hz—l z Hg 1 Z ) Hz 1 zyldm 1dfl
(b) ardh = H:'L:l ai HJ 1d5] = H:L 1 fldm
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6. ARITHMETIC IN WEYL ALGEBRAS

This section provides the basic tools for computations with differential operators. We
begin with the following auxiliary result.

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

CLl,CLQ,...,an;dl,dg,...,dnGB

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

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

min{,u,y} ILL k_l
v __ v—k ju—k
dj'aj = Z (k’) H(V —p)a; ;"

k=0 p=0
(b) Let p,v, ', € N, set
I:={k:= (ki ke,...,kn) €Ny | ki <min{u;, v/} fori=1,2,... n},
and let

n n k;

A= (]] (Z))(H _I(V; —p)) foralkel

i=1 i=1 p=0
Then, we have the relation
(ch_lﬁ) (Q'jflc_l“—/) _ QHJF”—IQEL/L/ + Z )\EQZJFV—/’EQH*/L/’E_
kel\{0}

Proof. The proof consist of tedious computation making repeatedly use of the exercises
of the previous section. We recommend to consult [6]. 0J

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,XQ, .. .Xn;81,82 ce ,an]
Moreover, let all further notations be as in Lemma 6.1. Then, we have the equality

(X2 (X QM) = X/ gl 4o N~ N X ket k,
kel\{0}

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

To approach the main result of this section, we need some more preparations.
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6.3. Notation and Remark. (A) Let n € N. For £ := (K1,K2,...,kn), A =
(A1, A2, ..., Ay) € Ni we define

ESA:(:)(Vizl,Q,...,ﬂ:/{iS)\i) and 5<A:©(5§A A @%A).
(B) Keep the notations of part (A). Observe that
E<Ae (A-keN]) and r<Ae (A—reNy\{0}).

(C) We now introduce a few notations, which we will have to use later very frequently.
Namely, for a = (a1, a9,...,ay), 8= (1, B2, . .., Bn) € Ny we set

Mg, 8) i= {(a—k. =k) | k € N\{0} with & < o, 8} and Fl(a 8) i~ M(a, H)U{(a )}
Moreover, we write

Mc(a, B) = {(A, k) € Nf x Nj | A < v and & < p for some (v, 1) € M(q, 8)}.
Observe that M(a, f) € M<(a, 5).

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,;01,0,,...,0,]. In addition, let p, v, p',’ € Nj. Prove that

(XM (XL’Q}L’) _ Xz+z’@g+u7’ e Z ZX 0",
(A k)EM(v+v/ ptp')
and
xXomxreh e Y zxtes
(A8)EM(v+v/ putpr')
(B) Let the notations be as in part (A). Prove that
[(X¥on, X 0] € > ZX 0",

(Ar)EM(v+r/ utp')

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, Xa, ..., X,;01,09,...,0,]. Let r € N and let
y(i),ﬁ(i) eNy (i=1,2,...,r). Moreover set

M := MS(Zy(i), Zﬂ(i)) C Ny x N
i=1 i=1
Then, we have

Hiz(i)Qﬁ(i) _XZle(")QZLw“) c Z ZXAQE - Z ZXAQE.

i=1 (£.A)EM AT v, m<T

Proof. We proceed by induction on r. The case r = 1 is obvious. The case r = 2 follows
from Exercise 6.4 (A). So, let > 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

Q—HX"()(‘)“() XZ POP zrluu) Z ZX)\an_

i=1 (N &) EM
By the case r = 2 we have (see once more Exercise 6.4 (A))

(er 11/(2 az (U)X,/(T)au(’") XZ 11/( )az 1H(z) e Z Z A 5 — =: M.
(Ak)EM

,
NOPWO) T A6 () A
[[Xx70" — x> ePoxiat™ = o 4 oX2" 00",

i=1
it remains to show that QXZ(T) Qﬁm € M. Observe that
XZ(T)QE(T) c NXZ(T)QE(T) _ Z ZKA/QE/XZ(T)QE(M .
(A ) eM

Observe also that (X' 41, & +,u(7“ ) € M for all (), k") € M Therefore we have the inclu-
sion M()\ 4 v, & + ,u( ) C M for all (), ") € M. Thus, on application of Exercise 6.4
(A) it follows that

XA/QEIXKO")Q&(T) c Z ZKAQE C Z ZKAQE - M
M) MY 27 7+ 7)) (Am)EM
and this shows that indeed QXZ(T) Qﬁm e M. O

To prepare what we aim for in the next section, we suggest the following exercise.

6.6. Exercise. (A) Let n € N and consider the polynomial ring K[X;, Xs, ..., X,]. More-
over, let p = (p1, fi1, ..., fn), v = (V1,00,...,v,) € N§. Fix i € {1,2,...,n} and prove
by induction on p;, that

i i—1 J 3 .

o' (XY) = 8“"(HX'7]') _ hmo (i = R)XYTHTLL X570 it > s

i\ % P J 07 if vi < Wi.

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

0, otherwise .

n n n pi—ly y—ps ) ‘
) - flar ([ - [T T2
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7. THE STANDARD BASIS

Now, we are aim prove 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

XYoH = ﬁ XV ﬁ o
i=n i=1

form a K-vector space basis of the standard Weyl algebra
W(K,n) = K[X1,Xs,...,X,;01,02,...,0,]
So, in particular we can say
(a) W(K,n) = @z,geNQ KX*o".
(b) Each differential operator d € W(K,n) can be written in the form

with a unique family
(d) _ NP xNg
<CZ’H)27H€N6L c H K= K" Oa

v,p€Ng
whose support
supp(d) = supp (i) )vpen) = {(, ) € Ny x Ni | ), # 0}

18 a finite set.
Proof. We first show that
W(K,n)= > KX"0"=:M.

v,pueNg
Indeed, each d € W(K, n) is a K-linear combination of products of elementary differential
operators. But by the Reduction Principle of Theorem 6.5 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 dependent elementary
differential operators in W(K, n). Then, we find a positive integer r € N, families

pP v eNy,  (i=1,2,...,r) with (u@,09) # (9 W) if i £ j,

and elements

e K\{0} (i=1,2,...,r) such that d := Zc(i)ik(i)Qﬁw =0.
i=1

Using the standard notation || := 7", s, for all p € Nf, we may assume, that

\H(’")| = max{\ﬂ(i)] li=1,2,... ,r},H(i) # H(T) for all i < s and H(i) = /_L(T) for all i > s
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for some s € {1,2,...,r}. Then, it follows easily by what we have seen in Exercise 6.6
(B), that
n r (1) . .
X2 (xe7) = [T X2, ifs<i<r
= T 0, if i < s.
So, we get
0=d(xt"”) = cOx o (x7) = O [ x”.
i=1 i=s  j=1
As Char(K) = 0, and as the monomials Xﬁm are pairwise different for i = s,s+1,...,r,
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

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
is reduced by the Reduction Principle of Theorem 6.5 to make explicit the coefficients of
the differences

Ag(')ﬁ(') — HKZ“)QHM . Xzzrzl Z(i)QZZTZIH(i) c Z ZXAQE.
i=1 (Ak)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, today this
task usually is performed by means of Computer Algebra systems.

As an application, one has the following result on supports of differential operators:

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

d,e € W(K,n) = K[Xl,Xg,. .. ,Xn;al,ag,. .. ,an]
For all (a, B) € Ny x Niy, let the sets

: M(a, ) € Mi(a, 8) C NI x N2

be defined according to Notation and Remark 6.3 (C). Then, we have
(a) (supp(d) Usupp(e)) \ (supp(d) Nsupp(e)) C supp(d + €) C supp(d) U supp(e).
(b) supp(cd) = supp(d) for all c € K \ {0}.
(C) Supp(de) C U(g,ﬁ)Esupp(d),(g’,ﬁ’)ésupp(e) M<Z + 2,7 M + El) ’
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(d) supp([d. ]) € Uy, esupp(a) o w)esupp(e) ML + 15 1+ 1),

Proof. Statements (a) and (b) are straight forward from our definition of support.
Statements (c) and (d) follow by Theorem 7.1, Exercise 6.4 (A) respectively Exercise 6.4
(B) and an repeated application of statements (a) and (b). For further hints see [6]. O

7.4. Exercise. (A) Let n € N, let K be a field of characteristic 0 and consider the
standard Weyl algebra W(K,n) = K[X;, Xs,..., X,,;01,0s,...,0,]. Prove in detail state-
ments (a), (b), (c) and (d) of Proposition 7.3.

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

0IX? — X100X, — 1, X207 —0,X2, 0uX1X00, + 01X, Xy € W(K,n).

(C) Keep the notations of part (A), but assume that n = 1 and Char(K) = 2. Compute
01(XY) 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

¢i{XhXQ,...,Xn,al,ag,...,an} —>B

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

(1) [¢(X5), 0(X;)] =0, foralli,j € {1,2,...,n};
(2) [gﬁ(Xz), (b(ajﬂ = _(Si,j; fOT’ all Z,j € {17 2, RN ,n};
(3) [¢(0), 9(0;)] = 0, foralli,j €{1,2,...,n}.

Then, there is a unique homomorphism of K-algebras
¢: W(K,n) — B
such that B B
o(X;) = o(X;) and ¢(0;) = ¢(0;) for alli=1,2,... n.
Proof. According to Theorem 7.1 there is a K-linear map
¢ W(K,n) — B given by ¢(X*0") =[] o(X:)" [] 6(0:)". (v € Np).
i=1

=1

Next, we show, that 5 is multiplicative, hence satisfies the condition that

o(de) = ¢(d)g(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 BxB— 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:=XY0% with p,v, vV €N
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But this can be done by a straight forward computation, on use of the Product For-
mula of Proposition 6.2 and on application of Lemma 6.1 with a; : ¢(X;) and d; :=
¢(0;) for alli =1,2,...,n.

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

O(X;)=d(X;) and  G(8) = p(9;) foralli=1,2,... n.

But indeed, if a map $ 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(8;) = — X, for all i = 1,2,...,n.
(B) Keep the notations and hypotheses of part (A). Present in standard form all elements
a(XYo') € W(K,n) with u,v € Ny.

8. WEIGHTED DEGREES AND FILTRATIONS

We now study a class of particularly important filtrations of standard Weyl algebras,
induced by weighted degrees.

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,XQ, oo ,Xn;al,ag, ‘e ,8n]
8.2. Definition and Remark. (A) By a weight we mean a pair
(v, w) = ((vl,v2, cey ), (W, we, . ,wn)) € NfxNi with (v;,w;) # (0,0) (i =1,2,...,n).

For a := (ai,as,...,a,), b := (b1,by,...,b,) € R™ we frequently shall use the scalar

product
a- l_) = Z CLzbz
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| (v,p) € supp(d)}.
with the usual convention that sup(()) = —oo. Observe that for all d € W and all u, 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) = —o0 if and only if d = 0.

(b) If A <vand k < p for all (A, ) € supp(d), then deg™*(d) <v-v+w- p.
(c) If supp(d) € M<(v, p), then deg™(d) <v-v+w- pu.
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(C) Keep the notations and hypotheses of part (B). We fix some non-negative integer
1 € Ny and set

W2 = {d € W | deg®(d) < i} = &y K XY0".
v,peNgwv+w-pu<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}.
(c) deg™(de) < deg™(d) + deg™(e);
(d) deg™* ([ ]) < deg®™(d) + deg™(e).

Proof. We Leave the proof to the reader, with the hint to eventually consult [6]. O

8.4. Theorem. (Weighted Filtrations) Let ((vl, Vo, vy Uy), (W1, W, . .. ,wn)) = (v,w) €
Ny x Ny be a weight. Then, the family

W2 = (W = {d € W | deg™(d) < i}),,,

is a commutative filtration of the the K-algebra W = W(K,n). Moreover, the following

statements hold:
(a) ngw = K[Xz,a] | v, = O,U}j = O]
(b) If i > 0 := max{vy, Vg, ..., Uy, Wy, Wa, ..., Wy}, then Wi = Z?:l W%W%’j
(c) The filtration We* = (W?w) i, B8 ofﬁmte type.

Proof. 1t is clear from our definitions and by Lemma 8.3 (c) that for all 4, j € Ny we have:
1eWgs, WP CWpy, W= | )W Wrewsecwy
i€Np

So the family (W7*) constitutes indeed a filtration on the K-algebra W.

i€Np
Now, let i, j € Ny, let d € Wi and let e € W*. Then by Lemma 8.3 (d) we have
deg” (de — ed) < deg™“(d) + deg™(e) —1 <i+j — 1, hence de —ed € W, .
This proves, that our filtration is commutative (see Definition 3.2).
(a): Wedefine S:={1=1,2,....,n|v;#0}, T:={j=12,....n|w; #0}, S =
{1,2,...,n}\S, T:={1,2,...,n} \ T and chose v, u € Nj. Then
v-v+w-p=0if and only if v; =0 for all i € S and p; =0 for all j € T,
But this means that
W — > K [ xrof =K[X;,0;|vi=0uw;=0]
(vi);c5€Ng and (u));7ENG ie§ and jeT

(b): Let i > 0. Let v, u € Nj with o := deg™* (X”@”):y-yjtm-ggi.Weaimto

show that 5
DWW
YOt e Y T WEEWEE = M
j=1
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If & <0 this is clear as
Wyt = WtWi* C Wi=W.2, C M.
So, let ¢ > 0. Then either
(1) there is some p € {1,2,...,n} with v, > 0 and v, > 0, or else,
(2) there is some ¢ € {1,2,...,n} with w, > 0 and p, > 0.
In the above case (1) we can write

X¥9" = X,d, with d .= (] X7"") o

k=1
As deg™(X,) = v, < ¢ and deg”™(d) = o — v, it follows that
X¥ot = Xpd € WirW,2, C WieW;=  C M.
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®(X49,) = w, < 0.

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

X¥0" = X["0,e with e := HX;’ ﬁ@,’:"'_(s’“’q.
stq k=1
As vyv, = 0, we have deg”™(e) = 0 — wy, and it follows that
X0k = X1d,e € WEEWEE, C WERWE C M.
But this shows that X%0" € M.

(c): This is an immediate consequence of statements (a) and (b) (see Definition and
Remark 3.3 (C)). O

8.5. Definition. Let the notations and hypotheses be as in Theorem 8.4. Then, the
filtration

Wit = (Wi%), = ({d € W | deg™(d) < i})

t JieNg 1€Np

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)eN?
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) := degt(d).

Observe that

deg(d) := sup{lu| + |p| | (v, p) € supp(d)}.
The corresponding induced weighted filtration

Wi = Wit = (W), = ({d € W | deg(d) <i}),
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is called the standard degree filtration or just the degree filtration of W.

(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| | (z, p) € supp(d)}.
The corresponding induced weighted filtration

Word = Wt = (W), = ({d e Word(d) <i}), .,

is called the order filtration of W.
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
5(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 3.3 (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) € Nj 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 filtrations

of standard Weyl algebras.

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[Xl,XQ, .. ,Xn;al,ag, ce ,0n]
In addition, we introduce the polynomial ring

]P)::K[levyv%"'>Yn;Z17Z27"'7Zn}

in the indeterminates Y1,Ys,...,Y,; Z1, Zs, ..., Z, with coefficients in the field K.
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9.2. Definition and Remark. (A) Fix a weight (v,w) € Nj x NI and consider the
induced weighted filtration Wg*. To write down the corresponding associated graded
ring, we introduce the following notation:

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

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

IN

I ={(v,p) eNg xNg [v-v+
IZ5 = {(v,p) e Ng x N§ |v-v+
Fix some i € Ny. Observe that
G =wr/WE = (P KXo @ kX)) P KX

vw VW

(welsy (v,p)€l=; (vwels;

w-p
w-p

it
i}

As a consequence, we get an isomorphism of K-vector spaces
e EB KXYor =, G
(v,p)€elzy
given by
€ (X0") = (X" + Wit)) € Wit/Wity = G, ((wp) € I).
In particular we can say:

The family ((X20L)* := e(X%0L)) ( w 18 a K-basis of GJ*.

v, )€l

We call this basis the standard basis of G7*. 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) (XP0H)* € Gyypyup for all (v, p) € N x Np.

(b) X; € Gy and 05 € Gyp foralld, j € {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*“.

(v,pu)ENG xNE
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) (X*0")" = (1T X7 1T 09) " = T (0) " T (95)"™ = (X7)7(2)"

9.3. Exercise and Definition. (A) We fix a weight (v,w) € N{ x N, use the notations
of Definition and Remark 9.2 (A) and consider the K-subspace

P = P KY*Z:CPforallicN.

(vp)elZy
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Prove the following statements:

(a) K € Pg%;
(b) IP’ IP’ C PLTJ for all 7,7 € Nj.
(C) P= @zENO ]P)w

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

(Pf*w)ieNO defines a grading of the ring P

We call this grading the grading induced by the weight (v, w) € Ni
polynomial ring with this grading we write it as P*%, thus

P =P = PP

i€Np

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

Ng. If we endow our

e P =P — G™, given by n*(Y;) = X7, n*(Z;) = 0;

Proof. We leave this as an exercise, giving eventually hint to [6]

(i,j =1,2 ).

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

deg”(de) = deg™(d) + deg™“(e).

Proof. (We slightly shorten some arguments with respect to the original exposition in

If d =0 or e =0 our claim is clear. So let d,e # 0 and observe that i := deg”(d),
deg™(e) € Ny. Using our previously introduced notations, we set

@ KXY9" and N := EB K X“0",
(v,p)elsy

(v,p) E]I*
We then may write

)

[6
'

d=a+r witha € M\ {0},deg™(r) <iand e =b+ s with b € N \ {0}, deg™(s) < J.
We thus have de = ab + (as + br + rs). By what we know already about degrees we have
deg™(as + br +1rs) < i+ j (see Lemma 8.3 (a), (c))

3 (a), . So, in view of Lemma 8.3 (a) it
suffices to show that deg®”(ab) =i + j. To do so, we write

a= Z (Z“L Yor, with cz‘fi € K\ {0} for all (v, ) € supp(a) and
(v,p)€supp(a) B N
b= Z (Zqu’ﬁ’*,wmh (z

(v, p")€supp(b)

/H/ - K \ {O} for all (7//
It follows that

v, pi') € supp(b).

ab = Z c(“)cf,? VOLXY e

(v,p)esupp(a) and (v/,u)esupp(b)
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By Exercise 6.4 (A) and Definition and Remark 8.2 (B)(c) we have deg™ (X*9"X vior
XZ’LZ,QHJ“E,) <+ jfor all (v, u) € supp(a) and all (v, i) € supp(b). If we set
(

B o= Z Cﬂaécé )H XV+1/ 8M+u
(v,p)€supp(a) and (v/,u’)esupp(b)

and on repeated use of Lemma 8.3 (a) and (b) we thus get

deg®™(ab — h) =

deg® | > el (XX 9 — X grtt)] <4

(v.u)esupp(a) and. (v u)esupp(b)
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/+1/ au-‘ru c @ KXZQE

vyl =
(v,p)€supp(a y and (v ,p")esupp(b) (v, H)EHTZJFJ

It suffices to show that h # 0. To do so, we consider the two polynomials
a VW b 4 / vw
f= > dayrzrer gi= > L yYzr e
(v,p)€supp(a) (/1) €supp(b)

As supp(a) and supp(b) are non-empty, and all coefficients of f and g are non-zero. As P
is an integral domain, it follows that fg # 0. We set

W= (h+ WEE ) = > e (X )" e G
(v,p)E€supp(a) and (v/,u’)€supp(b)

o

Applying the isomorphism n*¥ : P = P2 — G*® of Theorem 9.4, we now get

oA (fg) = ([ Y dnyrzi[ Y o), ¥Yzr]) =

(v,p)€supp(a) (v,p")€supp(b)

= Z @ c(y) ,(X”+” oLt ) = h*.

vy
(v,p)esupp(a) and (v ,w')esupp(b)
But this clearly implies that h # 0. U

9.6. Corollary. (Integrity of Standard Weyl Algebras) The standard Weyl algebra
W is an integral ring: If d,e € W\ {0}, then de # 0.

Proof. Apply Theorem 9.4. O

9.7. Exercise. (A) We fix a weight (v, w) € Nj x Nj and set I'* ;= {v-v+w-p|v,p€
Ni}. Prove the following statements

(a) 0 € '™ C Ny.

(b) If 4,5 € T then i 4+ j € '™,

(c) GI* #£0& P £0< e
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22 is 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 ['*% and the standard bases of all K-vector spaces

P 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[Xl, X, ... 7Xn]) is not integral.

10. FILTERED MODULES

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 U, = (U;);cz such that the following conditions
hold:

(a) Each U; is a K-vector subspace of U;

)
(b) U; C Uy, for all i € Z;
( ) U UlEZ UZJ

(d) Aij = 3 gupenwe, Kfu C Uiy for all i € No and all j € Z.

If an A,-filtration U, of U is given, we say that (U,U,) or — by abuse of language — that
Uis 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 Uy = (U;);ez be a filtered
A-module. Observe that

For all ¢ € Z the K-vector space Uj; 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) U cU® c Ul for alli € Z.

Later, we shall use the following observation.

Assume that the above condition (a) holds, let i« € N and let a € A;. Then we have the
following statements, whose prove is left as an exercise to the reader (see [6] if necessary).
(b) an(l) U foralljez = UM Ul | foralljeZandallk e N.

Jj+k(i—1)
(c) aUV CUY,  foralljeZ = a2’“+1U<2> cU?

o (2r1)ie | forall j € Z.

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) = @ CGra,(A)i, (Gra,(A)i = A;/A; ).
i€Ng
and the K-vector space

Gr(U) = Gry, (U) = @ Gr(U);,  (Gr(U); == U;/U;s).

1€Z
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(B) Let i € Ny, let j € Z let f,f'" € A; and let g,¢' € U, such that h := f — f' €
Ai_yand k =g — ¢ € U;_;. It follows that fg — f'¢' — fk — hg — hk C Uj4j_1. So in
Ui+j/Ui+j_1 = GI‘U.(U)H_]' C GI‘U.(U) we get the relation fg + Uz‘+j_1 = f’g’ + Ui—i—j—l-
This allows to define a Gra, (A)-scalar multiplication on the K-space Gry, (U) which is
induced by

(f+Ai)(g+Ujr) == fg+ Ui (l ENp,j€Z, f€Aig€ Uj)-

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

GI‘A. (A)iGI'U. (U)] - GI'U. (U)7;+j for all 1,7 € 7.
So, the K-vector space Gry, (U) is turned into a graded Gra, (A)-module

GTU.(U) = (GTU.(U% (GYU.(U)i)ieZ) = @GTU.(U)i
icz
by means of the above multiplication. We call this Gr4, (A)-module Gry, (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 Gr 4, (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. Moreover, let U = (U,U,) be an A,-filtered A-
module and consider the corresponding associated graded module Gr(U) = Gry, (U).
Finally, consider the annihilator ideal

Anng,,, (4)(Gry, (U)) = {f € Gra,(A) | fGry, (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

Vu, (U) := Var(Anng,,, (4)(Gry, (U))) € 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

A.filtrations U and U Then
VU.(U(U) = VU.@)(U).
Proof. We have to show that
VARG, () (Gryo () = \[Annc () (Gry (U)).

By symmetry, and 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,o(U) is a graded Gra,(A)-module, its annihilator is a graded ideal of Gra,(A).
So, it finally is enough to show, that

ac \/AnnGrA. (A) (GrUﬁz)(U)) for all i € Ny and all @ € Anng,,_ () (GrU.(1>(U))i'

So, fix some i € Ny and some @ € Anng;,, () (GrU(l)(U))i C Gra,(A); = A;JA; 1. We
chose some a € A; with @ =a+ A;_y € A;/A;_1.. For all j € Z we have in Gry, (U) the
relation

aUV + U = (a+ AU U =au) Jult,) = aGry, (U); = 0,

J J

and hence aU J M c cu ] yi— for all j € Z. According to our hypotheses we find some r € Ny

such that U{" C U C U{Y) for all k € Z. Thus, by Definition and Remark 10.1 (C)(c)
we therefore have

a1 C Uj+ oy for all j € Z.
So, for all j € Z we get in U@ @) /U o = Gry, (U)4(2r+1); the relation:
62T+1GI'U. (U)] = (aQ’"H + A(Qr—l—l)z’—l)(Uj /Uj—)l) g aQT“U; + Uj(—2i- (2r+1)i— = 0.

This shows that a®" ! € Anng, ,, (a) (GrUﬁz)(U)), whence a € \/AnnGrA. (A) (GrU.(z)(U)).
O

The previous result allows us to define in an intrinsic way the notion of characteristic
variety of a finitely generated (left-) module over a (commutatively) 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 <0.

(b) The family A,V := (Aiv)z'ez 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 above and assume in addition that s :=
dimg (V) < oo. Prove that
) U is finitely generated an an A-module;
) A;V is a finitely generated (left-) module over Ay.
¢) The graded Grga,(A)-module Gra,v(U) is generated by finitely many elements
91:92:---:95 € GerV(U>0'
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.

(a
(b
(

(C) Let the notations and hypotheses be as above. Let V() V® C U be two K-
subspaces such that AV = AV® = U and dimg (V®D), dimg(V®) < co. Prove that

(a) The two induced A,-filtrations A,V and A,V? are equivalent.
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(b) If the filtration A, is commutative, it holds
VA.V(l) (U) - VA.V(Q) (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, (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) :==Va,v(U),

and we call V4, (U) the characteristic variety of U with respect to the (commutative !)
filtration A, 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 3.3 (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) Aj-module for

all j <o and

(C) U; = nga AjUi—j for all 7 > o.
In this situation o is again called a generating degree of the A,-filtration U, (compare
Definition and Remark 3.3 (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

Vo, (U) =V 4, (U) for each A,-filtration U, which is of finite type.

11. D-MODULES

11.1. Convention. (A) As in section 9, we fix a positive integer n, a field K of character-
istic 0 and the standard Weyl algebra W := W(K n) = K[X1, Xo,..., X;01,02,...,0,],
together with the polynomial ring P := K[Y1,Ys, ..., Y, Z1, Zs, ..., Zy).

(B) Let (v, w) € NI x NI be a weight. We consider the induced weighted filtration We*
and also the corresponding associated graded ring G*¥ (see Definition and Remark 9.2

(A))-

(C) Moreover, we shall consider the polynomial ring P = P** = @, P;*. furnished
with the grading induced by our given weight (v, w) (see Exercise and Definition 9.3 (B)),
as well as the canonical isomorphism of graded rings (see Theorem 9.4) n*¥ : P = 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.
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(B) Let U be a D-module. If U, is a Wg*filtration of U, we may again introduce
the corresponding associated graded module Gry,(U) of U with respect to the filtra-
tion U, (see Definition 10.3). which is indeed a graded module over the associated
graded ring G* and hence a graded P*®-module by means of the canonical isomorphism

nw:]P’:]P’wiGw.

(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*2. So, we define
this characteristic variety by

Vi, (U) := Var(Annpu (Gry, (U))) = Var((n*2) ™' [Annges (Gry, (U))]) € Spec(P).
Observe in particular, that the ideal
Annpuw (Gry, (U)) = (7*%) "' [Anngew (Gry, (U))] C P2

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) = Ve (U) = Vigzey (U).
11.3. Example. (A) Keep the above notations and let
d:= Z cgjizéﬁ € W\ {0} and ¢ := deg™(d),

(v,pt)€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

=Y ddxrrew o).

(v,p)€supp(d):w-v+w -p=35

Moreover, we introduce the polynomial

o= > dhyrzr e P\ {0},

(v,p) €supp(d):v-v+w-pu=34
Now, consider the cyclic left W-module U := W/Wd, furnished with the filtration
Usg := WK (1 +Wd/Wd) = (Ui = (W + Wd/Wd))iez'

(B) Keep the above notations and hypotheses. Observe first, that for all i € Z we
may write U;/U;_1 = W /W + Wd N W7, 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); = Ui/ Us—y = Wi/ (W + Wid) for all i € Ny,
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Consequently, there is a surjective homomorphism of graded G*¥-modules

m: G = YW /Wi — Gy, (U) = @ Wi/ (Wi + Wid).

1€EL i€EZ

If we set b = h¥ 4 W22, € Wi /We, = G2 it follows that
Anngew (Gry, (U)) = Ker(n) = @ (Wi + Wid) /Wi =
i€z
= @D (W + Wi hee) /Wi = G™R™
1€L

Consequently we get Gry, (U) = G¥2/GUh™". As n*2(f*) = k" and if we consider
Gry, (U) as a graded P®™-module by means of n*, we thus may write Gry, (U) =
Pre/Pue fov and Annp (Gry, (U)) = Pf%2. 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} + 07 — X?0?. Determine the two
characteristic varieties

VeL(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

VR (W/Wd) = {(y,2) € 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 will show that standard Weyl algebras are left Noetherian. 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¥:

GM([) ._ @ ([ N va + W )/W C @va/wvwl — QL.
i€Np 1€Ng

It is immediate to see, that G*(I) C G* is a graded ideal. We call this ideal the graded
ideal induced by I in G¥2.

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

2= (InW)

is a filtration of the (left) W-module I, which we call the filtration induced by W*.
Observe, that for all ¢ € 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),

iE€EZ
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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

Go(I) = P (TN W + Wi ) /Wity = D I/ 1% = Grpge (D).
i€z i€z
So, by means of this canonical isomorphism we may identify G**(I) = Grw(I).
11.6. Lemma. Let I,J CW be two left ideals with I C J. Then we have
(a) G22(1) C G2 ().
(b) If G¥(I) = G¥&(J), then I = 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;** = INW* C
J = JNWE As [ = J2 it follows that G¥(1); = I/~ is not isomorphic to I /2] =
G¥2(.J);, so that indeed G*(1I) # 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. 0J

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. U

11.9. Example. (A) Consider the polynomial ring U := K[X;, Xo,...,X,]. As W C
Endg(U), this polynomial ring can be viewed in a canonical way as a left module over
W, the scalar multiplication being given by d - f := d(f) for all d € W and all f € U. As
f-1= fforall f €U it follows that U = W1y. So, the W-module U := K[X1, X, ..., X,)]
is generated by a single element, and hence in particular is a D-module.

(B) Keep the previous notations and hypotheses. Observe that

zn:W@-: @ KXY0" and henceW:U@zn:W@.
i=1

v,ueNg :u#0 =1

We thus have an exact sequence of K-vector spaces

0—>ZW8Z-—>WL>U—>O,

i=1
in which W — U is the canonical projection map given by
X% iftu=0
m(arg) =gt L Eo
0, if p # 0.
Our aim is to show:

W s U is a homomorphism of left W-modules.
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To do so, it suffices to show that for all v, u, 1/, " € Ny it holds
m(dd') = dr(d'), where d := X*9" and d' := X¥ 9" .
If p=p' =0, we have
W(dd’) _ W(KZKZI) _ W(prz’) _ Xﬁz’ _ XZXZ/ _ XZW(XZ/) — dﬂ'(d/).
If p=0and p' # 0 we have
r(dd) = w(XUXY ) = m(XEO) = 0 = Xon (XY 0¥ = dn(d).
So, let p # 0. By the Product Formula of Proposition 6.2 we have
dd' = XX 9 = XU g
with
— v/ —kgutr/'—k o0\, — (ﬁ (Ni))(ﬁ]hl(yf —p)).
) keNgsogKu,V’ et ’ e o1 R o
Assume first, that p' # 0. Then we have
W(XHZ/QHJ@) =0 and W(XZJFKI*EQZJFZ/_E) =0 forall ke Nj with 0 <k < u,1/.

It thus follows, that 7w(dd') = 0 = d0 = dw(&zlﬁﬁ/) = dn(d'). So, finally let y' = 0. Then
dd' = X“ 9" + s, and

T TIps (v = p) X2 e, it p < o
s = =
0, otherwise.

So, by what we have learned in Exercise 6.6 (B), we have s = XZQﬁ(KZI). As s is a
K-multiple of a monomial in the X;’s we have 7(s) = s. It thus follows

m(dd) = (XX ) + 7(s) = s = X2OA(XY) = X2“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 2w " U —0,

in which A is given by

n

(dr,da, ... dn) = h(dy,dy,. .. dy) = did.

=1
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This sequence clearly constitutes a presentation of the left W-module U. and the corre-
sponding presentation matrix for U is the row

O

o

0= e Wt

O
11.10. Exercise. (A) We consider the polynomial ring U = K[X1, Xy, ..., X,,| canonically
as a D-module, as done in Example 11.9. Fix a weight (v,w) € Nj x Nj. 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

Gry, (U) = Grypu (U) 2 U = @ U, with Uf := Y KX for all i € Ny
1€Np vv=i
Determine the characteristic variety V¥£(U) C Spec(P).

(B) Keep the notations and hypotheses of part (A). Show, the left W-module U is
simple.

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,Xo,...,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
X1, X, ..., X, 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

din(fi) +dia(fo) + ...+ di(fr) =0
dor(f1) +doa(fo) + ... +do(fr) =0

dsi1(f1) +dea(f2) + ... +de(fr) =0

with 7,5 € N such that d;; € W and f; € O for all 4,j € Nwith i < s and j <.
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

din dip ... dyy

do1 dya ... dy

D= e W,

dsl dsQ dsr
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Then, the above system may be written in matrix form as

S 0
o #]- |
fr 0

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* h—D>Wrﬂ>UD—>O ((al,ag,...,as) [z (al,aQ,...,as)D).

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

it 0
Sp(0) = {(f1, fo,..., [;) €O" | D fQ = O }-
Jr 0
Observe, that S(D) is a K-subspace of O".
11.12. Proposition. Let r,s € N, let
diy dyp ... dyy
D doy dye ... dy W
da do ... d,

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

and the corresponding solution space Sp(O). For alli=1,2,...,r let e; := (0;;)5—; € W’
be the i-th canonical basis element. Then, there is an isomorphism

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

e :=ep : Homy (Up, O) — O, m+— ep(m) := (m(w(e1)), m(n(es)),...,m(w(e,))).
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If e(m) = 0, then m(w(e;)) = 0 for all ¢ = 1,2,...,7. 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 s(HomW (UD, (’))) =
Sp(O) =: S(O). Do do so, let b; = (0;,)5-, € W* (j = 1,2,...,s) be the canonical
basis elements of We. First, let m € Homw (Up, ©). We aim to show, that £(m) € Sp(O).
We have to check that the column

g1 m(er)

gs m(e,)

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

Zdwm 7(e;)) de ej)) = m(ﬂ(z dije;)) = m(m(h(b;))) = m(0) = 0.

Conversely, let (fi, f2,..., fr) € S(O), so that "', d;;f; = 0. We aim to show that
(fla f27 S 7fr) € E(HOHIW(U, O))

To this end, we consider the homomorphism of left W-modules

k: W' — O, given by (uy,us,...,u,) — Zujfj'

Observe that k?(h(bz)) = k(bZD) = k(dilyd’LQ)"'adiT) = Z;:l dijfj = Oforall: =
1,2,...,s. It follows that kK o h = 0. Therefore k£ induces a homomorphism of left W-
modules m : U — O, such that m o w = k. It follows that m(n(e;)) = k(e;) = f; for all
j=1,2,...,r. But this means that (f1, f2,..., fr) = e(m) € e(Homw(U, 0)). 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, ] and consider the matrix D = (d) € W', Determine
Up,Sp(O) and V22(Up) for all weights (v, w) = (v, w) € Ny x Ny \ {(0,0)} and for

d=0, d=0*—-1, d=0"-1, d=0—2"and d= 0"+ cd — b with c,b € R\ {0}.
(B) Let n,m € N, O := K[X, Xs,...,X,] and consider the matrix

c anl

Determine Up, Sp(O) and Vi (Up).
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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. Indeed a great deal of what we shall present in the sequel could also be deduced
from the theory of Grobner bases in commutative polynomial rings. Nevertheless, we
prefer to introduce the subject in a self contained way for Weyl algebras. As for Grobner
bases in polynomial rings and their applications, there are is a number of sources, for
example [1], [11], [12], [13], [14], [17] and [20].
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 [3] or else [18], [19] or [21].

12.1. Convention. (A) As previously, we fix a positive integer n, a field K of charac-
teristic 0 and consider the standard Weyl algebra W := K[X1, Xs,..., X,,; 01,04, ..., 0]
and the polynomial ring P := K[Y1,Ys,...,Y,; 21, Zs,...,Z,] in the indeterminates
Yi,Yo, ... Y0 21, Zs, ..., Z, over K.

(B) In addition, we fix the isomorphism of K-vector spaces
®: W = P given by X“0" v Y*Z" for all all v, p € NJ
and the sets:
B (X290 | v, € NJ} and M= (Y222 | v, g € N} = O(E).

12.2. Definition, Reminder and Exercise. (A) (Total Orderings) Let S be any set. A
total ordering of S is a binary relation < on 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.

We write TO(S) for the set of total orderings on S. If <€ 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
<€ 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 (clearly unique) ¢ := min<(7") € T such that t < for all t' € T — called
least element or the minimum of T" with respect to < .

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:
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(a) (Foundedness) 1 < X*0* for all v, u € Nj
(b) (Compatibility) For all A\, X, k, £, v, i € N we have the implication:

If X&Qﬁ < XA/QE; then X&Jrzaﬁ'i‘g < XA/JFZQEI-FH'
We write AO(E) for the set of all admissible orderings of E. Prove the following facts:
(c) o, v/ pp, A, Nk, K, € NI with X%0" < XY 9 and X29" < &A/Qﬁl, then
XA-FZQEJFE < XA/-FZ/ Qﬁ/+gl.
(d) AO(E) C 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 coeffi-
cient of d with respect to LE<(d) and — correspondingly the leading differential operator
LD<(d) of d with respect to < . Hence:

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

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

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

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

(a) Let ¢ : Ng — Nj x N be a bijective map. Show that the binary relation <,
defined on on E by X*0* <, X¥'0* < ¢ v, p) < ¢ (v, p) (i, p, v/, ' € N})
is a well ordering. - B -

(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

/
X9 < XV'0" if either {” < v orelse
v=1vand p < p/

for all v, u € Ny. Show, that < is a non-discrete well ordering of E.
(B) (Admissible Orderings) Keep the above notations and hypotheses.
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(a) We define the binary relation <,,C EXIE by setting (again for all v, u, v/, u’ € Np):
XZQE Slex XZ/QEI lf either

(1) v=1v"and p =/, or
(2) v=rand 3j € {1,2,...,n}: [ < 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

deg(d) < deg(e) or else

d Zaegiex € if eith
Sdegl ¢ 1I el1vner {deg<d) — deg(e) and d Slex €.

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 <geglex-
(f) We introduce a further binary relation <gegreviex 01 E by: setting (v, u, v/, i’ € Npj):

XZQE Sdegrevlex XZ/QH/ if either

(1) deg (Kz_ﬁ) < deg (XZ/QHI), or else
(2) deg (&ZQﬁ) = deg (XZIQH/) and either
(i) yv=v'and p =y, or
(i) p =/ and Fi € {1,2,...,n} : [; > v} and v = v}, Vk > i], or else

(i) 35 € {1,2,....n} : [p; > 5 and py = i, 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 <jeglex-
(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 <4 on M by:
m <g m' & & 1(m) < d 1 (m) for all m,m’ € M.
Prove, that <¢€ AO(M) and that there is indeed a bijection

o5 : AO(E) — AO(M), given by <—<g .
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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 <o« 1S not.

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

(a) Let n =1, set Xy =: X, 01 =: 0, Yy =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 <iex, <deglex
and Sdegrevlex:

(1) 5X°%+4X19 — 2X203 + X0* — 30°.
(2) 0 —4X03 4+ 6X20%* —4X0 + X4
(3) 612 _ X587+X785 _X9a3 —|—X12.
(b) Let n = 2 solve the task corresponding to exercise (a) above for the differential
operators
(1) X3X2 +20302.
(2) X2X30205 — 9108,
(3) XF+ X} + 0F + 05 with k € N.

The next proposition will play a crucial role for our further considerations.

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

(a) LTS(dB) = LTS(d)LTS(e)
(b) LM (de) = LM (d)LM<(e).

Proof. The product formula for elementary differential operators of Proposition 6.2 yields
that LE< (XZQEXZ/QE) = XYY 9 for all v, v, p, i € Nj. We may write

d= Z C(;QX YO and e = Z Cye/)ﬁ/_zf_ﬁl

(v,p) Esupp(d) (V/,p")€supp(e)

v

with ) c(l, € K\ {0} for all (v, ) € supp(d) and all (', ') € supp(e). With appro-
priate pairs (1%, u(©) € supp(d) and (v, /©)) € supp(e) we also may write

LE<(d) = X*” 9" LE<(e) = X" """ LC<(d) = ¢}, ) and LC<(e) = ¢

=z Z/(O),U/(O) .



A SHORT COURSE ON WEYL ALGEBRAS AND D-MODULES 39

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

e- Y dlradlxier -
(v,p)€supp(d),(v/,p’) Esupp(e)

— C(zdg) CH)H,_ZQ&_Z o =
(v,p)Esupp(d),(v/,p’) Esupp(e)
_ [C,(/d)c(;/)H/XZJFMQﬁJFH/ + Tﬂ’&/} ,

=

(v, )€supp(e)

(v,p)€supp(d

with 7y, € W, such that for all (v, ) € supp(d) and all (v, 4') € supp(e) it holds
LE<(ryp ) < XU gut - whenever Ty 7 0.
By Definition, Reminder and Exercise 12.2 (C)(c) we have
Xt gt v g il ® for all

(), (', 1) € supp(d) x supp(e) \ { (', p), ('@, 1))}
By Definition, Reminder and Exercise 12.2 (D)(d) it now follows easily that

LE(de) = X2+ gu® 5 and LOL(de) = ng)ﬁm) C(jzo@m = LC<(d)LC<(e).

We thus obtain LM< (de) = CI)(XZ<O)+Z/(O)QH(O)+EI(O)) = XZ<O)+Z/(O>ZH(O)+E(O) =

_ XZ(O)ZE(O)KH/(D)ZE/(O) _ CI)(XZ(O)QH(U))(D(XZ/(O)QH’(O)) _ (D(LES (d))‘l)(LES(G)) _

= LM< (d)LM<(e). But now it follows immediately that LT<(de) = LC<(de)LM<(de) =
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.

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 (q;) jer € W such
that

(a) d= ZfeF (_Iff +ry

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

(c) LE<(qrf) < LE<(d) for all f € F with qsf # 0.

Proof. We clearly may assume that F* C W\ {0}. If d = 0, we choose r = 0 and g5 = 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) = mmg{LES(u) | u € U}
We distinguish the following two cases:

(1) There is some f € F such that LM<(d) € PLM<(f).
(2) f ¢ Uper PLM<(f).
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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)
d:=d— —= ew.
Le-(n
If d =0, we set
r=0, gqf:= Egjjie, and gy =0 for all f' € F\ {f}.
But then (@
_ LC<(d) ,
S T

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) LC<(d) LC<(d)
te(n) = e = = e
LC<(d)LM<(e)LM<(f) = LC<(d)®(e)LM<(f) = LC<(d)LM<(d) = LT<(d).

LT ( LT<(e)LT<(f) =

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

cise 12.2 (D)(d) we obtain that LE<(d') < LE<(d) = min<{LE<(u) | u € U}. Therefore,
d' ¢ U and so we find an element 7' € W and a family (¢}) per € W" with

(a)' d' = Doperdpf +1h

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

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

Now, we set

ro=r"and ¢ = {qéu LC<(d) ' r7 Ji’
qr + oo ® if f=f".
As
LE<(¢}) < LE<(d') < LE<(d) and LES(%@ = LE<(e) < LE<(d),
we get
LE<(a7) = LE< (6 + [ ) < LE<(@)

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 g; := 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 1" and ¢}, € W (for all f* € F) such that the above conditions (a)’, (b)’
and (c)’ are satisfied. Now, we set r := r’ + LD<(d) and ¢y := ¢} forall 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. [
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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

1:21@3.

s€S
Show that in this situation for all m € M\ {0} we have
(a) If m = 25:1 fis; with s1,89,...,8, € S and fi, fa, ..., fi € 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 T'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 =737, fiLM<(t;) with t1,ts,....ts € T and fi, fo,..., fs € P, 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 such that
(C) (Grobner 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< (u)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) = mLM<(g).

Now, we prove that Grobner bases always exist, and that they deserve the name of
"basis“, as they generate the involved left ideal.

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.

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

Proof. (a): This is clear as the ideal LMI<(L) is generated by finitely many elements of
the form LM<(g) with g € L.
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(b): Let G C L be a <-Grébner basis of L and assume that »_
<e WO(E), we find some e € W\ > _ . Wg such that

Wg C L. As

geG
geG

LE(e) = min{LE<(d) [ d € L\ > Wg}.
- geG
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

N ch(e)u

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< (6
LC-(g

_ LCS(e)LTS(u)mLTS(g) ;LT<( JLT(g) =

= —LT<(v)LT<(g) = —LT<(ve).

Ased > oWgand g € G, we have e +vg € L\ 3 ., Wg. In particular e + vg # 0.
So by Definition, Reminder and Exercise 12.2 (D)(d) we get the contradiction

LE<(e +vg) < LE<(¢)LE(e) = min{LE<(d) [ d € L \ > Wyl

geG

O

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 S::Sdegrevlex-
(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.

(b) Let the notations and hypotheses be as in exercise (b) of part (A) and compute a
<-Grobner basis for < =<exs Sdeglex and S::Sdegrevlex

For our next main result, we need some notation.

12.9. Notation. (A) For any set S € W we write supp(S) := (J,cg supp(s).

(B) Let <€ TO(E) (see Definition, Reminder and Exercise 12.2 (A)) and let T' C E.
We write <[ for the restriction of < to T, thus — if we interpret binary relations on a
set S as subsets of S x S:

<Ir = <N xT), sothat :d<[re<d<eforalldecT.
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12.10. Proposition. (The Restriction Property of Grébner Bases) Let . C W
be a left ideal. Let <,<'€ AO(E) and let G be a <-Grébner basis of L. Assume that

S rsupp(G) = Sl rsupp(G) .
Then G is also a <'-Grobner 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 (q,),ec € WC such that

(1) d=23",cc 29 +T;

(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 <-Groébner 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

(IJ(LTS(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= Z qy9, whith G* :={g € G | ¢, # 0}.
geG*

By the above condition (3) we have LE</(q,9) <" LE</(d) for all g € 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</(gz9). Thus, on use of Proposition 12.4 (b) we get
indeed LM</ (d) = LM (g,)LM<(g) € LMI/(G). O

Now, we shall introduce the central concept of this section.

12.11. Definition. (Universal Grébner Bases) Let L C W be a left ideal. A wuniversal
Grobner basis of L is a (finite) subset G C W which is a <-Grébner basis for all <€ AO(E).

Following an approach which relies on an idea of Sikora, and performed in greater
generality in Boldini’s thesis [4] we now aim to prove that universal Grobner bases in
Weyl algebras always exist. We begin with a few preparations.

12.12. Definition, Exercise and Convention. (A) (The Natural Metric on the Set
TO(E)) For all i € Z we introduce the notation

E; = {e € B | deg(e) < i} = {X*0% | || + |u| <1},
We define a map
dist : TO(E) x TO(E) — R, given by for all <, <€ TO(E) by
g suwp{reNol<[s, = <"l }§f <A<

)

0, if <=<'.

dist(<, <) = {

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

= <'g.,, -

1
dist(<, <) < > if and only if <[g .,

(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 < on [E given for all d,e € E by
d < e if and only if d <; e for all i > 0.

Prove the following statements:

)

) If r € Ny, d,e € E 11, and i > n(r), then d <; e if and only if d <e.
) <€ TO(E).

) If r € Ny, and ¢ > n(r), then dist(<;, <) < 5.

) TO(E) is a complete metric space.

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) SS+1 g Ss‘

(2) Sj r]ES+1 = < rEerl for all j7 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 Sg,Sq,...,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 (ix)ren, in Ny, such that i, < i,,.1 and i, € S, for all r €
No. In particular it follows that <; [g,,, = <;[g,,, forall j,k > r and hence (see

L

Definition, Exercise and Convention 12.12 (A)(a))

1
dist(<;;, <4,) < > for all 5,k > r.
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Cauchy sequence. O

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

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

limio < = <.

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

(1) 1< x20".

(2) If XAQ@ < XA’QE then XA+2Q@+H < XX—FZQE,JrH‘
So, fix M, N, k,,v,u € 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(<;, <) < 2%, hence such that <[g,,, = <lg.,,. As <;€ AO(E)
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 C W 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 UL (G) is not empty and choose <€ U (G). We find some
r € Ny with supp(G) C E, ;. Let <'€ AO(E) such that dist(<, <) < 2% So, we obtain
that <'lg,,, = <'[g,,, and hence in particular that <'[spp@) = <'Tewpp@)- By
Proposition 12.10 it follows that G is a <'-Grébner basis of L and hence that <'€ UL (G).

But this means, that the open neighborhood {<'e AO(E) | dist(<',<) < 27"} of <
belongs to UL (G). O

12.16. Theorem. (Existence of Universal Grébner Bases) Each left ideal L of W
admits a uniwersal Grobner basis.

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

(UL(GS))germ)

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

A0(B) = |J Ui (G ).

Let <€ AO(E). Then <€ U.(G«,) for some i € {1,2,...,7}. Therefore G, is a <-
Grobner basis of L. So |J;_, G<, is a Grobner basis of L for all <e AO(E). O
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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 s finite.

Proof. Let G C L be a universal Grébner basis of L. Then {LMI<(L) |[<e AO(E)} =
{LMI<(G) |<e AO(E)}. Therefore

#{LMI (L) |[<€ AO(E)} < #{)_PO(h) | H C supp(G)} <
< #{H C supp(G)} = 2#suwp(@),

13. WEIGHTED ORDERINGS

This section is devoted to the study of admissible orderings which are compatible with
a given weight. Our principal goal is to prove a certain stability result for characteristic
varieties found in Boldini’s thesis [4], published in [5].

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 = K[X;, Xs,..., X,,;01,04,...,0,], the
polynomial ring P := K[Y1,Ys,...,Y,; Z1, Zs, ..., Z,] over K and the isomorphism of K-
vector spaces ® : W = P, given by X*0% — Y*Z for all v, u € Np.
(B) We also write

Q:={(v,w) € Ny x Ny | (v;,w;) # (0,0) for all : =1,2,...,n} C Ny x Ny
for the set of all weights. If w = (v, w) € Q we also use the suffix w instead of the suffix
vw in all the previously introduced notations. Observe, that

wtae, swe (w,aeseN).

13.2. Definition and Exercise. (A) (Weight Compatible Orderings) We fix w = (v, w) €
2 and <€ AO(E) (see Definition, Reminder and Exercise 12.2 (C)). We say that < is
compatible with the weight w = (v, w) € Q (or w-compatible), if for all d,e € E we have:
If deg®(d) < deg®(e), then d < e.
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 <¢=<** 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 w = (v, w) € 2 and each <€ AO(E) the following statements hold.
(a) <2€ AO%(E).
() (=2 = <=
(c) <€ AO¥(E) if and only if < = <«
The admissible ordering <¢c AO(E) is called the w-weighted ordering associated to <.
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13.3. Definition and Exercise. (A) Let w = (v,w) € €2, let i € Ny and let

d= Z X”&“ eW with cj € K\ {0} for all (v, ) € supp(d).
(v, E)Gsupp(d) -
We set
supp;(d) == {(v, i) € supp(d) | pv + pw = i} and di = d* = Z C(ZCQXZQE.

(v,v)€Esupp(d)

Prove that for all d,e € W, all i, 7 € Ny and for all w = (v, w) € Q it holds:
(a) If i > deg®(d), then d;* = 0.
(b) di = [d/]7"
(c) (d+e) =d + ;.
(d) If d,e # 0, i := deg®(d) and j := deg®(e), then

Supp;rj(de) ={(v+V,p+ )| (v, p) €supp;(d) and (', ') € supp]wf(e)}.
(e) If d,e # 0, i := deg®(d) and j := deg®(e), then

(de)lJrj e Z S}l) (VeM)XV—H/ alH-M

(v,p) Esupp;(d), (/') Esupp;*(e)

(B) Keep the notations and hypotheses of part (A). We set
o (d) == ®(dy) = Z cdyrgue,

7 v

(v,v)esuppi(d)

Prove on use of statements (a)—(e) of part (A) that for all d,e € W, all i, € Ny and for
all weights w = (v, w) € € the following statements hold:

(a) 07(d) = oy (d7).

(b) If i > deg® (d), then o7 (d) = 0.

(c) o, (d) = o3 (d7)-

(d) of(d + e) = o;(d) + o (e).

(C) (The Symbol of a Differential operator with Respect to a Weight) Keep the notations

of part (A) and (B). We define the w = (v, w)-symbol of the differential operator d € W

by
o(d) 0 if d=0,
o— =
Ol (d) if d #0.

Prove that for all d,e € W\ {0} the following statements hold.
(a) O—g(d) (D(dgeg (d)) (dgeg (d))
w if Wi w

) (g o) 7D ) T des(a) = deg(e),

o“(d) if deg®(d) > deg®(e).
13.4. Proposition. (Multiplicativity of Symbols) Let w = (v,w) € Q and let d,e €
W. Then

o“(de) = o“(d)o*(e).
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Proof. 1f 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)

we have

o(de) = oy ;(de) = O((de)?;) =

— (I)< C(ZCBC(ZC;L XVJFV 8#+/~’» )
(v,p)€supp;(d), (v ,p’ ) €supp;(e)

(v,p)E€suppi(d),(v/ .1’ ) Esupp?(e)
= dyv (e) v/ N
— (> dhvrzm( S 9 yvzr) -
() ceupr; () (/) Esupps (c)
= (I)(dg)q)(eg) = O-£(d>o.]£(e) — O-ﬁ(d>o_g(e).

O

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 induced
ideal (see Definition and Remark 11.5)

GL) =D (LW + W2 ) /W = D LY/LY | = Grpe(L) € G2(L),
1€EZL 1E€EL
where
LY =LNWe:= (LNW?),

is the filtration induced on L by the weighted filtration We. We also consider the w-graded
ideal of P2 = PP given by G*(L) := ()1 (G=(L)), where p*2 = n= : P = P¥ = G s
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 G~ (L); = G (L) NP¥ = (n)"1(G¥) 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
(1)~ (d) = @(d7’) = 0*(d) € G™(L)s.
(b) Each element h € G2(L); \ {0} can be written as
h = 0%(d), with d € L and deg®(d) =

(C) (The Induced Exact 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) — G2 — Gryerg(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.



A SHORT COURSE ON WEYL ALGEBRAS AND D-MODULES 49

—_w

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

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

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

() T(L) = ¥ye 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< (@' (h)) = mLM<(®~"'(6*(9))).

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 € > gecPo?(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

S :={e € L|deg?(e) =i and 0%(e) ¢ ZIP’UQ(g)}
geG
is not empty. Choose d € & such that LE<u(d) = min<w{LE<u(e) | e € &}. As G is
a <?-Grobner basis of L we find some g € G and some u € E such that LM<u(d) =

LM<« (ug) (see Definition, Reminder and Exercise 12.6 (C)(b)), or — equivalently — such
that EM<w(d) = EM<w(ug). With

b LC<u(d) "
" LCcu(ug)
it follows that
LC<u(d
LD (d) = LCeu(d)LE<u(d) = LCu (d)LEs (ug) = mﬁ—ég))LD@(ug) -
Sﬂ
LC<u(d :
= LD@(ﬁ(E@))U‘Q) = LD<u(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<w(d — vg) < LE<u(d).

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) € Z Po“(g) — a contradiction.
geG

So, assume that we are in the case (2). As d —wvg € L it follows by our choice of d,
that 02(d —vg) € > o Po?(g). But now, by Definition and Exercise 13.3 (C)(b) and by
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Proposition 13.4 we get the contradiction

0“(d) = 0%(d — vg) + 0%(vg) = 0*“(d — vg) + 0“(v)o*(g Z Po(
geG
(b): We find some i € Ny such that LM< (®7'(h)) = LM< (®7'(h#(h))). As the ideal
G*(L) C P2 is graded, we have h2(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 ®71(h) = df, whence LM< (®7!(h)) = LM<(d;) = LM<u(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) = mLM<.(g) = mLM<(g;) = mLM< (®'(07)). O

J

13.7. Corollary. (Finiteness of the Set of Induced Ideals, cf. Boldini [4]) Let
L CW be a left ideal. Then, the following statements hold:

(a) #{G*(L) | w € Q} < .
(b) #{VLW/L) | w € Q} < .

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

- ¥ o

(v,p)€supp(g)

Then, for each w € Q we have 0%(g) = <I>(g§eg @) = 2w, p)Esupps. o (9) C(ZQH)XZZE. Therefore
#{o“(9) |w € Q} < #{H C supp(g)} = 2#p®)_ I follows that
#{C(L) = Y Po(g) | w € 2} < #{(0%(9)) o € P | w € O} < 2#4PP(D,
geG

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

To apply this result, we need a few more preparations.
13.8. Exercise and Definition. (A) Let w € Q and let
0—Q——>U-""P—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 @) with the filtration

Qo= (THWEV)) -
Prove the following statements:
(a) For each ¢ € Ny there is a K-linear map
70 Qi/Qic1 — WV/WE LV, g+ Qi1 — t(q) + Wi V.
(b) For each i € Ny there is a K-linear map
T WAV/WE V — Wer(V)/WE w(V), d+ W2,V = 7(q) + Wi 7n(V).
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(c) For each i € Ny it holds
m ! (Wig—lﬂ-(v)) = (@) + Wi, V.
(d) For each i € Ny there is a short exact sequence of K-vector spaces
0 — Qi/Qi1 —= WEV/W2 VT8 Wer(V) /WL 7(V) — 0.

(B) (The Graded Ezact Sequence associated to a Short Ezxact 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 — Grq, (Q)i UK Gryyey (U); = Grye vy (P)i — 0.
(b) There is an exact sequence of graded P“-modules
0 — Gro,(Q) —= Gryey (U) —= Grye,o)(P) — 0,

with 7 := @y, Ui and T := Py, Ti-
The exact sequence of statement (b) is called the exact sequence induced by the exact
sequence 0 — Q = U 5 P — 0 and the generating vector space V of U.

(C) Keep the previous notations and hypotheses. Prove the following statements:

(a) For each finitely generated K-vector subspace ' C @ with Q = WT and V' C (7)),
the two filtrations Q. and WT of Q are equivalent.

(b) Var(Anng(Gro, (Q))) = V=(Q).
13.9. Proposition. (Additivity of Characteristic Varieties) Let w € Q) and let
0—Q——>U-""P—0
be an exact sequence of D-modules. Then it holds
VHU) = VH(Q) UVL(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 — Grq,(Q) == Gryey(U) = Gryz, ) (P) — 0.
On use of Exercise and Definition 13.8 (C)(b) we obtain
V(U) = Var(Annp(Gryey, (U))) =
= Var(Anng(Grg, (Q))) U Var(Annp(Grye, 1 (P))) = V4(Q) U V¥(P).

Now, we are ready to prove the first main result of this section.

13.10. Theorem. (Finiteness of the Set of Characteristic Varieties) Let U be a
D-module. Then

#{VL(U) | w € Q} < 0.
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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
£{V4(Q) | w € 0} < 00 and #{V=(P) | w € O} < 0.
By Proposition 13.9 we also have
{Ve(U) [w e Q} = {V¥(Q)UV=(P) |w € 02},

hence

#HV(U) w e QF <#H{VH(Q) [w € O} + #{V=(P) [w € O} < o0

To prove the second main result of this section, we need some more preparations.

13.11. Definition and Exercise. (A) (Leading Forms) We consider the polynomial ring
P. Let
f= Z \f )Y”Z“ cP with clf) € K\ {0} for all (v, 1) € supp(f).
(v,p)€supp(f) -
We set
supp; (f) := {(v, p) € supp(f) | vv + pw = i}
and consider the i—th homogeneous component of f with respect to w, thus the polynomial
pepEe Y gy
(v,v)esupp(f)

The leading form of f with respect to the weight w is defined by

w ~J0 if f=0,
LFA) = {f:egw<f> it f 40

Prove that for all f,g € P, all 7,5 € Ny and for all weights w = (v, w) € Q the following
statements hold:

(a) Ifz' > deg®(f), then f*=0
C=

( +9) = fitg-

(f9)7 =22 jihmi I Ok
L w

F=(fg) = LF=(f)LF*(g).
F(f) = f if and only if f is homogeneous with respect to the w-grading of P.

IfdeWw, then 0(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

(b

(c
(d
(e
(f

) f
)
)
)
) L
(2)

)
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Let S CT CPand <€ AO(E). Prove the following statements:
(a) LFI%(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 LMo (®71(t)) = mLM. (®7(s)), then LFI(S) = LFI¥(T).
(c) For each ideal I C PP it holds

LFI<(I) = \/LFI2(V1).
(d) If I, J C P are ideals, then
(1) LFI£(I N J) C LFI2(I) N LFI%(I) and LFI2(I)LFI2(.J) C LFI(1J);
) VLFI(INJ) = \/LFI¥(I) N LFI¥(J) = \/LFI¥(I) N /LFI2(J)

13.12. Exercise. (A) Prove that for all d € W, all 7,5 € 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]7) = supp;(d) (suppj(d).
(b) supp([d7]) € supp;lj:ssf d).
(c) If i > 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® (d7) and s > deg®(d) — j, then

wie  gatSsw
[dz ]] dj—i—sz .
B) Prove on use of statements (a)—(d) of part (A) that for all d € W, all i, j € Ny, all

(
s € N and for all weights w = (v,w),a = (a,b) € € the following statements hold:

d v W/ o
(a) ( ) Z(g E)esuppf(d)ﬂsupp%(d) C(Wi)xiz& = U;(d;>
(b) If i > deg®(d), j > deg®(d;") and s > deg*(d) — j, then

oS = o).

) J J+si
13.13. Lemma. Let a,w € Q, let d € W\ {0} and let s € N with s > deg*(d) —
deg® (0%(d)). Then, the following statements hold:
(a) deg®™*(d) = deg® (0%(d)) + s deg®(d).
(b) LF*(0%(d)) = o2™<(d).

Proof. We write i := deg®(d) andj := deg® (6%(d)). Observe, that o%(d) = o(d) =
®(d7), so that j = deg® (04(d)) = deg®( f) and also s > deg®(d) — j. Now, by Exer-
cise 13.12 (B)(b) we obtain LF?(c%(d)) = [0 = 0%,,¥(d). It remains to show that
j+ si = deg®™™(d). As LF*(0%(d)) # 0 we have a]gj;w(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
[02(d)]f = o 2 (d) = 02+2(d) # 0. As k > j = deg® (0(d)) we have [0%(d)]f = 0 (see

Definition and Exercise 13.11 (A)(a)). This contradiction completes our proof. O

13.14. Lemma. Let L C W be a left ideal, let a,w € Q, let <€ AO(E) and let G be a
(<2)2-Grébner basis of L. Then LFI*(G(L)) = LFI*({0“(g) | g € G}).
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Proof. By Reminder, Definition and Exercise 13.5 (B)(a) we have

S:={0%(g) g€ G\{0}} G (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<« (®71(t)) =
mLM<a (®7!(s)). By Definition and Exercise 13.11 (B)(b) it follows that LFIQ(@Q(L)) =
LFI*(S) = LFI*(T) = LFI*({0%(g) | g € G}). O
13.15. Theorem. (Stability of Induced Graded Ideals, Boldini [5], [4]) Let L C'W

L [
be a left ideal and let o € Q). Then, there exists an integer s = 5(a, L) € Ny such that for
all s € N with s > 5 and all w € € 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)) = LF1*({0“(g) | g € G}) = Y PLF*(0*

Now, we set 5 := max{deg*(g) | ¢ € G \ {0}}. By Lemma 13.13 it follows that
LF*(0%(d)) = o2™2(d) for all s € N with s > 5 and all w € Q. So, for all s € N
with s > 5 and all w € ) we have

LFI*(G*(L)) = > _o*r*(d
geG
If we apply Proposition 13.6 (a) with o + sw instead of w we also get
G (L) = ovte(d)
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 [5], [4]) 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 € ) we have

Var (LFI* (Iye () = VE<(U).

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 € Q we have LFI%(G*(L)) = G*™(L),
By Reminder, Definition and Exercise 13.5 (C)(c) we have

W

Vet (1) = Var(@ngsg(L)) and Iy = G (L).
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By Definition and Exercise 13.11 (B)(c) we thus get

B)
LFIQ(AM(U)) _ \/LFI“(« /@Q(L)) = LFIQ(@Q(L)),

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-""P—0

such that ) and P are generated by less than r elements. By induction, we thus find a
number 5 € Ny, such that for all w € €2 and all s € N with s > 5 it holds

Var (LFI*(Iye(g))) = V2*<(Q) and Var(LFI*(Iys(p))) = VET(P).

By Proposition 13.9 we have Vetr*«(U) = Vet (Q) U Vet*¢(P) and hence Iyup) =
Iys@yuve () = Tve(g) N Iyve(p). By Definition and Exercise 13.11 (B)(d)(2) it follows from
the last equality that

VLFE (Foy) = /LFI2 (I g)) 0 y/LFI2 (T
Therefore Var (LFIQ(IVQ(U))> = Var(LFIQ( ]VE(Q)) U Var (LFI*(IVH(p)) and it follows, that
Var (LET(Iye(r)) = VE7(Q) U VET*(P) = Ver(U)

for all w € 2 and all s € N with s > 5. This completes the step of induction and hence
proves our claim. 0

13.18. Definition. (The Critical Cone) Let 3 C Spec(P) be a closed set. Then, the
critical cone of 3 1s defined as

CCone(3) := Var(LFI*(I3)),
where 1 = (1,1) € € denotes the standard weight.

13.19. Corollary. (Affine Deformation of Characteristic Varieties to Critical
Cones, Boldini [5], [4]) Let U be a D-module. Then, there is an integer s = 35(U) € Ny
such that for all w €  and all s € N with s > 5 it holds

VA (U) = CCone(V<(U)).
Proof. This is immediate by Theorem 13.17. OJ

14. STANDARD DEGREE AND HILBERT POLYNOMIALS
In this section, we relate D-modules with Castelnuovo-Mumford regularity.

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. So for fived r, s € N one chooses a family B C W**" of matrices of differential
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operators. Then one studies all systems of equations (see Remark and Definition 11.11
(B))
fi 0
p|| =], winDer

r) \o

(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 Vi¢8(D) := Ve (UD)
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 set-
theoretically the characteristic variety V4¢8(D) is bounded, if D runs through appropriate
families F.

Below, we recall a few notions from Commutative Algebra.

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[z, x9,...,2,] with finitely many elements 1, xs,...,2, € R;. Moreover,
let M = @,., M; be a finitely generated graded R-module. Then we denote the Hilbert
function of M by hys, so that hy (i) := dimg (M;) for all i € Z. We denote by Py (X)
the Hilbert polynomial of M, so that hy (i) = Py (i) for all ¢ > 0. Keep in mind that
dim(M) = dim (R/Anng(M)) and

dim(M) —1, if dim(M) >0

deg (Pa(X)) = {_007 if dim(M)<0."

The Hilbert polynomial Py,(X) has a binomial presentation:

dim(M)—1 .
X +dim(M) —k—1
Py(X) = —1)*ep(M M) € Z,eo(M) > 0).
H0= 3 (D )(Fpam I (won ez 20
The integer e, (M) is called the k-th Hilbert coefficient of M. If dim(M) > 0, eo(M) > 0
is called the multiplicity of M. Finally let us also introduce the postulation number of
M, thus the number pstin(M) := sup{i € Z | hy(i) # Py (i)}

(B) Now, let (A, A.) be a very well filtered K-algebra (see Definition and Remark 3.3
(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, the graded Gra, (A)-module Gra,y(U) is generated
by finitely many homogeneous elements of degree 0 (see Exercise and Definition 10.5
(B)(c)). So, by part (A) this graded module admits a Hilbert function hya,v = har,,, )
with hy a,v(7) :== dimg (GrA,V(U)i) for all i € Z, the Hilbert function of U with respect to
the filtration induced by V. Moreover, by part (A), the module Gr 4,y (U) admits a Hilbert
polynomial, thus a polynomial Py a,v(X) := Par,,, @) (X) € Q[X] with hya,v(i) =
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Py a,v (i) for all ¢ > 0. 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 dyu, (U) :=
dim (Gra,v(U)) = dim (V4,(U)). Moreover the polynomial Py 4,1 (X) has a binomial
presentation:

Ao (U)—1
3 (—1)%er (U, AV) (X Lfl(/*[}()(]_) k_ _kl_ 1) (ex(U, AV) € Z).

The integer ey (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 eg(U, AV) > 0
if da,(U) > 0. In this situation the number ey(U, A,V) is called the multiplicity of U with
respect to the filtration induced by V. For the sake of completeness, we set eo(U, AV') := 0
if da,(U) < 0. Finally, according to part (A) we define the postulation number of U with
respect to the filtration induced by V:

psting 4,y (U) = pstin(Gra,v(U)) :=sup{i € Z | hya,v (i) # Pua,v(i)}.
(C) Keep the notations and hypotheses of part (B). Prove the following claims.

d
Pyawv(X) =

(a) The multiplicity eq,(U) := eo(U, AJV) 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 (QU,A.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 2 > 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, i = K[z1,72,...,2,]-module M = P, M; and
each k € Ny let reg®(M) denote the Castelnuovo-Mumford reqularity at and above level k
of M, so that

reg®(M) := max{a;(M)+i|i=kk+1,..., dim(M)}
with ‘
a;(M) :=sup{j € Z | Hp (M); # 0} for all i € Ny,
and where Hj (M); denotes the j-th graded component of the (naturally graded) i-th
local cohomology module Hy, (M) = @, Hy, (M), of M with respect to the irrelevant
ideal Ry = @D, cny Bom-
Keep in mimd that the Castelnuovo-Mumford reqularity of M is defined by

reg(M) := reg’(M) = max{a;(M) +i|i=0,1,...,dim(M)}
and refresh the fact that
reg’ (M) = reg(M/Tn, (M) and Pyt ) (X) = Par(X).
(B) Keep the notations and hypotheses of part (A). Let
gendeg(M) :=inf{m € Z | M = RM} (< reg(M))

k<m
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denote the generating degree of M. Keep in mind, that the ideal Anng(M) C R is
homogeneous. Use the previous inequality to prove the following claims:

(a) If b € Z such that reg (Anng(M)) < b, there are elements

fi, fo, -, fs € Anng(M) N (URZ> with Var(Anng(M)) = ﬂVar(fi).
i=1

i<b
(C) We recall a few basic facts on Castelnuovo-Mumford regularity.

(a) If r € Nand R = K[T',T5,...,T,] is a polynomial ring over the field R, then
reg(R) = reg (K[Tl,Tz, . ,Tr]) = 0.
(b) If0 — N — M — P — 0 is a short exact of finitely generated graded R
-modules, then we have the equality reg(N) < max{reg(M),reg(P) + 1}.
(c) If r € Nand if MM, M@ .. M) are finitely generated graded R-modules, then
we have the equality reg (@;_, M) = max{reg(M¥) |i=1,2,...,7}.
(D) We mention the following bounding result (see Corollary 17.4.2 of [10]):

(a) Let R = €D, ¢y, [In be a Noetherian Homogeneous ring such that Ry is Aritinian
and local. Let W = @,,., W, be a finitely generated graded R-module and let
P € Q[X]\ {0}. Then, there is an integer G such that for each homogeneous
R-homomorphism f : W — M of finitely generated graded R-modules that is
surjective in all large degrees and such that Py, = P, we have reg! (M) < G.

Use the bounding result of statement (a) to prove the following result.

(b) There is a function B : N2 x Q[X] — Z such that for each choice of r,t € N,
for each field K, for each homogeneous Noetherian K-algebra R = @ZENO R; with
hr(1) <t and each finitely generated graded R-module M = @,_, M; with M =
RMj and hp(0) < r we have

reg' (M) < E(t, r, PM).

Another bounding result, which we shall use later is (see Corollary 6.2 of [9]):

(c) Let R = K[I1,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

27‘71

reg (Im(f)) < [max{gendeg(W),reg(V) + 1} + i+ 1]
We now prove a special case of Theorem 3.10 of [§].

14.4. Proposition. Letr € N, let R := K[T1,Ts, ..., T,] be polynomial ring over the field
K and let M = P M, be finitely generated graded R-module with M = RM,. Then

n€eNp
reg (Anng(M)) < [reg(M) + har(0)2 + 2" + 1.
Proof. Observe first, that we have an exact sequence of graded R-modules

0 — Anngz(M) — R — Homp(M, M), with x — €(x) := zldyy, for all z € R.
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Moreover, there is an epimorphism of graded R-modules
7 RO 5 A 0.
So, with ¢ := Hompg(7, Idys) we get an induced monomorphism of graded R-modules
0 — Homp(M, M) - Homp (R M) = ppha(©),
So, we get a composition map
fi=goe:R— M"® =V with Im(f) = Im(e) = 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) + har(0)* + 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. 0

14.5. Exercise. Let the notations and hypotheses be as in Proposition 14.4. Show that
(a) reg (Anng(M/Tg, (M))) < [reg'(M) + hp(0)% + 2> + 1.
Var(Anng(M)), if dimg(M) >0

(b) Var(Anng(M/Tr, (M))) = 0 if dimg(M) = 0.

14.6. Notation, Remark and Exercise. (A) Let B : N2 x Q[X] — Z be the bounding
function introduced in Reminder, Remark and Exercise 14.3 (D)(b).
We define a new function

F:N*x Q[X] — Z by F(t,r,h) := [B(t, P) +7* +2*  +1 (t,r €N, P € Q[X]).

(B) Let the notations as in part (A). Use Proposition 14.4, Reminder, Remark and
Exercise 14.3 (B) and Exercise 14.5 to show that for each field K, for each choice of
r,t € N, for each polynomial ring R = K[T3,Ts,...,T;] and for each finitely generated
graded R-module M = &P M, with M = RMy, hy(0) < r and Py, = P, we have the
following statements:

(a) reg (Anng(M /T, (M))) < F(t,r, P).

(b) There are homogeneous polynomials fi, fa, ..., fs € Anng(M/T'g, (M)) with
(1) deg(fi) < F(t,r,P) foralli=1,2,...,s.
(2) Var(AnnR(M)) = Var(fi, fo, ..., fs) = iZ, Var(fi).

No, we are ready to prove the main result of this section.

14.7. Theorem. (Boundedness of the Degrees of Defining Equations of Char-
acteristic Varieties, compare [8]) 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[Xl,XQ,...,Xn;81,82,...,(9n]

neNy
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and let V- C U be a K-subspace with dimg (V) <r < oo and U = WV. Morover, let
F:NxNj —7Z

be the bounding function defined in Notation, Remark and FEzercise 14.6 (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

PU7W(.legV E Q[X]
be the Hilbert polynomial of U induced by V with respect to the degree filtration W (see
Reminder, Definition and Ezxercise 14.2 (B)).

Then, there are homogeneous polynomials
fi, fos oo fs €EP =KV, Yo, ..., Y0 24, Zay ...y Zy)
such that
(a) deg(f;) < F(2n,r, PUngeg).
(b) Vigaee (U) = Var(fy, o, 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 14.6 (B)(b), applied to the
graded P-module Gryyaes,, (U) and bearing in mind that — by Exercise and Definition 10.5

(B)(c) — this latter graded module is generated in degree 0. O

14.8. Conclusive Remark. (A) Keep the above notations. To explain the meaning of
this result, we fix 7, s € N and we fix a polynomial P € Q[X]. For any matrix

dll d12 s dlr
D= d21 d22 s d2'r c str (S c N)
dsl ds? s dsr

of polynomial partial differential operators we consider the induced epimorphism of D-
modules
W =2 Up — 0,
consider the K-subspace
K" = (Wy*®)" c W
and set
Vp == mp(K").
Then, referring to our Preliminary Remark 14.1 we consider the family of systems of
differential equations

F=F":={DeW> | P

Up,We*EVp

= P}

whose canonical Hilbert polynomial PU73 wleey, equals P. As an immediate application of
Theorem 14.7 we can say
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The degree of hypersurfaces which cut out set-theoretically the characteristic variety
Vde&(D) is bounded, if D runs through the family F.

Clearly, our results give much more, as they bound the invariant

reg(Annp [ergegvp (Up)/Te, (Grygaesy, (Up)])

along the class F”.

(B) The study of the class F¥ corresponds to the study of the classical Hilbert scheme
Hilb” of closed subschemes X C P} with Hilbert polynomial P. So, it seems a challenging
task to approach the classes F¥ from this point of view and to pursue further what one
could understand as a Theory of Hilbert schemes for D-modules.
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