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Introduction

Recently there has been a growing number of interactions between noncommutative algebra and
theoretical physics, often via noncommutative geometry. The algebras appearing are usually
described by generators and relations what does not provide too much information about their
structural properties. A well-known example of this type is the first Weyl algebra, also known as
the basic algebra of quantum mechanics because of its direct link to the Heisenberg uncertainty
relation. The Weyl algebra is an interesting example also from the algebraic point of view, it
is more complicated than a matrix ring, yet it enjoys many structural properties. The idea
behind these lecture notes is to develop some algebraic structure theory based upon properties
observed on the Weyl algebra.

One of the main methods is the use of filtrations and associated graded rings which is the
topic of Chapter 3. The contents deals with : the relation with Lie algebras via the Heisenberg
Lie algebra, finitelness conditions on rings and modules, localizations and rings of fractions,
the relatioin to rings of differential operators, homological dimensions and the Gelfand-Kirillov
dimension, module theory and holonomic modules, simple Noetherian algebras and semisimple
rings and modules, etc... . The first three chapters are treated in a more tutorial way; to each of
these chapters there is a set of “right or wrong” exercises which can be used as a self-evaluation
test by the reader. The second part of the notes is perhaps less tutorial; it should be viewed as
a course on the level of the master education (fourth or fifth year of education).

Each Chapter contains some fundamental results; amongst the final goals : the Weyl algebra as
a ring of differential operators in Chapter 1, Engel’s theorem, Lie’s theorem, Cartan’s criterion,
and Weyl’s theorem in Chapter 2; the Bernstein filtration on the Weyl algebra, the control of
filtered objects by associated graded objects in Chapter 3; the lifting of Noetherian properties
from the graded to the filtered rings and the relation between finitely generated associated
graded modules and good filtrations, Maschke’s theorem, the Wedderburn, Artin-theorem and
Wedderburn’s theorem in Chapter 4; Ore’s theorem, Goldie’s theorem for Noetherian rings in
Chapter 5; the GK-dim of an Ore extension, the ideal invariance of GK-dim for a Noetherian
ring, exactness of GK-dim of filtered algebras with finitely generated left Noetherian associated
graded algebra and the Bernstein inequality in Chapter 6; the calculation of global dimension
for filtered rings and the Weyl algebra in Chapter 7.

The material is self-contained; for Chapter 7 some knowledge concerning projective and injec-
tive modules is assumed and some basic constructions of homological algebra like taking the
cohomology of some (exact) sequences are used without much explication, so this chapter may
be treated as a more advanced part, requiring some preknowledge or additional reading.
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Chapter 1

Algebras given by Generators and
Relations

1.1 The Free Algebra

We consider a field K and a K-algebra A, that is an associative ring with unit element 1,
containing K in its centre Z(A) = {z € A,za = ax for all @ € A}. This entails that A is a
K-vector space with a K-bilinear multiplication. A morphism between K-algebras A and B,
say f: A — B is a K linear map respecting multiplication : f(ab) = f(a)f(b) for all a,b € A
and f(1) = 1. A subset {a;,i € J} of Ais called a set of generators for A/K if every element
r € A is a finite K-linear combination of products of some of the a;,7 € J. If a finite set of
generators exists for A then we say that A is a finitely generated K-algebra; we denote this
by : A=K < ay,...,a, >. If Ais moreover commutative then we write A = Klaq, ..., a,].
An algebra over K is finite dimensional if it is finite dimensional as a K-vector space. Every
finite dimensional algebra is finitely generated but the converse is not true as can be seen on
the polynomial algebra K[X]. An element x in a K-algebra A is :

i) A zero-divisor, if there is a y € A such that xy = 0 or yzr = 0.

ii) An idempotent, if 2*> = x
iii) A nilpotent, if  # 0 but 2z = 0 for some n € N.
iv) A unit, if there is a y € A such that xy = yr = 1.

For a K-algebra A, a module will be understood to be a left module; an A-bimodule is a
module that is also a right module, M say, such that Am = mA for every m € M, \ € A.

Now consider a set S. The elements of S are considered as symbols or letters of an alphabet.
Write W (S) for the set of words in the letters of S, this is the set of all finite ordered sequences
of elements of S. Put K < S > equal to the vectorspaces over K with basis W (S), that is
K < S > is consisting of all finite K-linear combinations of words in the alphabet S. We can
define a multiplication on K < .S > by defining the product of words sy ...s, and ¢, ...%,, as the
concatenation $j...S,.t;...t, and extending this by K-bilinearity to K-linear combinations
of words. The empty word is the unit for this multiplication and we can embed K in K < .S >
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as the K-multiples of the empty word. Thus K < S > is a K-algebra and we call it the free
K-algebra on S. To avoid confusion we shall denote generators of a free algebra by capital
letters | Free algebras enjoy a certain generic property expressed in the following.

1.1.1 Lemma

Every K-algebra A is the epimorphic image of some free algebra.

Proof Observe that every K-algebra A has a set of generators (for example A itself); therefore
we may select a set of generators S = {a;,i € J} for the K-algebra A. Let {X;,i € J}
correspond bijectively to this and look at the free algebra K < X;,i € J >. The K-linear map
defined by ¥ : X,,, ... X,, = @q, ... a,, is obviously surjective. It is also easy to veryfy that ¥
is an algebra morphism. O

1.1.2 Corollary
If A is a finitely generated K-algebra then there is an epimorphism

K<Xp..., X, > A

for some finite set {X3,..., X,}.

A subset L of A such that AL C L is a left ideal of A, symmetrically R C A such that RA C R
is a right ideal of A. By an ideal I we will always mean a two-sided ideal, that is : AIA C I.
For an ideal I of A we have the quotient ring A/l and a canonical epimorphism A — A/I. For
an algebra morphism f : A — B we have Ker(f) = {a € A.f(a) = 0} which is an ideal of A
and Im(f) = {f(a),a € A} which is a K-subalgebra of B such that A/Ker(f) = Im(f). For
any subset R C A we let (R) stand for the ideal generated by R, that is :

(R) = {lefﬂj’f’j,fﬂj S R, lj,rj S A}

J

In view of Lemma 1.1.1. every algebra A may be viewed as K < X > /(R), where the set X
corresponds to a set of K-generators for A and (R) is an ideal called an ideal of relations for
A. Of course the presentation of A as K < X > /(R) is not unique.

1.1.3 Example

The kernel of the canonical morphism 7 : K < XY >— K[X,Y] is (XY — Y X), thus we
have :
KX, Y|=K<X,)Y> /(XY -YX)

Proof Put /= (XY -YX), K <a,b>=K <X, Y > /I witha=X mod I,b=Y mod [.
Then K < a,b > is commutative and 7 factorizes via 7 : Kla,b] — k[X,Y] with 7(a) =
X,7(b) =Y. Any f # 0 in Ker(7) would lead to a nontrivial f(X,Y) = 0 contradicting the
independence of X and Y as variables in the polynomial algebra K[X, Y], hence Ker(7) = 0
or 7 is an isomorphism. 0
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1.1.4 Examples

Direct sum, free product, tensor product.

i) Direct Sum

The direct sum of algebras A and B is the Cartesian product A x B with the
componentwise sum and product. The linear map A - A® B : a — (a,0) is
not an algebra morphism as 1 — (1,0) # I = (1,1) in A& B. The projections
mAa:A® B — Aand mg : A® B — B are algebra morphisms.

The direct sum has the following universal property : if 4 : C' — Aand ¢p : C — B
are algebra morphisms then there is a unique algebra morphism ¢ : C — A & B,
n — (¢a(z),pp(x)), such that ¢4 = ma¢ and ¢pp = mpd. Now if A = K < X >
J/(R)yand B=K <Y > /(S),then AbB=K <XUYU{Z}> /(Z*=Z,ZX =
XZ=X,2Yy=Y7Z2=0,(1—-2)S,ZR).

Here Z'R stands for the set of relations from R multiplied by Z. The relations
express that Z stands for the element (1,0). Verify this.

ii) The Free Product

We denote by Ax B the free product defined by generators and relations (A and B as
before) by : AxB =K < XUY > /(RUS). There are canonical injections iy : A —
AxB,ig: B — Ax B, defined by is(Xmod(R)) = Xmod(RUS),ig(Ymod(S)) =
Ymod(R U S). Now there need not exist projections Ax B — A or Ax B — B (for
example when B is a matrix algebra there is no projection A x B — A).

The free product has the following universal property : if 4 : A — C and ¢ : B —
C are algebra morphisms, then there is a unique algebra morphism ¢ : A* B — C'

such that ¢4 = @i, o = @ip.

iii) The Tensor Product

The tensor product of A and B (algebras as before), denoted by A ® B (meaning
A®p B), is described by generators and relations as follows :A® B =K < XU)Y >
J{XY; = Y;X;} URUS). Observe that when {a;,7 € I} is a K-basis for A and
{b;,j € J} a K-basis for B then {a;b;,7 € I,j € J} is a K-basis for A® B. The
tensor product is distributive with respect to the direct sum : A ® (B @ C) =
A® B® A® C, the isomorphism is given by ¢ : A® (B&(C) - A B® A® C,
a(b,c) — (ab,ac).

1.2 The Weyl Algebras

In quantum mechanics the Heisenberg uncertainty principle expresses that place and velocity
of a particle cannot be simultaneously measured. Measuring in physics means diagonalizing
operators (matrices) and noncommutative operators cannot be diagonalized simultaneously (by
the same basis-transformation). If z is the place vector of a particle and p its impulse then
(writing them as operators): pr —xp = —ih, where h stands for the Planck constant and ¢ € C.
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Looking at the C-algebra generated by p and x it is clear that we may introduce y = %p and look
at the algebra: Aj(C)=C< XY > /(YX—-XY—1). Let ¢ : C< X, Y >= A (C), X —» z =
Xmod(YX — XY — 1), be the canonical epimorphism. The C-algebra A;(C) is called the first
Weyl algebra, often referred to as the basic algebra of quantum mechanics. We may replace
C by any field K and consider the first Weyl K-algebra : K < XY > /(YX — XY — 1) =
K<zy>.

We can also define A, (K) = A(K) ® ... ® A,(K) with n factors in the tensor product.
By iteration of Example 1.1.4. iii. we can describe A,(K) by generators and relations as :
AYK)=K < Xy,....,X,,Y1,...,Y, > /(X)Y; =YX, for i # 7, X; X, — X;X,,Y;Y; = Y;Y, for
iand 7, V;X; — XY, —1fori=1,...n).

We call A,(K) the n'™ Weyl R-algebra. It is usual to write words over {z,y} in A;(K) with
powers of x before powers of y; for example yz? = (yr)r = (1 +2y)r =z + z(yx) = v + z(1 +
ry) = 2z + z?y. In fact one can prove that every element of A;(K) can in a unique way be
written as a combination of such words, in other words :

1.2.1 Theorem

The linear map 2 : K[X,Y] — A (K), XY’ — 2%, is a bijective map.

We postpone the proof of this theorem to Chapter 3. Observe that ¢ is not a K-algebra
morphism, indeed :

WWYX)=1(XY)=zy=yr —1=1(Y)u(X) — 1 # (Y ) (X)

However, 1| K[X] and | K[Y] are algebra morphisms.

1.2.2 Corollary

The element = € A;(K) is transcendental over K (similar for y € A;(K)).

Proof If f(z) = 0 for some f € K[T] then ¢+f(X) = 0 entails that f(X) = 0 hence f =0

because X is transcendental over K. O

1.2.3 Property
For p(z) € K[z] C Ai(K) we have that yp(z) — p(z)y = 2.

Proof Observe
ya? — Py = (y2)z — 2%y = (ay + Do — 2y
— a(yz) +o — 2%y
=z(l+zy) +z— 2%
=r+2iy+ax—a2%y =2

n—1

Similarly one calculates : yx"™ — 2"y = nz"~'. Using distributivity y(z1 + 22) — (21 + 22)y =
Op

(yz1 — 21y) + (Y22 — 22y), and regrouping terms one obtains : yp(z) — p(x)y = 2. O
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On the polynomial ring K[X] we consider the K-linear maps ¢ : K[X] — K[X],p(X) —
Xp(X), n: K[X] - K[X],p(X) — 8’(;())((). Consider the K-algebra generated by ¢ and 7 in
Endg K [X].

1.2.4 Proposition
We have Ay (K) = K < &, n > for K a field of characteristic zero.

Proof Let né—¢&nact onp € K[X], then we obtain : (n§—¢n)(p(z) = (7. X —X.5%)(p(X)) =
2 (Xp(X)) — Xp'(X) = p(X) + X(p'(X)) — X(¥/(X)) = p(X). Hence the kernel of 7 : K <
XY > K <&n> XY —n, contains the ideal (Y X — XY —1). This means that the
canonical map 7 : A(K) — K < &n >, v — &y +— 1, is well-defined and surjective. Take
p € Kerm. We may write p = po(z)+p1(z)y+. .. +p,(z)y™ and from 7(p) = 0 it follows that 7(p)
acting or X, for every i, is zero. The latter means : 0 = 7(p) X' = 35, pj(X)(if—!j)!(—l)in_j
(where 4! # 0 because ch(K) = 0).

Starting with ¢ = 0 we may conclude from the foregoing that p; = 0 for all ¢, thus p = 0. O

Look at a commutative K-algebra D. An additive map 6 : D — D is said to be a derivation
if 9(ab) = ad(b) + d(a)b for all a,b € D, if § is moreover k-linear for some subfield k of K
then 0 is said to be a k-derivation. The set of k-derivations 6 : D — D | say DerpD, is
a K-vector space. It is easily checked that for derivations 07,0 also [01,ds] = 109 — 020y
is a derivation. Let D be a D-submodule of DeryD and write D < D > for the k-algebra
generated by D and D within EndyD. In case k = K,D = DergD we obtain A(D) = D <
Derg D >, called the K-derivation ring of D or the ring of differential operators on
D. In case D = K[Xy,...,X,] then DergD is Daixl D...D D% and the derivation ring
A(K[Xq,..., X)) = A(K[X4]) @k ... @k A(K[X,]). In view of Proposition 1.2.4. we have the
following.

1.2.5 Corollary
A (K), K a field with ch(K) = 0, is isomorphic to A(K[X]) and A, (K) = A(K[Xy, ..., X,]).

1.3 Exercises and Examples

1.3.1 The algebra of n x n-matrices M, (K)

a. Describe M,,(K) by generators and relations for M, (K). How many generators are min-
imally necessary ?

b. Describe the left, right, two-sided ideals of M, (K)

c. We can embed C in M, (R); give an example of this. Why is M,,(R) not a C-algebra ?



Algebras given by Generators and Relations 6

1.3.2 The group algebra KG

For a given group G and field K we may define the group algebra K'G as the vector space over
K with basis G with product defined as the bilinear extension of the product of basis elements

in G.
a. For finite abelian proups G describe K G by generators and relations.
b. Show that K'G is never a free algebra nor a polynomial ring.

c. Establish that all rational functions on C that are continuous in C* = C — {0} form a
group algebra.

d. Do there exist group algebras that are fields ?

e. Show that the tensor product of K-group algebras equals the group algebra over K of
the product of the groups, K(G x H) =2 KG ®x KH.

1.3.3 The exterior algebra or Grassmann algebra

Consider n variables X1, ..., X,,; the exterior algebra is presented as A, = K < Xy,...,X,, >

a. Establish that A, is finite dimensional if ch(K) # 2 and give the dimension. What
happens if ch(K) =2 7

b. What are units, nilpotents, zero-divisors in A,, 7

c. Describe the ideals in A,.

1.3.4 Path algebras of quivers

A quiver @) is an oriented graph existing of a set of vertices V and a set of arrows A. We
consider maps s and t from A — V', s associates the starting point to an arrow, ¢ associates
the end point to an arrow. Observe that we allow multiple arrows between vertices as well as
loops (arrows with same start and end points). The path algebra CQ of a quiver ) is defined
as CQ =C < VUA> /m, where m is the ideal generated by the following relations :

e VX =vforeveryv eV
e vw=0forv#AwinV
e as(a) = a = t(a)a for every a € A

Observe that the product of arrows is zero when the arrows do not follow each other from right
to left, that is :

O~ WO-@=0
if and only if w # u !

a. Give a C-basis for C(@) as a vector space.
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For which quivers is CQ) commutative ?

. When is CQ finite dimensional ?

Prove that the direct sum of path algebras is again a path algebra.

Look at the subalgebra of M, (K) consisting of the upper-triangular matrices; establish
that this is a path-algebra.

1.3.5 The quaternion algebra
Define the R-algebra H by :

H=R<i,j>/(ij+ji,i?+1,52+1)
Show dimpH = 4.

Show that H is a skewfield (each nonzero element has an inverse in H).

. Prove that H ®@g C = M,(C).

Prove that there are no finite dimensional skewfields over C and that H is the unique
finite dimensional skewfield over R.

1.3.6 Clifford algebras

Given an n-dimensional K-vector space V with a metric g : V' x V' — K (a nondegenerate
quadratic form). Let {ei,...,e,} be a fixed K-basis of V. We define : C(V,g9) = K <

€1,..

a.

., Cp > /(eiej + €;€; + 29(62‘,6]'), 1 S Za] S n)

Show that the above definition is independent of the chosen basis {e, ..., e,}. How many
non-isomorphic Clifford algebras of dimension n exist over C 7

Establish that C(V, g) is finite dimensional, what is the dimension ?

. Show that C(C?, g) = M(C).

Prove that C(R,1) 2 C but C(R,—1) X R& R, C(R* 1) 2 H,C(R3 1) =H¢ H

1.4 Wrong or Right

Are the following statements right or wrong ? If the statement is right prove it, if it is wrong,
give a counter example. Unless otherwise mentioned, the statements deal with algebras over
an arbitrary field K.

1.

2.

An algebra generated by one element is commutative.

Every finite dimensional commutative algebra over C can be generated by 1 element.
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3.

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.
22.

23.

If an algebra is generated by n elements then every subalgebra can be generated by (at
most) n elements.

If an algebra is generated by n elements then every surjective image can be generated by
n elements.

. A free algebra K < X > with |X| = n cannot be generated by less than n elements.

The units of a free algebra are the elements of K — {0}.
The field of fractions K (X) of K[X] is a finitely generated K-algebra.

For any algebra A there exists a K-algebra morphism ¢ : A — F, where F' is a free
K-algebra.

. Every algebra that is a surjective image of an algebra having nontrivial idempotents has

nontrivial idempotents.

A commutative algebra with zero-divisors must have nontrivial ideals.

The free product of two free algebras is a free algebra.

The free product of commutative algebras is commutative.

The direct sum of commutative algebras is commutative.

Every algebra that is a two-dimensional as a vector space is a commutative algebra.
The free product of two finite dimensional algebras is again finite dimensional.

The tensor product of algebras without zero divisors is again an algebra without zero
divisors.

If a direct sum of algebras contains nilpotents then each term contains (nontrivial) idem-
potents.

A twodimensional algebra which is not direct sum of two algebras contains nontrivial
nilpotent elements.

A commutative algebra containing a nontrivial idempotent is a direct sum of two algebras.

If p4 : C — A is a surjective morphism of algebras and ¢p : C' — B a morphism then
daep : C — A @ B is surjective.

Nilpotent elements plus zero form an ideal in any algebra.

The path algebra of a quiver is a subalgebra of a matrix algebra if there is at most one
arrow between vertices.

The matrix algebra is a path algebra of a quiver.
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24

25.

26.

27.
28.
29.
30.
31.
32.
33.
34.

35.
36.
37.

38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

If a free finitely generated algebra A has a surjective morphism A — A then this morphism
is an isomorphism.

A finitely generated algebra with a set of generators consisting of invertible elements is a
field.

If (a1, ..., a,) generates A and M is an invertible n x n-matrix over A then {3_; M;;a;,i =
1,...,n} is also a set of generators 7
The automorphism group of the free algebra Fo[ X] has exactly six elements.

The number of elements in a algebra is either infinite or the power of a prime?
An algebra with no nontrivial subalgebras is commutative ?

An algebra with no nontrivial subalgebras is a field.

An algebra generated by two commuting nilpotent elements is finite dimensional.
A free finitely generated algebra contains finitely many commutative subalgebras.
In an algebra over I, = Z/pZ, taking the p-th power is an algebra morphism.

Let X be a set, A an algebra. There is a bijection between the set of maps X — A and
morphisms K < X >— A.

There are no morphisms from the Weyl-algebra to a matrix algebra M,,(C).
Every nontrivial finite dimensional C-algebra must contain nontrivial zero divisors.

Every injective endomorphism of a finite dimensional algebra is necessarily an automor-
phism.

The endomorphisms of an algebra form an algebra with composition as multiplication.
Every finite dimensional algebra can be embedded in a matrix algebra.

The tensor product of matrix algebras is a matrix algebra.

Every morphism from the quaternions to another algebra is an embedding.
Commutative subalgebras of the Grasmann algebra over C are generated by one element.
The Clifford algebra has no nilpotent (nontrivial) elements.

The Grassmann algebra A,, may be mapped surjectively onto A,,_;.

The Grasmann algebra A,_; can be embedded into A,,.

The Clifford algebra C'(C", 1) can be mapped surjectively onto C'(C"~!, 1).

A path-algebra without zero divisors is a free algebra.



Lie Algebras and Derivations

48. A path algebra without nilpotent elements is a free algebra.
49. A path algebra which can be mapped surjectively onto C[X] necessarily has a loop.

50. The free product of two path algebras is a path algebra.

10



Chapter 2

Lie Algebras and Derivations

2.1 Derivations and their Invariants

Let A be a K-algebra and M a K-vector space. We say that M is a A-bimodule over K if it
is a left and right A-module, i.e. (am)b = a(mb) for a,b € A and m € M, such that Am = mA
for every A € K. An additive map ¢ : A — M is called a derivation if §(ab) = ad(b) + §(a)b,
for every a,b € A; it is said to be a K-derivation if ¢ is K-linear. Observe that ¢ id K-linear
if and only if §| K = 0. Considering A as an A-bimodule with respect to the ring multiplication
we obtain Der(A), the set of derivations 6 : A — A, and also Derg(A), the set of K-derivations
from A to A. A derivation § : A — M is an inner (K —) derivation if there is an m € M
such that d(a) = ma —am for all @ € A; an inner derivation is K-linear by definition. We write
Ing (A) for the set of inner derivations.

2.1.1 Definition

A K-vector space g is a Lie algebra if there exists a bilinear map [—, —] : ¢ X ¢ — g, such that
[—, —] is antisymmetric and satisfies the Jacobi identity : Va, b, c € g we have :

la, [b, c]] + [b, [, a]] + [c, [a,b]] =0

The operation [—, —| is called a Lie Bracket.

2.1.2 Properties

1. For 1,09 € Der(A) define [d1, d3] by 0109 — 0201, then Der(A) as well as Derg(A) are Lie
algebras with this bracket. By ¢, for x+ € A we mean the inner derivation defined by
x € A, then we have :[0;, d,| = d}5,), and thus Ing(A) is a Lie subalgebra of Derg (A).

2. Ing(A) is a Lie ideal of Derg(A), that is for every 6 € Derg(A) and every §, € Ing(A)
we have that [d,0,] € Ing(A).

Proof Easy verification (exercise) ! O

The invariants for § € Der(A) are given by A° = {a € A,d(a) = 0}. For X C Der(A), AX =
{a€ A 6(a)=0forall § € X}, if X C Derg(A) then AX is a K-vector space.

11
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For x € g we have ad = : ¢ — g,y — [z, y], and this is a K-linear map.

Now let us consider a K-algebra A with ch(K) = p > 0 and define for z,y € A, [z,y] = vy —yz.
Also we may again consider ad z : A — A,y — [z,y|. Clearly A with this [—, —] is a Lie algebra
but it also satisfies the following :

i) [zP,y] = [z,...,[z,y]]...], p-fold bracket.
ii) ad[z,y] = [ad z,ad y] = adx ady — ady adzx.
iii) ad 2P = (adx)P see i.

Any additive subgroup B of A such that [b,0/] € B for bt € B, is called a Lie ring in
A. For a subfield k of K, Dery(K) is a Lie ring in Endg(K) and more generally : Der(K)
is a Lie ring of End,(K) = E, the ring of additive endomorphisms of K with composition
for the multplication. Of course Dery(K) = Der(K) N Endy(K). For S, T € Der(K) we have
[S,T] € Der(K) and also S? € Der(K) (verify this).

A Lie subring of Der(K) is a K-vector space D in Der(K) such that for S, T € D we have that
[S,T] =D and S? € D.

The invariant field K? is given as : K = {y € K, D(zy) = D(z)y for every D € D,z €
K} ={y € K,D(y) =0 for all D € D}. Since K?(p = ch(K)) is invariant for any derivation
we have that K? C KP for every K-Lie subring D.

2.1.3 Proposition
Consider a field extension k C K with K? C k,p = ch(K) > 0. Then KP = k for D = Der,(K).

Proof That & C KP is clear. Suppose z € K — k and let ¥’ be a maximal subfield of
K not containing x; this exists because z ¢ k and Zorn’s lemma. Assume K # k'(x), so
pick y € K — k(). Since k'(y) 2 K it follows that » € k'(y) and thus we arrive at :
k'S K(x) C K'(y). Since K C k we have 27 € k' as well as y? € k' thus [K/(x) : k'] = p and
[K'(y) : k'] = p or k/(z) = K'(y), contradicting y & k'(x) ! Therefore we must have K = k/'(z).
Now let T : K — K be the k’-linear map defined by ' ~ iz’ for i+ = 0,...,p — 1. Since
2P € k' we have T(z%) = iz’ for all i € N, thus T € Der, K with T'(x) # 0 yielding z ¢ KP.
Consequently : KP = k. O
Consider a Lie K-subring D in Der(K). For x € K, define 7 : D — K, D — D(x); for X C K
we let X be the set {Z,z € X}. By definition we have that K C HomK(D K). We say that
X separates D if 2(T) = #(S) for all T € X entails T = S. In particular K separates D. W

write I, for the prime subfield of K (i.e. the subfield generated by 0 and 1, F, = Z/pZ, where
p =ch(K)). An F,-form for D is a Lie F,-subring of D, say D,, such that KD, = D.

2.1.4 Theorem

With notation as above, assume that dimgD < oco. Then D has an [F,-form consisting of two-
by-two commuting and F,-diagonizable derivations. Moreover we have that [K : K?] = plPE],
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Proof One easily verifies that since K separates D, K contains a K-basis for Homg (D, K),
say {Z1,...,Zn}. Let Ty,...,T, be the K-basis for D defined by z;(T;) = d;;x; (dual basis).
We now calculate : for 1 <4, 5,7 <n:

(@) [T T)(x) = T(T,(a,)) — Ty(Tilw,)) = 0
(b) T(x,) = e = Ti(x,)

Since z,, with r = 1,...,n separate D we obtain from (a) and (b) that [7;,7;] = 0 and
TP =T, fori,j € {1,...,n}. Hence T; is a solution for the separable polynomial X? — X but
X? — X =[],ep, (X — A) since X? — X has p solutions in F,.

Therefore the T; have p different eigensvalues and so they can be diagonalized simultaneously
over F,, (observe that the T; are of course F,-linear). Put D, = F,71 & ... ® F,T,. It is clear
that D, is an F,-form of D consisting of two-by-two commuting [F,-diagonalizable derivations.
Put R = Homg, (D,,F,),a € R, K, = {z € K,T(z) = «(T)x for T € D,}. Then we claim
that Koy = KP, K = ®ncr K, and K,Kpg C K,ip for o, € R (in other words we claim that
K is R-graded for the additive group R).

We continue by induction on dimg D and it suffices to give the proof in case D = KD, dimgD =
1. In this case, put K; = {z € K, D(z) = iz} for i € F,. Clearly Ky = K = K? is a subfield
of K and every K is a Ky-space. That K = @;ep, K; follows from the decomposition according
to the different eigenvalues of D and as D? = D these are just all the elements of F,,.

Now from : D(z@z()) = 2o D) + D(zp)rg = jrere + iwarg = @+ )rw2p),
with z(;) € K;,z(;) € Kj, it follows that K;K; C K;y; for 4,5 € F,. Moreover K = KP(z)
and K; = KP2', i = 0,...,p— 1, for any x € K, — {0} because for y,z € K; we have
D(z) =iz, D(y) = iy hence D(zy~1) = 0, yielding zy~! € K? or Kz = KPy. In a similar
way one proves that Kz = Koxg for any 25 # 0 in Kp in the general case. Note : for the
induction one can start with D = T} and then look at the tower :

K> KT o KFhelhhe o gPe — KP

Let Ry C R be the set {8 € R, Kg # 0}. Then from K,Kz C K,.p and the fact that there
are no nonzero zero divisors in K, it follows that Rg is closed for the sum and thus Ry is an
[F,-subspace of R. Obviously Ry also separates D, by definition, thus Ry = R. Consequently
K = @acr Ko, and thus we arrive at [K : K] = |R| = plPrifel = plPK], a

2.1.5 Theorem (N. Jacobson)
With notation as above, if dimgD < oo then D = Dergo(K).

Proof That D C Dergn(K) is obvious. The foregoing thorem yields :

[D:K] _ . kD1 . gDerpp(K)] _ , [Dergp(K):K]
p 2.1.4[K I ]2.1.3.[K R ]2,1.4.p "

Therefore [D : K] = [Dergo(K) : K], thus D = Dergo(K). a
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Jacobson’s theorem yields that k +— Derp K is an inclusion reversing bijection between the set
of subfields k¥ C K with K? C k and [K : k] < oo, and the set of Lie K-subrings D in Der(K)
which are finite dimensional over K.

This correspondence is called the Jacobson differential correspondence, it may be viewed as a
version of the Galois correspondence for purely inseparable fieldextensions of exponent one.

2.2 Lie Algebras and their Enveloping Algebras

On an associative algebra A we can define a Lie bracket [a,b] = ab — ba, for a and b in A. For
any given Lie algebra g one may ask whether there exists an associated algebra U(g) such that
its commutator bracket induces the Lie bracket of ¢ in U(g). We will now construct such an
algebra, called the enveloping algebra of g. Choose a basis ey, ..., e, for g and define structure
constants c; by : [e;, e;] = 3, cfiex. One easily verifies that the structure constants satisfy the
following condltlons :

koo ok
a. ¢;+ ;=0

I .m I m I m\ _
b. > (cicin + cipeli + ecli) =0

We now define the universal enveloping algebra Uk (g) by generators and relations :

Uk(9) = K < X1,..., X, > /(X;X; — X;X; — Zch,1<@]<n)

One easily checks that the above definition is independent of the chosen K-basis for g. The
term “universal” points at the following universal property for the eveloping algebra. Given
an algebra A and Lie algebra homomorphism ¢ : ¢ — A, where on A we use the commutative
bracket, then there is a unique algebra morphism ¢ : U(g) — A such that ¢|g = ¢, that is there
is unique algebra morphism ¢ making the following triangle commutative :

g—2> A

A

We have seen that the derivations of an algebra form a Lie algebra and so do the inner deriva-
tions; however not every derivation is inner. There is a construction (ring of differential poly-
nomials) making a given derivation of an algebra A inner in the algebra B constructed as an
overring of A, A C B. Let us do this in detail for A = C[T], the algebra of polynomials in
one variable and 0 = dT, the derivative with respect to 7. Since A is commutative ¢ is not

inner in A. Look at C < T,Z > and the ideal I = (% — Zp(T) +p(1)Z),p(T) € C[T]
init. Weput: C < T,Z > /I = C[T][Z,6]. Since ZT —TZ — 1 € I and we know that
(ZT — TZ — 1) contains all relations op(T") = Zp(T') — p(T)Z, we obtain [ = (ZT —TZ — 1)
and thus : A, (C) = C[T][Z, 0], identifying x with T" and y with Z. Thus we see that A;(C)
is the overring of C[z] making - into an inner derivarion (induced by y). We now present
examples of Lie algebras in a set of exercises (the solutions are given in the chapter solutions

of the exercises).
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2.2.1 Exercise

The algebra M(C) with commutator bracket forms a 4-dimensional Lie algebra. Describe all
Lie subalgebras, say which ones are in fact Lie ideals and describe quotient Lie algebras.

2.2.2 Exercise

Describe the C-derivations of the exterior algebras Ay (C) and A3(C), say which ones are interior.

2.2.3 Exercise

Let G be a group, G C M,(R) and let f : R — G be a differentiable function such that
f(0) =I. Define Xy = Zl—{(O) and put g = {Xy, f(0) = I}.

a.

b.

Show that g is a Lie algebra. Hint : calculate %f(t)g(s)f(t)*1|57t:0. Why is this in g 7

What are the Lie algebras gl, (R),sl,(R), so,(R) corresponding to the respective sub-
groups :

GL,(R) ={X € M,(R),det(X) # 0}

SL,(R) ={X € M,(R),det(X) =1}

SO.(R) = {X € M,(R), XX' = I}

What are their dimensions as R vector spaces ?

. Establish a Lie algebra isomorphism between so3(R) and R?, x (x the vectorial product).

Do there exist Lie groups with the same Lie algebra ?

. Establish that the Lie subalgebra corresponding to a closed normal subgroup is in fact a

Lie ideal. The same statements may be formulated over C instead of R.

2.2.4 Exercise

An important class of complex Lie algebras is consisting of simple Lie algebras, these are
Lie algebras having no non-trivial Lie ideals.

a.

b.

Prove that no complex Lie algebra of dimension 2 is simple.

Prove that sly(C is simple by checking that it has a C-basis K, E, F such that : [K, E] =
2B,[K,F] = —2F,|[E,F] = K.

. In sl3(C) we may embed sly(C) as a Lie subalgebra in two ways. First by restricting to

the first (from the left) two columns and two rows (from the top) and secondly by using
the last two columns and rows. Using the basis as in the foregoing exercise we obatin
E;, F;, K; with i € {1,2}. Now sl3(C) has dimension 8 so how can we express the two
remaining basis elements for sl3(C) in terms of the E;, F;, K; 7
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d. Let @ be a quiver with n vertices and no loops such that all arrows between two vertices
run in the same direction. The Cartan-matrix for @ is an n by n matrix A having all
diagonal entries equal to 2 and A;; = —1 if there are arrows from ¢ to j and A;; = —k if
k arrows run from j to 7. We look at the free algebra C < K;, E;, F;,1 <1 < n >= F
and look at the ideal I of F generated by the relations :

i) KK; — K K;

i) KB} — E;K; — a;;E;, KiF; — FyK; + a;Fj, where A = (a;5).

) E,F; — FiE; — 6, K;

Vv Vv
a;;—1 terms a;;—1 terms

1

ii

iii

With these notations the main theorem in Lie theory may be formulated as follows.

2.2.5 Theorem

The quotient algebra F/I is the enveloping algebra of a finite dimensional simple Lie algebra
g if and only if () is one of the following quivers :

Ay 0—0—...0—0
By, 0—0——...0—=0
Ch 0——0 0=—0

0

D,
0——0 0——0

0

E,

Es

Fy 0 0 0 0

Gy 0—=0
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In that case g is the smallest Lie subalgebra containing the X;. Conversely, every non-trivial
finite dimensional simple Lie algebra is isomorphic to one of these algebras. The quivers in
the list are called Dynkin-diagrams. Note that orientation on unique arrows need not be
indicated because this is encoded in the Cartan matrix.

2.2.6 Exercise

Show that sl,,(C) corresponds to A,,_;.
Hinti : use the E;, F;, K;-generators and extend this to general n.

The diagrams B,, correspond with sog,1(C), C,, with sp,,(C) and D,, with so,(C). The others
are called exceptional Lie algebras and are related to the symmetries of the octonions.

A special example is the Heisenberg Lie algebra. It is a three dimensional Lie algebra, say
KX & KY @ KZ with Lie bracket defined by : Z = [Y, X|,[X, Z] = [V, Z] = 0. We denote this
Lie algebra by ‘H and its enveloping algebra by Uy (H) or U(H) for short.

2.2.7 Property
There is an algebra epimorphism U : Ug(H) = Aj(K), X — 2,Y — y, Z — 1.

Proof The element Z, hence Z —1, is central in U(H ), hence U(H)(Z —1) is a two-sided ideal
of U(H). Clearly U(H)/U(H)(Z — 1) is generated by x = Xmod(Z — 1), y = Ymod(Z — 1)
and [y, x] =1 or yx — xy = 1 holds. This is generating the ideal of relations viewing A;(K) as
an image of K < XY > as is easily seen. O

The foregoing property links the Weyl algebra to the Heisenberg Lie algebra, later we shall
understand this link via the blow up ring for the operator filtration on the Weyl algebra (see
Chapter 3).

2.3 Some Structure Theory for Lie Algebras

We aim to provide the basic theory for some Lie algebras, in particular solvable, nilpotent and
semisimple Lie algebras. We refer to the literature for the detail about Lie algebra theory, in
particular to [5].

Let us start with some facts about representations of a Lie algebra; we only use very elementary
notions from category theory, cf. [Mc] for a detailed study.

For a Lie algebra g we denote by Rep(g) the category where objects are representations of g,
that is Lie algebra maps ¢ : ¢ — gl(V') where V' is a K-vector space and gl(V') is like gl, (R) in
Exercise 2.1.3., the Lie algebra corresponding to GL(V') of automorphisms of V. Morphisms
in Rep(g) are defined as follows, for representations of g, say ¢; : g — gl(V1),q2 : g — gl(Va),
a linear map u : Vi — V5 is a morphism of representations, we write u : ¢ — ¢, if for all
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x € g we have : ¢a(z)u = ugqi(x), that is the following diagram is commutative for all x € ¢ :

Vi——=V;

m(ﬂl i(n(w)

VlT>V2

A subrepresentation of ¢ : ¢ — gl(V), is a subspace W C V stabilized by ¢(z), for all
x € g: qlx)W C W for all z € g. A representation is called irreducible if it has no proper
subrepresentations. The direct sum of representations ¢; : g — gl(V}) and ¢5 : g — gl(V5)
is defined by ¢1 © g2 : g — gl(V1 ® V2), (¢1 ® ¢2)(7) = q1 (%) + q2(), x € g. A representation is
said to be completely reducible if any subrepresentations is a direct summand. We define the
category of g-modules as the category with objects the K-vector spaces V' with an operation
g xV =V, (z,v) — z.v such that :

LM.1. The operation is bilinear
LM.2. [z,ylv =z.yv—y.xvforal z,y € gveV

The morphisms in g-mod are the K-linear maps ¢ : Vi — V5 such that ¢(x.v) = z.¢(v) for all
x € g,v € V. A submodule of a g-module V is a K-subspace W C V such that x.w € W
for all x € g,w € W. A g-module is irreducible or simple if it has no proper submodules.
Direct sums in g-mod as well as completely reducible or semireducible modules are defined as
before.

2.3.1 Exercise

Show that the categories Rep(g) and g-mod are isomorphic.

2.3.2 Example

A Lie algebra g acts on itself via the adjoint representation, ad : g — gl(g) where for = € g,
ad(z)(y) = [z,y] for y € g. The g-module g is denoted by ,g. We see that ¢ is a simple Lie
algebra if and only if ;g is irreducible and g is semisimple if and only if ;¢ is ompletely reducible.

2.3.3 Lemma (Schur’s lemma)

Assume K is algebraically closed. If ¢ : ¢ — gl(V) is an irreducible representation then each
endomorphism of V' commuting with the ¢(z),z € g, are those of the form aly with a € K.

Proof Obviously a morphism u : V' — V as in the statement is a ¢ module morphism, hence
Im(u) is a submodule of V. If Im(u) = 0 then u = 0 and everything is evident. If Im # 0 then
Im(u) =V as V is irreducible, thus Keru = 0 and w is an isomorphisn. Since K is algebraically
closed u has an eigenvalue A € K. Put V) = {v € V,u(v) = Av}; this is clearly a g-submodule
since for all v € V), z € g, u(z.v) = x.u(v) = Azx.v. Since V) # 0 we must have V), = V and so
w is then Ay .
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2.3.4 Proposition

1. If V is a g-module then V* = Homg(V, K) is a g-module by putting (z.f)(v) = —f(z.v),
forall feV*veV xeg.

2. The above correspondence defines a duality between the category of finite dimensional
g-modules and itself.

Proof

1. Bilinearity of the operation is clear.

([z,y].f)(v) = —f([z,ylv) = =f(zyv —yz.v)
= —f(zyv) + fyz.v) = —(yz.f)(v) + (zy.f)(v)
= (zy.f —yz.f)(v)

2. If u: V4 — V4 is a morphism of g-modules, then u* : Vi* — V3* u*(f) := fou, is also a
morphism, since

w (@.f)(v1) = (z.f)(u(v)) = —f(zu)(v)
= —f(u(z.v)) = —u(f)(z.01) = (z.u"(f))(01)

Now the canonical vector space isomorphism

YV =V 9)(f) = fv)

is a g-module map, hence it is an isomorphism of g-modules. Indeed, we have ¥ (z,v)(f) =

F(e) and (())(f) = —0(0)(@.f) = —(e.f)(v) = f(a.0).

2.3.5 Proposition
If V and W are g-modules, then V @ W becomes a g-module via

r(rQ@w) =z,0 QW+ v r.Ww

Proof
[zyl.(v@w) = lzylv @ w+ v [rylw
=YV RUW YT UVRQ W+ VR TYW — VR Y.T.W
=ZYUVRQUFY,VQT W+ TUVRYW+ VR T.YWw—
—YTVRW —2TV0RQYW — YUV RQTW— VR Y.T.W
=z.(yvRuw+vRyw) —y.(rv@w+ v r.Ww)
=zy.(vw)—y.x(vw)

2.3.6 Proposition

Let V and W be finite dimensional g-modules. Then we can turn Homg (V.W) into a g-module
via

(z.f)(v) = z.f(v) = f(z.v)
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Proof The linear map
¢ V'@ W — Homg (V, W), ¢(f @ w)(v) = f(v)w

is an isomorphism of vector spaces. Indeed, let {e;} and {f;} be bases in V and W, and {e}}
be the dual basis in V* (i.e. v =) el (v)e;, Vv € V). Let f € Homg(V,W) and v € V. Then
fl) = O ef(v)fle) = o>, ef ® f(e;))(v). Thus ¢ is surjective, and since the two spaces
have the same dimension (dimg (V)dimg(W)), ¢ is an isomorpism.

By Proposition 2.3.4. V* is a g-module, and by Proposition 2.3.5 V* ® W also becomes a g-
module. This structure can be carried to Homg (V, W) via ¢. Solet z € g and f € Homg (V, W).
We have

O (e @ fle)(v)

Oz @ fle) +ef @ a.f(e:))(v)
(z.e)) (W) f(er) + D ef(v)z.f(e:)
(z.e)) () fles) + 2. f O ef(v)es)
@)+ (e () f(er)

v) =Y ei(zv)fle)

I
8

2.3.7 Corollary

If V' is a finite dimensional g-module, then Endz(V) is a g-module via
(e-F) () = 2.F(v) — f(z0)

2.3.8 Definition

Let g be a Lie algebra over K. We call the derived series of ¢ the following sequence of ideals
of g defined by : ¢© = g,g"M = [g,g],9® = [gV,gW],... g = [¢g""7V, g"~V]. We say that
g is solvable if there exists an n such that g™ = 0.

2.3.9 Example
1. If g is abelian, then [g, g] = ¢/ = 0, and so g is solvable.

2. If g is simple, then [g, g] = g, so we deduce that g™ = g, for all n and so g is not solvable.

We have
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2.3.10 Proposition

a.

If g is solvable then any Lie subalgebra of ¢ and any homomorphic image of ¢ are also
solvable.

. If an ideal I of g is solvable and ¢ /I is solvable then ¢ is solvable (i.e. the class of solvable

Lie algebras is closed under extensions).

. The sum of solvable ideals of g is a solvable ideal of g.

Proof

a.

First assertion follows from the fact that for a Lie subalgebra h C ¢ we have h® C ¢
for © € N. Consider a surjective Lie algebra morphism ¢ : ¢ — h. By induction on
i we establish ¢(¢g”) = R, This is clear for i = 0 since ¢ is surjective. Assume
¢(g"=) = h0= then we have ¢(g®)) = ¢([g" ), g ]) = [V, AED] = hO).

Consider m,n € N such that 1™ = 0 and (g/I)™ = 0. Let 7 : g + g/I be the canonical
surjective morphism. From a. it follows that w(¢™) = (¢/I)™ = 0, hence ¢ C I and
then (¢)0m) = gntm < 1(m) — 0,

. For ideals I and J of g we have that (I 4+ J)/I = I/I N J is solvable as a quotient of a

solvable Lie algebra, since J is also solvable it follows from b. that I + J is solvable. 0O

2.3.11 Corollary

The sum of all solvable ideals is a solvable ideal, it is the biggest solvable ideal of g and will be
denoted by Rad(g), called the radical of g.

Proof As g is finite dimensional the sum of all solvable ideals is a finite sum and we may
apply c. of Proposition 2.3.10. O

2.3.12 Definition

g is said to be semisimple if Rad(g) = 0.

2.3.13 Example

1.

2.

If g # 0 is semisimple then g is not solvable. If g is solvable then ¢ = Rad(g) and so g is
not semisimple.

If g is simple then g is semisimple. Indeed, [g, g] = g, so g is not solvable thus g # [g, ¢]
and simplicity of g then yields Rad(g) = 0.

. For every g,g/Rad(g) is semisimple. Indeed, if g/Rad(g) is not semisimple then there

exists a nonzero solvable ideal I(Rad(g) where I is an ideal containing Rad(g). From
the exact sequence 0 — Rad(g) — I — I/Rad(g) — 0 it follows that I is solvable (cf.
Proposition 2.3.10(b)) contradicting the fact that Rad(g) is the biggest solvable ideal. O
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The representation theory of solvable Lie algebras may be described rather easily (see Lie’s
theorem) but the theory of representations of semisimple Lie algebras is far more difficult. For
an introduction to representation theory we refer to Humphreys [10], or Fulton, Harris [6]. It is
clear that by 3. above the representation theory of any finite dimensional Lie algebra may be
“reduced” to the solvable and semisimple case. Observe that a subalgbra of a semisimple one
need not be semisimple for example sly(K') is simple hence semisimple but it has 1-dimensional
subalgebras which are abelian hence solvable and not semisimple. An ideal of a semisimple
algebra however will be semisimple.

The central descending series of a Lie algebra g is defined by : ¢° = g,¢9' = [g,9],9* =
9" gl 9" =[9""", gl.

2.3.14 Definition
We say that g is nilpotent if ¢ = 0 for some i € N.

2.3.15 Example
1. If g is abelian then it is nilpotent.

2. Since ¢ C ¢*, if ¢ is nilpotent then it is solvable.

Now if I is an ideal of g such that I and g/I are nilpotent then g need not be nilpotent
(construct a counter example !) but we do have :

2.3.16 Proposition

a. If g is nilpotent then any Lie subalgebra and any homomorphic image are nilpotent.

b. By Z(g) we mean the subalgebra {z € g, [z,y] = 0 for all y € g} and call it the centre
of g. If g/Z(g) is nilpotent then g is nilpotent.

c. If g is nilpotent and g # 0, then Z(g) # 0.

Proof
a. Exactly as in Proposition 2.3.10. a.

b. Choose n such that (¢(Z(g))” = 0 and let 7 : ¢ — ¢g/Z(g) be the canonical surjective
morphism. From 7(¢") = (g/Z(g))™ it follows that g™ C Z(g) and thus ¢"™ C [g, Z(g)] =
0.

c. If n is such that ¢" # 0 and ¢"™' = 0 then it follows that 0 # ¢g" C Z(g).
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2.3.17 Exercise

Prove that ¢ is solvable, resp. nilpotent, if and only if ad g is solvable, resp. nilpotent.

Consider a finite dimensional vector space V over K, and u € Endg (V') with associated matrix
A in a fixed K-basis for V. If X is an eigenvalue of u, that is a root of the characteristic
polynomial det(7] — A), then the system (A — A)z = 0 has a nonzero solution (an eigenvalue
of u). If a is nilpotent then w is a root of a polynomial 7", hence the minimal polynomial of u
is T". It follows that the only eigenvalue of a nilpotent u is 0 and u has an eigenvector. The
following result extends on these remarks.

2.3.18 Theorem

Let V' # 0 be a finite dimensional vector space and ¢ a Lie subalgebra of gl(V'). If all elements
of g are nilpotent then they have a common eigenvector v € V,v # 0 such that g.v = 0 (that
is z.v =0 for all z € g).

Proof The argument is an induction on dimgg. If dimgg is 0 or 1 then the statement is
clear by the preceding remarks. So assume dimgg = n > 1 and the assertion holds for Lie
algebras of dimension less than n. Consider a proper subalgebra h of g. For z € h the K-linear
ad x : g — g,y — [r,y] leaves h globally invariant and it induces a map adx : g|h — gl|h,
y+h+— [z, y] +h. So we obtain a Lie algebra morphism ad : » — gl(g|h), 2 — adz. The image
of ad is a Lie subalgebra of gl(g/h) of dimension strictly less than the one of h and thus less
than dimgg. Since every x € h is nilpotent we have that ad z is nilpotent and adz too. By
the induction hypothesis there exists y + h,y € g/h such that adz(y) = 6 = h, for all 2 € h.
Thus it follows that [y, h] C h and also y € N,(h) — h where N,(h) stands for the normalizer of
hin g i.e. the set {y € g,[y, H] C H}. Now choose h to be a maximal proper Lie subalgebra
of g. By the above N,(h) = ¢g and h is an ideal of g. If dimy(g/h) > 1 then letting ¢’ be a 1-
dimensional Lie subalgebra of g/h we would have 0 & ¢’ G g/h and then b & 771 (¢') & g, where
7 : g — y/h is the canonical surjective morphism. The latter would contradict the maximality
of h, hence h is of codimension 1 in g. The induction hypothesis applied to h ; gl(V) learns
that W = {v € V,h.wv = 0} # 0. The K-subspace W is left invariant for any x € g; indeed
if we look at w € W and y € h then [y, z] € h, hence yr.w = zy.w + [y,z]w = 2.0+ 0 = 0,
thus ¢. W C W. Finally, a z € g/h has an eigenvector v € W (by the 1-dimensional case, as
dimgg/h = 1). Then we obtain g.v = 0 and this concludes the proof. O

We are now ready for the following theorem.

2.3.19 Theorem (Engel)

The following conditions are equivalent.
1. g is nilpotent.

2. All elements are ad-nilpotent where = € ¢ is said to be ad-nilpotent if adz is nilpotent
ie. (adz)" =0.
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Proof The implication 1 = 2 is obvious.

2 = 1 The assumption yields that adg C gl(g) satisfies the hypothesis of foregoing Theorem
2.3.15. Thus there exists an x € ¢, z # 0 such that [g,z] = 0 and therefore Z(g) # 0.
Therefore the dimension of g/Z(g) is strictly less than dimgg. Since Z(g) is an ideal of g it
is left invariant by adx for all € g, consequently every endomorphism adz : ¢ — ¢ induces
adz : g/Z(g) — g/Z(g) which is also nilpotent. By induction on dimgg it follows that g/Z(g)
is nilpotent and therefore ¢ is nilpotent in view of Proposition 2.3.16.b. O

2.3.20 Exercise
Show that sly(K) is nilpotent if ch(K) = 2.

2.3.21 Definition

Let V be a K-vector space of dimension n. A flag in V is a sequence of subspaces : 0 =V C
V,C...CV,=V,such that dimgV; =4,0=0,1,...,n.

Consider z € EndgV. Then there exists a flag (V;) such that z.V; C V;_4, for all 4, if and
only if x is nilpotent. Indeed, the existence of such a flag means that there exists a K-basis
{v1,...,v,} for V such that the matrix associated to z is strictly upper triangular, i.e.

z.v1 =0
L.V = 12071
X.V3 = a13V1 + Q9302

TVUp = A1pU1 + ...+ Ap_1Un_1

It clearly follows then that z is nilpotent. Conversely if x is nilpotent look at an eigenvector
vy for z,v1 # 0,z.v7 = 0. It follows that z includes a morphism : V/Kv; — V/Kw, which is
also nilpotent. Thus there exists an eigenvector vy, etc...; we repeat this process untill we have
obtained a flag (V) such that z.V; C V;_;.

2.3.22 Corollary
With hypothesis as in Theorem 2.3.18, there exists a flag (V;) in V such that ¢.V; C V;_; for

all 7.

Proof Consider v # 0 in V such that g.v = 0. Put V; = Kv and W = V/Vj. Then g acts on
W and by induction on dimgV there exists a flag on W with the required property. To this
there corresponds a flag in V' by looking at the inverse images of the flag in W and adding V;
at the beginning. O

2.3.23 Corollary
Let h be a nonzero ideal of ¢ a nilpotent Lie algebra, then h N Z(g) # 0.
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Proof Since h is an ideal, g acts on h via the adjoint representation g — g/(h). The image
of this morphism adg satisfies the hypothesis of Theorem 2.3.18 and therefore there exists an
x € h,x # 0 such that [g,2] = 0. Hence x € Z(g) and the proof is complete. O

2.4 Semisimple Lie Algebras

In this section we assume that K is algebraically closed and ch(K) = 0.

2.4.1 Theorem (Lie)

Let V' be a finite dimensional vector space, V' # 0, and g a solvable Lie subalgebra of gl(V').
Then there exists a common eigenvector for all elements of g.

Proof The proof is by induction on dimgg. When dimgg is 0 or 1 everything is clear (note
that the assumption that K is algebraically closed is necessary even in case of dimension 1,
the characteristic polynomial of the generator of g has at least one root and so there exists an
eigenvector). We assume dimgg > 1 and the induction hypothesis.

We follow the plan of the proof of Engel’s theorem :

Step 1.
Step 2.
Step 3.
Step 4.

Find in ¢ an ideal h of codimension 1.
Use the induction hypothesis to find a common eigenvector for all elements of h.
g stabilizes a subspace W of V| consisting of eigenvectors for the elements of h.

Find in W an eigenvector for z where g = h + Kz.

Step 1 is easier, but Step 3. more difficult when compared to the proof of Engel’s Theorem.

Step 1.

Step 2.

Step 3.

Since ¢ is solvable and dimgg > 1, it follows that g # [g,g| and ¢/[g, g] is abelian,
hence any subspace of codimension 1. is an ideal. Take one of these and take its
inverse image for m : g — g/[g, g], the canonical surjective morphism. This leads to
an ideal h with dimg(g/h) =1 and [g,g] C h.

Since h is solvable the induction hypothesis implies the existence of v € V' which
is an eigenvector for all x € h, i.e. v # 0 and for all x € h,z(v) = A(z)v where
A:h — K is linear.

Write W for {w € V,z(w) = Az)w, for all € h}. Then W # 0 and we show now
that g.W C W. Consider x € g and w € W, we want z(w) € W, that is for all y € h
we have ya(w) = A(y)a(w). But ya(w) = zy(w) — [z,y)(w) = 2Mg)w — Az, y)w
since y, [z,y] € h. It is sufficient to show that for all x € g, y € h, we have that
A[z,y]) = 0. Let w € W and n > 0 the smallest such that w,z(w),...,2"(w)
are linearly independent (if n = 0 there is nothing to prove). Denote by W, the
subspace of V' generated by w,z(w),...,z" " Y(w), W; =< w,z(w),..., 2" Y(w) >.
By definition we put Wy = 0. We have dimW; =i for i =0,...,n, W,y; = W, for
all j and obviously z(W,,) C W,,.
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Step 4.

Consider the K-basis of W,,, {z, z(w), ..., 2" (w)}. We have y(W,,)

C W, and the matrix of y|W, in this basis is upper triangular and all diago-
nal elements equal A(y); this follows from y(W;) C W;, for all 4, and yz'(w) =
A(y)x(w)modW;, for all y € h. Now we procede by induction on i, if i = 0 then
everything is clear because y(0) = 0 and y(w) = A(y)w since y € h. So assume
that y(W;) € W; for j < i and ya'(w) = AMy)w'(w) + w' with w' € W;, for all
y € h. We compute for y € h : yzr'™(w) — yzz'(w) = zyr'(w) — [y, z]r'w =
Ay)zt + z(w') — My, z])z'w — w”, where w',w” € W and we use the induction
hypothesis plus [y, z] € h. Since A(w') € Wi and —A([y, z])z"(w) — w” € Wiy, it
follows that the assertion holds for i+1. Hence, for y € h we have Tr(y|W,,) = nA(y).
In particular, taking y of the form [z,y'] € h for x as above and y' € h and using
the fact that x and y both stabilize W,,, it follows that [z, y] is a commutator of two
endomorphisms and so its trace is zero, i.e. nA([z,y']) = 0. From ch(K) = 0 it thus
follows that A([z,y]) = 0 for all y € h.

We have g = h + Kz for some z € g — h. Since K is algebraically closed there
exists an eigenvector of z in W, so this is an eigenvector for all elements of g (and A
extends to a map in g*).

2.4.2 Remarks

1. The n in Step 3. is at most dimgV', so the hypothesis chK = 0 may be replaced by
ch(K) > dimg V.

2. In the proof we used g # [g, g] and not really the solvability of g. This condition is strictly
weaker than solvability, gl,(K) is not solvable but [gl,,(K),gl,(K)] = sl,(K). However
algebras with the property [g,g] # g are not closed under ideals, see also the foregoing
example, hence the result of the theorem does not extend to this class of algebras.

3. In step 3. we cannot let yz'(w) = A\(y)x'(w) — [z%,y](w) (and we cannot get rid of the
induction) because z' is not necessarily an element of g and thus [z, y] & h.

2.4.3 Exercise

An irreducible representation of a solvable Lie algebra is one dimensional.

2.4.4 Corollary (Lie)

Let V be a finite dimensional K-space and g a solvable Lie subalgebra of gl(V'). There exists
a flag on V' whose subspaces are stabilized by all elements of g.

Proof By induction on dimg V. If dimgV = 1 then the statement is obvious. If dimg (V) > 1
we let v be an eigenvector for all elements of g and we put V; = Kv. Then V; is a subspace
stabilized by all elements of g so g acts on V/Vi. The image of g in gl(V/V}) is also solvable
so by the induction hypothesis it stabilizes a flag in V/V;. Take the preimage of this flag in V'
starting it with 1} yields a flag in V. O
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2.4.5 Corollary

If ¢ is solvable then there exists a flag of ideals in g.

Proof Consider the adjoint representation ad : g — gl(g). Since g is solvable adg C gl(g) is
also solvable and the foregoing corollary then states that it stabilizes a flag. Now a subspace
of g stabilized by adg is an ideal.

O

2.4.6 Corollary
g is solvable if and only if [g, ¢] is nilpotent.

Proof Suppose g is solvable. There exists a basis in which the matrices of adg are uppertri-
angular; so the matrices of ad,[g, 9] = [adg, adg] are strictly upper triangular. Consequently,
for all z € [g, g, adgx is nilpotent so adj, g is nilpotent and then [g, g] is nilpotent by Engel’s
theorem. Conversely [g, g] is nilpotent hence solvable then by definition g is solvable.

O

Let V be a finite dimensional K-space, u : V' — V an endomorphism. Then V becomes a
finitely generated K|[T]-module, where T is a variable, via the K-linear morphism KI[T] —
EndgV,T +— u, i.e. T.v = u(v) for v € V. We may decompose V as a K[T]-module as a sum
of cyclic submodules K[T|x;. If u can be diagonalized, let y; be the elementary divisors of the
x;, then dimg K[T)z; = degp; = 1 and thus in this case V' as a K[T]-module is semisimple.
This is the basis for the following definition.

2.4.7 Definition

An endomorphism of V', a finite dimensional K-space, is said to be semisimple if and only if
there exists a K-basis for V' in which its matrix is diagonal i.e. the basis consists of eigenvectors
of the endomorphism.

We recall from linear algebra the following facts :

2.4.8 Properties

1. Let V and u be as above, then the following statements are equivalent.

a. u is semisimple.
b. There is a v with n = dimgV distinct eigenvalues commuting with w.

¢. The minimal polynomial of v has only simple roots.
2. Two semisimple endomorphisms which commute may be diagonalized simultaneously.

3. The sum of two semisimple endomorphisms which commute is also semisimple.
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2.4.9 Proposition

Consider x € Endg V', then the following hold :

a.

There exist uniquely determined zg, z,, € Endg (V) such that x = x,, + x5 where z; is
semisimple and x,, is nilpotent and z, and x, commute.

There exist p(T), ¢(T') in K[T] without constant term such that =5 = p(z), z, = ¢(x). In
particular x; and x,, commute with every endomorphism that commutes with x.

If AC B CV are subspaces such that B C A then the same holds for z and z,,.

Proof

a.

We know there exists a basis for V' in which x has a matrix with blocks of following type

on the diagonal :
a I 0 0

0 a. 0

1

O rr'a
Let x5 be the endomorphism corresponding to the diagonal of x and put z, = * — z,
we provice a direct proof for a. and b. Consider the distinct eigenvalues A, ..., Ay of x,

let Pp(T) = []5,(T — A\))™ be the characteristic polynomial of z. Put : V; = Ker(z —
A\i.[)™. Then we have V = @®F_|V; and each Vj is stabilized by x with dimgV; = m;.
The characteristic polynomial of z|V; is (T" — X\;)™. First we establish V = Zle Vi.
Put f; = P.(T)/(T — X\;)™, then (fi,..., fx) = 1 so there exist by Bezout’s theorem
polynomials g; suh that > fig; = 1. Thus we have > fi(z)gi(z) = Iy and if v € V
then v = Y2 v; where v; = f;(z)gi(z)v € V;. Next we show that 3 V; is a direct sum,
so assume (up to reordering) that v; € V4 N 2?22 Vi, v1 = vg + ... + v with v; € V.
Consider R = []\_,(T = X\)™ and P = (T — A\;)™. We have that (R, P) = 1 and
R(z)vy = 0, P(z)v; = 0 hence v; = 0. Obviously  commutes with (x — A\;J)™ hence
z(V;) C V;. Observe that the characteristic polynomial of x|V} is of the form (T — X;)".
Since it does not depend on the basis we may choose in each V; a basis in which =z,
is strictly upper triangular, =, diagonal still. The basis of V' obtained this way leads
to [T_ (T = A\)% = TI5,(T — \)™ hence k; = m; and the statement concerning the
characteristic polynomial of x|V} is clear once we have the property of z,.

Now choose p(T') and ¢(T') as follows, applying the Chinese remainder theorem : p(T) =
Amod(T — A\)™ and p = 0 mod7 (if 0 is not an eigenvalue), ¢(7) = T — p(T) and
Ts = p(J;)?xn = Q(ZE)

Then z; is semisimple because xs(v) = A\v for all v € V;, for all i. On the other hand
x,, is nilpotent because it is nilpotent on every V;, i.e. for v € V;, 2l"v = (x — x5)™v =
(x — N\ I)™wv = 0 by definition of V;.
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If x = x,+ x, = s+n where s is semisimple and n nilpotent and s and n commute, then
s and n commute with x thus by the above they also commute with x, and x,. Then
Ty — S =n — x, is both semisimple and nilpotent so it is zero.

c. Obvious from x4 = p(z), z, = q(z). O

We say that an element is semisimple when ad applied to that element is semisimple, similarly
an element is nilpotent if it is ad-nilpotent. We call x = x,+ x,, the Jordan decomposition
of x and z, is the semisimple part z, the nilpotent part of z.

2.4.10 Lemma

Let x € EndxV have Jordan decomposition x = x4+ x,,, then adx = adx, + adx,, is the Jordan
decomposition of adz in Endg(Endg V).

Proof We know that adz, is nilpotent (hence ad-nilpotent) so it remains to show that adz,
is semisimple and commutes with x,,. Select a K-basis B = {vy,...,v,} such that the matrix
of z in B is Mp(z) = diag(ay,...,a,). In Endg (V) consider the basis {e;;} and compute :
adz(e;;) = Mp(x).e;; — ei;Mp(x) = (a; — a;)e;j. Therefore adz is semisimle.

Finally we have :[adxg, adx,] = ad|zs, z,| = 0, which yields the commutation property for adz;
and adzx,,. O

2.4.11 Lemma

Let A be a K-algebra (not necessarily associative) and 6 € Derg A C EndgA. Then dg, 6, €
Derg A.

Proof Put § = d,+ 4, it is enough to prove that §; € DergA. For a € K put A, = {x € A,
there is a k such that (6 — a.I)*x = 0}. Observe that ¢ and J, have the same eigenvalues
(decompose W into a direct sum of eigenspaces for d; and choose bases in which §,, has strictly
upper triangular matrices).

If a is not an eigenvalue for 6 then A, = 0, and if a is an eigenvalue then s acts diagonally on
A, ds(x) = ax for all x € A,. Then we have A = @y Ay. Now A, A, C Agyp follows from :

(6 = (a+b).)"(xy) = > C(8 —al)'(x)(8 — bI)!(y)
i+j=n
which can be proved by induction (straightforward). If x € A,y € Ay, then zy € A,y

and we have : 0s(xy) = (a + b)zy = axy + bry = d5(x)y + xd5(y). Now, for z,y € A, say
x =Y,y =Xy, (X denotes finite sums), we have :

53($y> = Z:lds(xayb) = Z:/55<xa)yb + $a55<yb) = és(x)y + x(ss(y)
and therefore d, is a derivation and so is § — &, = 9,,. O

We will now derive Cartan’s solvability criterion from the Jordan-Chevalley decomposition.
Such a criterion for solvability is equivalent to a criterion for nilpotency of [g, g] and by Engel’s
theorem it is enough to give a criterion for adz to be nilpotent for all x € [g, g]. We will show
that for x € [g, ¢g|, (adz)s = 0.
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2.4.12 Lemma

Let A € B C gl(V') be K subspaces and put M = {z € gl(V), [z, B] C A}. Forxz € M, Tr(zy) =
0 for all y € M entails that = is nilpotent.

Proof Let z = s+ n be the Jordan decomposition and B a K-basis such that

aq 0
Mp(s) =

0 Am

Let F be the Q-subspace of K generated by aq,...,a,, € K. We want £ =0 or E* = 0 where
E* = Homg(F,Q). Pick f € E* and let y € gl(V') have matrix Mp(y),

flay) 0
Mp(y) =
0 f(an)

Considering the basis {e;;} in EndxV we calculate : ads(e;;) = (a; — a;)e;; and ady(e;;) =
(f(a;) — f(a;))e;j. Now use Lagrange interpolation.

2.4.13 Exercise (Lagrange interpolation)

If aj,...,ap1 € K are distinct and ¢y, ..., cpy1 € K, then there exists a polynomial P € K[T
of degree k such that P(a;) = ¢;,i =1,...,k+1. Solet R(T) € K[T] be the polynomial without
constant term such that R(a;, ...,a;) = f(a;) = —f(a;) (we eleminate repetitions, correctness is
ensured by the K-linearity of f, i.e. if a;—a; = ar,—a; then f(a;)— f(a;) = f(ar)— f(@)). Since
R(ads) and ady coincide on the basis {e;;} we have R(ads) = ady. Now ads is a polynomial
without constant term in adx, hence ady is a polynomial without constant term in adx. Since
adz(B) C A it follows that ady(B) C A too, or y € M. By the hypothesis we have Tr(zy) =0
and by computing the trace in the basis B we obtain >'a;f(a;) = 0. Applying f to the latter
yvields > f(a;)? = 0 and the f(a;) € Q, thus f(a;) = 0 for all 4, hence f = 0. Thus E* = 0 or
E=0. O

2.4.14 Exercise
For z,yz € gl(V) we have : Tr([z,y]z) = Tr(z[y, z]).

2.4.15 Theorem (Cartan’s criterion)

Consider g C gl(V') a Lie subalgebra such that Tr(zy) = 0 for all = € [g,¢], y € g, then g is
solvable.
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Proof We show all elements of [g,g| are nilpotent (hence also ad-nilpotent). Put A =
lg9,9], B =g and apply Lemma 2.4.12. Thus M = {x € gl(V), [z, 9] C [g, 9]}

Clearly ¢ ¢ M. We know Tr(xzy) = 0 for all x € [g,g] and y € g. Consider X[x,y] € [g, 9]
and z € M. We have : Tr(X[z,y]|z) = X Tr([z,y]z) = ETr(z]y, 2]), because of Exercise 2.4.14.
Since z € M,y € g, we have [y, z] € [g,g], hence the foreging also equals ¥ Tr([y, z]z) = 0.
Again by Lemma 2.4.12 it follows that X[x,y] is nilpotent and as it was arbitrary chosen in
lg, g] the latter is nilpotent. O

2.4.16 Exercise

Prove the converse to Theorem 2.4.15.

2.4.17 Corollary
Let g be a Lie algebra such that Tr(adzady) = 0 for all = € [g, 9],y € g, then g is solvable.

Proof Consider the adjoint representation g — gl(g). Its image ad g is solvable. Indeed, if
x € [adg,adg] = ad[g, g] and y € adg, then x = adz’ for some 2’/ € [g, g], y = ady’ for some
Yy’ € g and we then calculate : Tr(zy) = Tr(adz’, ady’) = 0, so g is solvable by Theorem 2.4.15.
Now Ker(ad) = Z(g) is abelian hence solvable, thus g is solvable.

We now use traces to introduce a symmetric bilinear form K on g, called the Killing form.

2.4.18 Definition

The Killing form of g over K is given by : K : g x g — K, K(z,y) = Tr(adz ady). It is by
definitioin symmetric and K-bilinear.

2.4.19 Exercise
K is associative, i.e. K([x,y],z) = K(z, [y, 2]).

2.4.20 Exercise
Let ¢ € EndgV, W a subspace of V such that (V) C W. Then Tr(p) = Tr(p|W).

2.4.21 Lemma
Let I be an ideal of g, K the Killing form of g and K the Killing form of /. Then K; = K|I x I.
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Proof For z,y € I adzady : ¢ — g maps g to [ for (z,y) € I x I we have :

K(z,y) = Tr(adzady)
= Tr(adzady|l) (by Exercise 2.4.20)
= Tr(ad;(x)adry) (since I is an ideal)
1(z,y) O

|
e

We define the radical of K by S = {z € ¢,K(z,y) =0 all y € g}. Since K is K-bilinear S
is a K-subspace of g and even an ideal because K is associative (for x € S,y € g we have
K([z,yl],z) = K(z,[y,2]) =0 for all z € g). We say that K is non-degenerate if and only if
S =0, if and only if the determinant of the matrix of I in some basis of g is nonzero.

2.4.22 Example

Let g = slo(K) and {h.z.y} a K-basis with [z,y| = h, [h, 2] = 2x.[h,y] = —2y. Then the matrix
of adh in this basis is :
00 O
02 0
00 -2
The matrix of adx in this basis is :
0 01
-2 00
0 00
The matrix of ady in this basis is :
0 -1 0
0 0 0
2 0 0
Consequently, the matrix of IC in this basis is :
0 0 4
0 80
4 0 0

Which has determinant —128 = —27. Thus K is non-degenerate if and only if ch(K) # 2. On
the other hand if ch(K) = 2 then sly(K) is nilpotent (hence not semisimple). Thus sly(K) is
semisimple if and only if I is nondegenerate.

2.4.23 Exercise

Show that g is semisimple if and only if g has no abelian ideals different from zero.

2.4.24 Theorem

The Lie algebra g is semisimple if and only if I is nondegenrate.



Lie Algebras and Derivations 33

Proof (=) Suppose Rad(g) = 0 then we want S = 0 and that will follow if we establish
that S is solvable. Let x € S, y € [9, 5], then Tr(adx ady) = 0 by definition of S. Since S is
an ideal, lemma 2.4.21. entails : 0 = Tr(adz ady) = Tr(adz ady|S) = Tr(adsz adsy).

By Cartan’s criterion S is solvable.

(<) Assume S = 0, that is £ is nondegenerate. From Exercise 2.4.23. it follows that we can
finish the proof by showing that any abelian ideal I of g is contained in S. Consider such I,
x €l and y € g. Then z € S will follow if K(z,y) = Tr(adz ady) = 0. For z € g we have :
(adz ady)*(z) = [z, [y, [z, [y, 2]]]] = O since I is abelian and =z, [z, [y, 2]], [y, [z, [y, 2] are in I.
Thus adz ady is nilpotent and therefore its trace is zero. O

From the proof of the theorem it follows that S C Rad(g) but the converse inclusion need not
hold.

A Lie algebra g is the direct sum of ideals I, ..., I if and only if g = I; & ... ® I}, as K-vector
spaces. It follows that [[;,I;] C I; N I; = 0, thus ¢ may be obtained from the Lie algebras
I, ..., Ly by defining the bracket component-wise in the external direct sum I} & ... @ I}.

2.4.25 Theorem

Let g be a semisimple Lie algebra, then the following assertions hold :
1. There exist ideals Iy, ..., I} which are simple (as Lie algebras) such that g = Iy ®...® I}.

2. An ideal of a semisimple Lie algebra is again semisimple and so is every homomophic
image of g. Any ideal of an ideal of g is an ideal of g and every ideal of g is a sum of
simple ideals of g.

3. Any simple ideal of g coincides with one of the I;.
4. We have g = [g, g].

5. The Killing form IC; of I; is the restriction of the Killing form C to I; x I; for all i.

Proof

1. & 2. If we establish that an ideal of g is a direct summand of g, then the proof will follow
easily by induction. Let I be an ideal of g, I+ = {z € ¢, K(z,y) =0, for all y € I'}. Take
r € Ity € g; we want to show that I* is an ideal, i.e. [z,y] € I+, or, for all z € I we
have K[[z,y], 2] = 0. But K([z,y], 2] = K(x, [y, z]]) = 0 since z € I+, [y, 2] € I. To obtain
that I NI+ = 0 it suffices to show that I N I+ is solvable by using Corollary 2.4.17. So
we want that K(z,y) = Tr(adz ady) =0 forz € [ NI+ I NIt and y € I+,

The latter is clear from the definition of I+, thus I NI+ is solvable and hence I NI+ = 0.
Thus we obtain :

= dlmK]—FdlmK]J‘

Let {e1,...,es} be a K-basis for I and complete it to {ey,...,es,
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€si1,---,6n} a K-basis for g. Now y € It if and only if K(ei,y) = ... = K(es,y) = 0,
thus I+ may be viewed as the set of solutions of a linear homogeneous system. The rank
of the system is at most s, so the space of solutions has dimension n-rank > n — s. It
follows then that : dimg(I) + dimg (1) > s+ (n — s) = n = dimgg, hence g = I & I+
Now let I; be a minimal ideal of g. As before g = I @ I;- and L is semisimple, because
an ideal of I; is an ideal of g. So induction works (pass from g to I{-) and 1 as well as 2
have been proved.

3. Let I # 0 be a simple ideal of g. Then since Z(g) = 0, we have [(1,g)] # 0, but [I,g] C I,
thus [I,g] =T and : I = [l,9] = [I,,|® ... ® [I,Iy]. Observe that the latter sum is
indeed direct because [I, ;] N[I 1;] C I; N I; = 0. So for some i we have [I, ;] = I; and
the other terms are zero (as [ is simple).

4. We have : [g,9] = ®ilg, Li] = ®:I; = g (no [g, ;] is zero because that would contradict
Z(g) = 0).

5. Obvious in view of Lemma 2.4.21. O

2.4.26 Exercise

Give an example of a Lie subalgebra of a semisimple Lie algebra which is not semisimple. Give
an example of an ideal of an ideal of a Lie algebra which is not an deal.
The set of inner derivations of a Lie algebra g, that is adg, is an ideal of Dergg.

2.4.27 Theorem

If g is semisimple then every derivation of g is inner, in other words adg = Dergg.

Proof Since g is semisimple, Ker(ad) = Z(g) = 0, hence adg ~ ¢ is semisimple too. Let K
be the Killing form of Derxg and take adg’, the orthogonal complement of adg with respect
to K. The Killing from of adg is K restricted to adg x adg and it is nondegenerate in view
of Theorem 2.4.24. We are in the following situation : V is a finite dimensional K-vector
space, W a subspacion of V, K a symmetric bilinear form on V' with restriction to W x W
nondegenerate. We claim that V = W @ W+ (internal direct sum). Indeed if y € Wt N W
then KC(z,y) = 0 for all x € W and then y = 0 by the non-degenerency of IC|IW x W. Now
continue as in the proof of 1. in Theorem 2.4.25. Going back to the particular situation we
obtain Derxg = adg @ adg*, and thus [adgt, adg] = 0. Take § € adgt, then for all z € g we
have that : ad(d(z)) = [§,adz] = 0. Since ad is injective it follows that 6(z) = 0 for all z € g,
or § = 0. Consequently if follows that adgt = 0 and then adg = Dergg. O

A representation ¢ : g — gl(V') is said to be faithful if Kerqg = 0.
If ¢ is semisimple and ¢ : g — gl(V) a faithful representation then we can define :
Bigxg— K (z,y) — Tr(g(x)q(y))

Then ( is a bilinear symmetric form and f is associative since ¢ is a Lie algebra map, therefore
its radical :
S={x€g,pB(zx,y) =0foral yeg}
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is an ideal of g. We have Tr(q(z)q(y)) = 0 for all ¢(z) € q(S) and q(y) € [¢(S),q(S)] C ¢[S].
By Cartan’s criterion ¢(.5) is solvable. But then S = ¢(95) is solvable and since ¢ is semisimple
it then must follow that S = 0, i.e. [ is nondegenerate. The Killing form is a particular case
of the foregoing (take ¢ = ad).

So we fix a semisimple Lie algebra, 3 a bilinear symmetric associative and nondegenerate form
on g. Let {ey,...,e,} be a K-basis in g.

2.4.28 Exercise

There exists a unique K-basis {f1,..., f,} in g such that §(e;, f;) = d;;. The basis {fi,..., f,}
is called the dual basis for {ej,...,e,}.

Fix notation as above. For x € g write :

n

we] = aye,  [x fil =Y bif)
-1

j=1

The elements a;; and b;; are connected as follows :

Qi = Zaijdjk Zaljﬁ ej?fk Za’lje]7 fk
j=1
= 5([1‘, el]fk) - _5([617 ]7fk) = _B(elv [l‘, fk])
= —Blei, Y biifi) ==Y biibi; = —bi
j=1 j=1

Consider a representation ¢ : g — gl(V'). Then we have ¢,(3) = >, q(e:)q(f;) is in EndgV
and it is an endomorphism of ¢ : ¢ — gl(V'). We want to show that ¢,(/5) commutes with ¢(z)
for all z € }. Take z € g and compute :

n

(@), ¢(B)] = ) la(x),ale:a(f:)]

- Z([q(:{:), qled)la(fi) + aled)[q(x), a(f:)])
= Z(q([a:,ei])q(fi)+C](€i)Q([5U>fi]))
= Z(Q(Z%@j)Q(ﬁ)+Q(€i)Q(wa‘fJ‘))

- Z (aijq(ej)q(fi) + bisale)q(f;))
— Z(—bjiq(ej)q(fi) + bijq(es)q(f;)) =

ij=1
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2.4.29 Definition

Let ¢ : g — gl(V) be a faithful representation of the semisimple Lie algebra g. Write (x,y) =
Tr(q(x)q(y)) for the trace form of q. As above, 5 is nondegenerate. Fix a K-basis {ej,...,e,}
of g and write ¢, for ¢,(5); we call ¢, the Casimir element for ¢. One easily calculates :

Tr(cg) = Tr(3oi2y aleaq(fi) = D20y Trg(e)q(fi) = 3252, Blei, fi) = 221 6is = dimgg.

2.4.30 Remark

If ¢ : g = gl(V) is irreducible then by Schur’s lemma we obtain that ¢, is a scalar. Since
Tr(c,) = dimgV = ¢, = dimgg, we obtain in this case that ¢, = dimyg/dimgV. In this case
the Casimir element does not depend on the chosen bases.

2.4.31 Exercise
Put g =sly(K),V = K? and ¢ : g — glV the identity map, compute c,.

2.4.32 Exercise

Show that a semisimple Lie algebra g acts trivially on any 1-dimensional g-module.

The following result (Weyl’s Theorem) is an analogue of Maschke’s theorem for representations
of finite groups.

2.4.33 Theorem (Weyl)

Let g be semisimple and ¢ : g — gl(V') a representation of g with V' finite dimensional over K.
Then ¢ : g — gl(V') is completely reducible.

Proof V is a finite dimensional g-module and we aim to show that any g-submodule W of V'
is a direct summand. If there is a g-module morphism f : V' — W such that f/W = I, then it
would follow that dimgV = dimg (Kerf) +dimgIn(f) = dimg (Kerf) + dimgW, Ker f N W =0
and thus V =W @ Kerf. We now construct an f as desired. Look at Homg (V, W), which is
a g-module via :

(z.f)(v) = z.f(v) = f(zv)
(Proposition 2.3.6.). Denote

V ={f € Homg(V, W), fIW = aly for some a € K}

If f € Vand x € g, then for each w € W we have : (z.f)(w) = z.f(w)— f(z.w) = x.aw—az.w =
0, hence x.f|W = 0 and thus z.f € V, or V is a g-module. Put W = {f € V, f|W = 0}. This
is a g submodule of V of codimension 1 as one observes in the commutative diagram :

0—W—=V—=V/W—0

b

0 w 1% K 0
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(using the five lemma for exact sequences).

Assume that there is a g-submodule X of dimension 1 such that V = W @ X and let X be
generated by f (we may assume f|WW = I,y). Then for € g we have z.f = 0. This means
that for any v € V we have : 0 = (x.f)(v) = x.f(v) — f(x.v), thus f(z.v) = z.f(v) and f is

the desired g-module morphism.

Due to the foregoing the proof will be finished if we can show that any g-submodule W of V/
of codimension one has a complement. We will do this by induction on dimgW. Assume the
assertion is true for all g-submodules of codimension one having dimension strictly smaller than
dimgxW. We may assume that W is irreducible indeed if W is not irreducible let 0 = W' C W
be a proper g-submodule. Then : 0 — W/W’' — V/W — 0 with dimgW /W' < dimgW,
dimg [(V/WN|(W/W')] = dimgV/W = 1, hence we may apply the induction hypothesis to
conclude that W/W' has a complement :

(%) VIW =W/W' & U/W'
On the other hand we have :
0— W —W —W/W —0

with dimxg W’ < dimgW and dimg (W/W’) = 1. Again by the induction hypothesis W’ has a
complement, say

(+x) W=waoX

We now show that V= W @ X. We have dimgV = dimgW + 1 = dimxgW + dimg X, if
we WNX thenw e WNU and so w € W’ (use (*) above). Then w = 0 follows from (**).
Now we have reduced to the situation where W is irreducible and of codimension one in V.
Since Ker(q) = AnngV and V has the same submodules whether regarded as a g-module or
a g/Ann,V-module we may reduce further to the situation where kerg = 0, i.e. ¢ is faithful.
Let ¢ : V' — V be the Casimir element of V. Now ¢ induces a representation of V/W which
is trivial by Exercise 2.4.32. This g.V C W and also ¢(V) C W (by definition of ¢). Thus
c(W) C W and ¢|W is a scalar by Schur’s lemma. Now the trace of ¢|WW equals the trace of ¢
(see Exercise 2.4.20) and this is nonzero because it equals dimgg (see Definition 2.4.29). The
map ¢ : V — W is a g-module morphism and s|W = aly for some nonzero a € K. We show
that Ker(c) N W = 0. Indeed if w € Ker(c) N W then ¢(w) = 0 and since w € W, ¢(w) = aw
thus w = 0.

It now suffices to take f = a~'c, and the proof is finished. O

2.5 Right or wrong ?
1. A ring without nontrivial dervations is commutative.
2. If the composition of derivations is again a derivation then the composition is zero.

3. All R-derivations of C are zero.
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10.
11.
12.

13.

14.
15.
16.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.

The C-derivatios of M,(C) are a 3-dimensional C-space.

If [a1, —] and [ag, —] are the same derivation of the K-algebra A, then a1 —ay € K.

. A derivation of an algebra cannot be injective.

The K-derivations of a finite dimensional K-algebra form a finite dimensional K-vector
space.

The inner derivations of an infinite dimensional noncommutative algebra always form an
infinite dimensional K-vectorspace.

. If ch(K) = 2 then for every derivation of a K-algebra A and for every a € A we have

§(a?) = 0.
The derivations of a finite field over an arbitrary subfield are trivial.
The number of derivations of a finite algebra is a prime power.

If two algebras over the same field have isomorphic derivation Lie algebras, are these
algebras then isomorphic ?

The commutator of an inner derivation and a non-inner derivation is again an inner
derivation.

The kernel of a derivation is a subalgebra.
The derivations over a commutative algebra form a module over that algebra.

The derivations of a quotient of an algebra from a subset of the set of derivations of the
algebra.

The derivations of the direct sum of two algebras can be written as sums of derivations
of each algebra.

A derivation of a subalgebra can always be extended to a derivation of the original algebra.
If all derivations of an algebra are inner then this algebra has no zero divisors.

All derivations of C|x] are restrictions of inner derivations of the Weyl algebra C < z,y >.
If Derg A is an Abelian Lie algebra then A is commutative.

Inng A and A with the commutator bracket are isomorphic as Lie algebras.

Any two-dimensional Lie algebra is simple.

Derc(C[X]/I) is finite dimensional for each proper ideal I of C[X].

If the K-algebra A is a field then every K-derivation of A is necessarily trivial.

Let d, be an inner derivation of the K-algebra A. If the map [d,,—] : DergA —
Derg A, 0 + [d,, 6], is surjective, then Derg A = Inng A.
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27.
28.

29.

30.
31.
32.

33.

34.

35.
36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.
A7.

48.

Composition is never inner on Derg A.
A Lie algebra generated by one element is one dimensional.

Let g be a finite dimensional Lie algebra over C. Is it true that for every = € g, there is
a y such that [y, [z,y]] = 0.

Let H be the quaternions over R. Establish that DergH 2 so3(R).
A Lie algebra generated by two elements has dimension at most 3.
For k + 1 =n, sl,(C) = slx(C) & s};(C)

The Lie algebra with structural constants )\ij is isomorphic with a Lie algebra with
structural constants cf]

If G and H are matrix groups with isomorphic Lie algebras then G and H are also
isomorphic.

The upper triangular matrices form a simple Lie algebra.

Every complex finite dimensional simple Lie algebra contains sly(C) as a Lie subalgebra.
Every complex finite dimensional simple Lie algebra can be mapped surjectively to sly(C).
The enveloping algebra of a Lie algebra is never a free algebra.

The derivations of C®" form a simple Lie algebra.

The path algebra of a quiver of the form ( 0 e 0 0 is the enveloping
algebra of a Lie algebra.

If g € M,(C) is a simple Lie algebra then all matrices in g have trace zero.

If every Lie subalgebra of ¢ is a Lie ideal then ¢ is Abelian.

If every Lie ideal of a non simple Lie algebra ¢ is one dimensional, is then g Abelian ?
Each Lie algebra is a direct sum of simple Lie algebras.

If two matrices generate a two dimensional Lie algebra then one of the matrices is diagonal.
Every Lie subalgebra of M,(C) has dimension at most n.

The universal enveloping algebra of a finite dimension Lie algebra can be mapped to
matrix algebra.

The universal enveloping algebra of a finite dimensional Lie algebra is never isomorphic
to a matrix algebra.



Chapter 3

Filtered and Graded Rings

3.1 Group Graded Rings

We consider an arbitrary group G and write the multiplication for its operation, indicating it
may be a non Abelian group. A ring R is said to be G-graded if there is a family of additive
subgroups {R,,0 € G} of R such that R = @®,cqR, and R,R. C R, for o,7 € G. The
elements of U,c R, are called the homogeneous elements of R. A nonzero x, € R, is said
to be homogeneous of degree o. By definition every nonzero element r of R has a unique
expression as a sum of homogeneous elements r, € R,,0 € G, say r = Z/aeG Ty, where >
denotes a finite sum.

3.1.1 Proposition
If R is a G-graded, e the neutral element of G, then R, is a subring of R and 1 € R,.

Proof From R.R. C R. it follows inmediately that R, will be a subring of R if 1 € R,. Let
1 =) ccTo be the homogeneous decomposition of 1 € R; pick 7 € G and A\ € R,. The
we calculate : A\, = 1.\, = ZUGG TeAr, With 7,A\. € R,,. Therefore, if o # e, r,\;, = 0 and
Ar = 1Ay, for all A\, € R, and for every 7 € G. Hence r,R = 0 for o # e and r.\ = X for every
A€ R, yields 1 =7, € R,. O

3.1.2 Examples

1. Let A be any ring, G a group and (u,,0 € G} a set of symbols. The group ring R =
AG = ®R.a, with addition stemming from Au, ~ A and multiplication defined by :
(a,uy)(arur) = aya,u,, for all o,7 € G, is G graded by taking R, = Au,.

2. The polynomial ring K[X7, ..., X,] = R is Z-graded by putting all X; in degree 1, hence
Ry=K, R =KX1+...+ KX, R, = R" for all m € N. Since no negative degrees
appear, we say that K[Xq,..., X,] is positively graded.

3. Any ring R may be seen as a G-graded ring by takingR, = 0 for all ¢ # e and R. = R.
In this case we say that R is trivially graded.

40
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4. The free algebra R = K < Xy,...,X,, > may be Z-graded in several different ways.
Given any map gr: {Xi,...,X,} — Z we obtain a Z-grading on R by putting :

!
R, = K—span {X,-l .. .Xil,Zgr(Xij) = k}
j=1

5. Put R = C[X,Y]/(Y? — X3). Then R is Z-graded by putting gr(Y) = 3,gr(X) = 2;
this makes the polynomial Y? — X3 homogeneous in C[X,Y] and then it is clear that
the gradation on C[X, Y| defined by degX = 2,degY = 3, passes to a gradation on the
quotient C[X,Y]/(Y? — X3) (check !).

6. Let A be a ring G a group acting on A by automorphisms, that is we are given a group
morphism ¢, G — AutA. The twisted group ring A * G is obtained as the additive group
©

DoeqAly, {ty, 0 € G} a set of symbols, with multiplication defined by : u,a = ¢, (a)u,

for all a € A,o0 € G, (au,)(bu,) = ap,(b)u,, for all o,7 € G, a,b € A. Put R =

BoccAu, = Ax G for this ring, then R, = Au, defines a G-gradation on R. We call R
©

the skew group ring (with respect to ¢) of G over A.

In particular, let A = K be a field and ¥ an automorphism of K. Put KY = {z €
K,¥(z) = x} and observe that KV is a subfield of K. Construct the K-vector space
Pnez K X™ which is also a KY-vector space. Define a K Y-algebra structure on @,cz K X"
by extending bilinearly the rule \j X™ A X™ = A\ U™ (\y) X™ ™ for m,n € Z. We denote
this K'¥-algebra by K[X, X! ¥] and call it the skew Laurent polynomials it is also
K;Z for ¢ : Z — AutK given by ¢(n) = U™ for n € Z. The positive part of the latter,

is denoted by K[X, V], it is called the skew polynomial ring in one variable.

For a ring R, R-mod stands for the category of left R-modules. If R is G-graded, then a left R-
module M is said to be G-graded if there is a family of additive subgroups of M, {M,,o € G}
such that M = ®,c¢M, and R,M, C M,, for all 0,7 € G. The elements of h(M) = U,eaM,
are called the homogeneous elements of M. Anm # 0in M, is said to be homogeneous of degree
o. Every nonzero m € M has a unique decomposition m = m,, +...+m,, for some oy,...,0,
in G, with m,, € M,,. A submodule N of M is a graded submodule if N = &,c¢(N N M,)
or equivalently if for y € N the homogeneous components ¥y, in M, for 0 € GG, are again in N.

3.1.3 Example

Let R be G-graded, M a G-graded R-module and N C M an R-submodule. Let N, be the
submodule of M generated by NNh(M). It is obvious that N, is maximal amongst submodules
of N which are G-graded submodules of M.

Now consider G-graded R-modules M and N. An R-linear f: M — N is said to be a graded
morphism of degree 7 if f(M,) C N,, for all 0 € G. The set of graded morphisms of
degree 7 forms an additive subgroup HOMg(M, N), of Homg(M, N). Also HOMgz(M,N) =
®recHOMR(M, N), is a G-graded abelian group (Z-module, where Z is trivially graded).
Composition of a graded morphism, f : M — N, of degree 0 € G with a graded morphism



Filtered and Graded Rings 42

g: N — P of degree 7 € (G, yields a graded morphism g o f of degree o7 € G. If N is a graded
submodule of M then the R-module M /N may be G-graded by putting (M/N), = M, + N/N,
for 0 € G. The canonical R-linear 7 : M — M/N is a graded morphism of degree e € G.
We consider the category R-grg (R-gr if G is understood) of G-graded left R-modules with
graded morphisms of degree e, hence Homp_,, (M, N) = HOMg(M, N), for M, N € R-gr. The
category R-gr has direct sums and products. Also if {M,, fa.s; @, 8 € Z} is an inductive systemn,
resp. projective system, then the R-module lii>n M,, resp. {511 M, maybe G-graded by putting

(lim M), = im(M,),, resp. (lim M,), = lim(M,,),, for all 0 € G.
— — — —

[e3 [e3 [e3

For the Homp_g (M, N) both Kerf and Cokerf are in R-gr. Indeed, since Imf is G-graded in
N it follows that Cokerf = N/Imf = @yeq(N, + Imf)/Imf is the cokernel of f in R-gr.

It is straightforward to verify that R-gr is an abelian category satisfying Grothendieck’s axioms
Ab3, Ab4, Ab3* and Ab4* (see for example [S], B. Stenstrom, 1975). Since also Ab5 is easily
verified, we may conclude that R-gr is a Grothendieck category. The category of G-graded
right R-modules, gr-R, may be defined in the completely symmetric way.

3.1.4 Lemma

Consider M, N, P € R-gr and look at the commutative triangle in R-mod :

g N
N

P
where f has degree e. If g, resp. h, has degree e then there exists a graded morphism A', resp.
g, of degree e such that f =goh/, resp. f =g oh.

M

Proof We deal with the case where degg = e, the other is similar. Pick = € M,, h(x) =
Y oec M), yields that we may define b’ : M — N,z +— h(z),. The claim follows easily. O

3.1.5 Corollary

A G-graded P is a projective object in R-gr if and only if P, the R-module underlying P, is a
projective R-module.

Proof If P is projective in R-gr then it is clear that P is projective in R-mod. So now assume
P is projective in R-mod. Then there is a surjective map of a gr-free object F' to P and this
then splits by projectivity of P. Note that F'is gr-free if it has a basis of homogeneous elements
and observe that indeed every object of R-gr is a quotient of a gr-free object.

Now we have an exact sequence in R-gr : F T P — 0 and an R-linear g : P — F such that

fog=1p. According to the lemma there exists a graded morphism of degree e, ¢’ : P — F
such that f o ¢ = 1p. Thus the exact sequence F 7> P — 0 splits in R-gr and therefore P is

projective in R-gr. O
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A graded left R-submodule L of R is called a graded left ideal; if L is two-sided then it is
called a graded ideal of R.

3.1.6 Lemma

For M, N in R-gr, HOMRg(M, N) consists of all f € Hompg(M, N) for which there exists a finite
subset of G, say F, such that :

(%) f(My) CY N,y forallo € G

veF

Proof Suppose f € HOMg(M, N). Then there exists oy,...,0, € G such that f = f, +
oo+ fo, and f,, € HOM(M,N),,,i = 1,...,n. Clearly f satisfies condition (x). Conversely
suppose f € Hompg(M, N) satisfies (x) for some finite set F' C G.

Look at z, € M,; by (x) it follows that : f(z,) = > cpYoov, for some unique y,,, €
Nyy,v € F. For any v € F we define f,(2,) = Ypov- It is clear that f, € HOMg(M, N), and
f=>,cr [ Thus f € HOMg(M,N).

O

3.1.7 Corollary

In each of the following cases we have that HOMgz(M, N) = Homg(M,N) :
a. When the group G is finite.

b. When M is a finitely generated R-module, i.e. M = Rmy + ...+ Rmy for finitely many

mi,...,mqg € M.
Proof
a. Trivial in view of Lemma 3.1.6.
b. Let M be generated by mg,...,mg and without loss of generality we may assume that
m;, i =1,...,d, is nonzero homogeneous, say of degree vy, ..., 4. Consider f € Hompg(M, N)
then for i =1,...,d, f(m;) = Z?:l No,; With ng,. € Ny, 04 € G.

For each i,1 <17 < d we put :

d
F = F-F»—{’1< —1, *1‘}
— iy e = 10 041,0; 042, ...,0Q; Oj,
i=1

We claim that f(M,) C > cp Ny forallo e G :

For z, in M, write : z, = Zle rim;, with r; € h(R), deg r; = aa;l. Therefore it follows

that :
d d
f(xU) - E Tlf(ml) - E E :T’ino'ij
i=1 i=1 j=1
_ ~1 |
However, deg rin,,, = oa; o0, hence rin,,, € N,,, where v = a; 0y € F for all

1<ied. O
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3.1.8 Remark

For G = Z and M not finitely generated it may happen that HOMgz(M, N) # Hompg(M, N).
For example let R = ®,¢zR, be Z-graded such that R, # 0 for all n € Z. Then there is a
(an)nez € [1,ez Rn which is not in @,ezR,. Put M = R® and define f € Homg(M, R) by
putting f((zn)nez) = D ez i@ By the lemma clearly f ¢ HOMg (M, R).

3.1.9 Definition

A G-graded ring R is said to be strongly graded if : R,R, = R,, for every 0,7 € G.

In particular when G = Z then R is strongly graded if and only if RR; = R, if and only if
R{R = R, if and only if R_1R; = R,.

3.1.10 Lemma
A G-graded ring R is strongly graded if and only if 1 € R, R,-1 for every o € G.

Proof If 1 € R,R,-1 for every o € G then for any 7 € G it follows that : R,, = 1R,, C
R,R,-1 R, C RyR,, hence R,R, = R,, for all 0,7 € G. O

Note that we may strengthen the foregoing lemma to : R is strongly graded if and only if
1 € R,,R, -1 for some set of generators 0;,7 € J, of G.

3.1.11 Corollary

If R is strongly graded then R, is finitely generated and projective in R.-mod and in mod-R,,
for every o € G.

Proof From R,-1R, = R, it follows that R, contains a finitely generated R.-module L, such
that R,-1L, = R.. Then R,R,-1L, = R,R. = R, yields L, = R, and thus R, is finitely
generated in Ry-mod; similar from R,R,-1 = R, the statement about R, in mod-R, follows
symmetrically. Write 1 = > w;v; with w; € R,—1,v; € R,, then right multiplication by u; defines
an R-linear y; :R, — R, such that for each r € R, we have r = . y1,(r)v;. Therefore by the
well-known “Basis Lemma”, R, is projective in R.-mod. Similar, a symmetric argumentation
leads to projectivity of R, in mod-R,. O

For a G-graded ring R we may define a functor R ®p, — : R.-mod — R-gr, M — R®pr, M
with G-gradation on R®p, M defined by (R®@gr, M), = R, ®p, M, for all 0 € G. A morphism
f € Hompg (M, N) is mapped to R ®g, f. On the other hand, we also have the restriction
functor : (—). : R-gr — R.-mod, M — M., where a morphism f € Homp_4 (M, N) restricts
to fo: M, — N..

A G-graded left module M is said to be strongly graded whenever, for all o,7 € G we have
R, M. = M,..



Filtered and Graded Rings 45

3.1.12 Theorem

For a G-graded ring R the following statements are equivalent :
1. R is strongly graded.
2. Every M € R-gr is a strongly graded R-module.

3. The functor R®g, — and (—). define an equivalence between the Grothendieck categories
R-gr and R.-mod.

Proof

1. = 2. (in fact 2. = 1. is obvious). For o,7 € G we have M,, = R.M,, =
R,R,~1M,. C R,M,, hence M,, = R,M.,.

2. = 3. (In fact 3. = 2. is easy and left to the reader).

Take M € R-gr and let 6, : R®g, M. — M be the canonical R-linear morphism given by :
I (r @ me) = rme, for r € R, me € M,. Note that 0, is graded of degree e. It is easily
seen that 0y is a natural transform of the composition functor (R ®pg, —) o (—). to the
identity functor on R-gr. It is clear that dy; is an epimorphism. If K, = Ker(d,,), then
Ky is a graded submodule of R®g, M, and (K /). = Ker(dpr)e where (0pr)e : Re @r, M,
is an isomorphism. Hence (Kj/). = 0 and then also (Ky;), = Ry (Ky)e = 0, or Ky = 0.
Conversely, if M € R.-mod, let aps : M — (R ®g M), be given by ay(z) = 1®@z. It
is clear that o, defines a natural transform between the identity functor on R.-mod and
the composition functor (—). o (R®pg, —); (for detail on categories, functors, equivalences
and natural transforms, cf. [15]). O

3.1.13 Corollary

If R is strongly G-graded and M, N are graded R-modules, f : M — N in Hom, (M, N).
Then f is a monomorphism, resp. epimorphism, resp. isomorphism, if and only if f, :
M, — N,, is resp. a monomorphism, epimorphism, isomorphism, for some ¢ € G where
fo’ S HOIHRE(MU,NU).

Proof We have a functor T, : R-gr — R-gr defined by T, (M) has underlying R-module M but
gradation is defined by T,(M), = M,, for every o € G,7 € G. This functor, for every o € G
defines an equivalence of R-gr with itself. Hence f is monomorphic, epimorphic, isomorphic
if and only if T'(0)f : T,(M) — T,(N) is resp. monomorphic, epimorphic, isomorphic. Now
To(M)e = M,,T,(N). = N,, hence it follows from the foregoing theorem that the statements
of the corollary hold. O

Recall that a bimodule pMpg is invertible if there exists an R-bimodule gk Ni such that M ®p
N=R=N ®gr M as R-bimodules.
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3.1.14 Proposition

For a strongly G-graded ring R :

1. For M € R-gr and all 0,7 € G, the canonical morphism R®g, M, — T,(M),r @z > 1z,
is an isomorphism.

2. For every o,7 € G the canonical morphism :R, ®g, R, — R,, is an isomorphism of
R.-bimodules.

3. For every o € GG, R,, is an invertible R.-bimodule.

Proof
1. Immediately from Theorem 3.1.12.

2. By the first part, R ®g, R, — T-(R) is an isomorphism, hence (R ®g, R.), = T-(R), =
Ry, therefore R, @, R, = R,, for o,7 € G.

3. Follows from 2. O

3.1.15 Corollary

Let R be strongly G-graded, then :
a. If M € R-gr, then M = 0 if and only if M, = 0 for some ¢ € G.
b. Every graded left ideal L of R is generated by L., L = RL..

c. If p: R — S is a graded ring morphism of degree e between strongly graded rings R and
S, then ¢ is injective, resp. surjective bijective if and only if ¢, : R, — S, is injective,
resp. surjective, bijective.
Proof
a. M € R-gr is strongly graded, hence M = RM, for every o € G.

b. L is strongly graded, thus L, = R,L. and L = RL, follows.

c. If . is injective, then Kery is graded and (Kery), = Kerp, implies Kerp = 0 in view of
b.. If . is surjective then ¢(R,-1) C S,-1 and p(R.) = S, entails : S, = p(R,-1)p(R,) C
Se-1¢(R,). Therefore we have S,-1¢9(R,) = Se and thus S, = S,S. = S;S,-1¢p(R,) =
©(R,) for every o € G. If . is bijective then ¢ is injective and surjective thus bijective.
The other implications are obvious. O

For a detailed treatment of graded ring theory we refer to [16], [17].

3.2 Filtered Rings and Modules

We may define filtered rings with respct to any totally ordered group but here we will restrict
attention to Z-filtrations.
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3.2.1 Definition

A filtration F'R on a ring R is an ascending chain :
...CF,RCF,RC...CR

consising of additive subgroups of R such that for all n,m € Z, F,RF,,R C F,,,R and

moreover 1 € FyR (unlike what happens for Z-gradation this does not follow now from the first

condition). A K-algebra A is filtered if A is filtered and K C FyA. A filtration F'R of a ring
R is exhaustive if U,F,R = R and FR is separated if N, F,R = 0. From hereon we only
consider exhaustive filtrations.

3.2.2 Examples

1. Let R be a ring with filtration F'R. Any surjective ¢ : R — S (ring homomorphism)
defines F,,S = ¢(F, R), a filtration on S. If F'R is not separated then N,czF, R = I is an
ideal and the filtration induced by F'R on R/I is separated.

2. Any Z-graded ring is also filtered by the gradation-filtration, F,R = ®,<,R,.

3. As in 2. we may define a filtration on the free algebra R = K < X >, for any set X, by
putting X C R;. As every algebra is an epimorphic image of some K < X >, the filtration
on K < X > induces a filtration on an arbitrary K-algebra A via K < X > —» A. We
have A = K < a;,i € J >, A = K, 1A = ®;c;Ka;, F,A = (F1A)" for n > 0; such a
filtration is called a standard filtration.

3.2.3 Definition

An R-module M is a filtered module if there is an ascending chain of additive subgroups :
...C F,M C F,,1M C ..., such that for all n,m € Z we have F,, RF,,M C F,,,M. We will
restrict attention to exhaustive filtrations i.e. we assume that M = U, F,, M.

It is obvious that F,, M is a left FyR-module, F,,R is an FyR-bimodule.

To a filtration F'M on an R-module M we may associate a topology on M by considering F'M
as a filter of neighborhoods of 0. For x € M a filter of neigbourhoods will then be given by
V(z) ={z+ F,M,n € Z}.

3.2.4 Proposition

1. The sum and scalar multiplication of M are continuous in the topology induced by F'M.

2. If F'M is separated then the induced topology is Hausdorff, moreover the induced topology
1s metric.
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Proof

1. The map m+ : M — M,x — m + z maps a filter of neighbourhoods to a filter of
neighbourhoods, the inverse (—m)+ is also of that type hence m+ is a homeomorphism.
It follows that the operation + is continuous.

In order to establish continuity of A, for A € R we use the exhaustivity of F'R to select
k € Z such that A € FyR. If \y € x + F,M then Ay + F,,_xM) C x + F, M. Hence the
inverse image of x + F,, M for the map A is open, thus A is continuous (but not necessarily
a homeomorphism). If F'M is separated and x # y in M then there is an n such that
r—y & F, M, therefore : (z+ F,M)N(y+F, M) = () and this yields the Hausdorff property
for the topology. If y # x define : d(x,y) = ¥ where k is minimal such that z—y € F,M (e
the basis of the natural logarithm). From d(z,y) = max(d(z, 2), d(y, z) < d(z, z)+d(y, z),
for z € M. The open balls for the metric given by d(—, —) are exactly the elements of
the filter of neighbourhoods for the filtration topology. O

Observe that the proposition above also holds for M = R where scalar multiplication is replaced
by the multiplication of the ring, hence F'R defines a structure of topological ring on R.

3.2.5 Definition
Let I be an ideal of R. The I-adic filtration of R is given by :

.I"cI"''c..cRCRCR...

(so we view this as an ascending filtration !)

3.2.6 Example

Look at I = (X)) in K[X]. The [-adic filtration defines the /-adic topology on K[X], the latter
is a metric topology so we can look at the completion K[X]" of K[X] in this topology.

Let us recall the construction of the completion of a filtered ring R. Let R be the set of Cauchy
sequences (1;);en, these are sequences with r; € R such that for all ¢ € R, there is an N € N
such that for all 7,7 > N we have that d(r;,r;) < e. On R we define an equivalence relation
(r:)ien ~ (8i)ien if and only if (r; — s;);en converges to zero. The completion of R with respect
to F'R is now R/ ~ together with the componentwise addition and multiplication (these are
well defined on R/ ~ because + and . are continuous). We write R for the completion at F'R
and there is an injective ring morphism (if F'R is separated), R — R mapping r € R to the class
of the constant sequence (7;);eny with r; = r for all i. In case we look at the X-adic topology
on K[X] the completion is denoted by K[[X]]. By construction every sequence of polynomials
of type :
(ag, ap + a1 X, ap + a1 X + ax X? ag + a1 X + ao X? + a3 X>,...)

is in R and any two different such sequences are not equivalent. In fact every sequence in R
is equivalent to a unique sequence of the foregoing type. For e™" we can find an N € N such
that d(r;,r;) < e ™™ for 4,j > N, in other words r; € r; + (X™). In r; + (X™) there is a unique
element of the form ag + ... + a,—1 X" ! independent of the choice of i > N; call this element
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! ;. The sequence (7});en thus constructed is of the above type and it is obviously equivalent

to (7:)ien

It follows that we may look at K[[X]] as the ring of formal power series. We easily verify that
K[[X]] inherits the filtration from FK[X] by putting :

EK[[X]] = {an X"+ a1 X" + ... a; € K}

3.2.7 Example. The p-adic numbers

Take R = 7,1 = (p) = pZ for a prime number p of Z. The I-adic filtration defines the p-adic
topology on Z. The completion of Z with respect to the p-adic filtration yields Z,, the ring
of p-adic numbers, which may be viewed as formal power series in p. The p-adic filtration on
Z can be extended to a filtration of Q; look at the localization Z, = {a/b,p does not divide
b} C Q and define F,Q by : ... C p*Z, C pZ, CZ, C p 'Z, Cp*Z, C ... C Q.

A filtration F'M is said to be left-limited or discrete if there is an ng € Z such that for
all © < ng, F;M = 0 (the topology on M associated to F'M is then the discrete topology). A
special discrete topology is a positive filtration where ng in the foregoing is at least 0.

3.2.8 Examples

1. Let ¢ : A — A be an injective ring morphism and § : A — A a ¢-derivation, i.e. for
x,y € A, 0(xy) = 6(x)y + ¢(x)d(y). The ring of skew polynomials is obtained by
adjoining a varable ¢t to A and defining multiplication as follows : ta = p(a)t + d(a).
We write R = Alt, ¢, d] for this ring. Obviously A is subring of R. The fact that ¢ is
injective allows to define a degree function deg as the degree in ¢ and we arrive at the
degree filtration F'R by putting F,R = {f(t) € A[t,¢,0],degf(t) < n}, [HR = A.

2. Let g be a Lie algebra over K and U(g) the universal (K —) enveloping algebra of g (see
Chapter II). Since U(g) is a quotient of the free algebra on {x1,..., x4} which is any K-
basis of g the gradation filtration of K < z1,...,z4 > induces a positive filtration FU(g)
with FoU(g) = K, FiU(9) = K& Kz, & ... & Kag, F,U(g) = (F1U(g))" for n > 1.

3. Let A be a commutative k-algebra and D any A-submodule of DeryA. Let A[D] be the k-
algebra generated by A and D (in EndgA). Then A[D] has a positive (standard) filtration
corresponding to D as a generating set over A, i.e. FyA[D] = A, F{A[D] = A+ ;. Ad,
F,AD] = (FLA[D])" for n > 1. In particular for D = Der, A we obtain the derivation ring
A(A) = A[DerA] with its standard filtration defined by a k-basis of DeryA. In particular
we may take A = k[xq,...,x,] and then we obtain the derivation ring A(A) = A, (k) (see
Chapter I), the n-th Weyl algebra. The standard filtration on A, (k) may be defined by
putting x ..., z, and y1, ..., y, in F1A,(k), FoA, (k) = k and F, A, (k) = (F1A,(k))™, for
m > 0. We call this filtration on A, (k) the Bernstein filtration on A, (k), thus F,,A, (k)
is the k-space generated by all 27", ... ,xf{”yf“, ooy with g+ o+ Bt B <m
and it is a positive filtration.

We have seen that Ay(k) = k[z][y, 2], hence in Example 3.2.3(1) with ¢ = 1, and
A = k[x] we obtain another filtration on A;(k) called the X-filtration say F'A;(k), with
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FyA (k) = k[z] and FLA, (k) = {f(y) € Aly, Z] deg,f(y) < m}. Sometimes the ¥-
filtration is also called the operator filtration. It may in the obvious way be defined for
A, (k) over klxy, ..., z,)].

4. Let k be a field, A a commutative k-algebra and M, N left A-modules. Give Homy (M, N)
the structure of an A ®; A-module by defining ((a ® b)0)(m) = af(bm) for a,b € A,0 €
Homy (M, N) and m € M. Write i : A®, A — A for the multiplication map p(a®b) = ab
for a,b in A and put J = Kerp.

Define the space of k-linear differential operators from M to N of order at most n
by : D% (M, N) = {0 € Homy(M, N), J"0 = 0}, where J* = A ®, A. Put Da(M,N) =
U D% (M, N). Note that J is generated by {1 ® a —a® 1,a € A} (verify this).

If we write [f,a] = (1®a—a® 1) = 0a — ab, for a € A and 6 € Homy(M, N), then
DY (M, N) = Homy (M, N) and Da(M, N) = 0 if and only if Homa (M, N) = 0. We may
alternatively define D% (M, N) inductively by D;'(M, N) = 0 and for n > 0, D% (M, N)

= {6 € Homy(M, N),[0,a] € D' (M,N) for all a € A}. Tt follows that D% (M, N) C
D (M, N) for n > 0. Let us write Da(A4, A) = D(A). Then for f and g of D(A)
we have fg € D(A). Indeed, if f has order p and g has order ¢, then fg has order
at most p + q. Thus D%(A)DF(A) C DT (A) and thus D(A) is a filtered k-algebra
with filtration F'D(A) given by F,D(A) = D%(A),n € N. D(A) is called the ring of
differential operators of A. We refer to [Bj] for the detailed theory of differential
operators .

The category R-filt for a filtered ring R consists of the filtered R-modules with filtered
morphisms, where an R-linear f : M — N, with M and N filtered R-modules, is a
filtered morphism if f(F,M) C F,N.

An R-submodule M’ of a filtered R-modules M is called a filtered submodule if F;,, M’ C
F,M for all n € Z. Any R-submodule M’ defines a filtered submodule of M if we put on
M’ the induced filtration : F,M' = F,M N M’, for all n € Z. For an R-submodule H of
M the quotient filtration on M/H = @ is defined by putting F,,QQ = F,M + H/H, for
n € Z. In the category R-filt there exist direct sums, products, inductive limits, 1i_n>1, and

projective limits, lim, where resp.
<—

F,lim M; = lim F,M;, F,(lim M;) = lim F, M,

k3 k3 k3 k3

Direct sums and inductive limits of exhaustive filtrations are again exhaustive. This
property fails for the product (hence for projective limits). For M, N in R-filt and f :
M — N a filtered morphism, we say that f has the Artin-Rees-property if there exists
a ¢ € Z such that for all n € Z : Imf N F, N C f(F,+.M). We say that f is strict if for
alln € Z: f(F,M) =Imf N F,N. Every strict morphism has the Artin Rees property.

For example if N is an R submodule of a filtered module M then the inclusion N — M
becomes a strict morphism when F'N is the filtration of N induced from F'M; similarly
M /N endowed with the quotient filtration makes the canonical R-linear M — M /N into
a strict filtered morphism.
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Let f be a filtered morphism M — N and consider the canonical (FyR-linear) ¢}, : M —
M/F,M, ¢% : N — N/F,N, for every n € Z. Since f(F,M) C F,N for all n € Z, we
obtain a commutative diagram :

M—T N
wal J{w?v
M/F,M —— N/F,N

3.2.9 Lemma

The filtered morphism f : M — N is strict if and only if the associated map : Kerf — Kerf,
is an epimorphism for all n € Z.

Proof Suppose f is strict. If 2 € Kerf, then x = ¢},(e) for e € M and ¢} (f(e)) = 0, i.e.
f(e) € f(M)NF,N. Hence there is an z,, € F,, M such that f(e) = f(x,),i.e. e—z, € Kerf and
oh(e—x,) = ¢l (e) = x, hence Kerf — Kerf, is surjective. Conversely assume Kerf — Kerf,,
is surjective for all n € Z. Pick ' € f(M)N F,N. Then 2’ = f(x) for some x € M. Now :
[roh(z) = o (f(z)) = ¢%(2") = 0 because 2’ € F,N. Thus ¢} (x) € Kerf,. By the
" th y € Kerf, it follows that x — y € Keryp}, = F,M and

€

assumption ¢h,(x) = ¢, (y) with y
f(z) = f(x —y). Thus 2’ = f(x) € f(F,M) and the proof is finished. O

3.2.10 Corollary

If f: M — M is a filtered morphism such that f? = f, then f is strict.

Now we start from a ring R with a separated filtration FFR. For n € Z, put G,(R) =
F,R/F, 1R and G(R) = ®,czG(R), as additive groups. For a,, € F,, R write a,, = a,modF,_| R,
and define multiplication by : @,.G,, = (a4,a;,)modF, 1 R.

3.2.11 Lemma
The multiplication on G(R) is well defined and this makes G(R) into a Z-graded ring.

Proof For f, 1 € F,,_1, frn-1 € F;,—1 we obtain :

(an + fn—l)(am + fm—l)mOan—‘rm—lR =
= (a'na'm + fn—lam + anfm—l + fn—lfm—l) mod Fn+m—1R =
= (apam,) mod Fypm 1R

Hence the multiplication is defined independent of the chosen representatives for a,,, @,,. That
G(R) is now a Z-graded ring is easily verified. O

We call G(R) = Gr(R) the associated graded ring of R with respect to F'R.
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3.2.12 Remarks

1. If R is a Z-graded ring and we consider the grading filtration FYR, FYR = ®,,<,R,, for
n € Z. Then G(R),, = ®Sm<nRim/ Bm<n-1 Rm = R, for all n € Z and one easily verifies
that : Gy(R) = R.

2. Let M be a filtered R-module with (separated) filtration F'M. Define additive subgroups
Gn(M) = F,M/F,_1M. Now define a G(R) multiplication on G(M) = @®,czGn(M),
as follows : @.m = am, for @ = a modF, 1R, m € FsM, m = mmodFs_M, where
am = (am)modF,,s_1 M because am € F, sM.

Since F'R is separated, there is for every x # 0 in R an n such that x € F, R— F,,_1R. We

define the principal symbol map o : R — G(R),c(0) = 0, and o(x) = zmodF, R if

n is associated to x as above. For ab # 0 we have o(ab) # 0 but o(a)o(b) = 0 is possible.
3.2.13 Property
If o(a)o(b) # 0 then o(a)o(b) = o(ab).
Proof Takea € F,R— F, 1R,b€ F,M — F,, 1R, then ab € F,,,,R. Since 0 # o(a)o(b) =
(ab)ymodF,, ., 1R, we have ab ¢ F,, 1R, thus ab € F,,,,R — F,,1,,_1R. Hence o(ab) €
Grnim(R) and from the foregoing it then follows o(a)o(b) = o(ab). a
3.2.14 Proposition

1. If o(b) is a non-zerodivisor in G(R) then o(a)o(b) = o(ab) for all a € R.

2. In case G(R) is a domain then so is R.

Proof
1. If o(b) is not a zerodivisor then o(a) # 0 yields o(a)o(b) # 0, hence o(a)o(b) = o(ab).
2. If G(R) is a domain, then o(ab) = o(a).c(b) # 0 and o(ab) # 0 yields ab # 0.

3.2.15 Property
Take a € F,R — F, R, b€ FyR — F,,_1 R, then :

ola+b) = ola)if n>m
= o) if m>n
= o(a)+o(b) if m=mnand o(a)+0o(b) #0
€ PinGi(R) if m=mnand o(a) 4+ o(b) =0
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Proof If n > m, then a +b € F,R — F, 1R and o(a +b) = (a + b) mod F, 1R =

a modF,_;(R) = o(a). Similar for m > n. In case m = n then o(a) + o(b) = 0 if and
onlyif a+0b¢€ F, 1R; then a+b & F,_1R yields o(a+b) = 0(a) + o(b) and a + b € F,,_1R
then yields o(a + b) € G;(R) for some i < n. O

We now describe the associated graded ring of filtered rings given by generators and relations.

Consider a finitely generated K-algebra A given as K < Xi,...,X, > /(R). We put on
K < Xi,...,X, > the standard filtration which is also the gradation filtration. This fil-
tration is transferred to A = K < Xj,...,X,, > /(R) by the standard projection 7 =
K < X4,...,X, >> A. The associated graded ring of K < Xy,...,X,, > is isomorphic
to K < Xy,...,. Xy > leto: K < Xyq,...,X,, > K < Xjy,...,X, > be the principal symbol
map. The associated graded ring of A with respect to F'A is denoted by G(A) and the principal
symbol for F'A is denoted by 7 : A — G(A).

3.2.16 Proposition
The associated graded ring of A = K < Xy,..., X, > /(R) is
GA) =K< Xy,....,X, > /(c(R),RER)

Proof Define a linear graded map 7@ : K < Xj,...,X,, >— G(A) as follows. For f ho-
mogeneous in K < Xj,..., X, > put fmodF,K < Xi,...,X, >— 7n(f) mod F,A, if
f € FonK < Xi,..., X, >, extended linearly. This map is well defined (as one easily
checks) and it is an algebra morphism because :
7(f mod F,, K < Xy,...,X,, >gmod F;, K < Xy,..., X, >) =

= %(fg mod Fm+k+1K < X17 s 7Xn >)

We have that @ o m = 7 o g, hence the following diagram is commutative
K<Xy,...,.X, > 2K<Xy,...,X, >
iw iﬂ

A _ G(A)

g

because every homogeneous element of K < Xi,..., X, > is of the form o(h) for h in K <
Xq,..., X, > What is Kerm 7 Look at a homogenous f € Kerm of degree m € Z. Then
f =o(h) forsome hin K < Xi,..., X, > such that To(f) = 0 hence ar(h) = 0. Since d(a) = 0
if and only if a = 0 (as F'A is separated) we must have h € Kerm. Since Ker7 is graded it is the
ideal generated by its homogeneous elements, hence Kerw = (o(h), h € Kern) = (6(R), R € R).

O

3.2.17 Corollary
Let A,(K) be the n™*" Weyl algebra with the Bernstein filtration i.e.

AK)=K<Xyq,...,X,,"1,....Y, >/ MX; — X1 —1,... .V, X, — X,.)Y, — 1,
XiX; — X; X3, VY, =YY, Vi X; — XjY, for i # j)
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Then GA,(K) = K[X1,...,X,,Y1,...,Y,], because the foregoing yields :

GA(K) =K < X1, X, Yay oo Y >
(XX — X; X, YY) = VY3, YViX; - V3Y))

Hence the associated graded algebra for the Bernstein filtration on the Weyl algebra is the
polynomial algebra.

3.2.18 Theorem

The linear map ¢ : C[X,Y] — A(C), X'Y7 +— z%y, is a bijection. In other words, every
element z of A;(C) may in a unique way be written as : p,()y" + ... + ps(x)y + po(z), with
pi(x) € Clz],i=0,...,n.

Proof Consider the Bernstein filtration on A;(C) with principal symbol map o. We have
obtained before that G(A;(C)) = C[X, Y] with o(z) = X, 0(y) =Y because z,y € F1A,(C)—-C.
Hence o1(X'Y7) = X'Y”7 and we obtain that ovf(X,Y) is the term of highest degree in f(X,Y).
Now we define @ : A(C) — C[X,Y] by putting 5(0) = 0 and &(a) = o(a) + 7(a — to(a))
inductively, i.e. if a € F,A, (C) then a — wo(a) € F,,_1A;(C). Hence for a C FyA;(C) = C we
have (a) = o(a) = a etc...

For example :

o(ayr) = XY +o(vyr —a’y) =
= XY +5(x(yr — 2y)) = X2 +5(—2)
= XY - X

Using the inductive definition we may also verify that (o0 = Iy, (c), 0t = I¢ix,y); that is, use
induction on the degree of f € C[X,Y] together with the fact that f(X,Y) —ouf(X,Y) has
lower filtration degree than f(X,Y). It follows that ¢ is a bijection ! O

For a filtered module M we let G, (M) = F,M/F, 1M, assuming that F'M is a separated
filtration on M. Then G(M) = ®pezGn(M). If m,, € G,(M), let m,, € F,M — F, «M
represent m,,, for a,, € G,,(R) we define a,,.m, as a,m,modF,,,_1 M. It is not hard to verify
that G(M) is a Z-graded G(R)-module; we call G(M) the associated graded module of M
(with respect to FM).

If Hompgr(M, N) stands for the group of filtered R-module morphisms then any f € Homggr(M, N)
induces canonical maps f, : F,, M/F, 1M — F,N/F,_1N. It is clear that G(f) = ®nezfn de-
fines a graded morphism of degree zero from G(M) to G(N), i.e. G(f) € Homgr)—o(G(M), G(N)).
If g € Hompgr(N, K) then G(go f) = G(g) o G(f), moreover if ) is the identity morphism on
Hompr(M, M) then G(Iy) = Iy Then G defines a functor G : R-filt — G(R)-gr.

3.2.19 Proposition

With notation as before we have :
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i) If M € R-ilt has separated filtration F'M then G(M) = 0 if and only if M = 0.

ii) If M € R-filt has discrete filtration (F,M = 0 for p < ng, some ng € Z) then G(M)
is left limited in the sense that G;(M) = 0 for all i < mg, some mg € Z.

iii) The functor G commutes with filtered direct sums, filtered products and filtered
inductive limits.

iv) If M with filtration F'M has completion M, then the canonical (filtered) morphism
Uy 0 M — M induces a graded isomorphism G(¢y) : G(M) — G(M), where M
has the canonical filtration defined by F'M.

Proof We leave it as an exercise (only iv. requires some work). a
A sequence L 7> M — N is called strict exact in R-filt if it is an exact sequence of filtered

g
R-modules such that both f and g are strict morphisms.

3.2.20 Theorem

In R-filt let (x) L 7> M — N be such that g o f = 0. Consider the associated sequence in
g
G(R)-gr :

G(#) - G(L) — G(M) — G(N)

Then we have the following
1. If « is strict exact then G(x) is exact.
2. If G(x) is exact then g is strict
3. If G(x) is exact, L is complete and F'M is separated, then f is strict.
4. If G(x) is exact and F'M is discrete then f is strict.
5. If L is complete and F'M is separated, or if F'M is discrete, then (x) is strict exact if and
only if G(x) is.
Proof

1. Tt is clear that G(g) o G(f) = 0. If we take x € F,, M such that G(g) (x mod F,,_1M) =0
then g(x)modF, ;N = 0 or g(z) € F,_1N. Since g is assumed to be strict there is an
x' € F,_1 M such that g(z) = g(2’), i.e. z — 2’ = f(y) for some y € F,, L. Consequently,
G(f) (y modF,,_1L) = x mod F,_1 M and therefore ImG(f) = KerG(g) and exactness of
G(x) follows.
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2. Pick y € (F,N NImg) — F,,_1N. There is an x € M such that g(z) =y, say € F,,, ;M
for some s > 0. If s = 0 there is nothing to prove. If s > 0, then G(g)(z modF, s 1 M) =
0. The exactness of G(x) implies that zmodF, ., 1M = G(f)(zmodF, s 1L) for some
z € F,isL. It then follows that © — f(2) € Fy4s-1M and y = g(z) = g(x — f(2)) = g(2')
with ' € F,,,_1M. Repetition of this argumentation leads to an m € F, M such that

y = g(m).
3. Look at y € F,, M NImf. By the exactness of G(x) we obtain :
G(g)(y mod F,,_1M) = 0, thus y modF,,_1M == G(f)(z"modF,_,L) for some z™ € F, L.

Hence y — f(2") € Imf N F,,_; M. By induction we obtain a sequence ™, "' ... x"~*
with "% € F,_¢L, such that : y — f(2") —... — f(2"*) € Imf N F,_s_1M. By the
completeness of L we may define an element = ) - 2" * in F,,L. Then we arrive at :

y— f(x) =y—lim f(a™+...4+2"°) = 0, the latter following from the separatedness of
§—00
FM. Therefore we find a y € f(F,L) and f(F,L) C F,M NImf is obvious.

4. Along the lines of 3. but using F,,_s_1 M = 0 for some (big) s.

5. Strict exactness of (x) implies exactness of G(x) because of 1. On the other hand if G(x)
is exact then we are either in the situation of 3. or 4., so in any case f is strict. By 2, also
g is strict. If y # 0 in M is such that g(y) = 0, then y € F,, M — F,,_1 M by separatedness
of M. This leads to G(g)(y modF,,_1M) = 0; now we go on as in the proof of 3. (resp.
4,) to find y = f(x) (where z = 2" + 27" '+ ...+ 2" S orz =) o 2" * depending on
the case). Thus (x) is exact. a

3.2.21 Corollary
Let f: M — N be a filtered morphism with F'M and F'N being separated.

1. The G(f) is injective if and only if f is injective and strict.

2. If M is complete, then G(f) is an isomorphism in G(R)-gr if and only if f is an isomor-
phism in R-filt.

3. Either if FM is complete or discrete, then G(f) is surjective if and only f is surjective
and strict.

The foregoing results apply in case we have a positively filtered algebra, e.g. the Weyl algebras,
and look at a finitely filtered A-module with so-called good filtration i.e. there are mq,...,my
in M such that for all n € Z, F, M = > F,,_4,Am,; for some dy,...,d, € Z.

We will now see how filtered rings appear by dehomogenizations of Z-graded rings, which will
lead to the construction of Z-graded rings or blow up rings, that will define the original filtered
rings by dehomogenization.

In projective algebraic geometry, homogeneous coordinate rings appear together with some de-
homogenization. If V(I) is a projective variety determined by a homogeneous prime ideal
of the polynomial ring K[Xy,...,X,|, where K is an algebraically closed field, and R =
K[Xo,...,X,]/I is the graded coordinate ring. Then A = R/(1 — x¢) R, where xy = Xomod I,
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is isomorphic to the coordinate ring of the open affine subvariety complementary to the part at
infinity (defined by the vanishing of x¢) in V(7). In a similar way every determinantal ring is a
dehomogenization of a Schubert cycle (being the graded coordinate ring of a Schubert variety).
The dehomogenization principle is the basis for the study of determinantal rings, cf. W. Burns,
U. Vetter ([3], LNM 1327, Springer Verlag 1988) for full detail on these geometric aspects we
will not treat in these lecture notes.

Let S = ®,ec25, be a Z-graded ring and T" a homogeneous central element in S. The quotient
ring S/(T—1)S = R has a filtration induced by the gradation (filtration) of S, F,,R = (S,+(1—
T))/(1=T)n € Z. Similarly if M is a graded S-module then F,, M = M, +(1-T)M/(1-T)M,
for n € Z, puts on M = M/(T — 1)M the structure of a filtered R-module. We call R the
dehomogenization of S with respect to 7, M the dehomogenization of M, and this is

an exhaustive filtration. The foregoing definitions remain unchanged if 7" is only a normalizing
element i.e. ST =TS.

3.2.22 Lemma

Let T be a central regular homogeneous element of S of degree one then : S(1—-T7T)N S, =0,
for n € Z; if M is a T-torsionfree (i.e. Tm = 0 only if m = 0) graded S-module then
(1-T)M N M, =0 for all n € Z.

Proof Ifs, € S,isin S(1 —1T) then s, = s(1 —T) for some s € S. If s = s, + ...+ sy,
with ny > ... > ng is the homogeneous decomposition of s then : s, = —s,,, T as the latter is
nonzero and it is the homogeneous component of highest degree in s(1 — 7T') a contradiction.d

3.2.23 Proposition

With notation as before :
1. G(R) = S/TS as graded rings.

2. The localization of S at the central Ore set {1,7,...,7", ...} denoted by Sy is iso-
morphic to (S(r))o[T,T~!]. Moreover there is a commutative diagram of ring homomor-

phisms :
R

where 7 is the canonical map modulo (1 — TS and ¥(77s) = s+ (1 — T)S, note that
Sry is Z-graded by (Siry)n = {2, T7sn—j,J € L, 80— € Sn_j,j € L}, for n € Z.

S

S(r)

3. 1 maps (S(T))o isomorphically to R.
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Proof

1. By definition : G(R) = @nez(Sp + (1 = T)S8)/(Sn_y + (1 = T)S), S/TS = ®pez(Sn +
TS)/TS.
For each n € Z we define ¢,, : G(R),, = (S, +T195)/TS, $p+Sp-1+(1—=T)S — s, +T'S.
The ¢, are isomorphisms of additive groups, indeed for s,,_; € S,,_1 we have that s, | =
Ts, 1+ (1 —T)s,_1, hence ¢, is well defined. Moreover if s, € T'S then s, = T's, 4
for some s,_; € S,—1 and then s, + S,_1 + (1 —T)S is the zero class in G(R),, hence
vy, is injective. That ¢, is surjective and an additive group morphism is obvious. The
©n,n € Z, define a ring isomorphism &,,czG(R),, — S/T'S which is by definition graded.

2. Since T is homogeneous of degree 1, S(r is strongly graded and isomorphic to (Siry)o[T, T

3. Since S(r) is Z-graded and T is central homogeneous of degree one in S(r), the Lemma
3.2.23 implies that (1—7")S)N(S(r))o = 0 hence the restriction of ¥ to (Sir))o is injective,
since W|S is surjective an r € F, R being image of an s, € S, thus of s, 7™ € (S(T))o.
Thus ¥ maps (S())o isomorphically to R. O

In formally the same way we prove the following

3.2.24 Proposition
Let M be a T-torsionfree graded S-module and M = M(1 — T)M, then :
1. G(M) 2 M/TM as graded G(R)-modules.

2. The localization of M at the centrziOre set {1,T,T?,...} is denoted by M1y and the
natural homomorphism 7 : M — M factors though M7y, yielding a commutative S-
module morphisms

A

where My is a graded S(y-module and \P(ij) is m+ (1 —=T)M. Since Sty is strongly
graded M) = Sir) @(sr))0 (M(r))o-

3. The homomorphism ¥ maps (Mr))o isomorphically to M. O

3.2.25 Definition

Let R be ring with a separated filtration F'R. Let T' be a symbol commuting with the elements
of R and look at the ring R[T,T~']. Define R, = F,RT" for n € Z, R = ®nezR,. Then R is a
graded subring of R[T,T~!] with Z-gradation defined by R[T,T~!],, = RT", for n € Z.

We call R the Rees ring (or blow-up ring) of FR. Let M be a filtered R-module with

separated filtration F'M. Then we may define the Rees module M as Prnezl, M which we
may view as M C M[T,T7'| = R[T, T ' ®@r M, M =3, F, MT", where F,, MT" coincides
with T" ®@g F,M. For a € F,RT?,m € FsMT° we have am € F,,sMTP* the product a.m in
M therefore corresponds with the “tensorproduct” in M T, T7.
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3.2.26 Remarks

1. Since 1 € FoR C F1R we have T' € }Nﬁ, hence T is central homogeneous of degree one in
R.

2. The element T is a regular element in R. This follows easily from the fact that Ris a
subring of R[T,T~!].

3. RT is a graded ideal of R and since 1 — T is a central element also }N%(l —T) is an ideal.

3.2.27 Proposition
With notation as above :
1. R/RT = G(R) as graded rings.

2. R/R(1 —T) = R as filtered rings, that is, R is the dehomogenization of R with respect
toT € Rl-

Proof

1. Follows from Proposition 3.2.24.1. and 2. hereafter, we include a direct proof. Observe
that R/RT = @nean/(RT) = GpezFRT"/F,_1RT" = ®pez(FoR/F,—1R)T". We
may thus define an additive bijection : 7 : é/éT — G(R), a,T" — a,, where @, €
G(R),. It is clear that 7 is a morphism of graded algebras because for homogeneous
elements we have :

7((a,modF, 1 RT")(b,modF,, 1 RT™))
= 7(apbpmodF, 1 RT"") = (a,modF,_; R)(b,,modF,,_R)

2. Look at the following diagram :

R(1—T)" T R/R(1-T)

|

0— R[T, T~Y(T — 1)~ R[T, T~') — R[T, T~']/R|T, T~)(1 = T) —=0

Here R is embedded via R < R[T,T!] so we may restrict 7 to B. The morphism 7|R
is surjective because for a € F,, R we have that aT™ € 7~ !(a). The kernel of W‘E contains
R(T — 1), thus it follows that ¢ : R/R(1 —T) — R, amod(T — 1) = n(a), is well defined.
In fact ¢ is a bijection. Injectivity of ¢ follows from (1 — T)R[T,T~'] N R = (1— T)E;
indeed a(T — 1) € (T — V)R[T, TN R, for a = r,T* + ... +r,T" yields r;_1 —r; € F;R
and 7, € F, R, then by induction r; € F;R and a € R or a(T'—1) e (T — 1);2 Since ¢ is
obviously surjective and a filtered algebra morphism we find that R = ﬁ/ (1-— T)ﬁ or R
is the dehomogenization of R. O

0
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3.2.28 Observation
The filtration FR is defined by the gradation of R via R = ﬁ/(l - T)}N%

Proof Look at the gradation filtration on }N%,

Then we have : FYR mod R(1 —T) =,,, FnRR = F,R. O

This learns that the properties of a filtered rings R and its associated graded ring G(R) are
traceable via R.

3.2.29 Proposition

Let M be a filtered R-module with filtration F'M. With notation as before, we write M for
the graded R-module corresponding to F'M.

1. M/T]T/[/ = G(M) as graded G(R)-modules.

2. M/(1—=T)M = M as filtered R-modules.

Proof Straightforward modification of the ring case above. O

The class of T-torsionfree graded ﬁ—modules is a full subcategory of ﬁ—gr denoted by Fp. The
functor ~: R-filt — R—gr is given by M M it defines an equivalence of categories between
R-filt and Fp. The functor G = R/TR® 57— Fr — G(R)-gr is exact on Fr and the functor

D, D= R/(l — )R ®p — . R- gr— R-filt is exact. These properties are easy to verify if one
has a basic knowledge of category theory, we do not go into this here, but we just mention one
related result.

3.2.30 Proposition
Let R be filtered with filtration F'R.

L If f € Hompr(M,N) is a strict filtered morphism for M, N € R-ilt, then Ker f and

Cokerf are in Fp, where f M = N may be obtained from f(mn ") = f(mn)T",
m, € F,M.

2. If M, N, K are filtered R-modules and we have a sequence in R-filt :

(%) M T> N—K
g
Then let
(*%) M-—N-—K
f g

be the corresponding sequence in E—gr. Then if (%) is exact then (x) is exact and f is
strict. Conversely, if (x) is exact and f is strict then (xx) is exact.
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3.3 The Weyl Algebra and Some Examples

In general, if a filtered ring R is given by generators and relations, i.e. by an exact sequence :
0—>R— Fx(X)—R—0

where X is a set of free variables and F (X) is the free K-algebra generated by X and such that

7m(X) generates R as a K-algebra, then the filtration of R is defined by the grading filtration

of Fx < X > and all maps in the sequence are strict filtered homomorphisms (of filtered
Fx < X >-modules. Therefore we obtain an exact sequence of graded F(X)™~-modules :

O—>}N%—>FK<X>”—>}N%—>0

Now it is easy to see that R is a two-sided ideal and R is a ring so that R coincides with the
Rees ring of FR. The Rees ring of Fx < X > is Fgi) < X >= Fx < X > [T7, this follows
from some observations regarding gradation filtrations. Consider a Z-graded ring R and the
polynomial ring R[T] over R with variable T'. For every k € Z we define: R[T]} = @,>0RisnT",
R[t], = @n>oRk-—nT™.

3.3.1 Lemma

i) R[T] = @rezR[T] = ®rezR[T]; .

ii) The R[T]}, resp. R[], define a Z-gradation on R[T]. Then R[T]j = ®,>oR,T" =
R+ = EBTLZORTL and R[T]a = @nzoanTn &R = @nZOan-

iii) If R is strongly Z-graded then R[T] is strongly Z-graded both with respect to the

+ or — gradation defined above.

Proof The proof is obvious. O

For any Z-graded ring the gradations + or — defined on R[T] are called the sign gradations.
On the other hand for every Z-graded ring R there are two natural filtrations on R defined by
the gradation as follows :

FYR = @pcnRi,n € Z, or, FYR = @p>nRn,n € Z
We call these filtrations the grading filtrations FMR, resp. FAR.

3.3.2 Proposition

With notation as above write R, resp. R®, for the Rees ring with respect to FR resp.
F®R. Then we have isomorphisms of graded rings R") 2 R[T] where R[T has the —gradation,
R® = R[T] where R[T] has the +-gradation.

Proof For each k € Z we have isomorphisms of additive groups :
GBnsoRenT" = R[T];, — R\" = F'R = &R,

this leads in the obvious way to a graded ring isomorphism R[T] =~ R, O
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3.3.3 The Bernstein Filtration of the n-th Weyl Algebra

The Rees algebra of A, (K') with respect to the Bernstein filtration is isomorphic to the graded
subring : K < oT,...,2,T,yT,...,y, T, T > of the polynomial ring A, (K)[T] over A,(K).

For n = 1 we obtain the Rees ring A(K)?P 2 K < X|Y > [T]/(YX — XY — T?). Of course
the associated graded Gp(A, (K)) = K[X,Y].

3.3.4 The Y-filtration

In Proposition 2.1.6. we have seen that there is a cannonical epimorphism Ug (H.,) —— A, (K),

where H,, is the 2n+1-dimensional Heisenberg algebra over K with basis {x1,...,Zn, Y1, -, Yn, 2}
and brackets [x;,y;] = z for i = 1,...,n and all other basis brackets zero. Putting deg x; =
0,deg y; = 1 for ¢ = 1,...,n, then z;y; — y;z; = z is homogeneous, hence Uy (H,) is

a Z-graded algebra having 2z as a central homogeneous regular element of degree 1. We
have A,(K) = Ux(H,)/(z — 1) and thus, by Proposition 3.2.27.2. Ug(#,) is the Rees
ring of A, (K) with the X-filtration. Of course Gx(A,(K)) is again K[X, Y], this time with
degX = 0,degY = 1.

For the Bernstein filtration : [y, T, 2,T] = T? hence A(K)%i = K < x, T,y T,T% > [T] =
U(H¢)[t] with t? = Z (putting 24T = X, y, T = Y, T? = Z), i.e. a quadratic extension of U (Hy).

In particular we have that RZ = (Y X — XY —T?) and Al(K)B =K<X,)Y>[T]/(YX-XY—

T?). On the other hand R = (YX—-XY-T)and A, (K)E =K<X)Y>[T|/(YX-XY-T).
In general R is the Rees (ideal) module associated to F'R but it need not be generated by the
homogenizations of generators for R (as a left ideal or as an ideal). For the Weyl algebras
this does hold. Another case where this holds is for the standard filtration of Uk(g) where
g is any finite dimensional Lie algebra over K. We have Uk(g) = Fx < g > [(xixj —
x5 — Y, chay) where {x1, ..., 2, } is a K-basis for g and the ¢}; are the structure constants :
(25, 25] = Y4y cl;ze. We consider the homogeneous Lie algebra g with basis X;,i = 1,...,n
and [X;, X;] = Y7, ;T X}, considered over K|[T.

We have a K|[T1- envelopmg algebra Ukr)(g) which is obviously a Z-graded ring where we have
degX; = degT =1 for i = n and T' is a central homogeneous regular element in Ug7(g).

3.3.5 Example
The Rees ring of Uk(g) is Ukr)(9).

Proof Sending X; to x; and T to 1 defines a ring epimorphism
Uk(r)(9) — Uk (9)

because by the PBW-theorem the monomials in the z;, resp. the monomials in X; form a K-
basis, resp. a K|[T)-basis, for Ux(g), resp. Uk(r)(g), while the ¢};T maps to ¢};. By Proposition
2.1.6., Uk(g) is the dehomogenization of Ug(r)(g), hence the latter is the Rees ring of UK( )

with the standard filtration. Since Ug(r)(9) is equal to K[T] < X, Y > /(X;X; — X;Y; —c};TX},)
it is obtained from Uk (g) by homogenization of the relations.
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3.3.6 Generalized Rees Rings

Let R be a ring and [ an ideal of R; consider an overring S of R such that there is an R-
subbimodule J of S such that IJ = JI = R. Then [ is said to be invertible in S. We write
J = I~ indeed J is unique because if J; is another R-subbimodule of S such that J,/ = I .J; =
R then J11J=RJ =J and J1IJ = J1R = Ji1, so J = J;. Now we consider the I-adic filtration
F,R=1"forn <0, F,R=Rforn>0. Consider R(I) = ®,>0["T"™ C R[T]. Then R(I) is as
a graded ring isomorphic to the negative part R = @n<ol ™" of the Rees ring R for the I-adic
filtration. We may define a filtered overring of R defined by S(I) = U,ezI™ C S. Then there is
another associated graded ring R(I) = @pnezI"T™ C S[T1T~'], which is isomorphic to the Rees
ring of S(I). We call R(I) the generalized Rees ring of R with respect to I. Note that
R(I)o = R and T~! € R(I); (the gradation of R(I) is defined by R(I), = I""T™"), T~ is a
regular central homogeneous element of degree 1 in 1:2([ ). Thus we have a dehomogenization
A= R(I)/(1=T"")R(I). Let us write Y = T~'. Look at the localization R(I)(yy at the central
Oreset {I,Y,Y? ...)Y" ...}

Then we have the following properties :
a. A= S(I) = (R(I)y))o
b. G(A) = R(I)/YR(I) and G(A), = R(I)

c. G(A)™ = Bn<0G(A)y =X Bpsol™/I"™ = G(R), where G(R) stands for the associated
graded ring of R with respect to the I-adic filtration on R.

Generalized Rees rings have several applications, we refer to [12] for some of these.

3.4 Right or wrong

1. A finite dimensional Z/2Z-graded algebra has necessarily even dimension.
2. Every graded algera is a homomorphic image of a graded free algebra.

3. Let S, be the permutation group on n-elements. On the polynomial ring K[X] there is
an Sz-gradation such that K[X], # 0 for all o € S;.

4. If N is a normal subgroup of G, then Ry = &,cny R, is an ideal of the G-graded ring R.
5. Is @42 R, an ideal of the G-graded ring R 7

6. Suppose Uc(g) is Z-graded such that for all z € g C Uc(g) = has degree 1, then g is
abelian.

7. The group algebra K(G) is G-graded by giving u, degree g.

8. Ifa € R, R a G-graded ring, is homogeneous and invertible then a~!

is also homogeneous.
9. The field C(X) has a Z-gradation such that C(X);, = CX* for k € Z.

10. Every graded algebra has a basis of homogeneous elements.
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11

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.

30.

31.
32.
33.
34.

A basis of a graded algebra cannot contain exactly one non-homogeneous element.

The direct sum of Z-graded algebras A, B can be Z-graded by putting : (A & B); =
A, ® B;,i € 7.

An ideal generated by non-homogeneous elements is never a graded ideal.

If a finite dimensional K-algebra is G-graded and a field then G is a finite group.

The matrix algebra cannot be nontrivially graded by Z,.

A finite dimensional Z-graded algebra contains nilpotent elements.

A path-algebra can be Z-graded by giving every arrow an arbitrary degree.

The algebra C & ... @ C cannot be graded nontrivially by Z.

The number of different Z,-gradations on a finite dimensional algebra is finite.

Any G-graded K-algebra A with A, # 0 for all g € G may be mapped to K |[G] surjectively.
The exterior algebra has a natural Z,-gradation.

Let R be a nontrivially Z-graded algebra; if €2 = e in R, then e € Ry.

The skew polynomial ring K[X, ¢] cannot be Z-graded positively such that some elements
of K have a strict positive degre.

Every invertible element in a G-graded ring has degree e.

If a subset of one element in an algebra A is closed in the filtration topology, then every
element of A is closed.

Every automorphism of the algebra K [X] is continuous in the standard filtration topology.
The filtration topology of the p-adic numbers is connected.
If the filtration topology of an algebra is compact then the algebra is finite.

The real numbers cannot be viewed as the completion of Q according to a filtration on

Q.

Every element in the (2)-adic completion of Z is uniquely expressed as a power series of
powers of 2 with coefficients 0 and 1.

The associated graded ring of the X-adic filtration on K[X] is isomorphic to K[X].
The set of zero-divisors of a ring is an open set in some filtration topology.
The set of zero divisors in a ring is a closed set in some filtration topology.

Look at the ideal N of nilpotent elements in a finitely generated commutative algebra A.
The N-adic filtration defines the discrete topology.
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35.
36.

37.
38.
39.
40.

41.

42.
43.

44.

45.
46.
47.

48.
49.
50.

A matrix algebra does not have a nontrivial Z-gradation.

We have G(Ug(g)) = G(Uk(h)) if and only if g = h, where G(—) is calculated with
respect to the standard filtration on Uk (g), resp. Ugk(h).

Uk (g) does not have zero-divisors.
The only invertible elements of Uk(g) are elements of K.
If the sum of homogeneous elements is homogeneous then they have the same degree.

If the principal symbol map o : R — G(R) is an algebra isomorphism then FyR = R (FR
is separated).

If FRis a filtration on R then F'R defined by F; R = F,, R = F,, R is again a filtration
of R.

The Bernstein filtration and the operator filtration define the same topology on A;(C).

The identification C" — C[X]/(X™—1) is a continuous map, if we put on C" the complex
topology and on C[X]/(X™ — 1) the generator filtration topology.

If the topology of the I-adic filtration on R is Hausdorff then I does not contain an
idempotent (1 is not trivial).

The I-adic and the I2-adic filtration define the same topology on R.
The Rees ring of a finite dimensional algebra is also a finite dimensional algebra.

Let R be a finitely generated filtered C-algebra with Rees ring R. The map fixing a set
of generators of R but maps 7' to AT'(A # 0 in C) is an isomorphism of R.

Can R be filtered in a natural way such that R=R?
If the Rees ring of R is a polynomial algebra is then R also a polynomial ring ?

If a ring R can be embedded in its Rees ring, then R has to be a polynomial ring.



Chapter 4

Finiteness Conditions

4.1 Noetherian Conditions

Let R be aring and M a left R-module. We say that M is (left) Noetherian if the submodules
of M satisfy the ascending chain condition (a.c.c.), that is : a chain My C My C My C ... C M,
of left R-submodules becomes stationary, i.e. there is an ny € N such that M,,, = M,,,11 = .. ..
We say that M is (left) Artinian if submodules of M satisfy the descending chain condition
(d.c.c.): M D My D...D M, D...is stationary. The symmetric properties for right modules
are defined in the obvious way. A ring R is left Noethertian, resp. left Artinian if the left R-
module R is left Noetherian resp. left Artinian. Similar for right Noetherian and right Artinian.
A ring is said to be Noetherian, resp. Artinian if it is simultaneously left and right Noetherian,
resp. left and right Artinian.

4.1.1 Proposition

Look at an exact sequence in R-mod,

0—N-—M-—M/N—0

If M is left Noetherian then N and M /N are left Noetherian and conversely. Also, M is left
Artinian if and only if N and M /N are left Artinian.

Proof Let us prove the statement about the Noetherian property, the proof of the Artinian
case is similar.

First assume that M is left Noetherian. Then N is left Noetherian because an ascending chain

of submodules of N is an ascending chain (a.c.) of left submodules of M. Look at an a.c.
LyCLyC...CL;C...C M/N of left submodules of M/N and put 7~ (L;) = L; + N,i =

0,1,.... Then: Lo+ N C ... C L;y+ N C ... C M is an a.c. of left submodules of M,
hence there is a d € N such that Ly + N = Ly + N = .... Since 7 is surjective we have
7(Lg+ N) = w(Lgy1 + N) = ... in M/N, hence Ly C Ly C ... C L; C ... terminates in

M/N. Conversely assume N and M/N are left Noetherian and consider an a.c. My C M; C
... C M; C ... C M of left submodules of M. Then 7(My) C n(M;) C ... C w(M;) C ...
is an a.c. in M/N and thus there exists a p € N such that : 7(M,) = 7(My11) = .... Now

66
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for all ¢, (M, + N)/N = M,/M,N N, thus we have : M,/M, NN = M,./M,.; "N = ...
Now we have an a.c. My NN C ... C M;N N C ... C N of left submodules of N, thus

there exists an r € N such that : M, "N = M,,; " N = .... Taking ¢ larger than p and
r yields M, "N = M, NN = ..., as well as M, /M, NN = M,1/M;1 NN = ..., hence
M, = M, = ... follows for all ¢ larger than p and r, or the original a.c. becomes stationary.CJ

4.1.2 Corollary

1. The direct sum of a finite number of left Noetherian, resp. left Artinian, modules is itself
left Noetherian, resp. left Artinian.

2. A finitely generated module over a left Noetherian ring is a left Noetherian module.

3. If I is an ideal of a left Noetherian resp. left Artinian ring R, then R/I is left Noetherian,
resp. left Artinian.

Proof

1. Look at My @ ... @ My, a direct sum of left Noetherian (resp. Artinian) modules. Then
we have .0 - M ®...&My_ 1 > M ®...& My — My — 0 is exact in R-mod, so we can
argue by induction on d and conclude M; & ... @& M, is left Noetherian (resp. Artinian).

2. If N is a finitely generated left R-submodulle over a left Noetherian ring R then there is
a surjective R-linear map R&@...®» R — N, where there are finitely many terms R in the
direct sum. In view of 1. we have that R @ ... @ R is left Noetherian and Proposition
4.1.1. then yields that N is left Nooetherian (note that one may replace Noetherian by
Artinian in 2. and the statement remains true).

3. Immediate from Proposition 4.1.1.. O

4.1.3 Proposition

Let M be a left R-module. The following statements are equivalent :
1. M is left Noetherian.
2. Every submodule N of M is finitely generated.

3. Every family of submodules of M has a maximal element.

Proof

- 1. = 2. Suppose N C M is not finitely generated, say with set of generators {xy,zs,...}
an infinite set. Then Rz; C Rx1 + Rxo C ... C Rx1+ ...+ Rx; C ... is an a.c., hence
it must become stationary, or x4y € Rxy + ...+ Rz, for every k € N; thus N is finitely
generated.
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- 2. = 3. Let F be a nonempty family of submodules of M. Pick M; € F. If M; is not

maximal then we can choose My € F and M, D M. If M, is not maximal, repeat the
procedure. So we either find a maximal element or we obtain a chain M; C My C M3 C
... C M; C.... Look at N = UM,;. By the assumption N is finitely generated, say by
{z1,..., 24} and thus there is an ny € N such that {z1,...,24} C M,,. Thus U;M; C M,
or M, +r = M,, for every k € N and M,,, is maximal.

- 3. = 1. Consider an a.c. My C My C ... C M and look at the family {M;,i € N}. By 3.

there is a maximal element M, in this family and thus the a.c. terminates at M,,. O

4.1.4 Observation

In a similar way one can prove the equivalence of the following statements.

1.

2.

M 1is left Artinian.

Every family of submodules of M has a minimal element. O

4.1.5 Easy Examples

1.
2.

If R = K is a field then it is obviously (left and right) Noetherian and Artinian.

A simple module, i.e. a module without nontrivial submodules, is automatically left
Noetherian and left Artinian. A semisimple module is by definition a finite direct sum of
simple modules, therefore any semisimple module is left Noetherian and left Artinian.

Every algebra A of finite dimension over a field K is Noetherian and Artinian. Indeed
since proper left (or right) ideals have smaller dimension over K both the a.c.c. and d.c.c.
are easily verified.

The ring of integers Z is Noetherian but not Artinian. Ideals of Z are of the form nZ
and nZ C mZ if and only if m divides n. An ascending chain therefore corresponds to
the set of divisors of an m € Z corresponding to the beginning mZ of the chain; this set
is finite so the a.c.c. holds. However a d.c. corresponds to taking multiples and this does
not terminate.

4.1.6 Theorem (Hilbert)

If R is a left Noetherian ring then the ring of polynomoials A = R[Xy,..., X,] is also a left
Noetherian ring.

Proof It suffices to give the proof for n = 1 (by repetition).
For an ideal I of R[X]| we define :

I, = {ay, thereis an a X* + ... +ao € I} U {0}

Clearly, Ij is a left ideal of R hence it is finitely generated by {aix,...,an} by the left
Noetherian property of R. For every generator a;; there exists a polynomial f;;(X) = a;; X7 +. ..
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inI. Now Iy C I; C ... C I; C...is an a.c. in R (because an a; X’ + ...+ ag € I yields
a; X+ ...+ apX € I as I is an ideal of R[X]), hence the left Noetherian property of R
yields I, = I,+4 for r > m, some m € N. If the f;;(X) do not generate I then we can choose
g=gX"+ ...+ g0 € I —XR[X]f;;(X) of lowest degree as such. We may write :

gk — Z CijQij, with Cij €ER

j<min(k,m)
Hence
g(X)— Y XM fi(X) el
j<min(k,m)
but it has degree strictly smaller than degg, a contradiction. O

4.1.7 Remarks

1. The polynomial ring in an infinite number of variables is not Noetherian, in fact there
will be a chain of left ideals (X;) C (X1,X5) C ... C (Xy,...,X;) C ... which cannot
become stationary.

2. K[X] where K is a field is not Artinian, the d.c. (X) D (X?) D ... D (X%) D ... is not
stationary.

3. A finitely generated left ideal of a ring R is not necessarily left Noetherian, e.g. take
L =R.

4. From 4.1.3. it is clear that for a left Noetherian ring R a left module M is left Noetherian
if and only if it is finitely generated.

Let I be an ideal of a ring R, then I is said to have the finite intersection property if for
any finitely generated left R-module M we have :

ﬂI”M:{mEM,(l—a)m:O, for some a € I}

n>n

We say that I has the Artin-Rees property if for any finitely generated left R-module M, any
submodule Nof M and any n € N, there exists an integer h(n) > 0 such that I"™MNN C I"N;
in other words I has the A.R. property if the I-adic topology of N coincides with the topology
induced on N by the I-adic topology of M.

It is easy to see that if [ has the A.R.-property, then it has the finite intersection property, indeed
it x € N,>1 1" M, then consider the submodule Rz of M and apply A.R toit : I"™MARx C I"x
yields Rz = "z or x = ax for some a € I", (1 —a)x = 0. An a € R is normalizing if aR = Ra;
the set of normalizing elements of N is denoted by N(R). Let I be an ideal of R; a subset
{ai,...,a,} is a normalizing (resp. centralizing) set of generators for I if

a. The ideal (aq,...,a,) = 1.
b. Fori=1,...,n,a; € N(R) (resp. Z(R), the centre of R).

c. a;+ (ay,...,a;—1) € N(R)/(ay,...,a;—1) (resp. a; + (a1,...,a;-1) € Z(R)/(a,...,a;—1)
fori=1,...,n.
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4.1.8 Lemma

Let R be left Noetherian, X a normalizing element of R and let M be a finitely generated
X-torsion free R-module, then N> X"M = {m € M, (1 —a)m = 0 for some a € RX}.

Proof Put S equal to {m € M,(1 —a),m = 0 some a € RX}. Obviously S C N> X" M
(from z € S it follows z = az for some a € RX). Conversely take y € N,>1 X" M, then y =
Xmy = X?my = ..., where X*m,, € X¥M. Since Mis X-torsionfree m;, = Xmy41,k=1,2,...,
and consequently Rm; C Rms C .... Since R is left Noetherian and M is finitely generated
we obtain : Rm, = Rm,,; for all n > ng, thus mu1 = rm, = rXm,,1, oo X""'m, ; =
X"rXm, = X' X" m,, for some r,7’ € R since X is normalizing. Therefore : 0 =
(1—Xr)X""m,.;y = (1 — Xr')y, or y € S. This shows N> X"M C S and thus equality
holds. O

4.1.9 Lemma

Let R and X be as in foregoing lemma. For any finitely generated left R-module M then either
Np>1 X" M =0 or N,>1 X" M = N is an X-torsionfree submodule of M.

Proof

It is clear that N,>1 X" M is a submodule of M. Suppose that M,>1 X" M # 0. The X-torsion
part t¢(M) = {m € M, X"m = 0 for some w > 1} is a finitely generated submodule of M
such that X*¥¢(M) = 0 for some k € N large enough. It follows that X*M has no X-torsion
elements, hence N> X" M is X-torsion free. a

4.1.10 Proposition
Let R and X be as above. The ideal RX of R has the finite intersection property.

Proof Consider a finitely generated R-module M and the exact sequence on R-mod : 0 —
t(M) —- M — M/t(M) — o. Since M/t(M) is X-torsionfree, foregoing lemmas entail :

N1 X" (M/t(M)) (N1 (XM + (M) /t(M)
(N1 (XM +t(M))/t(M)
N1 X (M/t(M))

= {me M)t(M),(1—a)m =0, some a € XR}

12

Thus, if y € N,>1 X™M there is an o’ C X R such that (1 — a’)y = 0, as desired.

4.1.11 Proposition
Let R be a left Noetherian ring.
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1. If I is an ideal of R generated by a centralizing system then I has the Artin Rees (A-R)
property.

2. If P is an invertible ideal of R, then P has the A-R-property.

3. If X is normalizing in R and also a regular element, then RX has the A-R-property.

Proof
1. Cf. [18] Proposition 5.1. (Dimension Theory)
2. Cf. [18], Lemma 6.5.2.

3. RX is an invertible ideal (i.e. S = {I,X,X?, ...} is an Ore set in R so we can look at
S~IR), then apply 2. O

We include the following without proof.

4.1.12 Proposition

Let I be an ideal of R generated by a centralizing system. If R/I is left Noetherian then the
following statements are equivalent :

1. I has the finite intersection property
2. I satisfies the Artin Rees property

Now consider a Z-graded ring A having a regular central homogeneous element of degree one.

4.1.13 Lemma

1. Let M be any T-torsionfree graded A-module and M the dehomogenization of M with
filtration FM induced by the gradation of M. Then N, T"M = 0 if and only if
MpezF, M = 0, in other words : the AT-adic filtration on M is separated if and only
if F'M is separated.

2. T e J9%A)ifand only if 1R C J(FoR), where R = A/(1—-T)A and J9(A) is the graded
Jacobson radical of A, J(FyR) being the Jacobson radical of FyR.
Proof
1. Straightforward verification.

2. Suppose T' € J9(A), then TA_y C J9(A)N A, hence 1 —Ta_, is invertible in A, for every
a_1 € A_;. Then from a_1 = Ta_y + (1 — T)a_; it follows that : (A1 + (1 —-T)A)/(1 —
T)A=F_1R C J(FyR). The converse implication follows from Lemma 4.1.8. O
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4.1.14 Corollary

Let R be a filtered ring with filtration F'R and M a filtered R-module with filtration F'M. Let
T be the central homogeneous regular element of A = R of degree one.

1. We have ﬂnle”M = 0 if and only if N,z F,, M = 0.

2. We have T € J9(R) if and only if F1R C J(FoR).
We say that FR is faithful if F_ 1R C J(FyR).

4.1.15 Theorem

Suppose F'R is faithful and R is left Noetherian. For a filtered R-module M such that M is
finitely generated in R-gr we have that F'M is separated.

Proof Since T' € J¢ (R) and ﬂnle”M is a graded submodule of M , hence finitely generated
because R is left Noethertian. Corollary 4.1.11 (1) finishes the proof. a

4.2 Application to Modules over the Weyl Algebra

First a negative result.

4.2.1 Proposition
A, (K) is not (left) Artinian.

Proof We give the proof for n = 1, the general case follows in the same way. Look at
xA(K), i.e. those elements of A;(K) written in the unique form with an x first. Observe that
the inclusion z%A;(K) C xA(K) is strict because x = 2%z with z € A;(K) in the domain
A (K) leads to 1 = xz and we know that z is not not invertible in A;(K’). We thus obtain a
descending chain A, (K) 2 A (K) 2 2°A,(K) 2 ... which does not become stationary. O

Recall that for a filtered submodule N of a filtered R-module M we have a quotient filtration
F(M/N) defined by F,,(M/N)= (N + F,M)/N = F, M/(NNF,M)=F,M/F,N.
4.2.2 Lemma

Let N C M in R-filt then for the quotient filtration F(M/N) on M/N we have G(M/N) =
G(M)/G(N), where the latter is an isomorphism of G(R) Z-graded modules.



Finiteness Conditions 73

Proof We have that G(N) is a graded submodule of G(M) since N < M is a strict filtered
morphism. We now calculate :

Ga(M/N) = Fy(M/N)/F41(M/N)
— (F4M/F;N)/(FyyM/Fy 1N) = FyM/F; M + FyN
= (FaM/Fy M) /((Fya M + FyN)/Ey M)
= (F4M/Fy M)/ (FgN/F4N N Fy_1M) = Ga(M)/G4(N)

We thus have a canonical isomorphism ¢4 : G4(M/N) — (G(M)/G(N))q (of vector spaces
or FyR-modules). We construct the bijection ¢ : G(M/N) — G(M)/G(N), x = Y ,za —
> g ®d(xq). Now it is easy to check that for 7. € G(R). we have that r.¢4(z4) = ¢cra(rezrq) and
that ¢ is a graded morphism of G(R)-modules. a

A filtration F'M is called left limited if F,M = 0 for all n < ng. Of course a left-limited
filtration is separated. We say that R is discretely filtered (or R is discrete) if FR is left
limited, the filtration topology is the discrete topology in this case.

4.2.3 Proposition
Let R be discretely filtered by F'R then if G(R) is (left) Noetherian, we have that R is (left)

Noetherian.

Proof Look at an a.c. Ly C L1 C ... C R of left ideals of R. Then : G(Ly) C G(Ly) C
... C G(R) is an a.c. of graded left ideals of G(R) (because the induced filtrations F'L; make
the chain Ly < L; < Ly < ... into a strict filtered chain). Pick ng € N such that :
G(Ly,) = G(Lpg41) = ..., i.e. we have G(Lyy41/Ln,) = G(Lng41)/G(Ly,) = 0. Since FR is
left limited all F'L; are also left limited, hence the gradation of all G(L;) is left limited. Also
Ly \ /Ly, is left limited (therefore separated) so from G(Lyg+1/Ly,) = 0 it follows then that
Lyyi1/Ln, =0, or Ly, 41 = Ly, and the original chain becomes stationary. O

In fact a stronger version of the foregoing proposition holds.

4.2.4 Proposition

If FR is a complete filtration on R then the following are equivalent.
1. G(R) is left Noetherian.
2. R is left Noetherian.
3. R is left Noetherian.

For the proof we refer to [13], the proposition states in fact that a complete filtration F'R with
associated graded ring G(R) being (left) Noetherian is a (left) Zariskian filtration.
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4.2.5 Corollary
The Weyl algebra A, (K) is Noetherian.

Proof With respect to the Bernstein filtration G(A,,(K)) is the polynomial ring K[ X, ..., X,]
which is left and right Noetherian. The Bernstein filtration is positive, hence left-limited so we
may apply Proposition 4.2.3. directly. O

We include some results concerning filtered modules over the Weyl algebras, i.e. we shall look
at good filtrations.

4.2.6 Definition

Let R be a filtered ring with filtration F'R and M a filtered R-module with filtration F'M. If
there exist my,...,ms in M, ky,..., ks € Z, such that for all n € Z, F,M = "} _F,_,Rm,,
then F'M is called a good filtration of M.

From this definition it is clear that a module with good filtration is always finitely generated. On
the other hand a finitely generated R-module always has good filtrations, indeed for M € R-filt
take any ki, ..., ks € Zand put F, M =37 | F,_, Rom; if {my, ..., ms} generates M. However
an arbitrary filtration on a finitely generated module need not be good. If F'M is good then
the quotient filtration induced on M/N is also good for any filtered submodule N with the
induced filtrated FN = N N FM. However F'N need not be good at all, for example if R is
not left Noetherian and N is a left ideal that is not finitely generated then there is no chance
of having FRN N a good filtration. Anyway it is clear that finitely generated R-modules may
have many good filtrations, however we can control this by the following result.

4.2.7 Proposition

Any two good filtrations on M are equivalent.

Proof Since there exist good filtrations on M, M is finitely generated. For all n € Z :
FnM = Fn,leml + ...+ Fn,drmr,

FIM =F, ,Rmi+...+F, .. Rm

Choose w € Z such that all m; € F! M, and choose w" € Z such that all m;- c F,M. Put w’ =
max{|e;|,|d;], 7,1} and wo = |w| + |w'| + |w”|, then it is easily checked that F,,_,,M C F,M C
F, 1w, M, proving that the filtrations F’M and F'M are indeed (algebraically) equivalent. O

4.2.8 Lemma
Let M € R-filt with filtration F'M.

1. F'M is good if and only if M is finitely generated in E—gr.

2. If FM is good then G(M) is a finitely generated G(R)-module.
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Proof

1. Suppose FM is good, say F, M =% | F,_x, Rm;, for all n € Z, where {k,... .k} CZ
and {m1,...,ms} a set of generators for M. By definition of M we then have M,
ZZ 1 Rn ki (m,) k; where the (m;)g, are the homogeneous elements, represented by m; in

M,,. Hence M = > R(m;)y,. Conversely if M = S R(m;), then we have that

M, = > 7 | Ry, (m;)i,, for all n € Z. Then from Proposition 3.2.29 it follows that
F,M =57 F_y,Rm;, for all n € Z, hence FM is good.

2. Follows from 1. and Proposition 3.2.29. O

4.2.9 Corollary
Suppose R is left Noetherian. Then :

1. Good filtrations on M induce good filtrations on submodules.
2. If FM is good and F’'M is equivalent to F'M then F'M is also good.

3. If FRis also faithful then for M € R-filt with good filtration F'M and any submodule N C
M we have : N = Nyez(N + F,M), that is : N is closed in the filtration topology of M,
moreover any good filtration is separated. If G(M) may be generated by n homogeneous

elements then M may be generated by n generators. Moreover, if N C P C M are
submodules with induced filtration by FM, then G(N) = G(P) implies N = P

Proof Since R is left Noetherian, statements 1. and 2. follow easily from Lemma 4.1.8. Recall
Theorem 4.1.15., so in proving 3. we have that good filtrations are separated. The quotient

filtration F'(M/N) is still good hence separated, hence (Npez(N+EFxM))/N = NpezF(M/N) =
0 yields that N is closed as claimed.

Assume G(M) =5 | G(R)o(w;) where u; € Fi,M — Fy, M, o(u;) = u;mod Fy,_1 M.

Then for each n € Z, we have : G(M), =Y., G(R)n_,0(u;),

F,M =Y Fo_y Ru; + F_ M.

Thus, it follows that M C Ngez(> i Ru; + FyM) = >°7_| Ru,, since the latter is closed as
observed before. Finally since P/N has good filtration (hence separated) then G(P/N) =
G(P)/G(N) = 0 entails P/N = 0. O

With some more work but no essentially new ingredients we may establish the following result.

4.2.10 Proposition

Let F'R be complete and G(R) left Noetherian and F'M separated then F'M is good if and only
if G(M) is finitely generated. Moreover, if G(M) is generated by s homogeneous elements as a
G(R)-module then M can be generated by s (or less) elements as an R-module.
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Proof (cfr. [13, Theorem 5.7.] in fact again it follows from the fact that a complete F'R with

left Noetherian G(R) is a left Zariskian filtration (in particular R is left Noetherian and FR is
faithfull) then this theorem follows from the foregoing. O

For R = A(K) (similar for A, (K)) we have that R is Noetherian and positively graded,
F 1R =0 C J(FyR) also holds. Therefore Corollary 4.2.9. holds for R = A;(K), hence
submodules of modules with good filtration have an induced good filtration and they may be

generated by (less than) d elements if the associated graded module may be generated by d
elements over G(A;(K)) = K[X,Y].

These results may be extended to other rings of differential operators and to other positively
filtered rings having left Noetherian associated graded rings like twisted polynomial rings (cf.
Witten algebras and generalized gauge algebras in [21]). Let us finish this section with a result
on finite dimensional (over K) modules over A;(K).

4.2.11 Proposition

Let M be a left A;(K)-module, then if dimgM is finite we must have M = 0, i.e. the Weyl
algebra does not have finite dimensional representations.

4.2.12 Proof

Suppose V' has dimgV = n and V is a left A;(K)-module. The action of z € A;(K) on V is
given by an n x n-matrix p,, to the action of y there corresponds a matrix p,. We know that
tr(pytty — pofty) = 0 but from yr — xy = 1 we have that tr(pyp, — popy) = trl = n. Thus
n = 0, i.e. there does not exist such a nontrivial V. O

There are of course left modules over the Weyl algebra A;(K’) that by restriction of scalars
are finitely generated modules over K[z, in fact K|x] itself is such a module where x acts by
multiplication and y by a%'

Module theory is usually built on the simple or irreducible modules and direct sums of finitely
many of these. This is the basis of classical representation thenory of finite groups by intro-
ducing the complete reducibility of representation related to semisimplicity of modules. In the
case of the Weyl algebras a classification of simple left modules for A;(C) was obtained by J.
Beck and for Ay(C) by Bavula, Van Oystaeyen [1]. It is open for higher Weyl algebras. We will
not go deeper into this here.

4.3 Semisimple Rings and Modules

Let R be a associative ring with unit, M a right R-module. Put A(M) = {x € R, Mz = 0}.
We say that M is faithful if A(M) = 0. It is clear that A(M) is an ideal of R and M is a
faithful R/A(M)-module. Recall that M is said to be a simple module if O and M are the only
R-submodules of M. Let E(M) be the set of additive endomorphisms of M. Then E(M) is a
ring and the map ¢ : R — E(M),a + t,, to,(m) = ma for all m € M, is a ring homomorphism
with Ker¢p = A(M). Thus R/A(M) is isomorphic to a subring of E(M).
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4.3.1 Proposition
If M is a simple R-module, then C'(M) = {V € E(M),t,V = Vt, for all a € R} is a skewfield.

Proof Suppose © # 0 is in C(M). If ©~! € E(M) then ©! € C(M), this is obvious. Since
© # 0 we have W = MO # 0, we write the action of © in C(M) on the right. For r € R,
Wr =Wt, = MOt, = Mt,© C MO®© = W. Thus MO is an R-module (on the right), hence
MO # 0 yields MO = M as M is simple and © is therefore a surjective map. Since Ker® is
also a right R-submodule of M we must have Ker® = 0 or © is also injective. Since O is a
right R-linear bijection, ©~1 € E(M). 0

4.3.2 Lemma

A simple right R-module M is isomorphic to R/p for some maximal right ideal p of R. Moreover,
there is an @ € R such that x — ax € p for all z € R (even if R were a ring without unit). For
any maximal right ideal p of R, R/p is a simple right R-module.

Proof If m # 0in M then 7 : R — M,1 — m is right R-linear. As M is simple M = mR
and thus M = R/p where p = A(m). A right ideal of R containing p is mapped by 7 on a
submodule of M, hence p is maximal. The other statements are obvious. O

4.3.3 Definition

The Jacobson radical J(R) of R is the set {r € R, Mr = 0 for all simple right R-modules
M}y =n{A(M), M simple right R-module}. Hence J(R) is an ideal of R.

If p is a maximal right ideal of R and M = R/p, define (p: R) = {z € R, Rz C p}. The latter
is an ideal of R and one sees directly that A(R/p) = (p : R). Indeed if z € A(M), then Mz =0
i.e. Rx C p, conversely Rr C p means that x annihilates R/p. It follows from this that :

J(R) = N{p, p a maximal right ideal of R}
=N{(p: R), p a maximal right ideal of R}

Consider x € J(R) and look at S = {zy + y,y € R}. If S # R then there is a maximal right
ideal pg D S. Since z € py it follows that zy € py, what leads to y € po; the latter holds for all
y € R, hence we must have that R = {zy+y,y € R}. In particular, there is a w € R such that :
—xr =zw+w,ie r4+w+zxw = 0. An element a € R is called a right quasi-regular element
if there is an @’ € R such that a 4+ @’ 4+ aa’ = 0. A right ideal of R is (right) quasi-regular if
every element of it is right quasi regular.

4.3.4 Exercise

J(R) contains every right quasi-regular right ideal of R. This also holds for the left symmetric
version. The left Jacobson radical J;(R) is also an ideal of R. The exercise entails that

J(R) = J(R).
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A right ideal of R is nil if every element of it is a nilpotent element. A right ideal of R is
nilpotent if there is an m € N, m # 0, such that a;...a,, = 0 for all a1,...,a,, C p, ie.
p™ = 0 for some nonzero m € N.

4.3.5 Lemma
Every nil right (or left) ideal of R is contained in J(R).

Proof Ifa™ =0fora€ R, putb= —a+a*—a®>+...(—)"ta™ ! and calculate a+b+ab = 0,
O

4.3.6 Proposition
We have J(R/J(R)) = 0.

Proof Letw: R — R= R/J(R) be the canonical epimorphism. If p is a maximal right ideal
of R, then p D J(R) and p = p/J(R) is a maximal right ideal of R. Since, J(R) = N{p, p a

maximal right ideal of R}, we obtain : 0 = N{p, p a maximal right ideal of R}, then J(R) C 0,

or J(R) =0. a

4.3.7 Proposition
If the ring R is right Artinian (similarly, left Artinian), then J(R) is nilpotent.

Proof Look at the descending chain: J D> J? > ... > J".... For somen € N, J" = J" =
... =J¥" = ... hence zJ*" = 0 if and only if zJ" = 0. Put W = {z € J,xJ" = 0}; this is
clearly an ideal of R. If W D J" then J".J" = 0 yields J" = 0 what we desire to establish. So
assume W 2 J" and look at R = R/W, where J' £ 0. If Z.J% = 0 then we have zJ" C W
i.e. J?" =0 hence zJ" =0, or € W and 7 = 0. Hence we established that Z.J? = 0 implies
Z = 0. As R is also right Artinian, J" contains a minimal right ideal 7 # 0 for R. Then p
is a simple R-module and as such it is annihilated by J(R). However, from J* C J(R) then
pJn = 0 follows; the latter entails p = 0 by the above argument. So we arrive at a contradiction
hence J" = 0. O

4.3.8 Corollary

In a right Artinian ring R every nil right ideal is nilpotent.

Proof If p is a nil right ideal then p C J(R) and J(R) is nilpotent, hence p is nilpotent. O

A ring R is semisimple if J(R) = 0 and it is semisimple (left) Artinian if it is semisimple plus
left Artinian (similar with right Artinian). Finite direct sums of matrix rings over skewfields are
semisimple Artinian (left and right) rings. These rings appear naturally in the representation
theory of finite groups, we refer to M. Hall’s classic book, [8], for this theory but provide a very
short introduction to it here.
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Let G be a finite group; we may view G as acting on itself via multiplication (on the right) and
represent g € G by the permutation matrix, i.e. the |G| X |G|-matrix associated to h — hg
for all h € G. The permutation group on |G|-elements has |G|! elements and this grows very
big quickly. Another way of representing G is be viewing it as a group of operators on some
vector space over some field F'. The group algebra of GG over F', denoted by F'G, is the vector
space FG = {>, a;g;,; € F, g; € G} with multiplication defined on it defined as the bilinear
extension of the group multiplication, that is :

(D gD Bif) =Y (> aipjh

giEG ijG heG h:gifj

If G acts on an F-vectorspace V by automorphisms, i.e. there is given a groupmorphism
G — AutgV, g = (v g(v)), then V is a right F'G-module by putting : v(}>_, .o igi) =
> giec @igi(v). We have to find F-vectorspaces with G-action, or equivalently F'G-modules.
The key to the technique of representation theory for finite groups is Maschke’s theorem.

4.3.9 Theorem (Maschke)

Let G be a finite group of order n and let F a field with (charF,n) = 1 or charF' = 0. The ring
FG is semisimple Artinian.

Proof Since [FG : F] < 00, FG is a (left and right) Artinian ring. Pick ¢ € FG and
to : FG — FG, x + za, this defines the right regular representation of F'G (by acting on
itself). Clearly ¢, is F-linear and ¢ : a — t, defines an algebra morphism of F'G onto an algebra
of F-linear transformations on the F-vector space F'G. We use the elements of G as a basis
for FG over F' and write ¢, as an n X n-matrix over F' in the fixed basis. We have tr(¢;) = n
and tr(t;) = 0 for ¢ # 1 in G. Put J = J(FG); we know that J is a nilpotent ideal. Suppose
0# 2 =ag+...+a,9, € J. By multiplying with g;' (note that .J is an ideal of FG) we
may assume that 0 #£ x = a1 + asgs + ... + a,g, with o # 0. Since t, is nilpotent we have
tr(t,) = 0 (follows from the Cayley-Hamilton theorem for matrices for example). On the other
hand tr(t,) = aqtr(ty) + ... + autr(t,,) = ain and thus 0 = ayn. From the assumption that
either F' has characteristic zero, or characteristic prime to n, it then follows that a; = 0, a
contradiction. Consequently J(FG) =0 or F'G is semisimple Artinian. a

4.3.10 Proposition

Let R be a semisimple (right) Artinian ring and p # 0 a right ideal of R, then there exists an
idempotent e in R, i.e. €2 = e, such that p = eR.

Proof Since p # 0 it is not nilpotent, hence p? # 0. Hence there is an € p such that
xp # 0 and xp C p. Suppose p is a minimal right ideal of R, then zp = p follows and thus
there is an e € p such that ze = z. From ze? = ze = x, it follows then that z(e? —e) = 0.
Put po = {a € p,za = 0}, this is a right ideal contained in p and py # p since xp # 0; the
assumption on p thus leads to py = 0 and as e* — e € py we arrive at € = e with e # 0
because ze = x # 0. From 0 # eR C p then follows p = eR as desired. Now let p be arbitrary,
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the p contains a minimal right ideal p’ because R is right Artinian; then p also contains an
idempotent e (generator of p'). Put A(e) = {z € p,ex = 0}. The set {A(e),e? =e # 0 € p} is
nonempty and thus it has a minimal element, say A(ep).

If A(eg) = 0 then from eg(z — epx) = 0, for all = € p, it follows that z — egz € A(ey) = 0, or
x = egr forall x € p. Thus p = epp C egR C p and this leads to p = egR. So suppose A(eg) # 0;
then there is an idempotent e; € A(eg). From the definition of A(eg) it follows that e; € p and
eoe; = 0. Put e* = eg+e; —e1ey € p. Calculate (€*)? = ¢* and e*e; = (eg+e;—ejep)e; = e # 0
thus also e* # 0. If e*z = 0 then (eg + €1 — e1e9)x = 0 and thus eg(eg + €1 — e1e9)z = 0, or
eor = 0. All of this means that A(e*) C A(eg), e1 € A(eg) — A(e*). The minimality of A(ep)
yields a contradiction, hence A(eg) # 0 is excluded. This establishes the claims. a

4.3.11 Remark

The above is for onesided ideals but it also implies a structure result for (two-sided) ideals.

4.3.12 Corollary

If I is an ideal of a semisimple (right)Artininan ring R, then I = Re = eR for an idempotent
e in the centre Z(R) of R.

4.3.13 Corollary

A semisimple right Artinian ring R is a finite direct sum of simple right Artinian rings .S,
R = @®¢_,S; where S; is a simple right Artininan ring with unit e;, S; = ¢; R.

Proof Look at minimal ideals S;,7 = 1,...,d, with corresponding central idempotents. It
is clear that X% | S; = @ ,S; and R = @5, follows because otherwise 1 — > ¢; is an
idempotent and R(1— 3%, e;) contains a minimal ideal of R i.e. one of the S;. All statements
follow easily. O

4.3.14 Remark

If R is simple (right) Artinian then Z(R) is a field.

Proof Let z # 0 in Z(R). Then Rz = xR is an ideal of R thus Rz # 0 entails Rz = R.
Hence there is a y € R such that yz = 1. In a similar way there is a z € R such that
xz = 1. Then y = yxz = (yxr)z = z and x has an inverse in R. For any a € R we have

z(ay —ya) = zray —a = ary —a = a —a = 0 and thus yx(ay — ya) = 0 or ay — ya = 0. Thus
y € Z(R), it follows that every x # 0 in Z(R) has an inverse in Z(R). a

4.3.15 Exercises
1. If A is a skewfield then M,,(A) is a simple Artinian ring.
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2. For an arbitrary ring R the ideals of M, (R) are exactly the M, (I) where [ is an ideal of
R (Hint : use elementary operations with matrix units e;;,4,j = 1,...,n).

3. In a right Artininan ring, every prime ideal is maximal, or equivalently a right Artinian
prime ring is necessarily a simple ring (Hint : The centre of a right Artinian prime ring
is a domain and thus contains no idempotents except 0 and 1).

4.3.16 Definition

A ring R is primitive if there is a faithful simple right R-module. In fact this should be called
right primitive; it is not equivalent with left primitive (there is a counter-example due to G.
Bergman).

If p is a maximal right R-ideal then A(M) = (p: R) if M = R/p, thus R/(p : R) is a primitive
ring. It is clear that R is primitive if and only if there is a maximal right ideal p of R such that
(p: R) =0,. i.e. p does not contain a proper ideal.

4.3.17 Theorem

A primitive ring R with faithful simple module M is a dense ring of linear transformations
of M over C(M), in other words : for every n and vy,...,v, in M which are C(M)-linear
independent there exists an » € R such that v;r equals an element w; € M which is beforehand
fixed, i =1,...,n.

Proof Somewhat thechnical. We refer to the classical books. N. Jacobson [11], I. Herstein,
9]. O

4.3.18 Theorem (Wedderburn, Artin)

If R is a simple (right) Artinian ring then R = M, (D) for some n € N and some skewfield D.
Both n and the isomorphism class of D are uniquely determined by R.

Proof It is obvious that R is primitive. Let M be a faithful simple right module. The
commuting ring C'(M) = D is a skewfield and we may consider M as D-vector space. Let
{v1,...,v} be D-independent in M. Define : p,, = {x € R,v;u =0 for i = 1,...,m}. This
yields a descending chain of right ideals of R : p1 D ps D ... D py D .... From the foregoing
theorem it follows that the sequence is strictly descending and thus p,, = 0 for some n € N. If
Un41 18 not D-linearly dependent on {vy, ..., v,} then by the density in foregoing theorem there
exists an r € R such that v;r =0 for i =1,...,n and v, 1r = 1; this would contradict p, =0
hence it follows that M is finite dimensional over D. Now, again by the density argument
we obtain that R is the ring of all D-linear maps M — M, that is R = M,,(D), n = dimsM.
Unicity of n and the isomorphism class of D will follow if we can establish that M,,(A) = M, (D)
if and only if m = n and D = A. Let ¢ : M,(D) — M,,(A) be an algebra isomorphism and
put f = ¢(e11),e11 € M,(D). Since e M, (D) is a minimal right ideal of M, (D), fM,(A)
must be a minimal right ideal of M,,(A). By change of basis, i.e. applying an automorphism
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of M,,(A) we may write f in the form ( ‘8 0 ) where [, is the r X r unit matrix. Since
fM,,(A) is minimal we must have r = 1, hence without loss of generality we may assume that
f=fu= ( (1) 8 ) Now we obtain : D = ey; M, (D)e; = fuiM,,(A)fi1 = A. Moreover,
e11 M, (D) is an n-dimensional D-space, whereas f11M,,(A) is an m-dimensional A = D-space.
Hence n = m also follows. O

4.3.19 Corollary

Combination of foregoing results yields that a semisimple (left or right) Artinian ring is a
direct sum of matrix rings over skewfields. Hence the right Artinian case coincides with the left
Artinian.

4.3.20 Proposition

Let K be an algebraically closed field, then a skewfield D which is central and algebraic over
K is necessarily equal to K.

Proof Any a # 0in D is a solution for some p(X) € K[X]. Since K is algebraically closed,
p(X) =TI, (X —\) for some \; € K. Thus (a—Ay)...(a—\,) =01in D, or a = \; for some
A and a € K. It follows that D = K. O

4.3.21 Corollary

Let G be a finite group, K an algebraically closed field with char(K) = 0. Then KG =
M, (K)&...& M,,(K).

Proof Directly from Maschke’s theorem and the foregoing proposition. O

One could ask about the existence of finite skewfields ? It turns out these are always commu-
tative.

4.3.22 Theorem (Wedderburn)

A finite skewfield is commutative.

Proof Let D be a skewfield with centre Z(D) = K. If D is finite then char(D) = p # 0;
suppose D has ¢ = p" elements. If n = 1 then D = Z/pZ and then the theorem holds,
hence we now argue by induction, assuming that skewfields with less than ¢ elements are
commutative. If a,b € D are such that ab # ba but b'a = ab® for some ¢t € N then we look at
N(@') ={z € D,zb" = b'z}. Clearly N (V') is a subfield of D which is noncommutative because
a,b € N(b"). By the induction hypothesis we must have N(b') = D, hence b' € Z(D) = K. For
n € D let m(u) be the smallest positive number such that «™® € K. Choose a € D — K such
that 7 = m(a) is minimal amongst the m(y),y € D; then obviously r is a prime number. We
now establish a sublemma.
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Sublemma Let D be a skewfield, char(D) =p # 0, and Z(D) = K. If a € D — K is such
that a?" = a for certain n > 1 then there is an z € D such that there is an i € Z such that
rar~! =a' # a.

Proof of the Sublemma Define § : D — D,z + za — az. One calculates : z6?" =
za?* — a”" z, for all k > 0, (action of § is written on the right). Now k = Z/pZla] is a finite
field with p" elements i.e. a?" = a and thus z6"" = za”" — a”"x = za — ax = 20, or 5" = 4.
If A € K then : (Az)d = (Ax)a — a(Ax) = AMza — ax) = A\(x0), or left multiplication by A € k
commutes with 9.

The polynomial X?" — X decomposes over k in a product of linear factors : [T, (X — ).
Since m(\) commutes with §, as observed above, we obtain : 0 = 6" —§ = [, (6 — A). Since
a ¢ K we have § # 0.

Consider a shortest product : 0 =60(0 — A1) ...(d — \), \; € k, it is clear that [ > 1. For some
z# 0in D we have : 2(6(0 — A1) ... (0 — N—1)) = w # 0 but w(d — A;) = 0. The last equality
means : wa — aw = \w, A\; # 0 in k. From w # 0 it follows : waw™ = )\, + a # a but it is in
k. Now waw™! € k has the same order as a, hence waw™' = a’ for some i € N.

Back to the proof of the theorem now. We have an z € D such that zaz™' = a’ # a, hence

2Faz* = o and for | = r — 1 we obtain (because "' = 1 modulo r) : 2" Laz"" = Aa for
some \ € k. Since xa # ax and 2"~ € K we must have A # 1. Put b = 2”71, then bab~! = )a,
Na" = (bab )" = ba"b™t = a” (as r = m(a)). It follows that \” = 1 and then b"ab™" = a; this

entails 0" € K, say a" = o, 0" = € K.

Claim Ifu+wub+...+u" "' =0 with u; € K(a) thenu; =0 fori=1,...,r— 1. Indeed,
suppose

(%) g + u, O™ 4 Uy, 8™ =0

is a shortest relation with r > m; > ... > m;. Conjugating by a and using a~'b'a = \'b', we
obtain the following :

(%) Uo + AU ™ 4L AMgb™ = ()

Since 7 is prime, A" = 1, but A # 1, we may combine (*) and (**) to obtain a shorter relation,
contradiction. In particular, it follows from the claim that X" —a, resp. X" — /3 are the minimal
polynomials of a and b over K, hence [K(a) : K] = [K(b) : K] = r. We induce ¢ on K(a) by
d(\) = bAb~! for A € K(a). Powers of ¢ yield all (exactly ) K-automorphisms of K (a).

Since K (a) is finite every element of K is a norm of an element of K(a), i.e. A € K, then
A = x¢(x)...¢" Y x) for some z € K(a). In particular 71 = yé(y)...¢"(y) for some
y € K(a). However we have : (1 —yb)(14+yb+yd(y)b* +...+yd(y)...¢" 2(y)oP~") = 0. This
yields that either 1 —yb=0or (1 +yb+...) = 0. Since y € K(a) it follows from the claim
that each of these equalities is unacceptable, contradiction. Hence we must have m(a) = 1 for
all a € D, hence D is commutative. O
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4.3.23 Corollary

Let D be a skewfield with char(D) = p # 0. If G is a finite multiplicative subgroup of
D* = D — {0}, then G is abelian and therefore cyclic.

Proof Let F, be the prime field in D, then FpG C D. Since FpG is Artinian and a domain it
follows that FpG is a skewfield (from the Artin - Wedderburn theorem). Since FpG is a finite
ring it follows from Wedderburn’s theorem that FpG is commutative hence G is abelian. A
finite subgroup of a finite field is cyclic even ! O

A ring is simple if it has no nontrivial ideals. The centre of a simple ring is always a field. If
R is finite dimensional over K = Z(R) then R is right and left Artinian but the converse need
not hold as any skewfield of infinite dimension over its center shows.

A simple ring need not be a domain, for example M, (A), where A is a skewfield is simple but
not a domain unless n = 1. Do there exist simple domains that are not skewfields ? Yes, in
fact we arrive at an example of this by looking at the Weyl algebra.

4.3.24 Theorem
The Weyl algebra A;(K), where char K = 0, is a Noetherian simple domain.

Proof Suppose that J # 0 is an ideal of Aj(K) and z # 0in J, say z = po +p1y + . . . + psy°,
p; € K[z] and p, # 0. Use the relation y'z — 2y’ = iy*~! to arrive at : zz — 22 = p; + 2pay +
...+ spay*~t. Since J is an ideal and z € J we have xz — zz € J. If s > 1 then we continue
with (zz — z2)x — z(zx — xz), and so on. After at most s steps we obtain that J contains
slps # 0. Rewrite slps as Ao+ Mz + ...+ \p2™ = p with \; € K, A\, # 0. Calculate yp — py, it
is again an element of J : yp —py = A\ +2Xox + ... +mM,, 2™ . Repeat this at most m-times
until we reach : m!\,, € J. But m!)\,, is in K and m!\,, # 0, contradiction to J N K = 0. It
follows that J = A;(K) or A;(K) is simple. a

4.3.25 Remark

For K with char(K) = 0, A,(K) is a simple Noetherian domain too; the proof is similar to
the case n = 1. Also A,,(K) is not Artinian and not a skewfield, moreover A, (K) has no finite
dimensional (over K') modules.

We may view the Weyl algebra A, (K) as a ring of linear transformation on Kz, ..., z,).

For a left R-module M we look at R — End,(M) by associating to r € R the additive
endomorphism of M, p,. : M — M, m +— rm. The centralizer of {yu,,r € R} in Endy(M)
is exactly Endgr(M) = S; let T be the centralizer of S where M is regarded as an (S, R)-
bimodule. We call T' the bicentralizer of R on M. We say that R acts densely on M if for
all n € N and for all z in M™ = M @ ... ® M, the sum ranging over n copies of M, for every
© € T C Endr(M), where T is the bicentralizer of R on M, there exists an a € R such that
O(x) = ax.
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4.3.26 Theorem (Form of the density theorem)

Every simple ring is a dense ring of linear transformations over a skewfield.

The theory of simple Noetherian rings is much less developed than its Artinian counterpart.
There is the book of C. Faith, J. Cozzens, [4] but the results there do not learn much about
the Weyl algebra.



Chapter 5

Localization at Ore Sets

Let A be a ring, as always associative and with unit 1. An a € A is right regular if za = 0
with z € A entails z = 0. We say that a € A is regular if it is right and left regular. A
multiplicative set S in A is a subset such that 1 € S and if s;,s, € S then s;s0 € S; we
always assume 0 ¢ S. A left ring of fractions of A with denominator set S is an overring
Q of A such that every element s € S is invertible in Q and Q = S™'A (since Q is an overring
it follows that S cannot contain zero-divisors of A, indeed if ¢ € S is such that ta = 0, then
t7(ta) = 0 in Q and a = 0 follows).

5.1. Proposition (Ore)

There is a left ring of fractions of A with denominator set S if and only if S does not contain
zerodivisors of A and S satisfies the left Ore condition : for s € S,a € A we have AsNSa # (),
that is there exist a’ € A, s € S, such that s'a = d's.

Proof Assume Q = S™'A exists. We aready observed that S cannot contain zerodivisors of
A then. For a € A, s € S we have as™! € Q thus there is an s’ € S such that s'(as™!) is in A,
say @’/ = s'as™!. Hence s'a = a’s or the left Ore condition holds. Conversely if S satisfies the
left Ore condition, then we construct () by defining on S x A a relation ~ by (s,a) ~ (¢,b) if
and only if there exist z,y € A such that xs = yt € S and xa = yb. It is clear that ~ is an
equivalence relation. Put Q = (S x A)/ ~ and write s~!a for the class of (s,a). Two elements
of Q, say s7'a and t7'b may be written with a same denominator by the left Ore condition.
The sum in Q is defined by s™'a + s7'b = s7!(a + b) and the product (h~'a)(t'c) for h,t € S
and a,c € A, is defined by (sh)'bc where s € S,b € A are such that at~* = s~'b. Mapping a
to the class of (1, a) identifies A as a subring of Q. O

From the construction of = S7!'A in the foregoing proof we derive the folowing universal
property: for every ring homomorphism ¢ : A — B such that () is inversible in B there is a
unique ring homomorphism ¢ : S~*A — B making the following diagram commutative :

A

S—1A

oA

B

86
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where jg is the canonical A — S™'A,a + (1,a)/ ~. We may interchange left and right in
foregoing definitions and obtain the right ring of fractions AS™! if the right Ore condition
holds (sANaS # 0). If S satisfies both the left and right Ore conditions then S™'A and AS™!
both exist; using the universal property of both S~*A and AS~! we may conclude that we may
identify S™'A and AS~.

5.2. Examples

1. Let s be a regular element of A and S = {1,s,s% ...}. If sA C As then S is a left Ore
set in A (i.e. the left Ore condition holds).

2. Let A be a Noetherian domain and S = A — {0}. Then S is a left and right Ore set in A
and S™'A is a skewfield.

Proof Look at s € S;a € A and the ascending chain of left ideals of A : Aa+ Aas+ ...+
Aas™,n € N. For large n we obtain from the a.c.c. on A that :

as"™ = apa +ajas+ . .. +ayas”, for some a; € A, ay # 0 (choose n minimal and use that

s is not a zero divisor), thus : (as" — a,as" ' +...+... —aja)s = apa € AsNSa. 0O

Particular case : A = A,(K) has a skewfield of fractions Dy (/) obtained by localizing
A(K) at S =A;(K)—{0}.

In case the set of all regular elements of A form an Ore set S then we call S~ A the total
fraction ring of A and we write ST'A = Qq(A).

3. Let A be a domain and a K-algebra over a field K. For z € A we have a K-linear
ad(z) : A - A,a — xa — ax, write [x,a] = ad(x)(a) for a € A. We say that ad(x)
is locally nilpotent if for every a € A there is a K-vectorspace W in A, such that
dimgW < oo,a € W, and W is stable for ad(z) while ad(x)|W is nilpotent. If ad(x)
is locally nilpotent then S = {1,z,2?,...} satisfies the left and right Ore conditions. It
suffices to establish that there is an m € N such that az™ € zA for a € A (indeed, put
ax™ = xb then bz"™ = zc for certain n and ¢ € A, thus az™™™ = z2%c etc..., hence for z¢
there is an V such that ax® = 29z for some z € A). Pick a € A. Let V be the finite
dimensional K-space generated by the ad(z)’(a), for j =0,1,... n....

Since ad(x)|V is nilpotent we obtain a finite sequence : 0 =V C V; C ... C V.1 C
V. = V, such that ad(z) is the 0-map on each V;/V;,_y, i = 1,...,n. For v € V; we
have : ve = xv — [z,v] € zv + V;_1, because ad(z)(v) € V;_y if v € V; by definition of the
sequence. Hence Vix C xA+ V;_;. Therefore we obtain : az" + V2" C A+ V,_12" ' C
... CzA+ Viz C zA (indeed, A + Vo = zA), where n is the length of the chain in V.
This proof can be generalized directly to {z;,i € J} C A with z;,x; = x;2; and ad(z;)
locally nilpotent for all i € J where then S = (7" .. .xf;”,p € N,a; € N,i; € J} is again
an Ore set.

Now we want to localize not only A at S but an arbitrary (left) A-module.

For a left A-module M and a left Ore set S in A we define the quotient module with
denominator in S by taking on S x M the relation N defined by (s,m) ~ (¢,n) if
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and only if there are u,v in A such that us = vt € S and um = vn. Write s~'m for
the class of (s,m) with respect to the equivalence (!) relation ~. Let jy : M — S™'M
be the canonical map m — (1,m)/ ~. It is obvious that Ker(jy) = {m € M,sm =
0 for some s € S} = tg(M); the latter is called the S-torsion part of M, it is clearly an
A-submodule (follows from the left Ore condition). We define a scalar multiplication by
S~tA on S~'M in the way the product of S~ A was defined, this makes S~*M into a left
S~ A-module. Observe that S™'M = S™Y (M /ts(M)). Fom s((s,m)/ ~) = (1,m)/ ~ it
follows that (s,m)/ ~= s~ ((1,m)/ ~); hence every S~!A-submodule N of S™'M may
be obtained as S~!(j,}(N)) and N = S*A(NNM) where M = M/ts(M). Observe that
M/} (N) is an S-torsionfree A-module, i.e. sm € j;/(N) implies jy(sm) = sjy(m) €
N hence jy(m) € NN M or m € j(N).

5.3. Proposition
Let S be an Ore set in A, M a left A-module, then S™'M =~ S~1A®, M.

Proof
Hint : Look at the canonical map ST'A®4 M — S7'M, ((s,a)/ ~) @ m > (s,am)/ ~;
verify that this is a bijection of A-modules but also as S ~1 A-modules. You may replace M by
M = M/ts(M) because ST'A®4ts(M) = 0.

O

5.4. Proposition With notation as before, if M is a (1) Noetherian left A-module then
S~IM is a (1) Noetherian left S~!'A-module. If A is a (1) Noetherian ring then S™'A is a (1)

Noetherian ring.

Proof Let M be a left Noetherian A-module (the proof for right Noetherian is the same up
to interchanging left and right).

Look at an ascending chain of left S~*A-modules in S™'M : Ny C ... C N; C Njy1 C ... C
S~1M. Since M is also a left Noetherian A-module, the chain in M :

MNNyC...CMNN,C cM

is stationary. Say M N N; = M N Ny;; = .... Since N; = STA(M N N;) it then follows that
N; = Nig1 = ..., hence S™'M is a left Noetherian S~!'A-module. In particular for M = A it
follows that S71A is a left Noetherian ring if A is left Noetherian. O

5.5. Lemma

Assume A has a (left) ring of fractions @ with denominators S, such that Q = S™'A is left
Noetherian. For every ideal I of A the left ideal QI is an ideal of Q).
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Proof We have to establish that QIQ) C QI. Since I is an ideal of A it will suffice to establish
that QIs™' C QI for every s € S. From Is C I it follows that I C Is™! and we obtain an
ascending chain of left ideals of @ :

QICQIs'cQIs?c...cQIs"C...

Since S7'A = (Q is assumed to be left Noetherian, QIs™" = QIs™ ! = ..., for certain n € N.
Thus QI = Qs ' in Q and hence QI is an ideal of Q. O

We want to prove that a semiprime Noetherian ring is an order in a semisimple Artinian ring;
this is the celebrated Goldie theorem. We start with a lemma. A submodule N of M is
essential in M if for every nonzero submodule L of M we have N N L # 0.

5.6. Lemma

Let A be a semiprime Noetherian (left) ring. For a € A let I(A) = {b € A, ba = 0}.
1. If i(a) is essential in A then a = 0.
2. If I(a) = 0 then Aa is essential and a is regular.

3. Every essential left ideal L of A contains a regular element.

Proof

1. Suppose a # 0; we may assume without loss of generality that [(a) is maximal in the set
of left annihilator left ideals (A is left Noetherian !).

Consider the right annihilator N of [(a). We will show that for z € N, 2% = 0, hence
N? = 0 or N C N{P, prime ideal of A} hence as A is semiprime N = 0 but that
contradicts [(a)a = 0 i.e. a € N and we assumed a # 0. Look at b € N such that b # 0,
then : I(a) C I(b) C I(b?). By the choice of a, it follows that I(a) = I(b) = I(b?). Since
[(a) = 1(b) is essential in A we have [(b) N Ab # 0, thus there is an € A such that xb # 0
and xb.b = xb* = 0 but that will contradict I(b) = 1(b?).

2. Assume L is a left ideal of A such that L N Aa = 0. Then LN La =0 and L& La is a
direct sum. Since I(a) = 0 we also have La @& La? = La + La?,..., etc. .... Hence all
sums L@ La® ... ® La™, n € N, are direct and thus if L # 0 the foregoing contradicts
the Noetherian hypothesis. Consequently L = 0 and Aa is essential in A. If az = 0 then
Aa C l(x) and then [(z) is essential in A too, from 1. it follows then that z = 0, thus a
is regular because l(a) = 0 and r(a) = {x € A,ax =0} = 0.

3. Since L # 0 it contains a non-nilpotent element a € L. Up to replacing a by a™ we may
assume that [(a) = I(a?) (using the acc on the chain [(a) C l(a?) C ... C I(a™) C ...).
From za? = 0 then za = 0 follows, thus AaNli(a) = 0. If [(a) = 0 then from 2. we derive
that Aa is essential in A hence L contains the regular a. So assume now [(a) # 0, then
Ly = LnNl(a) # 0. Repeat the argument at the beginning of the proof of 3. for Ly, so we
find an a; € Ly such that l(a;) = l(a?) # A with Aa; Nl(a;) = 0. From AaNli(a) = 0,
a; € l(a) and AayNl(a;) = 0 we then obtain a direct sum in A : Aa® Aa; & Ly where Ly =
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Linl(ay). If Ly # 0 we continue until we reach a direct sumin A : Aa®Aa;®...®Aa, C A
with A1 7& 0 in Li+1, Li+1 =LN l((l) N l(al) N...N l(ai), 1 S 1 S n— 1.

Since A is left Noetherian there exists an n such that L,.; = L,Nl(a,) = 0. The element
t=a +...+a,+a € L is regular in A because if 2t = xa + za; + ... + za, = 0
then the directness of Aa ® Aa; @ ... ® Aa, entails that ra = ... = za, = 0 and thus
I(t) =l(a)N...N 1 ay). From 0 = L,+1 = LNI(t) then it follows that {() = 0 what
implies that ¢ is regular in view of 2. established before.

O

5.7. Theorem. Goldie’s theorem for Noetherian rings

For a (1) Noetherian ring A the following statements are equivalent :
1. The total quotient ring Q(A) exists and it is a semisimple (resp. simple) Artinian ring.

2. The ring A is semiprime (resp. prime).

Proof

- 1. = 2. Let S = A, be the set of regular elements of A and Q4 = S~ A is semisimple
Artinian. Since the nilradical N of A is nilpotent, the right annihilator I of N is an
essential left ideal of A; indeed for x # 0 in A there is an n € N such that N"z # 0 and
Nty =0, thus 0 # N"x C I N Ax. Since A is essential in S7'A, I is essential in S~'A
and thus S™!7 is essential in S™'A. However since S™'A is semisimple Artinian the left
essential ideals are trivial, hence S™'1 = S7'A. From 1 € S~'I it follows that 1.s € I
for some s € S, but the latter s is regular and therefore N = 0 or A is semiprime. If
S~1A is semisimple then look at ideals J; and J5 in A such that J;J, = 0. Since J A4 is
Noetherian, S~1J;, and S~1J, are ideals of ST1A, thus (S71J;)(S71Jy) = S7H(J1Jz) = 0
yields S~1J or S~1J, equals zero, consequently J; or Js is zero and therefore A is a prime
ring.

- 2. = 1. Start from the assumption that A is a semiprime (1) Noetherian ring. We have
to establish that S = A, satisfies the Ore condition. Take s € S and a € A. We show
that L = {z € A, za € As} is essential in A.

Pick y # 0 in A; if ya = 0 then Ay C L. If ya # 0 then Aya N As # 0 because As is
essential (2. in foregoing Lemma). Take zya # 0 in As, then 0 # xy € LN Ay. Therefore
L is essential in A and from 3. in the foregoing lemma it follows that S N L # (), thus
Sa N As # 0 and the Ore condition has been established, hence Q = S™!'A exists. Take
a left ideal L or ). If we can prove that L has a complement, i.e. there is a left ideal L’
such that L @ L' = @, then @ will be semisimple Artinian (verify this, it is a well-known
characterization of semisimple Artinian rings). Using Zorn’s lemma, we obtain a left ideal
L’ maximal such that LN L' = 0. Then L& L’ is essential in () because if UN(L+ L") =0
then also LN (L' +U) =0, hence U C L' or U = 0. Then (L + L") N A is essential in A,
this is clear because we have L+ L' = STTA(L+ L')NA)) and if UN((L+ L')NA) =0
then ST'AU U (L + L) = 0 hence ST'AU = 0 and U = 0.
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Part 3. of the foregoing lemma yields that there exists t € SN ((L 4+ L') N A) and ¢ is
invertible on @, therefore L + L' = (). Now suppose that moreover A is a prime ring
and let Jq, Jy be ideals in Q) such that J;NJy; = 0. Put I = J1 N A, I, = J,N A then
IiNI; =0 and I, I, # 0 because A is essential (). We arrive at I; = 0 or I = 0 and thus
J1 =0 or J, = 0. Thus we may conclude that () is prime but since it is also Artinian it
must be simple (prime ideals are maximal).

O

5.8. Lemma

Assume that Qq(A) exists and it is a simple Artinian ring. If S is a multiplicative set of
A satisfying the left Ore conditions then S consists of regular elements of A (hence S™1A C

ch(A))

Proof We have Qu(A) = M,,(A) thus a left zerodivisor is also a right zerodivisor and con-
versely. Suppose S contains a non-regular element s € S with lg(s) # 0,7rg(s) # 0.

Choose s such that rg(s) is maximal between right annihilators in @). Up to replacing s by s”
(this does not change the rg(s) in view of the maximality) we may assume that lo(s) = lo(s?).

Let a # 0 in @) be such that as = 0; up to multiplying by some regular element of A we may
assume that a € A. As @ is simple we have that A is prime. From s? € S it follows that s # 0
and as A is prime there is an x € A such that s*za # 0. Apply the (left) Ore condition on
s and @’ = s?za, this yields t € S and b € A such that ta’ = bs. From as = 0 we obtain :
ta’'s = 0 = bs®. Thus la(s?) C lg(s?*) = lg(s), and it follows that bs = 0 = ta’ = (ts)sza.
Consequently rq(ts) 2 ro(s) because sza C ro(ts) but sza & rg(s) (since s*za # 0). But the
latter contradicts the maximality of rq(s) a

5.9. Proposition

Let A be a (I) Noetherian ring and S a left Ore set. The map Spec(S™'A) — Spec(A), P —
RN A, is injective and has the image {Q € Spec(A), QNS = @}. The inverse map is Q — S~1Q.
The total ring of fractions of A|P N A is isomorphic to the one of STtA|P, for P € SpecS~!A.

Proof Since S A is a (1)Noetherian ring, ideals of A extend on the left to ideals of S~ A. Tt is
easy now to derive from this the correspondence between prime ideals as claimed. If p € Spec(A)
is such that p NS = ¢ then S~'Ap = P is a prime ideal of S™'A and S, the image of S in A/p
(a Noetherian prime ring) consists of regular elements of A/p. We have gfl(A/ p)=S"1A/P
hence the total rings of fractions of these are also equal, they are obtained by localization at

T = (A/P)reg !

5.10. Corollary

Let I be an ideal in a (left) Noetherian ring A and ¢ : A — Quq(A/VI) the canonical ring
homomorphism (where v/T stands for the prime radical of I ).
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The map P — o~ !(P) is a bijection between the set of minimal prime ideals of A containing I
and the prime ideals of Qq(A/V1).

Proof From the foregoing since A/ VT is a semiprime Noetherian ring,

5.11. Remark

From the results (e.g. Lemma 5.6.) and the “right”-version of them obtained by replacing [(a)
by r(a) it follows also that in a semiprime Noetherian ring A an x € A is not a right zerodivisor
if and only if it is a non left zerodivisor.

5.12. Corollary

Since A, (K) is a Noetherian domain, S = A,,(K),e, satisfies the Ore conditions (left and right)
and S7'A,(K) =D, (K) is a simple Artinian domain hence a skewfield.

The following are Ore sets in Ay (K) (check this !).
a. S(x)={1,xz,2% ...,2", ...}
b. S(y) ={1,y,v* ...,y", ...}
c. S(zy) = {1, 2y, (zy)?, ..., (zy)", ...}

It is not difficult to calculate the localizations of A;(K) at these Ore sets, we leave this as an
exercise here.



Chapter 6

Gelfand-Kirillov Dimension and
Filtered Rings

6.1 Gelfand-Kirillov Dimension

Consider F = {f : N = R, there is ng € Nsuch that Vn > ng, f(n) > 0and f(n+1)—f(n) > 0}.
For f,g € F we write f < g if there is an m € N such that f(n) < g(mn) for almost all n € N.
We put f ~gif f < gand g < f; it is easy to verify that ~ defines an equivalence relations
on F. We write G(f) for the class of f in F/ ~ and call it the growth of f. The relation
< on F induces a partial order on G(F) = F/ ~; we write G(f) < G(g) if G(f) < G(g) and

G(f) # G(g)-

For v > 0 we denote the growth of n — n? by P,, the growth of n — exp(n?) is denoted by
e, for v > 0. It is obvious that e. < &5 if and only if ¢ < § (indeed, from ¢ > ¢ it follows that
n® < (mn)° for almost all n € N implies n°~% < m? for almost all m € N, a contradiction).

If f and g are polynomial functions in F, that is there are polynomials F,G € R[X] such that
f(n) = F(n),g(n) = G(n), then G(f) = G(g) if and only if f and ¢g have the same “degree”
ie. degyF = degyG! Indeed if degyF < degyG then from G(g) < G(f) it follows that
g(n) < f(mn) for some m € N and for almost all n € N but then degG < deg F because if
not, g(n) > f(mn) for large n, thus degy F' = degG. For the function f : n + log n in F we
have : Py < G(f) < P., for all € > 0 (because : 1 < logn < n® for almost all n € N).

Now look at a K-algebra generated by {ai,...,a,} and let V be a K-vectorspace in A. We
write V™ for the subspace in A generated by the monomials a;,. . ... ai,, i; € {1,...,m}, and
we put V? = K. Notation : A, = Z?:o VI, If Ais a finitely generated K-algebra then there
exists a finite dimensional K-space V' in A such that A = U,A,. Such K-vectorspaces will be
called generating vectorspaces for A.

We have K = Ay C Ay C...CA,C...C Aand fori,j € N we have A;A; C A,4;, hence the
foregoing chain yields a positive filtration on A. The function dy : n — dy(n), dy(n) = dimg A,
is a positive ascending function, hence dy is in F. Up to replacing V by K +V we may assume
that 1 € V, then V" =37 V"

93
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6.1.1 Lemma
Let A be a finitely generated K-algebra with generator verctorspaces V and W, then : G(dy) =
G(dw).

Proof Since A = U,(3} 1 V") = U,(O>o1, W) there are s,¢ such that W C Y7 VL,V C
<dy(sn

Z;:o WJ. Therefore we obtain : dy (n) Zc:iv ) and dy (n) < dw(tn), or G(dy) = G(dw). O

6.1.2 Definition

Let A be a finitely generated K-algebra A. The growth function of A, say G(A), is the
G(dy), where dy(n) = dimg (>, V*), for some generating vector space V for A.

6.1.3 Remark
If A is finitely generated over K but not finite dimensional then : P, < G(A) < ¢;.

Proof Let V be a generating vectorspace for A with 1 € V, then : dimg V" < (dimg V)™,
thus G(A) < e1. On the other hand we have that V" & V"*!, otherwise A = V" would make
A finite dimensional over K, thus dy(n) > n and G(A) > P;. a

Algebras such that G(A) = P, for some d € N, are called algebras of polynomial growth.

For a real number a we put log,a = log a/log n; we use the notation lim for the upper-limit.

6.1.4 Lemma
For f and g in F we have :

i)
lim log, f(n) = inf{p € R, f(n) < n” for almost all n € N}
= inf{p e R, G(f) < B}

ii) If G(f) = G(g) then lim log, f(n) = lim log,,(g(n)).

Proof

i) Putr = limlog,f(n),s = inf{p € R, f(n) < n?, almost alln} t = inf{p € R, G(f) <
P,}. If one of these numbers is infinite then so are the others. Obviously, ¢ < s.
Pick € > 0, then log, f(n) < r + 1 for n large enough, thus s < r because s < r +¢
for every e > 0. So we arrive at t < s < r. Suppose r > t and put € = (r — t)/3;
then we have : G(f) < Pyy., or f(n) < (mn)™** for some m € N and n large enough.
Choose n large enough such that m*® < n?, then we find that f(n) < n'™ for n
large enough. But ¢ 4 2 < r would then contradict r = limlog, f(n), hence r = ¢
follows.
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ii) Easy from i) since inf{p € R,G(f) < B,} = inf{p € R,G(g9) < B,}.

6.1.5 Definition

Let A be a K-algebra. o
The Gefand-Kirillov dimension (for short : GK-dim) of Ais: GKdimA = supy{lim log, (dy(n))} €
R, U {oo} where V varies over the finite dimensional K-vectorspaces in A.

6.1.6 Lemma

Let B be a finitely generated K-algebra and V' a generating vector space, then : GKdimB =
limlog,,dy (n). For a K-algebra A we obtain that GKdim(A) equals supz{GKdimB, B a finitely
generated K-algebra in A}.

Proof The first statement follows from Lemma 6.1.1. and Lemma 6.1.4. The second state-
ment follows from foregoing. O

6.1.7 Proposition

1. Let A be a K-algebra, B either a K-subalgebra or a homomorphism of A, then GKdimB <
GKdimA.
2. If A; and As are K-algebras then we have :

3. If I1,...,1; are ideals of the K-algebra A, then we obtain :

GKdim(A/I, N ...NI;) = Max{GKdimA/I; i < j < d}

Proof

1. For B C A the statement is clear. Now suppose ¢ : A — B, B = Imyp, is a ring
epimorphism. Let W C B be a K-vectorspace with basis {¢(a1),...,¢(am)}. Put V =
Z;n:l Kaj. Then we have dimg V™ > dimW™ for all n; the statement follows from the
definition of G K-dimension.

2. From 1. it follows that p = max{GKdimA;, GKdimA,;} < GKdim(A; & As). If = o0
the equality holds, therefore assume pu < oo and let W C A; @ As be a finite dimensional
K-vectorspace. Put U = py(W),V = po(W) where p; : Ay & Ay — A; are the canonical
projections ¢ = 1,2. For all n € N we have W™ C U™ @ V". Take € > 0, Lemma 6.1.4.
yields dy(n) < n**2,dy(n) < n#*z, for n large enough. Since, for large enough n we
obtain n¥/? > 2 we also find that :

dw (n) < dy(n) + dy(n) < 2n#te/2 < prte

for n large enough. Hence lim log,dy (n) < i, or GKdim(A; @ A;) < .
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3. Follows from 1. and 2. because we have a K-algebra embedding A/l N...NI; —
oA/l O
7=1 J

For a K-derivation of a K-algebra A, say ¢, we consider the Ore extension A[X,d] = {>_)' ja; X", a; €
A} with multiplication rule [X,a] = Xa —aX = d(a) for all a € A.

6.1.8 Proposition
1. For a K-derivation 0 of a K-algebra A, GKdimA[X, ] > GKdimA + 1

2. If every finite dimensional K-subspace of A is contained in a finite dimensional d-invariant
K-subspace of A, then GKdimA[X, ] = 1 + GKdimA.

Proof

1. Let B be a finitely generated K-subalgebra in A and V' a generating vectorspace for B,
with 1 € V. Then W =V + KX is a finite dimensinonal K-vectorspace in A[X, ] such
that : > V"X' C (V + KX)* = W?". Thus we obtain (n + 1)dy(n) < dw(2n), thus
also :

GKdimA[X, ] > lim log, ((n + 1)dy(n)) = 1 + GKdimB

By taking sup over all such B we arrive at statement 1.

2. Let B be a finitely generated K-subalgebra in A[X,¢d]. The K-space generated in A by
the coefficients of a finite number of generators for B is by assumption contained in a
finite dimensional J-invariant subspace of A. The latter generates a finitely generated
subalgebra A" of A. It suffices to establish that GKdimB < GKdimA’ + 1, thereby
reducing the problem to the case where A is finitely generated (passing from A to A').
Let V be a generating finite dimensional subspace in A, with 1 € V, then W =V + KX
is a finite dimensional generating subspace for A[X,d]. We have 6(V) C V™ for some
m > 0, thus 6(V*) C V™ for all k € N. We will now establish the following :

(+) WhCV™ 4 VX VX =Y VX
=0

From (*) it will follow that dw (n) < (n41)dy (mn), or GKdimA[X, §] = lim log,,dw (n) <
lim log, (n + 1)dy(mn) = 1 + GKdimA. The proof of (*) is by induction on n. First (x)
holds obviously for n = 0. Assume (x) holds for some n € N, then :

VW" i an+1Xi C i Vm(nJrl)Xz
1=0 =0

Xwn" c zn: Xymxt c zn: ymr X zn: S(Vm X
1=0 =0 =0

n+1
C Z Vm(n+l)Xi

1=0
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the latter inclusion following from §(V™") C 2?:0_1 Vig(V)vmn=i=l with §(V) Cc V™,

yielding indeed that
n+1

5(an) C Z Vm(n—i—l)Xz

1=0

Both foregoing inclusions may be combimed into

k+1
=0
this establishes (*) for n + 1. a

6.1.9 Corollary
Let A be a K-algebra and X1, ..., X,, commuting variables, then :

GKdimA[Xq,...,X,] = GKdimA +n

Proof We write A[Xy,...,X,] = A[X1,...,X,1][X,, 0], i.e. an Ore extension with

0 = 0. Applying the foregoing proposition n times, the statement follows. O
We have seen that A, (K) = K[x1,...,2)[¥1, - Yn, 01, ..,0,]. In particular A, (K) =
An1(K)[ X0, 351

6.1.10 Proposition
GKdimA(K) = 2n.

Proof
GKdimA,(K) = GKdim A, (K)[z,] +1
= GKdim A, (K) +2
Repeating the argument for A,,_;(K), and so on, we arrive at GKdimA,,(K) = 2n. O

6.1.11 Particular case : GKdimA(K) =2

Let A be a Noetherian K-algebra, A, is the set of left and right regular elements of A.
Obviously A,ee is multiplicatively closed and 1 € A,e,.
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6.1.12 Proposition

Let A be a Noetherian K-algebra.
1. If I is an ideal of A such that I N Ao # 0 then : GKdimA/I < GKdimA — 1.

2 P, P e

2. Take P € Spec(A) and suppose htP = n, hitP = sup,, {P = P 2 P 2 ... 2

Spec(A)}, then we have : GKdimA/P < GKdimA — n.

Proof

1. Take ¢ € Ag NI and put A = A/I, let V. C A be a finite dimensional vector space
with 1 € V. Let V C A be the vector space generated by 1,c¢ and a,...,aq, where
{a, .. ad} is 2 K-basis for V. For all n let S, be a supplement of INV™in V” hence
Sy = V — V". Therefore S, NcA = 0 and Yo, 'S, is a direct sum in V" thus we
obtain : dimzxV?" > ndimgS,, = ndlmKV Therefore :

GKdimA/I + 1 = supy lim log, di+(n) + 1 =
supy-{lim log,,(nds(n))} < supy-{lim log,,dy(2n)} < GKdimA

2. Suppose P = P, 2 = - P is a maximal chain of prime ideals of A. For every i, P; / Pia
is an essential 1deal in A/R+1 (if Liy1 is a right ideal in A/P;,; then L; . P; C Ly N P;
and L;j1P; # 0 since A/P,,, is a prime ring), thus P;/P;,; contains an element of
Aeg. From 1. it follows that GKdimA/P; < GKdimA/P,;; — 1, hence by recurrence,
GKdimA/P < dimA — m. O

6.1.13 Lemma

Let S be a central multiplicative set of the K-algebra A consisting of regular elements of A.
Then S is an Ore set (left and right) of A and we have : GKdimS™'A = GKdimA.

Proof As S is central in A it is obviously a left and right Ore set. Let W C S7'A be a
finite dimensional K-vector space, then there is a common denominator for a finite K-basis,
say s € S, such that sW C A. Put V = sW + Ks+ K. Then dimgV < oo and W™ C s7"V"
for all n € N (s is central in A !). Hence dy(n) < dy(n) and GKdimS™A < GKdimA. Since
S consists of regular elements, A C S7!A, and thus GKdimA < GKdimS™!A leading to the
desired equality. O

6.1.14 Lemma

Let B be a subalgebra of the K-algebra A. Let A be commutative and finitely generated as a
B-module, then we obtain : GKdimA = GKdimB.

Proof Clearly GKdimB < GKdimA. Write A = Z?Zl Ba; and let V' be a finite dimensional
subspace of A generated by {vi,...,v,} containing {as,...,aq}. We have : v; = >, bj,a; and
‘/z‘/} = Zh bijhaha for 1 < 1,7 < d, with bik‘7bijh eB. PutW=K1+ Zi,k Kb, + Zi,j,h Kbijh-
By recurrence we have V" C W2 lqy + ...+ W?™la,, for all n. Thus dy(n) < ddy(2n — 1)

and GKdimA < GKdimB follows. O
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6.1.15 Proposition

1. Let K/k be a field extension, then GKdimK = tdy(K), the transcendence degree of K
over k.

2. Let A be a commutative k-algebra which is finitely generated. Then GKdimA = KdimA,
the latter being the Krull dimension, KdimA = sup pegpeca){it P}. In case A is a domain
with field of fractions K = Qu(A), then GKdimA = td,(K).

Proof

1. K is an algebraic extension of a purely transcendented F' = k(X;, ..., Xy). Now GKdimF =
d = tdi(K). If Ais a finitely generated k-algebra in K then A is algebraic over some
finitely generated subfield F' in K, hence it is contained in some finite dimensional ex-
tension of F' and thus GKdimA = GKdimF'. Since F' is finitely generated we obtain
GKdimF = tr,F < td,K. Hence GKdimK = td, K.

2. Noether’s normalization lemma yields that A s a finitely generated module over k[ X7, ..., X,]
where r = KdimA.

Thus GKdimA = GKdimk[X;, ..., X,]| =r. If Ais a domain then the statement follows
from Lemma 6.1.13. a

6.1.16 Proposition

Let A be a K-algebra and {x;,7 € J} a family regular elements of A such that z;z; = x;x; and
adz; : a — [z;,a] is locally nilpotent for all i € J. Let d be the multiplicative set generated
by the x;,7 € J, then : Let § be the multiplicative set generated by the z;,i € J, then :
GKdimS—'A = GKdimA.

Proof By example 5.2.3., S is an Ore set in A, so S7'A exists. The proof is now a technical
modification of 6.1.13. O

We will now extend the definition of GKdim to A-modules. This leads to a useful dimension
that can be applied to the theory of D-modules, modules over rings of differential operators or
more general filtered rings like the class of “almost commutative” rings generalizing the Weyl
algebras. The dimension theory is also useful in the study of modules over Weyl algebras, in
particular with respect to the so-called holonomic modules and holonomic simple modules. Let
A be a finitely generated K-lagebra and M a finitely generated A-module generated by a finite
dimensional K-vector space, i say. For every generating vector space V in A with 1 € V' we
have : M =" V"u. Look at the function n — dy,,(n) = dimgV"p. This growth function
does not depend on the choice of 1 and V' (verify this), we may thus define G(M) = G(dv,,).

6.1.17 Definition

Let A be a K-algebra and M a left A-module. The Gelfand-Kirillov dimension of M,
GKdimyM, is defined by : o

sup{limlog,, (dimg V" u)}

Vi
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where V' varies over the finite dimensional K-vector spaces in A and p varies over the finite
dimensional K-vector spaces in M. For right A-modules the right-hand version of the definition
may be phrased. We put GKdim,4(0) = —oo. When M =4 A, then GKdimy(4A4) = GKdimA
holds.

6.1.18 Proposition
Let A be a K-algebra, M a left A-module.
1. If M = &L, M; then GKdimM = Max;{GKdimM;}.

2. If we have an exact sequence in A-mod : 0 - K —- M — L — 0, then GKdimM >
Max{GKdimK,GKdimL}.

3. If I is an ideal of A such that IM = 0, then we have : GKdimyM = GKdim,,;M, in
particular for [(M) = {a € A,aM = 0} we obtain : GKdimsM = GKdim M.

4. GKdimyM < GKdimA, for any M € A-mod.

5. If M is a finitely generated left A-module and o € End4(M) an injective endomorphism
then : GKdim% < GKdimM — 1.

6. If M =3¢ | M;, then GKdim,M = Max;{GKdim4M;}.

Proof
1. Similar to 6.1.7.(2)

2. and 3. Direct consequences of the definition.

4. Follows from dimgV"pu < dimgpdimg V™, first for finitely generated M and after that

we may apply GKdimA > sup {GKdimsN, N finitely generated in M }.
NCM

5. Let V' C A be a finite dimensional K-vector space and 7z a finite dimensional generating
K-vector space for M = M/a(M). Since (M) is finitely generated there exists a finite
dimensional K-subspace p of M such that [ is the image of p under de canonical M — M
and such that u is generating for M. For n > 0 let C,, be a complement of (M) N V"
in V"pu, thus C,, = V"z. Since C,, Na(M) = 0 the sum Y, a*(C,,) is direct for every r
(indeed, since « is injective we have a(C, Na(M)) = a(C,) Na?(M) etc...). On the other
hand there is a finite dimensional subspace W in A such that W O V and a(u) C Wu
(because dimga(N) < oo and M = Ap). Consequently we obtain :

By (C) C BN (V') = @1_g V"o (1) C DI V"W C W'y

thus also : dimg(W?'u) > (n + 1)dimgC, = (n + 1)dimgV"m. Then : GKdimaM >
GKdimy (%) + 1, and the statement follows.

6. Follows from 5. and 2. because &;M; — M = > M, yields GKdimaM < GKdim4(®;M;) =
Max;{GKdim4M,}. O

For two K-algebras A and B we may look at an (A, B)-bimodule M.



Gelfand-Kirillov Dimension and Filtered Rings 101

6.1.19 Proposition

Consider an (A, B)-bimodule M, 4 Mg say, such that the left A-module M is finitely generated.
1. GKdimpMp = GKdim(B/r(M)),r(M) = {b € B, Mb = 0}.
2. GKdimpMp < GKdims M.
3. If M is finitely generated as a right B-module then GKdimpMp = GKdim M.

4. If B is a subalgebra of A and A is finitely generated as a B-module then GKdimA =
GKdimB.

Proof
1. Write M = 3_'_, Am,.

Thus r(M) = Ni_yr(m;), r(m;) = {b € B,m;b = 0}. We obtain a chain of right B-
modules : B/r(M) — @®!_,B/r(m;) — MY = M @ ... ® M. From Proposition 6.1.18
we retain :

GKdimpB/r(M) < GKdimpMp < GKdimpB/r(M)

2. Let p and V be finite dimensional K-subspaces of M, resp. A. Since 2 M is finitely
generated there is an AV D p, a finite dimensional K-space such that AN = M. Since
dimxgNV < oo and M = AN D NV, there is a finite dimensional K-space W C A such
that : WA D NV. Thus uV" Cc NV™ C W"N, for all n, and the statement follows. O

3. The left version of 2 now holds too since M is also finitely generated as a B-module, then
3. follows from 2.

4. From 3. we retain GKdimA = GKdimgAp and also GKdimpAp < GKdimB. Since
GKdimA > GKdimB, the equality follows. O

6.1.20 Proposition

Let A be a K-algebra, M aleft A-module. Consider an A-bimodule N which is finitely generated
as a right A-module, then : GKdima(N ®4 M) < GKdimM.

Proof Observe that N ®4 M is a left A-module with the structure given by : a.(n ® m) =
an®m, fora € A,n € N, m € M. Consider finite dimensional K-subspaces £ C N ® 4 M and
V C N with 1 € V. There exist finite dimensional K-vector spaces  C M, N' C N such that
N=NAECN ®ap={3n & u,n €n,p € u}. Since dimgVN < oo there is a subspace
W D V in A such that dimgW < oo and VN C NW, thus V"N C NW™" for all n. Similarly :
VPE CV'N®@apu) CNW @ =N@W"u. Since N @ Wy —— N @, W" as K-vector
spaces we obtain : dimgV"E < dimxgN @ W"u = dimg N .dimgW"u. Finally we thus arrive
at :
lim log, dimg V" E < lim log,dimxW"p

thus : GKdimy(N @4 M) < GKdimaq M. O
As a special case of the foregoing result we obtain the following.
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6.1.21 Corollary
Let A be a Noetherian K-algebras. Apply the foregoing proposition to N = I an ideal of A :

GKdim(I @ M) < GKdims M

This property is called the ideal-invariance of G Kdim.

6.1.22 Definition

Let A be a K-algebra. We say that GKdim is exact for (left) modules that are finitely gen-
erated, if an exact sequence 0 — L — M — N — 0 of finitely generated A-modules yields
GKdimyM = Max{GKdimL, GKdimsN}.

6.1.23 Proposition

Assume that A is a Noetherian K-algebra such that GKdim is exact. Then we have : GKdimA =
GKdim(A/v/0) = GKdim(A/P), for at least one minimal prime ideal P of A, where 1/0 is the

nilradical.

Proof Since A is Noetherian v/0 = N{P;, P, minimal prime ideal of A}. The final statement
follows thus from Proposition 6.1.7.3. Write N = \/6, then N” = 0 and N"! # 0 for some
r € N. Look at the chain of left A-modules : A =N° 2 N 2 N> 2 ... 2 N" = 0, where
each N'°/N“*! is an A/N-module. Thus GKdimsN‘/N'*' < GKdimA/N (see Proposition
6.1.18(4)). Using repeatedly the exactness of GKdim for exact sequences 0 — N=! — N* —
Ni/NttL — 0, we arrive at GKdimA < GKdimA/N, leading to the inequality GKdimA <
GKdimA/N hence to the desired equality because the reverse inequality is obvious. O

6.1.24 Definition

An A-module M is said to be GKdim-homogeneous if for every nonzero submodule N of M
we have GKdimM = GKdimN.

6.1.25 Proposition

1. Let A be a prime Noetherian K-algebra, then A is GKdim-homogenous as a left and
right A-module.

2. Let A be a K-algebra, M a G Kdim-homogeneous A-module and N C M a submodule
such that GKdimM /N < GKdimM then N is essential in M.
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Proof

1. Since A is Noetherian we have LA = 22:1 La;,a; € A, for every nonzero left ideal L of
A. The A-linear map L@ ... & L — LA, (A,...,\) — 2521 A\ia;, is surjective, thus
GKdimy(L&®...®L) = GKdimyL > GKdima(LA) > GLdimsL. From L C LA we then
derive : GKdimyL = GKdimsLA. Now LA # 0 is an ideal of A and then it contains a
regular element of A, say ¢ € LA. From Ac = A and Ac C LA it follows that : GKdimA <
GKdimyAL < GKdimA, therefore the equality GKdimyL = GKdimyLA = GKdimA
follows.

2. If X # 0is a sub A-module of M such that N N X = 0 then GKdimM = GKdimX <
GKdimM /N because X — M/N. This yields a contradiction thus N must be essential
since no X as before can exist. O

6.2 Filtered Rings and GKdim

First we look at a graded agebra. Let A be a Z-graded K-algebra and M a graded left A-module.
If for al ¢ € Z,dimgA; < oo, resp. dimgM; < oo, then we say that the gradation of A, resp.
M, is finite (dimensional). Put A(n) = @~ A;, M(n) = &, M; da(n) = dimg(A(n)),
dy(n) = dimg(M(n)), for n > 0.

6.2.1 Lemma

1. Consider finite dimensional K-vector spaces E C M,V C Awith 1 € V, then: G(dy,p) <
G(dy) and GKdima M < lim log,,dy(n).

2. If A is finitely generated and M is a finitely generated A-module then G(M) = G(du)
and GKdima M = lim log, dy(n).

Proof Recall that dy g is defined as dimg (V"E) = dy g(n) and G(M) = G(dy,g), where V' is
a generating subspace of A and M = AFE.

1. The second statement follows from the first by talking sup over V and E. Take p € N
and V C A(p), E C M(p), then for all n > 1 we have : V*"E C A(pn)E C M(pn+p) C
M (2pn), thus : dy g(n) < dp(2pn), and this entails the statement 1.

2. Take p large enough such that V' = A(p) generates A and E = M(p) generates M. We
will establish that for n > 0, M_,, + M,, C V"E, thus M(n) C V*E. The proof for M_,
being similar we only have to prove that M, C V"E. Since M = U);_,V™E there is an r
such that M, C V"E, that is for every z # 0 in M,,, * = Yv,v,_1. -+ w10y with vy € E
v; € Vii =1,...,s. We may assume that vjv, € E = M(p), vip1v; € V = A(p) since
otherwise we may just shorten the decomposition of z. In other words we may assume
deg(vit1v;) > p for ¢ > 0. Since deg(v,. --- .vjv9) = > jdegy; = n > 0 it follows that
deg v; > 0 for at least one index 7. Assuming then deg v;11 < 0 yields :

|deg(vit1v;)| < Max{(degv;), (degv;)} < p
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a contradiction. Therefore degv; > 0 (if 7 = 4 consider then v,v,_1, in stead of v;41v;) and
thus n > r+1, or v,v,_1,...,v1v9 € V'E and M,, C V"E. From dy(n) < dimg(V"E),
and using 1. statement 2. follows. O

Recall that a filitered A-module M over a filtered ring A with filtration F'M, resp. F A, is said
to be finitely filtered (or FM, resp. F'A, is said to be a finite filtration) if for every i € Z,
dimg F; M < oo, resp. dimgF;A < oco. The filtration was left limited if F,,M = 0 for every
m < myg for some mg € Z.

6.2.2 Lemma

With notation as above let A have left limited filtration.
1. If My C My are submodules of M such that G(M;) = G(Ms) then M; = M.
2. If G(M) is a left Noetherian G(A)-module then M is left Noetherian A-module.
3. GKdimg)G(M) < GKdimM.

Proof
1. and 2. have been observed earlier, subsection 4.2.

3. Look at finite dimensional K-subspaces W C G(A), F' C G(M). There exist finite dimen-
sional K-subspaces V C A with 1 € V| E C M such that W C G(V), F C G(E). Thus :
WrF C G(V)"G(E) C G(V"G(E) C G(V"E)! Indeed, if 7, € G(V");,€, € G(E), then
either v €, = 0 or else T,€, = vie, modFy,,_1 M for certain representatives v, € Fy(V")e, €
F.(E), ie. v, € G(V"E);y,. Hence for all n we obtain dimxW"F < dimxV"™FE, what
yields the desired inequality.

O

In the finitely generated situation equality holds in 3. above !

6.2.3 Proposition

Suppose A is finite filtered such that G(A) is a finitely generated K-algebra. Let M be a finite
filtered A-module such that G(M) is a finitely generated G(A)-module. Put dy; = dimg F,, M,
then : G(G(M)) = G(M) = G(dy) = G(dgon). In particular : GKdimga)G(M) =
GKdimyM = lim log,dys(n).

Proof Recall that : dg(n) = dimg(®",G(M),), also we write (FM)(n) for @En%,
as a K-vectorspace. Thus dy ~ dgry and G(dy) = (G(dgy). From Lemma 6.2.1.(2) it
follows that G(G(M) = G(dgy). It is clear (Section 4.3.) that A is a finitely generated
K-algebra and M is a finitely generated A-module (lift sets of generators from G(A), resp.
G(M), to A, resp. M). Consider E C M,V C A with 1 € V|, generating finite dimensional
vectorspaces. There exists a p € N such that V' C A(p), E C M(p). Thus V"E C A(p)"M(p) C

M(2pn) for n > 1, hence dy.g(n) < dy(2pn) or G(M) < G(dpr). From Lemma 6.2.2.(3) the
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other inequality follows, hence on the level of GKdim we arrive at : GKdimg)G(M) =
GKdimyM = lim log,dys(n). 0

Recall the definition of good filtration on a filtered A-module M (cf. 4.2.6.). Observe that
if FA and FM are left limited (discrete filtrations) then FM is good if G(M) is a finitely
generated G(A)-module.

6.2.4 Lemma

If FA and FM are left limited filtrations then F'M is a good filtration if and only if G(M) is
a finitely generated G(A)-module (if and only if M is a finitely generated graded R-module).

Proof Since F'M is good there exist mq,...,mg € M such that F,M = F,,_,,Am; + ... +
F,_n,Amy for certain ny,...,ng € Z. Observe that m; € F,,M for i = 1,...,d follows from
F,. M = F,._,,Ami + ...+ FyAm; + .... Suppose m; € F,, 1M, then m; € F,,,_1_,, Am; +
oo+ FyAmi+ ... but F_1 A C J(FyA) because (F_1A)¢ = 0 for some e € N, thus (1+ z)m; €
Foi1-nmyAmy + ...+ F, 1 n,Amyg, for some z € J(FyA), hence (1 + 2)™' € FyA and thus
m; € Fy,_1-nAmq + ...+ F,,_1-,,,Am4 where m; does not appear in the sum on the right.
This means that we may delete m; in the set of generators for M. So if we assume myq, ..., my
is minimal as a set of generators for M then m; € F,,, M — F,,,_1M for every ¢« = 1,...,d and
then the o(m;) are generators for G(M) where o is the principal symbol map. Conversely if
G(M) is finitely generated by m, ..., My, this can be lifted to m; € F,,, M — F,,,_1M and a left
A-module generated by the m;,t =1,...,d, say N. Then N is a filtered submodule of M, thus
also left limited such that G(M) = G(N). Thus M = N follows and for m € F,, M — F,,_ M
we have m € G(M),,m =), Gp—p,m;. Then m — >, ap_p,m; € F,,_1 M and we now finish the
proof by recurrence on n (some F,,, M = 0) repeating the foregoing argumentation. We arrive
at m e ) . Fn_n, Am,. O

6.2.5 Remark

Finite filtrations are left limited.

6.2.6 Proposition

Let A be finitely filtered by F'A and let M be an A-module with finite filtrations F'M, F?M.
If F*M is a good filtration then there is an n € N such that F}M C F2, M for all 4. If F? is
good too then F' ~ 2

Proof In view of the remark we may find a ¢ € Z such that F;A = 0, F}M = F*M = 0
for i < —q. Since F'M is a good filtration we may apply Lemma 6.2.4. and conclude that
Gpi1(M) is a finitely generated G(A)-module, hence there exists r > ¢ such that G (M)(r) =
©",Gp(M); = @ ,Gp(M); is a generating finite dimensional space for Gp1(M). There also
exits an n such that FIM C F,f_qM. If —q < i <rthen F!M C F!M C Fg_qM C F2, M.
If i > r, suppose F} M C F},, M for j <, then we have : Gp,(M); = 37\ G(A)i;Gr (M);;

Jj+n



Gelfand-Kirillov Dimension and Filtered Rings 106

therefore :

F'M c ZF AFN M)+ FL M C

Jj=—q

Z Fi jAF? M)+ F2,, M
J=—q

c F2M

So we conclude by induction.
The second statement follows by interchanging F'! and F? in the foregoing proof, then equiva-
lence of F! and F? follows. O

6.2.7 Theorem

Let A be a K-algebra with finite filtration F'A such that G(A) is a finitely generated left
Noetherian K-algebra. Then GKdim is exact on finitely generated left modules.

Proof Consider an exact sequence 0 — N — M — P — 0 of finitely generated left A-
modules. Let M = AF for some finite dimensional subspace E in M and look at the standard
filtration on M, F,, M = F'A, F, and the induced filtrations on N and P. So the exact sequence
is strict exact. Hence from 3.2., cf. Theorem 3.2.20, we retain that : 0 — G(N) — G(M) —
G(P) — 0 is an exact sequence of graded G(A)-modules. Since G(A) is left Noetherian all
these graded modules are finitely generated since G(M) is finitely generated. Now dy(n) =
dimg F,M = dimg(F,M N N) + dimg (2E2M) = dy(n) + dp(n). Thus lim log,dy(n) =
Max{lim log,dy(n),lim log,dp(n)}. From 6.2.3. it follows that :

GKdimAM = GKdimg(A)G(M)
= MaX{GKdimg(A)G(P), GKdim(;(A)G(N)} =
= Max{GKdims4P, GKdimsN} O

6.2.8 Definition
A K-algebra A is almost commutative if A has a filtration F'A such that :

i. F;A=0fori<0and FyA = K, FA is finite.
ii. A= K[FA] as a K-algebra.

ili. G(A) is commutative.
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6.2.9 Proposition

Let A be an almost commutative K-algebra.
1. G(A) is finitely generated K-algebra, hence Noetherian.

2. A is Noetherian.

Proof 2. follows from 1. We have G(A) = K[G(A),] hence G(A) is finitely generated,
therefore Noetherain since it is also commutative. O

6.2.10 Corollary

For almost commutative A we have exactness of GKdim.

We recall here some facts concerning the Hilbert-Samuel polynomial of a commutative algebra.
We refer to standard books on commutative algebra for full detail.

6.2.11 Lemma

X(X-1). (X—i+1)

Let X be a variable over the rational field Q. For ¢ € N consider < )2( ) = 7

1. Consider a function f: N — R. The following statements are equivalent :

i) There exist ay, . ..,aq € Q,m € N, such that foralln > m: f(n) = ijoai < 7; >

ii) There exist ag,...,aq € Q,m € N such that foralln >m : f(n+1) — f(n) =

d—1 n
Zi:(} Ai+1 i

2. If p # 0 in Q[X], say p(X) = 3L, a; ( )z( ), then from p(n) € Z for large enough n, it
follows that a; € Z. If p(n) € N and p(n+1) —p(n) > 0 for large enough n, then a,; € N*.

6.2.12 Theorem

Consider A = K[Xj,...,X,| with its usual gradation by total degree, A = ®,A;. Let

M = &2 _ M; be a finitely generated graded A-module.

1. We have dimg M,, < oo for all n and the map m — dimg M,, is polynomial of degree less
than or equal to r — 1.

2. For large enough n, dy(n) = Z?:w dimgM; is a polynomial of degree r with rational
coefficients.
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6.2.13 Corollary

Let A = K[A;] be a commutative graded K-algebra with dimgA; < oo and let M = o2 _,M;
be a finitely generated graded A-module. For n large enough : n +— dy(n) = dimgM(n) is a
polynomial function with rational coefficients and degree exactly GKdim M.

Proof We write A as quotient of K[Xy,...,X,] with r = dimgA; and we may look at M
as a K[Xj,...,X,]-module which is graded. Foregoing results then apply to M as a graded
K[Xi,...,X,]-module. Since we have that GKdimyM = GKdimgix, ... x,]M (see Proposition
6.1.18(3) and since GKdim4M = lim log,dy(n) (Lemma 6.2.1(2)) the statement about the
degree is clear. O

6.2.14 Proposition

Let A be an almost commutative K-algebra and M a good filtered A-module with filtration
EFM. For n large enough :

dy(n) = dimg F, M = dim( Z G(M);) = day(n),is polynomial in n
j=—n

We write : dppr(n) = ag ( Z )+ad1 ( Z_ 1 )+...+a1 ( 711
N and epp (M) = a4 is called the multiplicity or Bernstein number of M, a; > 1in N

) +ag,where d = GKdim4 M €

Proof Observe that dimgF,M < oo since G(M) is finitely generated over G(A). We apply
foregoing results taking into account that GKdimyM = GKdimg4)G(M). Observe dpy(n) =
e(M)

Tnd + ..., for n large enough. O

6.2.15 Proposition
Let A be an almost commutative K-algebra M a filtered A-module with good filtrations F'M
and F?M, then e;(M) = ea( M), for e; = epipr,i = 1,2.

Proof We know that F'M and F?M are equivalent filtrations (Proposition 6.2.6) hence
there is a ¢ € N such that dpzp(n) < dpip(n + ¢). This entails : ea(M) < ey (M). The
other inequality follows by interchanging F* and F2. Observe that e(M) does depend on the
filtration F'A, but as proved before not on the choice of good filtration on M.

6.2.16 Theorem

Consider an almost commutattive K-algebra A and an exact sequence of finitely generated left
A-modules : 0 - L —- M — N — 0.

1. GKdimaM = Max{GKdimuL,GKdimsN}, i.e. GKdim is exact.
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2. One of the following assertions holds :

a. GKdimyL < GKdima M, GKdimsM = GKdimaN,e(M) = e(N)
b. GKdimyN < GKdimaM,GKdimaM = GKdimyL,e(M) = e(L)
c. GKdimyL = GKdimyM = GKdimaN and e(M) = e(L) + e(N)

Proof
1. Follows from Proposition 6.2.7.

2. Look at a standard filtration M, F,, M = F, AE for some generating subspace E and put
the induced filtrations on L and N. As in the proof of 6.2.7. we find : dpr(n) = dpn(n) =
dpar(n). The statements follow from Proposition 6.2.14. a

Observe that, under the condition of foregoing theorem we may define standard filtrations on
L, M, N, such that 0 - G(L) - G(M) — G(N) — 0 is exact.

6.2.17 Corollary

Let A be almost commutative and M a finitely generated left A-module with GKdimsM = d
and Bernstein number e. Consider in M a descending chain of A-submodules : M = M, 2
M, 2 ... 2 M,, such that GKdimu(M;/M;,) = d for 1,0 < i < n — 1, then we have
e(M/M;) = Yi—y e(M;/Mj11) and n < e.

Proof The first statement follows by recurrence applying the foregoing theorem. The second
statement follows from the first because

n < YL e(M; /M) = e(M/M,) < e :

This corollary has an important consequence. If M as in the corollary has GKdimsM = d and
we look at a descending chain M = My D M; D ... D ... of A-submodules then GKdimM; = d
holds for all 7 and by the corollary this d.c. must become stationary as it has at most e(M)
entries that are different. Hence M is also left Artinian. Now a left Artinian left Noetherian
module has finite length i.e. there is a finite composition series M = My D M; D ... D M; =0
where each M;/M;, is a simple A-module, j € {0,...,l —1}. The number [ is called the
length of M and it does not depend on the chosen composition series. Hence [(M) < e. Let
M have good filtration over an almost commutative K-algebra A. We define Iy (M) = {z €
G(A),zGp(M) = 0}. The prime radical of Irp (M) , denoted by N(Ipy(M)) = Np(M), is
called the characteristic ideal of M.

6.2.18 Lemma
If F2M is another good filtration of M, then Np(M) = Np2(M).

Proof We know that FM and F?M are equivalent filtrations, hence there is an ny € N, such
that for alln € N :
F,M C F?

n+no

N,F2M C FyngM
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In view of the symmetry between F' and F? it suffices to show that Np(M) C Np2(M). Since
we are dealing with graded ideals it suffices to establish that an @, € G(A), in Iry (M) is
necessarily contained in Ng2(M). For a, representing @, it follows that a,F,,M C F,,-1M for
all n, hence for all ¢,n € N we have : a?F,M C F,4,M. In particular for ¢ = 2no+1 we have
the following :a?F*M C a9F, ngM C Fyyngrqp20oM C F3+pq_1M. Hence a@?Gg2(M),, = 0 or
@l € Ip2p (M), thus @ € Np2(M). O

6.2.19 Proposition

Let A be an almost commutative K-algebra.
1. If M is a finitely generated left A-module then we have : GKdimyM = Kdim(G(A)/Ng(M)).

2. 1f0 - L — M — N — 0is an exact sequence of finitely generated left A-modules than :

Ne(M) = Ne(L) 0\ Ne(N).

Proof

1. If FM is a good filtration, then we obtain :

= GKdlmg(A)(G(A)/NF(M))

Since G(A) is commutative :
GLdimg(a)(G(A)/Np(M)) = Kdim(G(A)/Np(M)).

2. Choose good filtrations on L, M, N such that the sequence 0 — G(L) — G(M) —
G(N) — 0 is exact. Then we have Irp (M) = Ip(L) N Ipy(N) and, by taking the prime
radical, the statement follows. O

If K is algebraically closed and A is an almost commutative K-algebra then G(A) is a quotient
of K[X1,...,X,],say G(A) = K[Xy,...,X,]/I. If M is a finitely generated left A-module with
characteristic ideal Ng(M) then G(A)/Np(M) is isomorphic to a quotient of K[X7,..., X,]
with respect to a radical ideal of KXy, ..., X,] again denoted N (M).

From the Hilbert nulstellen-satz every radical ideal of K [Xj, ..., X,] corresponds to an algebraic
set in K™ (= A, (K) called the characteristic variety of M :
V(M) ={(z1,...,2,) € K", f(x1,...,2,) =0 for all f e N(M)}

Up to isomorphism V(M) does not depend on the presentation of G(A)(= k[X1,..., X,]/I).
We finish this section with some applications to the module theory of Weyl algebras.

If M is a nonzero module over A;(K), then GKdimM > 1. Indeed, GKdimM is an integer, if
GKdimM = 0, then dimgM < oo, but we have observed that there are no finite dimensional
(over K) A;(K)-modules. Now we want to establish Bernstein’s inequality for A, (K), i.e.
GKdimM > n for every nonzero A,,(K)-module M.
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6.2.20 Lemma

Let A C B be almost commutative K-algebras with standard filtrations given by finite di-
mensional generating spaces V. C W resp. Let M be a finitely generated left B-module
with GKdimgM = d and Bernstein number eg(M). Then for every finitely generated left
A-submodule N of M we have :

a. GKdimgN <d
b. If GKdimaN = d, then e4(N) < ep(N).

Proof

a. Consider Ny C M, finite dimensional generating K-spaces such that N = ANy, M =
BM,. Define FN, FM by putting F,N = V"Ny, F,M = W"M,, then F, N C F,M.
Then we obtain :

GKdimyN < lim log, dimg F, M, the latter is exactly GKdimpM = d.

b. If GKdimyN = d = GKdimgM, then for almost all n (n large enough) : dimyF,M =

#nd + ... is larger than dimgF,N = #nd + .... Consequently eg(M) > e4s(N)

follows, as claimed. O

6.2.21 Theorem (Bernstein inequality)
If M is a nonzero left A, (K)-module, then GKdimM > n.

Proof Write A, (K) = K < x1,...,Zn,Y1,.--Yn >. The proof is by recurrence on n. The
case n = 1 is easy, in fact we proved this in the comments preceding Lemma 6.2.20. Now look
at A, (K) = A, 1(K) < zp,y, > and put A = A, 1(K),B = A, (K). Look at a nonzero left
B-module and assume GKdimgM < n. Consider a nonzero A-submodule N in M. By the
induction hypothesis it follows that : n — 1 < GKdimyN < GKdimqM < GKdimgM < n
(using a. from the lemma). Consequently : n — 1 = GKdimsN = GKdimgM. From the
statement b. in the lemma we then obtain e4(N) < eg(M).

Since every nonzero submodule N has GKdimyN > n — 1 it follows from Corollary 6.2.17
that N has a composition series : No = N 2 Ny 2 ... 2 N, = 0, with N;/N;;; simple for
0<i<p-—1,and p < e4(N) < eg(M). The foregoing holds for every finitely generated
A-module contained in M and thus as a left A-module M has finite length less that eg(M).
We will prove hereafter (Quillen’s lemma) that it follows that Enda (M) is algebraic over K.
Since the elements of C' = K < x,,y, > commute with A, multiplication by y, in M yields an
element of End 4 (M) thus there exists a polynomial f # 0 such that f(y,) = 0. Take an f which
is minimal with respect to this property. From [x,, f(y,)] = f'(yn), ' being the derivation of f,
it follows that f’(y,) = 0 in End4(M) and thus f’ = 0 because of the minimality assumption.
Since we assumed ch(K) = 0 throughout this section, we have f = constant, contradicting
f(yn) = 0. Hence we must have GKdimgM > n. a
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For a simple module M over a ring A we call End4(M) the commutant of M. From Schur’s
Lemma we retain that for a simple A-module M, End (M) is a skewfield. Recall the following
result from commutative algebra.

6.2.22 Lemma

Let R be a commutative domain and S a finitely generated R-algebra that is also commutative.
Let N be a finitely generated left S-module. Then there exists an x # 0 in R such that the
localized module N, at {1,z,2% ...,2" ...} is a free left R,-module.

6.2.23 Theorem (Quillen’s Lemma)

Let A be a filtered K-algebra such that G(A) is a finitely generated commutative K-algebra.
Let M be a simple left A-module with commutant D, then every element of D is algebraic over

K.

Proof Take x € D,R = K[z] C D and suppose that z is not algebraic over K. Put B =
A®k K[z] = Alz]. Now M is a B-module via : a.m = am,z.m = z(m) fora € A, m €¢ M
(observe that : (az).m = a.xz(m) = z(am)). If mg # 0 in M then we have M = Amy and thus
M = Bmg. We define a filtration on B and M as follows :

F,B = F,A®x Kl[z], F,M = F,B.m

Then M is a filtered B-module. Now G(B) = @,>0F,B/F,_1B contains R = K|[z] if we identify
x with its class in G(B)y = FoB = R. It is easily verified that a finite set of generators of G(A)
yields a finite set of generators of G(B) and that G(B) is commutative. On the other hand
G(M) = ®p>oF,M/F,_ 1M and this is generated over G(B) by (mg)o € FoM/F_1M = FyM.
We now apply the lemma with S = G(B),R and N = G(M), so we find an f € R — {0}
such that G(M); is a free left Ry-module; observe that F,M/F, 1M is a G(B), = R-module
and thus G(M) is an R-module too. Since R = K]lz] is a principal ideal ring also Ry is
a principal ideal ring and hence all (F,M/F,_1M); are free left R;-modules. We have that
My = U,>o(F,M) s and therefore My is a free left Rp-module (exercise !). If we take a nonzero
g on R which is not a divisor of f*, ¢ > 0, then multipication by ¢ in Ry is not surjective, indeed
if it were surjective then 1 = g.% for some ¢ > 0 would entail f* = ga or g would be a divisor
of f*. Since My is free as a left Ry-module then pu € Endy,(M;) defined by u(z) = g.z is not
surjective. For y € My, say y = '« for some aw € M, ¢t € N. Since 0 # g € R C D and D is
a field, ¢ must define a bijection on M, that is a = ¢. for certain § € M. Then we obtain :
y=[f""(9.8)=g,(f".8) = u(f~".0), but this contradicts the non-surjectivity of u. O

In fact, we needed in Theorem 6.2.21 the following generalization of the foregoing Theorem.

6.2.24 Corollary

Let A be as in the foregoing theorem and let M be a left A-module of finite length. Then the
commutant of M is algebraic over K.
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Proof Write the length of M as (M) = p and look at a composition series of length p :
My=M 2 My 2 ... 2 M, = 0. We argue by recurrence on p. The case p = 1 has been
proven before, so we look at the situation p > 1. Choose any x € End(M). If Kerz # 0, put
M = MKer x, then (M) < (M) and T € End,(M) is defined by Z(m) = x(m). Thus there
exists an f # 0 such that f(Z)(m) = 0 for all m € M, in other words f(x)(m) € Ker(z) for all
m € M. Therefore in End4 (M) we have zf(x) = 0. In case Ker(z) = 0 then Ker(z") = 0 for
all t > 1 and this entails S = z'S for every simple left A-module S, in particular z'S is again
a simple left A-module. Now consider a simple left A-module of M, say S.

- Case 1
SNzS #0. Then S = xS. Define 7 in End4(M/S) by putting Z(m + S) = x(m) + S.

Since (M) < I(M) there exists a polynomial f # 0 such that f(T) = 0. Because S is

simple, the theorem entails the existence of a nonzero polynomial g such that g(z) = 0

in Enda(S). Thus f(x)M C S and g(x)f(z)M = 0 with gf # 0.

- Case 2.

SNzS =0 (still assuming Ker(z) = 0). We establish by recurrence on ¢ the validity of
the following :

() Forallt € N, forall ny <mg <... <myyq
(™ (S)+...+2™(S)) Na™*(S) =0

If (*) holds, then ) 2, 2"(S) is a direct sum in M but that would contradict the assump-
tion that /(M) < oo, hence we are in the situation S N z(S) # 0 so that the statement
follows because gf # 0 yields a polynomial having x as a solution. So we finish the proof

by :

Proof of (*) If ¢t =1 and 2™ (s1) = 2"(s2) for some s; and sy in S, then we obtain
(since ng > ny) :
" (™M (sy) —s1) =0

hence s; € SNx(S) = 0. T30 2™ (s;) = ™+ (541, the we may assume n; = 0 because
Ker(z") = 0, thus :

t

1= (@ s4)) = D)

1=2

The latter is in S N xS because ny > 0. Therefore s; = 0 and by recurrence ™ (s;) = 0
follows for all j. O



Chapter 7

Global Dimension of Filtered Rings

We introduce briefly some notions concerning projective dimension of modules and global di-
mension of rings. For full detail on general homological algebra we refer to the book of J.
Rotman, [20], also [19]. Homological algebra is an important tool both in commutative al-
gebra, algebraic geometry as well as in noncommutative algebra and recent noncommutatie
geometry.

7.1 Projective Resolutions and Homological
Algebra

Over a ring R a complex M is a sequence of maps in R-mod :

..%Mnd—>Mn,1—>...,n€Z

such that d,d,+1 = 0 for all n € Z. The maps d, are called differentiations. A chain map
f: M — M"is a family of homomorphisms f,, : M, — M}, n € Z, making the following
diagram a commutative one :

d d

fnl ifnla

If M is a complex then Imd, ., C Kerd, and the n'* homology group H,(M) is defined as
Kerd, / ImdnH Elements of Ker, are n-cycles, elements of Imd,,.; are n-boundaries. We
put Z,(M) = Kerd,, B,(M) = Imd,y1, H,(M) = Z,(M)/B,(M). If f : M — M"'is a
chain map, then H,(f) : Ho(M) — H,(M") is given by z, + B,(M) — fn(z,) + Ba(M).
Clearly M is exact if and only if H, (M) = 0 for all n = Z. 10— M — M — M =0
is an exact sequence of complexes (i.e. 0 —> M! s M, " M" — 0 is exact for all n), then
for every n there is a morphism 0, 0, (M”) — H,_ 1(M) given by : 2" + B,(M") —

v dr=Y(2") 4+ B,_1(M’). This can be checked by a routine diagram - chase argument. The
morphisms 0, are the connecting morphisms.

114
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7.1.1 Theorem (The Exact Triangle)

If we have an exact sequence of complexes : 0 — M’ — M — M” — 0, then there is an exact

sequence :

.. — H, (M) o W(M") — Hoa (A1) H—?)Hn_l(M) — ..
n n—1(L

Proof
1. ImH,(¢) C KerH,(m). This follows from

H,(m)o H,(t) = Hy(mot) = H,(0)=0

2. KerH,(7) C ImH,(¢). If H,(7)(rn + Bo(M)) = mu(2n) + Bn(M") = B,(M"), then
Tn(2) = 001 (an, 1) but al ., = Tp41(a)pqr for some a,4q € M,y 1. Hence m,(2,) equals
On 1 (Tpi1(ang1)) = TOny1(ang1), thus 2, — Opq1(ani1) € Kerm,.

By exactness there is an a’ € A/ such that ¢,(a’) = 2, — Ons1(any1). Now ¢, 110, (a") =
Ontn(@') = On(2n) — 0nOns1(ani1) = On(2,) = 0 (the latter because z, is a cycle). Since
¢ is monic it follows that 0;(a’) = 0, therefore H,(¢)(a" + B,(M') = 1,a' + Bo(M) =
Zn — n—l(an-i-l) + Bn(M) =z + Bn(M)

3. ImH,(7) C Kerd,. This follows from : 0, H,(7)(z, + Bo(M)) = 0,(mn(2,) + Bn(M")) =
x4+ B, (M), where 1, 12!, | = 0w, ' m,(2,) = Opz, = 0 (using that 0 is well defined).

4. Kerd, C ImH,(m). Take 2!/ + Bn'(M”) € Ker@n, then 0, (z” + B,(M") = B,(M') yields
o = dym(2!) € B,_1(M'). Hence 2/, , = 6 (d,), for some a/, € M!. Now

tn1(2l,_1) = tn1dy(al) = dptn(al) = d 7'('_1( n) so that d,(m ;' (a”) — 1,al,) = 0, this

n

means that 7, '(a”) — t,al, € Z,(M,). Therefore we obtain H (m)(m Hal)) — Ln(a;) +

n

Bn(M)) = Wnﬂ}zl(a;;) - Wnbn(a;) + Bn(MH) = a, + B,(M").

5. Im0, C KerH,_1(t). We have that t,_10,(x! + B,(M")) = wx!_, + B,—1(M), with
w! | =d,m (2) € B,_1(M), hence 6,(z" + B,(M") = 0.

6. KerH,_1(¢) C Im0,. Suppose that t,_1(2),_; + Bp_1(M')) = in_1(2,_1) + Bp1(M) =
B, 1(M), thus ¢, 1(z,,_;) = dn(a,) for some a, € M,. Then d!'m,(a,) = m,_1dp(a,) =
Tn-1(tn-1(2,_1)) = 0 yields m,(a,) € Z(M"). But 8 (mn(an) + Bo(M")) = o) | +
B, _1(M"), where 1x!,_ | = d,m, 'm,(a,) = d,(a,) = t2/,_;. Since ¢ is a monomorphism
xl, =z, and thus 0,(m,(a,) + Bn(M")) = 2!, _, —|— B, 1(M'") =2z |+ B,—1(M’), or
the latter is in the Ima,,. O

If we have a chain map f : M — M’ then we say that f is nullhomotopic if there are maps
. M, — M’Jrl such that : f, = d/, .5, + sp_1d, for all n € Z. If f and g are chain maps
from M to M’ then we say that f is homotopic to ¢ if f — ¢ is nullhomotopic.

7.1.2 Proposition
If f and g are homotopic chain maps M — M’ then H,(f) = H,(g) for all n € Z.
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Proof If z, € B,(M) then f,,(2,) — gn(2) = dl, 150(20) + Sp—1dn(2n). Since d,(2,) = 0 we
arrive at f,(2,) — gn(2) € Bn(M') and therefore H,(f) = H,(g).
O

If we have a complex ... — P, — P,_, — — — Py — M then the deleted complex is defined
as: ...~ P — B —0.

7.1.3 Theorem (The comparison theorem)
Consider the following diagram in R-mod.

B, P

do dy

Xo Xy Xo—> M 0
where both rows are complexes, each P; is a projective (left) R-module. If the bottom row is
exact then there is a chain map of the deleted complexes P — X making
P() T> M

fol if

XOTM/

into a commutative diagram. Two such chain maps are necessarily homotropic.

Proof A somewhat technical “lifting” argument, see [J. Rotman)].

We now are ready to define the left derived functor for some functor 7': R-mod — R-mod.
For each R-module M choose a projective resolution of M and let P, be the deleted complex :
...P, = ...— P, — Py — 0. Applying T to Py we find the complex : ... — TP, — ... —
TP, - TFy,— 0.

7.1.4 Definition

For an R-module M we define the left derived functors L, T by (L,T)M = H, (T Py). If we have
an R-linear M — N then by the comparison theorem there is a chain map f : Py — Py over
f: M — N, define (L, T)f : (L,7)M — (L,T)N by (L,T)f = H,(Tf), i.e. if z, € KerTd,
then 2z, +Im7Td, 1 — (Tf,)(2,)+ImTd,_ . By the comparison theorem L, T(f) is well-defined
because if g : Py, — Py is another chain map over f then f and ¢ are homotopic, thus T'f and
T'g are homotopic and so the homology groups are the same.

7.1.5 Example
Let N be a left R-module and put 7 = — ®g N. Then Tor’(—, N) = L,/T, i.e. for all n :
Tor®(M,U) = Ker(d, ® 1)/Im(d,;1 ® 1)

where : ... P, d—) P d—) Py — A — 0 is a fixed projective resolution for M.
2 1
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7.1.6 Proposition
The groups L, T (M) are not depending on the chosen projective resolution for M.

Proof See [J-R], Theorem 6.7. p. 128. a

Right derived functors may be defined by using injective resulotions :

0>M-—>FEy—FE 1—F_ — ...
do d_q

where each F;,0 > i, is an injective R-module. If T"is covariant define the right derived functors
R'"T by R"T(M) = H_,(TEy) = Ker(Td_,)/Im(Td_, ), where Ej; is the deleted complex
0> Fy—FE 41— FE,— ... If T =Homg(N,—) then R"T = Ext,(N,—), this is again
independent on the choice of injective resolution (][20], Cor 69).

If T' is contravariant : look at projective resolutions
. —w P, — .. PP—>F—>M—=0

then we arrive at
0—>TFPR—-TP — ... TP, — ...

for the deleted resolution Py;. Rewrite TP, as TP, and A_,, : TP_,, — TP_,_, for T Ayt
Then define R™T" by

R'"T(M) = H_,(TPy) = Ker(A_,) /Im(A_,11) = Ker(Td,y 41 /Im(Td,,)

In case T'= Hompg(—, M) then

R"T = Ext’(—, M), Ext’(N, M) =
= Ker Hom(d,,4+1, M)/Im Hom(d,,, M) for n € Z

Again the definition of Ext,(NN, M) is not depending on the chosen projective resolution of M.
It is true that the value of Extl,(—, M) on N equals the value of Extz(N,—) on M (see [20]
Theorem 6.17, p. (41)).

7.1.7 Theorem

Let 0 - M" — M — M"” — 0 be an exact sequence of R-modules. If T" is covariant then there
is an exact sequence

oo = L,TM' — L,TM — L,TM] = L, \TM — ...
Also there is an exact sequence :

... R"TM' — R"TM — R"TM" — RYTM — ...

In case T is contravariant there is an exact sequence :

.. = R"TM" — R"T'M — R"TM' — R"T'TM" — ...
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7.1.8 Theorem
1. If n is negative then Extj(M, N) = 0 for all M, N.

2. Ext%(M, —) is naturally equivalent to Hompg(M, —).

Proof

1. If Ey is
. > 0—0—FEy —FE 1 —F_3— ...
d2 dl do d_1

then Homp (M, Ey) has zeros to the left of Hompg(M, Ey) hence all negative homology
groups are zero.

2. If Ey is asin 1., then Ext’s(M, N) = Ker Hom(dy, —)/Im Hom(d;, —). If0 — N — Ey —

E_; — ... is the full resolution then left exactness of Homg(M, —) yields the axat se-
quence
0 - Homg(M,N) — Homg(M,E;) — Homg(M,E_;)

Hom(M,r) Hom(M,dy)

so that Ker Hom(M, dy) = Im Hom(M, 7), thus Hom(M, 7) is an isomorphism, Homg(M, N) =
Ext%(M, N). The natural equivalence of the functors Ext%(M, —) and Hompg(M, —) fol-
lows easily from this. O

From Theorem 7.1.7. it follows that from an exact sequence 0 — N’ — N — N” — 0 of
R-modules we obtain the (infinite) long exact sequence :

0 — Hompg(M, N') — Homp(M, N) — Homp(M, N") -% ExtL (M, N') — ...

7.1.9 Theorem
1. Ext%(—, N) is naturally equivalent to Homp(—, N).

2. To an exact sequence of R-modules 0 — M’ — M — M"” — 0 there corresponds an exact
sequence :

0 — Homp(M", N) — Homp(M, N) — Homp(M’', N) — Extp(M", N) — ...
Proof Similar to the foregoing. O

7.1.10 Theorem
1. If P is projective then Extz(P, N) = 0 for all N and all n > 0.

2. If E is injective then Ext; (M, E) = 0 for all M, all n > 0.
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Proof

1. The Ext(P, N) are independent of the chosen resulotion of P, so choose : ... = 0 —
0— Fh— P — 0 with Py, = P and m = Ip. The claim follows easily.

2. Similar to 1. O

7.1.11 Corollary

If Extp(M, X) = 0 for all X then M is projective. If Extp(X,N) = 0 for all X then N is
injective.

We finish by mentioning the following results.

7.1.12 Theorem
1. For all n € Z,Ext% (>, My, N) =[], Exth (Mg, N).

2. For all n € Z, Ext (M, [, Ni) = [, (Bxth(M, Ny).

7.1.13 Remark

For a finite direct sum we obtain

EXt%(EBkMk, N) = @kEXt%(Mk, N)

7.1.14 Proposition

Let r be central in R, u, : M — M is the left multiplication by r (this is R-linear now !), then
tn = Extlh (M, N) — Exti(M, N), is also multiplication by r (a similar statement holds with
respect to the second variable.

Proof We may start from the following diagram with identical rows :

P F M 0

Jo

=] Py M 0

We defined p,, : Extz(M, N) — Ext(M, N) by taking a chain map over u, say g, (gn : P, — Py)
then apply the functor Homg(—, V) to the diagram and define y,, (z, + boundaries) = g, 2,
+ boundaries. We established that any choice of a chain map over p defines the same p,, in
particular we may take g by putting g, : P,, — P, equal to multiplication by r, this g is a chain
map over p and g, (z,+boundaries)= rz,+boundaries = r (z,+boundaries). O

The foregoing material suffices for the understanding of next sections. Full detail about ele-
mentary homological algebra are contained in [20] or [19].
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[19 ] D. G. Northcott, An introduction to Homological Algebra, Cambridge Univ. Press.
London, 1960.

[20 ] Joseph J. Rotman, Notes on Homological Algebra, Van Nostrand, Math. Studies, 26,
New York, 1970.

[18 ] C. Nastasescu, F. van Oystaeyen, Dimensions of Ring Theory, D. Reidel Publ. Co.,
Mathematics and its Applications, Dordrecht, Boston, 1987.

7.2 Projective Dimension

7.2.1 Definition

Left A-modules M and N are projectively equivalent if M & P = N @ P for some projective
left A-module P. This is clearly an equivalence relation, indeed if My & P = My & P and
My®Q=M3;®Q then M\ QPP =M;PDQ D P and QP P is projective as a direct sum of

projective modules.

If M ~ M (writing ~ for projective equivalence) and N ~ Ny, then M & N ~ M; & N;. Write
[M] for the projective equivalence class of M. Then [P] with P a projective left A-module is a
unit for the direct sum. Let Q(A) be the class of left A-modules modulo projective equivalence
then Q/A is an abelian monoid.

7.2.2 Lemma (Schanuel’s lemma)

Consider the following exact sequences of left A-modules :

0 M P—>N 0

0 M’ P'—=N 0

™

When P and P’ are projective then M' & P =M & P'.

Proof Consider a left A-submodule L = {(x,2’) € P& P',n(z) = 7'(2/)} in P & P’ and
observe that the map II, 1T : L — P, (x,2’) — =z, is surjective. Indeed for x € P surjectivity
of 7’ yields an 2’ € P’ such that 7/(2’) = w(x), then (x,2’) € L and TI(z,2’) = x. Projectivity
of P yields the splitting of the sequence 0 — Ker(Il) - L — P — 0, hence L = P & Ker(II).
Now Ker(Il) = Ker(n") = M’, hence L = P & M’'. A completely symmetric argument leads to
L=P &M (using my : L — P’ (z,2") — '), hence the statement follows. a

In the situation of the lemma it then follows that [M] = [M’]. We may therefore define a map
P, P: A-mod — P(A), N — [M], where there is an exact sequence

O—M—=P—N-—=0

with P projective. One easily sees that P(N®N') = P(N)@P(N') and if [N] = [N'] then N &
P = N'@ P’ for projective left A-modules P and P’, thus P(N)+P(P) = P(N')+P(P’) where
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P(P) and P(P') are [0], hence P(N) = P(N’'); so we arrive at a well defined endomorphism
P :P(A) — P(A) which we will call the projective shift of A.

For M € A-mod we define the projective dimension pd(M) on the minimal integer or such
that there exists a projective resolution of M :

(%) O—=P,—...>P—>P P —-M-=0

this is an exact sequence with all P; projective.

7.2.3 Lemma
For M € A-mod, pd(M) = min{n € N, P"(M) = 0}.

Proof Let (d):0 — P, —» ... > PP - By — M — 0 be a projective resolution where
d, : P, = P,—1. Then P*([M]) = [Ker(d,,—1)] (this is trivial for n = 1 and then follows easily
by induction). Thus P™([M]) = [0] if and only if Ker(d,_1) is projective, meaning that the
resolution stops at P,. O

For N € A-mod we have a functor Hom(—, N) from A-mod to Z-mod (abelian groups), we
let Exta(—, N) be the cohomology associated to the functor
Homy(—, N). The injective dimension of M € A-mod (notation: id(M)) is defined dually
to the projective dimension, i.e. it is the minimal integer for which there exists an injective
resolution of M:

0—=M—=1°=1"— ... 1"=0

where the I/ are injective left A-modules. The duality actually leads to the equality of injective
and projective dimension, this is the result of the following theorem.

7.2.4 Theorem (The Global Dimension Theorem)
For a ring A the following numbers are equal.

1. ny = sup{pd(M), M € A—mod}

2. ng =sup{id(M), M € A—mod}

3. ng = sup{d, Ext% (M, N) # 0; M, N € A—mod}

Proof If n; is finite then every left A-module has a projective resolution of length at most
ny. For k > ny, applying Ext4(—, V) to any projective resolution of M (having length at most
n1) yields Ext® (M, N) = 0, hence ng < ny. Similarly Ext (M, N) can also be defined as the
cohomology induced by the functor Hom (M, —), then appying it to any choice of injective
resolution of M, yields ng < na.

If ny is finite then we may construct for any M € A-mod a resolution of length n3 where every
component except perhaps the last one is projective. By dimension shift : 0 = Ext™ (M, N) =
Ext! (P,,, N) for all N. This implies that P,, is also projective and we have a projective
resolution of length n3, Hence pd(M) < ng for every M, or n; < n3. A dual argument leads to
T S ns. O
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7.2.5 Definition

The number defined in Theorem 7.2.4. is called the left global dimension of A, it will be
denoted by : Lgl.dim(A).

We may facilitate the calculation of the left global dimension somewhat by restricting the family
of A-modules of which the projective dimension has to be calculated, to the class of cyclic left
A-modules.

7.2.6 Lemma
lgl.dim(A) = sup{pd(A/I), I a left ideal of A}.
Proof Recall Baer’s criterion asserting that a ring is semisimple if and only if every left ideal
is injective.
A left ideal I yields an exact sequence in A-mod :
0—-I—-A— A/l =0

leading to a sequence of Z-modules :

Hom (A, M) — Homu (I, M) — Ext!y(A/I, M) — 0

By Baer’s criterion M is injective if and only if Homa(A, M) — Homu(I, M) is surjective,
equivalently if Ext(A/I, M) = 0 for all left ideals I of A. Obviously d = sup{pd(A/I), I a
left ideal of A} < l.gldim(A/I). Assume the foregoing inequality to be a strict one. Then we
can select M € A-mod with a resolution

0+M—=E"-FE"—-...5E™ 5 N=0
where E7 is injective and N not being injective. By dimension shift :
0 =Ext4(A/I, M) = Ext!,(A/I,N)

for each left ideal I of A. Therefore N is injective, a contradiction. O

7.2.7 Proposition
We have l.gldim(A) = 0 if and only if A is semisimple.
Proof Every left A-module has a resolution of length zero if every left A-module is projective,

i.e. if and only if every short exact sequence is split. Hence it follows that every submodule of
an M € A-mod is a direct summand and has a complement, therefore A is semisimple. O

7.2.8 Definition

A ring A is left hereditary if and only if left submodules of left projective modules are again
projective.
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7.2.9 Proposition
The following statements are equivalent :

1. A is left hereditary.

2. Every left ideal of A is projective in A-mod.

Proof

1. = 2. A is projective as a left module over itself.

2. = 1. It suffices to show that every submodule of a free left A-module is projective since
projective left A-modules are direct summands of free left A-modules. Consider a submod-
ule M of a free left A-module F, say F' has basis {z;,7 € J} and consider a well-ordering
on J. For ¢ € J look at F; = ©;<;Az; and define a map 7; : Az, + F; — A, az; + f — a.
Put M; = M N F; and put p; = m;|M;. Then Ker(p;11) = M;. Put L; = p;11(M;41), then
we obtain an exact sequence :

O—>Ml—>MH_1—>L1—)O

As a left ideal L; is projective hence the sequence above is split and we obtain the
recurrence relation M;,y = L; & M;; so by inductively continuing we obtain that M, =
®p<alp for any ordinal. Therefore the result follows by taking for o the ordinal of J
because every submodule M of a free left A-module is now a direct sum of left ideals of
A hence projective. O

7.2.10 Corollary
A ring A has L.gldim(A) = 1 if and only if A is left hereditary.

Proof For a left ideal I of A consider the exact sequence :
0—-1—-A—A/l—0

When A is left hereditary, the foregoing squence is a projective resolution of A/I, thus Ext® (A/I, M) =
0 if £ > 1 for all left ideals I and left A-modules M. Conversely, look at a projective P € A-mod
and let N C P be a left A-submodule; then the sequence :

0—+N—P—P/N—0

is a resolution of P/N, then pd(P/N) =1 yields [N] = P([P/N]) = 0, hence N is projective.]

By left-right symmetry we may define the right gl-dimension : rgldim(A) and derive forego-
ing results by changing to right A-modules everywhere. However the left and right global
dimensions do not agree as is established by L. Small for the following example.

QQ

Look at the ring A = 0 7

. Then IgldimA = 1 and right dimension rgldimA > 1. First

observe that ( % n@Z > is a strictly descending chain of right ideals, so A is not Artinian,
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hence not semisimple, thus lgldim(A) > 0. We have to check that A is left but not right

hereditary. Consider a left ideal L of A and ( 8 g ) € L; then we have

(3e)=( o) e (0 e) () real(50)

which establishes that L = e;1 L @ esn L, where eq1, e99 are the matrix units. Now e L is a left
Q-submodule of QB Q, exn L is a left Z-submodule of Z, hence both components are projective
and therefore so is L. We have checked that A is left hereditary. Now the right ideal Ae;5 has
multiplication ( 8 g > < g i ) = ( 8 {Ié)c ) hence it is Q as a Z-module but we know that
Q is not a projective Z-module (every Z-linear Q — Z is the zero map), therefore A is not right
hereditary.

Now using the flat version of projective dimension and the corresponding weak global dimension
of a ring one can actually prove the following.

7.2.11 Theorem

If A is Noetherian, then the left global dimension of A equals the right global dimension.

We end this section by the “change of ring” theorem, this is very useful for the calculation of
the global diension of the Rees ring of several nice filtered rings and the Weyl algebra (see 7.4.).

We start by some lemmas concerning projective dimension.

7.2.12 Lemma
Let M;,i € J, be a family of left A-modules,
pd (@icsM;) = sup{pd(M;),i € J}
Proof If [M]+ [N] = [0] in P(A) then M & N is projective, but then M as well as N is
projective, hence [M] = [N] = [0]. Now we have P™"(D;c;M;) = > ., P"(M;), by (an iteration

of) the above we obtain that P"(®;c;M;) is zero only if each P™(M;) = 0 for i € J, hence the
result follows. a

7.2.13 Lemma
Consider the following exact sequence in A-mod
0—->M —-M-—M"—0
1. pd(M") < max{pd(M), pd(M")}
2. pd(M) < max{pd(M’) + 1,pd(M")}
3. pd(M") < max{pd(M) + 1,pd(M’) + 1}
Moreover, if pd(M') =1 and pd(M"”) > 1 then pd(M") =1+ pd(M).
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Proof If M"” is projective then the sequence is split and thus M = M’ @& M", [M] = [M'] and
then pd(M) = pd(M’). If M is projective, then P([M"]) = [M’] and then pd(M") < pd(M')+1.
So we are reduced to considering the case where neither M” nor M is projective. Consider a
surjective morphism 7 : P — M, where P is projective, so 0 — Ker(7) = K — P — M — 0 is
exact. We have the following exact sequences in A-mod :

a. 0K —-P—=M=—=0
b. 0 7Y (M)—=P—M —0
c. 0> K -1 Y M)—> M =0

From the projective shift characterization of projective dimension we obtain that pd(M) and
pd(M") are both nonzero, pd(K) = pd(M) — 1,pd(7~}(M")) = pd(M") — 1. By induction the
second inequality implies

pd(7~H(M")) < max {pd(K) + 1,pd(M’')}

yielding : pd(M") < max{pd(M + 1),pd(M’) 4+ 1}. This proves inequality 3. The other
inequalities are established in a similar way. The last statement is clear. O

7.2.14 Theorem (First change of rings theorem)

Let A be aring and z a central regular element of A. If M is an A/Az-module with pd 4,4, (M) <
oo then we have : pd (M) =1+ pd 4, (M).

Proof We argue by induction on pd /4, (M). In case pdy, 4, (M) = 0 then M is a projec-
tive left A/Az-module and therefore a direct summand of some free A/Az-module, N say.
Regularity of x yields that 0 - Az — A — A/Ax — 0 is a free resolution of A/Ax, hence
pd,(A/Ax) < 1. The foregoing sequence is not split since z is a non-zerodivisor. Thus A/Az
is not projective in A-mod, i.e. pd,(A/Az) = 1. Also we have pd,(N) = pd,((A/Az)®") =1
and pd(M) < 1. Since M is an A/Az-(left)module, we have xM = 0. A projective module
being a submodule of a free left module it is in particular a faithful module; therefore M is not
projective, thus pd,(M) = 1, proving the case n = 0. Now, if pd4,(M) > 0, then look at
the exact sequence :
0O —+K—=>F—=M-=0

for some free A/Az-module F', where K # 0, since M is not A/Az-projective. From P([M]) =
[K] we obtain : pdA/Aac(K) = pdA/Ax(M> — 1, thus pd,(K) = pdA/Ax(K) +1= pdA/Ax(M>
by induction. The foregoing Lemma implies : pd,(M) < pd,(K) + 1 = pd /4, (M) + 1, with
equality when pd 44, (M) > 1.

Therefore, we reduce the proof to the case pd s, (M) = 1, then we have to establish that
pds(M) = 2. But by the inequality proved before it suffices to show that pd,(M) > 1. So
write M = P/ for some projective left A-module P. Look at the exact sequences :

0—Q/Px— P/Px— M —0

0— Pz/Qr — Q/Qx — Q/Px — 0
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where Pz C @ because x(P/Q) = 0. Since P is projective in A-mod, P/Px is projective in
A/Axz-mod and consequently /P is also a projective left A/Ax-module since P([M]) = 0.
Hence the second exact sequence above is split, hence M = Px/Qx is a direct summand of
Q/Qx. Consequenly @Q/Qx cannot be projective, otherwise M would be too, then @ is not
projective in A-mod, and M is not a quotient of a projective by a projective, or pd (M) > 1.0

7.2.15 Corollary

gldimK[[ X, ..., X,]] =n.

Proof First show gldimK|[[X]] = 1. Applying the theorem to the maximal ideal (X) of
K[[X]], the followiing statement follows : for every K-vectorspace M, pdyxy (M) = 1, hence
gldimK[[X]] < 1. Since K[[X]] is not a direct product of fields it is not semisimple, thus

gldimK[[X]] = 1. Now K[[X]][[Y]] = K][[X,Y]], the foregoing argument may be repeated over
K[[X]], and so on, till we reach K[[X7,...,X,]]. a

7.2.16 Corollary
Let = be a regular central element in A, then gldim(A/Az) = n entails n + 1 < gldim(A).

7.2.17 Theorem (Second change of rings theorem)
Let x be a central regular element in a ring A and let M be a left A-module such that x is

regular on M (i.e. M is x-torsion free), then : pdy 4, (M/zM) < pd,(M).

Proof The proof is also by induction. If pd,(M) = 0 then pd, ., (M/xM) = 0 is easily
checked. If pd,(M) > 0 then consider 0 - K — F — M — 0, where F is a free left A-
module. By induction we have pd 4 4, (K/Kz) < pd4(K). Taking the tensor product ®4A/Az
leads to the sequence :

0 — Tor{' (M, A/Az) — K/Kx — F/Fax — M/Mx — 0
Since Tor (M, A/Az) = Ann(z) = 0 and F/2F is a projective A/Az-module we have :
Pd g a,(M/xM) =1+ pdy s, (K/2K) < pdy(M) O

7.2.18 Lemma
pd gy (A[X] ®a M) = pd 4 (M).

Proof By the second change of rings theorem :
pd4 (M) < pdax(A[X] ©@4 M)

The other inequality follows from looking at a projective resolution of M in A-mod and
by tensoring with A[X] we find a projective resolution of A[X] ®4 M in A[X]-mod. Thus
pdx)(A[X] ®a M) < pdy(M). u
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7.2.19 Theorem (Hilbert’s syzygy theorem)

We have : gldimA[X7,..., X,] = gldim(A) + n.
If K is a field : gl.dimK[X;, ..., X,] = n (this is the original Hilbert theorem).

Proof It suffices to establish the claims for n = 1, the general case follows by repetition. By
the first change of rings theorem : 1 + gldim(A) < gldimA[X].

Conversely, for an A[X]-module M consider the sequence :

(%) O—>A[X]®AM7>A[X]®AM—>M—>O
n

where g is the multiplication given by u(a ® m) = am and f is defined by f(b ® m) =
b(X ® m —1® Xm). The sequence (*) is short exact, indeed, every element of A[X|®4 M
can be written as ¢ = X* @ mp + ... + X @ m1 + 1 ® my for some myg,...,m, € M, the
leading term of f(c) is X*™ ® my, hence f is injective. Moreover : (uo f)(XJ ® m;) =
p(X9 (X @m; —1® Xm;)) = X lm; — Xtm; = 0. To show that Kery C Imf we use
induction on k. If £ = 0 then 1 ® m € Kerp if and only if m = 0. If £ > 0 then for b € Keru
consider b = b— f(X* 1 @my). From pu(f(X*1®@my) = 0 we have p(b) = u(b). On the other
hand, this polynomial expression has leading term of degree k — 1, so by induction ¥’ = f(b”)
for some b” € A[X] ®4 M and it follows that b = f(b” + X*~' @ my,). One checks easily that p
is also surjective. Now we obtain :

pdA[X](M) <1+ pdA[X}(A[X] ®a M) =1+pdy(M) <1+ gldimA

hence gldimA[X] < 1 + gldimA, leading to the desired equality. The final statement follows
from the foregoing plus the fact that gldim(K) = 0. O

7.3 Projective and Global Dimension for Filtered Rings

The category R-filt of filtered left R-modules over the filtered ring R with filtration F'R is not
a Grothendieck category, yet it allows enough freedom to develop some homological algebra in
it. An L € R-ilt is said to be filt-free if it is a free left R-module having a basis {e;,i € J}
such that there is a family {d;,i € J} in Z such that : F,L = > . F,_qRe;,n € Z, and
e; & Fy._1R,i € J. Some P € R-Ailt is said to be filt-projective (projective in R-filt) if it
is a direct summand of a filt-free L in R-filt, i.e. L = P& P' and F,L = F,,P & F,, P’ for every
n € 2.

7.3.1 Lemma
Consider a filtered R-module L with filtration F'L.

1. If L is filt-free with basis {e;,7 € J}, then G(L) is gr-free G(R)-module with homogeneous
basis {o(e;),i € J}.

2. If G(L) is gr-free with homogeneous basis {e; = o(e;),i € J}, where ¢; € Fy, L — Fy,_1L,
then if F'L is discrete L is filt-free with basis {e;,i € J}.
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3. If M ¢ G(R)-gr is gr-free, then there exists a filt-free L with filtration F'L such that
G(L) = M in G(R)-gr.

4. If L is a filt-free with basis {e;,7 € J} and f : {e;,i € J} — M is a map to M € R-filt
such that f(e;) € Fy q,M for some s € Z,i € J, then there is a unique filtered morphism
g : L — M extending the map f to L.

5. If L is filt-free, M € R-filt, are such that there is a graded morphism of degree s, g :
G(L) — G(M) then there is a filtered morphism of degree s, f : L — M, such that

G(f) =y
6. Let L be filt-free with basis {e;,i € J}, then F'L is separated if and only if F'R is separated.

If FR is discrete and {d;,7 € J} is bounded below then F'L is discrete. In case J is finite
and F'R is a complete filtration, then F'L is complete.

Proof Easy. Let us just prove 5. Put L = @icyRe;, G(L) = @icsG(R)o(e;) and g(o(e;)) =
§ € G(M)g,4s for all i € J. Define f : L — M by taking f(e;) = & where §; € Fy 4y M —
Fy,+s—1M represents ¢;; it is easily checked that f is a filtered morphism of degree s. O

7.3.2 Corollary

1. M € R-filt has good filtration F'M if and only if there is a filt-free L of finite rank such
that there is a strict epimorphism L —— M.

2. If FM is a good filtration on M and R is complete and F'M is separated, then M is
complete for FM. If L is filt-free with basis {e;,i € Z}, then ¢; € Ly, (ie. ¢ = eT%
where T' is t}ie central regular homogeneous element of R), for i € J, forms a homogeneous

E—bag@s for L. A filt-projective module P is a filt-direct summand of a filt-free L, hence
L = P @ P follows; this allows to state the following

7.3.3 Lemma
1. M € R-ilt is filt-free if and only if M is gr-free in E—gr.

2. P € R-ilt is filt-projective if and only if Pis gr-projective in é—gr.

3. Assume now that R is complete with respect to F'R, then L € R-filt with separated
filtration F'L is filt-free of finite rank if and only if G(L) is a gr-free G(R)-module of finite
rank.

Proof 1. and 2. are easy enough.

3. If L is filt-free of finite rank then it follows from the foregoing results that G(L) is
gr-free of finite rank in G(R)-gr. Conversely, let G(L) be gr-free of finite rank, say
G(L) =& ,G(R)o(e;), wheree; € Fy,L—F;, 1L and o(e;) = e;+Fy,_1 L (FL is separated
). As in the proof of Proposition 4.2.10, we then obtain : F,L = Y7 | F,,_4 Re;, for all
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n € Z, hence L = Y"7_, Re;. Since F'R is separated it is clear that ey, ..., e, are R-linear
independent, hence L is filt-free of rank s. O

Given a diagram of filtered morphisms :
P
o
() L
s
M——M ——0

where 7 is a strict filtered epimorphism. If P is filt-projective, then we may find a filtered
morphism h : P — M, such that m o h = g. Indeed the strictness of 7 yields that 7
is surjective and the projectivity of P in R-gr leads to a graded morphism h : P — M
such that 7o h = g, then we obtain h by dehomogenization of h. Hence we arrive at the
following.

7.3.4 Proposition
For any P € R-ilt :

1. If P is filt-projective, then G(P) is projective in G(R)-gr.

2. P is filt-projective if and only if for every strict exact sequence in R-filt : M —™ M’ —
0, and for any filtered morphism ¢ : P — M’, there exists a filtered morphism h : P — M,
such that the diagram (p) is commutative.

Proof

1. Follows from G(P) = P/TP and Lemma 7.3.3.

2. Follows from the remarks preceding the Proposition. O
For exhaustively filtered R-modules M and N we have the exhaustively filtered Z-module
HOMpgg(M, N).

7.3.5 Proposition
If FM is good and N € R-filt then we have HOMpg(M, N) = Homg(M, N).

Proof Let my,...,ms be R-generators of M such that for alln € Z, F, M = Zle E,_q,Rm,.
Take an R-linear map f : M — N. Chooset € Z such that f(m;) € Fy,.4N foralli € {1,...,s}.
Then f € FFHOMg(M, N), hence Homg(M, N) = HOMpgr(M, N). a
We mention the following without proof.
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7.3.6 Proposition
For M and N in R-filt :

1. If F'N is separated, then FHOMpg(M, N) is separated.
2. If M is finitely generated and F'N is discrete, then FHOMpg(M, N) is discrete.

3. If FN is complete, then FHOMpg(M, N) is complete.
For M, N € R-filt there is a canonical map :

U(=V(M,N)): GHOMpr(M, N)) = HOMq(r)(G(M), G(N)),
f S FpHOMFR(M, N) — ‘P(f(p))

where W(f(p) is given as follows : W(f(p))(x4) = f(2)p+e- The nice situation arises when
¥ is an isomorphism.

7.3.7 Lemma

For every M, N € R-filt, W(M,N) is a graded monomorphism. If M is filt-projective, then
W(M, N) is an isomorphism.

Proof That ¥ is a graded morphism is clear by definition. If W(fp)) = 0 for some f €
FpHOMpr(M, N) then f(z),4, = 0 for every & € F,M. Thus f(F,M) C F,.,1N for all
q € Z, hence we have :f € F, (HOMpr(M,N). Consequently : fpy = 0. If M is filt-
projective, then L = M & @ in R-filt for some filt-free L. Since HOM ggr commutes with direct
sums, we only have to establsh the second statement in case M is filt-free. So, let {m;,i € J} be
a basis for the filt-free M. Then {m;q,),7 € J} is a homogeneous G(R)-basis for G(M). Giving
g € HOM¢(r)(G(M),G(N)), then g(miw,)) = @pya, for i € J. Define f : M — N by putting
f(m;) = 2" and check that f € FpHOMpg(M, N), moreover W(M,N)(f) = g. Consequenlty
U(M, N) is an isomorphsim. a

Call a ring R left regular if every finitely generated left R-module has finite projective dimen-
sion, equivalently every cyclic left R-module has finite projective dimension. For any group
graded ring left gr-regularity is defined similarly in terms of objects of R-gr. We first observe
a converse for Proposition 7.3.4(1).

7.3.8 Proposition
Assume F'R is complete and P € R-filt has separated filtration F'P such that G(P) is finitely
generated in G(R). If G(R) is projective in G(R)-gr, then P is filt-projective.

Proof Since G(P) is finitely generated it follows from Proposition 4.3.10 that F'P is good,
hence there is a strict exact sequence in R-filt :

0O—-—K—=L—-P—=0
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with L being filt-free of finite rank. By Lemma 7.3.2., Lisa gr-free left R-module of finite rank
and L/TL = G(L) is a gr-free G(R)-module of finite rank Then G(L) = G(P) ® G(K) follows
from the exact sequence in G(R)-gr: 0 — G(K) — G(L) - G(P) = 0. Pt N = P® K
in R-filt with FFN defined by F;,N = F,P @ F,K, for all n € Z. Then N =P& K and
N/TN = P/TP & K/TK = L/TL. Now FT is separated and G(T) is gr-free of finite rank.
By Lemma 7.3.3.(3), T is filt-free of finite rank, therefore P is filt-projective. O

7.3.9 Corollary

Let R be complete and G(R) left Noetherian. If G(R) is left gr-regular, then R is left regular
and we have : LgldimR < gr.l.gldimG(R).

Proof Suppose gr.lgldimG(R) = n < oo, otherwise the statement is clear. Consider an
arbitrary finitely generated R-module and put a good filtration F'M on it. Hence we have a
strict exact sequence in R-filt, 0 - K — L — M — 0, where L is filt-free of finite rank.
Since G(R) is left Noetherian, G(K) C G(L) is finitely generated. Since F'R is separated we
have that F' is separated and thus FK is separated too. By Proposition 4.3.10, F'K is good.
Repeating this procedure for K, and so on, we arrive at a strict exact

0—-K,—wL,1—...5Lg—>M—0

where all L; are filt-free of finite rank and K, has separated filtration F'K,, which is also a good
filtration. From Theorem 3.2.21 we retain that :

0— G(K,) - G(Lp1) = ... > G(Ly) > G(M)—0

is exact. Now all G(L;) are gr-free of finite rank and G(K,) is finitely generated. Since
n = gr.lgdimG(R), G(K,) is projective, hence by the foregoing proposition it follows that K,
is filt-projective, hence pdimz M < pdimG(M) < n. Hence IgldimR < n. From this proof it is
also clear that R is left regular if G(R) is left gr-regular. O

7.3.10 Lemma

Let R be a Noetherian ring, T a central regular element. Let A7 be the localization at the
(central) Ore set {1,T,72,...}. If M is a T-torsionfree A-module such that M/TM is a
projective A/T A-module and My = Ar ® M is a projective Ap-module, then M is a projective
A-module (the converse is obvious).

Proof Let...— Ly — Ly — M — 0 be a free resolution of M. Let Z[T] be the subring of
A generated by 1 and 7" in Z(A). For any A-module N there is an isomorphism of complexes
of Z|T]p-modules :

OHZ[T]T &® HOHIA(M, N) HZ[T]T ® HOHIA(LO, N) —— Z[T]T & HOHIA(Ll,N)

- : -

HOIHAT (MT, NT) HOIIIA[T] <L07T, NT) HOHIAT (Ll,Ta NT)

0
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So we have an isomorphism of Z[T']|r-modules :

Z[T)r @ Ext’y(M, N) = Ext'y (Mr, Nr)
for Qach i > 0. Since My is projective we obtain for ¢ > 1 that Exta,.(Mp, Nr) = 0 and thus
Ext’y (M, N) is T-torsion for all 4 > 1.

On the other hand, pd(M/TM) = 1 by the first change of rings theorem. Since M is T-

torsionfree we have an exact sequence in A-mod 0 - M — M — M/TM — 0, where pur is
HT
multiplication by 7. So we arrive at the long exact sequence :

. — BExty(M/TM,N) — Ext}(M, N) — Ext (M, N) —
— Ext3(M/TM,N) — ...

Since Ext’ (M, N) is independent of the choice of resolution for M it follows that jir is again
multiplcation by T and we arrive at an isomorphism i : Ext% (M, N) — Ext% (M, N). Com-
bining this with the fact that Ext? (M, N) is T-torsion, allows to conclude that Ext% (M, N) =0
for any left A-module N. Hence pd (M) < 1. From an exact sequence in A-mod :

O—-—K—L—N-—=0

where L is free and N is finitely generated, it follows that Ext! (M, N) = 0 if Ext} (M, A) = 0,
therefore M is projective. That Ext! (M, A) = 0 follows from the exact sequence of right

A-modules :
Exth (M, A) — Ext! (M, A) — Ext%(M/TM,A) =0
KT

Surjectivity of fir combined with the fact that Extl (M, A) if finitely generated as a right
A-module but also a T-torsion module, yields that Ext!, (M, A) > 0.
O

7.3.11 Theorem

Let A be a Noetherian ring, T' a central regular element of A.
1. If A/TA and Ar are left regular, then A is left regular.
2. We have : gldimA < max{1 + gldim(A/TA), gldimAr}

In case gldim(A/T A) is finite, then equality holds in the foregoing.

Proof
1. Will follow from the proof of 2.

2. If max{1 + gldim(A/TA), gldimAr} = oo then there is nothing to prove, so we assume
this is a finite number n. If M is a finitely generated (left) A-module, let ¢(M) be the
T-torsion submodule of M : 0 — t(M) — M — M/t(M) — 0 is exact in A-mod.
Since A is Noetherian, T*t(M) = 0 for some w € N. Applying induction on w and
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the first change of rings theorem, we arrive at : pd,(¢(M)) < 1+ gldim(A/TA) < n.
Now apply the foregoing Lemma to the finitely generated M /t(M) and conclude that :
pd4(M/t(M)) < n. This establishes the claim because pd (M) < n follows from the
foregoing and exactness of

0—=t(M)—>M— M/t(M)—0

Note that also gldimA > 1+ gldim(A/T A) when gldim(A/T A) is finite (again by the first
change of rings theorem), since we always have gldimA > gldimAr. Therefore the proof
is complete. O

7.3.12 Corollary

Let R be a filtered ring such that R = A is Noetherian. Let P € R-filt be projective in R-mod,
then Pis filt-projective if and only if G(P) is projective in G(R)-mod.

Proof For P we have P/TP =~ G(P) and Pp = Ay @ P = P[T,T~!] and if P is projective,
then P is projective over Ry = R[T,T~']. Then P is filt projective if G(P) is projective by the
foregoing. O
It is possible to generalize 7.3.8. and 7.3.9. for Zariskian filtrations and even to some non-

Zariskian filtrations using the last results obtained above. We refer to [13] for detail, e.g.
Theorem 11 p. 68.

In the final section we look at an example where the global dimension of a filtered ring is
actually smaller than the global dimension of the associated graded ring.

7.4 Global Dimension of the Weyl Algebras

We will present a calculation of the global dimension of the Weyl algebras involving a tensor
product and therefore it is useful to use “flat dimension” in stead of projective dimension. A
left module M over a ring R is flat if — ®z M is an exact functor. Projective modules are flat
and in fact for a Noetherian ring R finitely generated flat modules are projective, so for the
Weyl algebras the transition from projective to flat will not really change anything.

The flat dimension fd(M) of a module M is the minimal n € N such that there exists a flat
resolution of M : 0 — F,, — ... — Iy — M — 0 where all F}; are flat modules.

7.4.1 Theorem
For a ring R the following numbers are equal
1. sup{fd(M), M € R-mod}

2. sup{fd(M), M € mod-R}, the right version of flat dimension being defined by left-right
symimetry.

3. sup{d € N, Tork # 0 for M, N in R-mod}.
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Proof The proof is very similar to the case of projective dimension, we shall just provide
an outline. Write nq,ny, n3 for the numbers defined in 1,2, 3 resp. If ny is finite, then since
any right R-module M has a flat resolution of length less than n,, Tory (M, N) = 0 for any
R-module N if ny < k (Tor may be calculated by flat resolutions). Hence nsg < n;. Assuming
nz < ng means that there exists a right R-module M and a resolution of M :

O—-K—=>F,1—...2F—=>F—=>M=0
where K is not flat and all F; are flat. By dimension shifting :

_ R
0 = Tor, 4

(M, N) = Torf (K, N)

for all N; therefore we arrive at flatness for K, a contradiction. So we established n, = n3. The
equality n; = ng follows in the same way, interchanging left and right modules.

7.4.2 Definition

The number defined in the foregoing theorem is called the weak global dimension of R, it is
denoted by w.gldim(R). It is left-right symmetric!

7.4.3 Lemma

Let R be a Noetherian ring and G a divisible abelian group, then for M and N in R-mod with
M a finitely generated R-module, we have :

Tor (M, Homz (M, G)) = Homg(Extt(M, N), G)

Proof

Define ¥ : M x Homgz(N, G) — Homyz(Homg(M, N),G), by : ¥(m, f)(0) = f0(m). This map
is R-bilinear and so it factorizes via the tensor product M ® Homgz(N,G). If M = R, then
this map is given by : V(1 ® f) = f0(1) and it is in fact an isomorphism. Indeed, any map in
Hompg(R, N) is of the form .n for some n € N, thus if v € Homz(Hompg(R, N),G) we consider
the map p : n+— 0(n) € Homz (N, G). Now mapping v to 1 ® p we obtain the inverse map.

Since both tensor product and Hom commute with direct sums, the foregoing fact extends to
finitely generated free R-modules and then to finitely generated projective modules (as direct
summands of free modules). Now look at both sides of the equation as functors in M. Since G
is divisible it is Z-injective, thus the right hand side is covariant right exact. The left hand side
is always covariant right exact. Applying both functors to a projective resolution we obtain a
natural transformation :

Tor’ (M, Homz (N, G)) — Homg(Ext:(M, N), G)

Since R is Noetherian we may assume that the projective resolution chosen contain only finitely
generated terms, thus the above map becomes an isomorphism.
O



Global Dimension of Filtered Rings 135

7.4.4 Theorem
For a Noetherian R, wdim (M) = pdim(M) for every finitely generated R-module M.

Proof That wd(M) < pd(M) follows since projective modules are flat. Take n < pd(M),
then Exth(M,N) # 0 for some M, N € R-mod. The latter group may be embedded in
some divisible group G (Z-mod has enough injectives). For this choice of M, N and G we have
Homgz (Ext’t(M, N), G) # 0 and by the previous lemma then the group Tor?(M, Homz(N, G)) #
0, thus n < wd(M). a

7.4.5 Corollary

For any left Noetherian ring R, we have l.gldim(R) = wgldim(R). If R is Noetherian then we
have : lgldim(R) = rgldim(R) = wgldim(R).

Proof We have gldim(R) = sup{pd(C),C a cyclic R-module} = sup{wd(C),C a cyclic R-
module} < sup{wd(M), M € R-mod} = wgldim(R). The other inequality is trivial. Then the
left-right symmetry of wgldim finishes the proof.

O

7.4.6 Theorem
Let R be filtered with discrete filtration F'R then : wgldimR < wgldim(G(R)).

Proof For an R-module M we may equip it with a filtration such that we have a filt-free
resolution : ... — Fy — Fy — M — 0 such that each G(F}) is a gr-free G(R)-module and
the induced complex ... — G(F) — G(Fy) — G(M) — 0 is a resolution in G(R)-gr (see also
7.3.9.). Let N be a filtered right R-module. The sequence {N ®p F;,i € J} consists of filtered
abelian groups with the tensor product filtration. Moreover as each F; and G(F;) are free left
R—, resp. G(R)- modules the graded abelian groups G(N ®p F;) and G(N) ®¢r) G(F;) are
isomorphic. This yields that Tor®(G(N), G(M)) is the homology of the complex :

..>GIN®r Fi) > GIN ®g Fy) > GM) =0

If we choose n such that Tor¢® (G(N), G(M)) is zero, then we obtain an exact sequence of
abelian groups :

(%) GIN® Fy1) > GIN®F,) - gG(N® F,_4)

Since we are dealing with finitely generated modules, the filtrations are left limited, so the
exactness of (*) leads to the strict exactness of N ®g Fj,y1 — N ®r F,, =& N ®g F,,_1, thus we
find that Tor?(N, M) = 0.

Consequently if n > wdgr) (G(M)) then TorS®(G(M),G(N)) = 0 and this in turn leads to
the fact that Tor, (N, M) C 0 for all right A-modules N. Hence wdg(M) < wdgr) (G(M)) for
all left R-modules M, or wgldimR < wgldimG(R). O

The following technical lemma is necessary for our calculation of the gldim of the Weyl algebras.
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7.4.7 Lemma

If A C B is aring inclusion such that B is flat as a right A-module then for any left A-module
M we have : wdsq(B®4 M) < wdg(B®a M).

Proof If ...F; — Fy - M — 0 is a flat resolution of M, then by right flatness of B,
...B®yF - B®aFy— By M — 0is a flat resolution of B®4 M. For any right A-module
N we have (N ®4 B) @ B F; = N ®4 (B ®4 F}), hence we arrive at :

Tor? (N, B @4 M) = Tor?(N ®4 B, B®4 M)

Now, if £ > wdp(B ®4 M) then the right hand side is zero, thus for any right A-module N,
Tor? (N, B ®4 M) = 0, yielding wd (B ®4 M) < wdg(B ®4 M).
O

7.4.8 Application
For the Weyl algebras A, (K) we have gldimA,,(K) =n (ch(K) = 0).

Proof

We already know gldimA,,(K) < 2n, hence it is finite (since gldimA(K) < gldimG(A,(K)) =
gldimK[Xy,...,Y,...Y,]. Now the proof goes by induction on n. If n = 0, A,,(K) = K and
the claim is trivial. For A, (K) look at the localizations

A= K(2,) @Kz, An(K), B = K(yn) @Ky An(K)

Claim wgldimA = wgldimB < n. Indeed, every element of A can be written in the form
STyl oyl with fi € K(2,)[x1, ..., 2,). Define abelian groups F,A = e fivh, f €
K(x,) <21, . Tn_1,Y1,---,Yn1 >. This defines a filtration on A with associated graded ring
A, _1(K(z,))[t]. By Hilbert’s syzygy-theorem and the induction hypothesis wgldim(G(A)) < n
and then by the foregoing wgldim(A) < n. In a similar way we obtain wgldim(B) < n. Now A
and B are flat over A, (K) since K(z,), resp. K(y,), is flat over K[z,], resp. K][y,] hence the
foregoing lemma applies and we arrive at : wda, (k) (A ®@a, k) M) < n.

Note that any left A, (K)-module may be embedded into the direct sum of A ®4, k) M and
By, kM, M - (A M)® (B® M) given by m — 1®@m+ 1 ®m. The latter is zero exactly
of 1l®@m =0in A®a, (k) M and in B ®,,(x) M, hence f(z,)m = 0 as well as g(y,)m = 0 for
polynomial f, resp. g. The Weyl algebra K < x,,y, > acts on A;(K)m but since fm = 0,
gm = 0, the latter is a finite dimensional K-vectorspace. But the Weyl algebra has no finite
dimensional modules, hence m = 0 and M — (A® M) @ (B ® M) is injective. Now assume
that wgldimA,,(K) = m > n. There exist then a left A, (K )-module M having a minimal flat
resolution of length m > n. Thus we obtain an exact sequence :

0-M—(AM)® (N®M)— M —0
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The middle term satisfies wd((A® M) & (B ® M)) < n. For any right Ay (K )-module N we
obtain an exact sequence : (® is over A, (K)) :

Tory, 1 (N1 ((A® M) @ (B® M))) — Tor,, 1 (N, M) — Tor,, (N, M) —
— Tor,,(N.M)

Here we have : Tor,,1(N, (A®@ M) & (B® M))) = Tor,,(N, (A® M) ® (B® M))) = 0 thus
by exactness : Tor,,(N.M) = Tor,,11(N), M). Now, by choosing an appropriate N we have

Tor,, (N, M) # 0 and therefore : wdy,,()(M) > m + 1 > m = gldimA,, (K).
The latter is a contradiction. Since wgldim = gldim the claim follows. O

For further theory, e.g. concerning holonomic modules or the use of characteristic varieties in
the theory of rings of differential operators, we refer to the literature (cf. [2].



Chapter 8

Solutions to Some Excercises

1.3.1. The Algebra M, (K)

a. The matrices E;; having a 1 only on the place 7j and zero elsewhere are generators because
they form a K-basis. Consider the permutation matrix P = E, + > . Fj;.1. Every
n X n-matrix A can now be written as : P'E;; P’ hence two generators suffice. We do
need at least two generators since M,,(K), n > 1, is not commutative. The relation we
need are first P* — [ and E? — Ej;. The relations of the form EijEy = 0 for j # k
translate to E11 P™FEj; = 0 for m < n (powers of P on the left and right may be deleted
since P is an invertible matrix).

Finally we rewrite P = E,, +>_._, E; ;41 into P = >"" P!Ey; P"t1=% These relations
suffice because every word in P and E;; may be reduced to a linear combination over K
of the P'Ey; P7 and these form a basis for M, (K). Thus we arrive at :

M,(C)=2C< A P> /(A>—A P"— I, AP'A

for j <n,P =) PAP™)

i=1

Remark In stead of writing P as a sum of the P*AP? (where A = Ej;) it is also possible
to write I =" | P*AP™", this relation is equivalent with the other.

b. Left multiplication by a matrix changes rows into a linear combination of the rows. Con-
sequently, the linear space generated by the rows of all matrices in a left ideal I is a
subspace of K". Conversely, with every subspace V of K", we may associate the set
of matrices Iy, the rows of which are elements of V. The correspondence V' — Iy is
a bijection. By changing from rows to columns the foregoing may be phrased for right
ideals. If I is a twosided ideal of M, (K) with M # 0 in I, say My, # 0 then by suitable
right and left multiplications we may transform M into E;; for arbitrary ¢,j. Hence I
contains a K-basis for M,,(K) and thus I = M, (K).

c. We can embed C in M,(R) by mapping a + bi, with a. and b. in R to ( _ab 2 ) M,R

is not a C-algebra because the centre of M, (R) is R.

138
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1.8.2. The algebra KG

a.

A finite abelian group G is Z,,e1 @ ... ® Zy, e, where the p; are, not necessarily different,
prime numbers. The generators of the group are generators of the K-algebra KG, thus
KG - (C < le' .. 7Xk > /(Xzel - 1,XZX] _Xsz)

The invertible elements of a free algebra or a polynomial ring over K are only K* =
K —{0}. In any group ring K'G there is a K-basis of invertible elements.

A rational function continuous in C* has a denominator a power of X so we may view
this ring as C[X, X '] and that is the group algebra for G = Z.

Suppose KG is a field and ¢ € G an element of finite order ¢g* = 1. Then g — 1 is a
zerodivisor, (g — 1)(1+ g+ ...+ ¢* ') = ¢g* — 1 = 0. Hence G is an abelian torsion free
group. If u = au, — bu, with o # 7 and a,b # 0 then u™! = >, aiug, for a finite number
of nonzero a;. From wu~! = 1 and using that a torsionfree abelian group is ordered, say
o>T,01 > g2 > ..., then ajusu, # 0 and 1 = ayu,uy + lower degree terms yields
1 = aju,u,, and dqu,ug, = 0 if gq is the smallest amongst the g;. Since we may assume
all a; # 0, this leads to a contradiction as u,;ug, # 0.

The K-linear map K (G x H) 2y KGog KH, (9,h) — g ® h is a bijection because the
g® hfor g € G,h € H, form a K-basis of KG ® KH. The K-linear isomorphism 1 is
also obviously a ring homomorphism.

1.3.3. The exterior algebra

a.

Observe that in the exterior algebra we may order all words in the z; (images of the
X; in K < Xj,...,X,, >) by using the anti-commutation relation between them. If
char(K) # 2 then 22? = 0 so every symbol appears maximally once in a word, hence
all words are of the form z7',..., 2% with e; = 0,1. The number of possible words is
therefore 2" and this is the K-dimension of the algebra. If char(K) = 2, then the z;
commute and there is no restriction coming from 227 = 0; therefore if char(K) = 2 then

the exterior algebra equals the polynomial algebra.

. All monomials in the z; are nilpotent because the square of it is zero. Observe that

two monomials commute or anticommute depending on the number of z; that has to be
reordered in the product. Look at S = ¢, M7 + ... + ¢ M}, where the M; are monimials
different from 1. Then S™! = 0 since every term in S™™! contains at least n+1 letters. so
some x; has to appear repeatedly. All elements without constant term are nilpotent and
hence zero divisors. An element with constant term nonzero may be written as A\(1 + 5)
for some A € K and S as before. Now :

(1+8)(1—-S+5% ..., £8)=1+5""=1

implies that A(1 + 5) is invertible in the algebra.

. Since every element with nonzero constant term is invertible a proper ideal I only contains

elements of the form S = aX 4+ 0Y + cXY with a,b,¢c € K. Suppose a or b is nonzero,
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then we multiply S by ¢ *X or b'Y to obtain dXY hence every ideal contains XY
There are threee possibilities :

1. I = (XY) is 1-dimensional

2. I =(X,Y, XY) is 3-dimensional

3. I = (aX 4 bY, XY) with a or b nonzero, is 2-dimensional

In case 3. two ideals are equal if the linear terms are a multiple of each other. Therse
2-dimensional ideals are therefore parametrized by the points on a projective line over K.

1.4.3. The Path Algebra

a. A non-trivial path is a composition of arrows ay,...,a; such that s(a;) = t(a;1). A
trivial path is a vertex. A C-basis for C(Q is the set of all paths !

b. C@ is commutative if and only if all arrows are loops.
c. If there are no cycles (these are nontrivial paths which begin where they end).

d. The direct sum of two path algebras is the path algebra of the quiver obtained as the
disjoint union of the two quivers. A path in the new quiver is either a path on the first
of or a path in the second and the product of paths from the different subquivers is zero.

e. Look at the quiver @ :D—@— ... — @. In the path algebra of this there is between
every vertex ¢ < j a unique path p;;. Define a K-linear map KQ — M, (K), p;; — Eij,
where £;; is the elementary upper-triangular matrix with 1 only on the place ij, i < j.
This map is bijective because the p;; are a basis for K() and the £j;; are a K-basis for
the uppertriangular matrices. It is easily checked that K@ — T,,(K) is an isomorphism
of K-algebras.

1.3.5. The Quaternion Algebra

a. The relations between ¢ and j allow to rearrange every word in ¢ and j into a word of

at most 2 letters. Since i2 = j2 = —1 and ij = —ji it follows that 1,4, j,4j are a set of
R-generators. This is also an R-basis because 0 = ag + a1 + asj + azij leads to a; = 0
i=0,...,3 because if not then b = (ap — a1i — asj — azij)/(a2a? + a3 + a3) is an inverse

for ag + ayt + asj + aszij.

b. As in a. before every 0 # a; + aji + asj + agij is invertible.

c. Choose matrices A = ( ? 6 ), B = ( (Z) —Oz ) Observe that AB = —BA and A% =

B? = —I. Define ¢ : Hor C — My(C) by ¢p(1®¢) = ¢,¢(1 @ ¢) = cA,¢(j ® ¢) =
cB,¢(ij ® ¢) = cAB. One easily verifies that this is a K-algebra isomorphisms from
H®g C to My(C).
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d. There are are no finite dimensional skewfields over C as every finite dimensional C-algebra
has zero-divisors (see right or wrong questions). Now look at a finite dimensional skewfield
A over R. Every x € A then satisfies an irreducible quadratic minimal polynimial over R
because these are the only irreducible polynomials over R. Look at the set S of elements
in A having minimal polynomial of type X? + XA with A € RT. If z € S and r € R — {0}
then rz € S but r + x € S because the minimal polynomial of r 4+ z is X? — 2rX + u.
If u,v € S then also (v + v) and (v —v) € S. Assume that u+ v ¢ S then u,v and
1 are linearly independent because otherwise u = av + b with a,b € R, a # 0 and we
may assume b # 0 because otherwise u = av and the claim holds; then av € S yields
av + b ¢ S contradicting u € S. Since u + v, u — v satisfy a quadratic polynomial we
obtain : (u+v)? = p(u+v)+q, (u—v)?> =r(u—v)+s. Put u> = ¢,v? = d with ¢,d € R™.
Then :

w+ovu=plu+v)+q—c—d
w+ovu=—-r(lu—v)—s+c+d

Thus (p+r)u+ (p—7r)v+ (¢ + s —2¢—2d) = 0. Since u,v,1 are R-linearly independent
we must have : p+7r =p—r =0, hence p = r = 0, hence (u+ v)? — ¢ = 0 and thus
u—+wv € S. Similarly u — v € S. Therefore S is an R-vectorspace and every element of A
can uniquely be written as r+x with r € R, x € S. We may define on S a positive definite
metric :g(u,v) = —(u +v)? + v* + v* = —(uv + vu). Let {by,...,b,} be an orthogonal
basis for S (observe that elements of this basis anticommute). Since A is noncommutatitve
dimgS > 1. We have that dimgS > 3 because g(b1,b1bs) = g(by, bibs) = 0 and (b1by)? =
—1#0. If dimS = 3 then A = H.

Assume that dimgS > 3; then there is an orthogonal basis {b, by, b1ba, by, ...} but since by
anticommutes with b; and by we must have (b1be)by = —(b1bsbs) = by(b1b2) but that contradicts
g(blbg, b4) =0.

1.3.6. Clifford Algebras

a. The definition will be independent of the choice of basis if for every pair of vectors
a=> ae; and b= > bc; we have that :

ab+ba = (Z aiei)(z bjej) — (Z bj@j)(Z a;e;)
= Z 2a;b;g(ei, e;)

2,J
= QQ(Z a;€e;, Z bjej) = 29(@, b)

There is up to isomorpism only one Clifford algebra of dimension n since every metric is
isomorphic to the standard metric on C.

b. Each word in the generators can contain a basis element e; at most one time because

e? = —g(e;,e;). We can order the words “alphabetically” modulo lower degree terms.
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Argumentation like the one used for the exterior algebra now yields that the dimension
is 2.

. We have C(C%g) =C< X,V > /(X?+1,Y?+ 1, XY + YX) 2 H®g C = M,(C).

. We have

C(R,1) = R[X]/(2X?+2)=C,C(R,—1) =R[X]/(2X?* -2) =R &R
CRED)=R<X,Y > (X*+1,Y +1, XY +YX)=H
CR1)=R<X,)Y,Z>(X*+1,Y*+1,7> +1,

XY +YX, XZ+ZX,)YZ+ ZY)

Put W = ‘/75(1 + zyz), x,y and z being the images of X,Y,Z. Then W is a central
idempotent hence C(R*1) = C(R*, )W @ C(R? 1)(1 = W) and WO(R? 1) =R < &, >
J(E% — n? én + né) = H, where £ = 2W, n = yW, W is the unit in WC(R?,1) and
W = (V2 — 1)aWyW. Similarly (1 — W)C(R?, 1) = H, hence C(R? 1) =~ H & H.

1.4. Right or Wrong ?

1.

2.

Right. Such an algebra is an epimorphic image of K[X].

Wrong. For example R = C[X,Y]/(X? Y? XY) is not generated by one element. For

each element ¢ = ag + a1 + agy the ring C[c] is two-dimensional because : ¢* = a2 +

2(a1 + agy) = 2¢ + at — ap. But R itself has dimension 3 over C.
Wrong. C[X] is generated by X but C[X?, X?3] cannot be generated by one element.

Right.
If A is generated by ay,...,a, then ¢(A) is generated by ¢(aq),. .., d(a,).

Right. We prove this first for C < Xy,...,X,, > /(X;X;,1 <14,j <n). Let R be the
latter ring, for every two elements a and b in R we have ab = A\, a + \ob+ A3 with \; € C.

Suppose R is generated by aq, ..., a,, m minimal as such; then 1,a4,...,a,, is a C-basis
for R. Thus a set of generators for R contains at least n elements. Now R is the image
of the free algebra C < Xi,..., X,, > hence every set of generators for C < Xy,...,X,, >

contains at least n elements, using the foregoing question 4.

Right. If a = a9 + aywy + ... + a,w, € K < X > is invertible with inverse b =
bo+b1w)+. . .+byw,, where the w;, w’; are words ordered by ascending length and a;, b; # 0.
Then 1 = ab = apby + ... + apb,wyw,,, thus a,b,, = 0 but that is a contradiction.

Wrong. Suppose that r; = fi(x)gi(z),1 < i < n are algebra generators. Then (1 +
91(X)g2(X) ... g,(X))~! has to be written as a polynomial expression in the a;, hence it
would be writable as a function of polynomnials with common denomiator g;(x) ... g,(z),
this is impossible (as is easily seen).
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8.

10.

11.
12.
13.
14.

15.

16.
17.

18.

19.

20.

21.

Wrong. There is no map of R-algebras C — R < Xy,..., X,, > because it would have to
be injective but the only invertible elements of R < Xj,..., X,, > are those of R — {0}.

Wrong. C[X]/(X?) — C, X + 0 is a surjective morphism.

Right. Let a € R be a zero divisor and consider aR. This is an ideal as R is commutative
and 1 ¢ aR, thus a R is a nontrivial ideal.

Right. We have K < X > «K <Y >= K <X UY >.
Wrong. K[ X|*K[Y]|=K < XY >.

Right. Because (a,b)(c,d) = (ac,bd) = (ca, db) = (¢, d)(a,b).
Right. Such algebras are generated by one element.

Wrong. C[X]/(X?) %= C[Y]/(Y?) = C < X,Y > /(X?,Y?) and the latter has C-basis
LXY.XY.YX XYX.YXY,. ..

Wrong. C[X]/(X?) @ C has (X,0) as nilpotent.
Wrong. H® C = My(C), see examples.

Right if complex.

An arbitrary 2-dimensional complex algebra is C[X]/(X? + aX + b). By passing to
Y = CX +d this is either C[Y]/(Y?) or C[Y]/(Y? —Y) according to whether X?+aX +b
has a double zero or not. In the first case the algebra has nilpotents; in the second case
it is isomorphic to C @ C. If the algebra is not complex then it is wrong ! Then C is a
two dimensional algebra over R without zerodivisors or nilpotents.

Right. Because then there is a surjective isomorphism of K < X > to that algebra and
K < X >= K[X] is commutative.

Right. If e is idempotent in R, then also 1 — e and eR may be viewed as a ring with
unit e (similar for (1 —e)R). Look at 7 : eR+ (1 —e)R — R : (a,b) — a + b. This is a
morphism since e(1 — e) = 0, hence (a + b)(c + d) = ac + ad + bc + bd = ac + bd, where
a,c € eR and b,d € (1 — e)R. Also 7 is surjective as a = ea + (1 — e)a and 7 is injective
because ea + (1 —e)b=0 = e(ea + (1 — e)b) = e?a =ea =0 and (1 —e)b = 0.

Wrong. Take ¢4 = ¢p : C — C the identity, then ¢, & ¢p: C — C @ C cannot be
surjective as C & C is 2-dimensional.

Wrong. Put A = M, (C); that algebra has no nontrivial ideals but it has nilpotents (a.o.
the upper triangular matrices). Nilpotents do not form a left (nor right) module, for

example ( 8 (1) ) ( (1) 1 > is not nilpotent.
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22.

23.

24.

25.
26.
27.

28.

29.

30.

31.

32.
33.

34.

Right. Look at M,(R) where n is the number of vertices and map the i'" vertex on the i*"
diagonal component, the arrow from vertex ¢ to vertex j is mapped to the matrix E;; with
1 on the entry 7, j and zero elsewhere. One easily checks that between the arrows and the
corresponding matrix the same relations hold (because there are no relations E;; E;; = Ej;
as there it at most one arrow between i and j).

Wrong. Let @ be a quiver such that CQ) = M,,(C). Look at the B-vector space spanned
by the paths of length at least one. This is an ideal of C() but the matrix algebra does
have nontrivial ideals.

Put R=C < Xy,...,X,, >, m = (X;,1 <7 <n) and look at the canonical 7, : R —
R/m™ and the C-linear map ¢, : R/m™ — R, w mod m" — w, where the w are words of
length smaller than n (the ¢, are not ring morphisms !) If ¢ : C < X3,..., X,, >> C <
Xq,..., X, > is surjective then m,¢t, is also surjective. Since m,¢t, is a C-linear map
between finite dimensional C-spaces of the same dimension, m,¢¢, also must be injective.
Suppose = # 0 is in Ker¢ and the longest word appearing in = has length smaller than n
then x mod m” is in Kerm,¢t,, and therefore x mod m™ # 0 contradicts injectivity of the
latter K-linear map.

Wrong. C[X,Y].(XY —1) is not a field e.g. (1 — X) has no inverse.
Right. Put b; = >, Myja; then a; = 37, (M~");bi; the bj’s generate the a;’s.

Wrong. Let ¢ be an automorphism, then ¢(X) must have degree one, hence ¢(X) = X
or ¢(X) = X +1.

Right. 1f |A| < oo then A is a finite dimensional vector space over a finite field, so it has
|F™| = (p™)™ elements.

Right. If A is such an algebra and x € A — K then K|x] is a subalgebra, thus A = K|x]
is commutative.

Wrong. K[X]/(X)? has no nontrivial subfields as it is a two-dimensional K-vector space.

Right. Let a and b be those nilpotents, say a” = b™ = (. Since every element is a linear
combination of monomials a’0’ and only a finite number of these are nonzero (i < n,j < m
must hold) the dimension of the algebra is smaller than or equal to mn.

Wrong. K|[X] has a subalgebra K[X™"] for every n € N.

Wrong. In Fy < XY > we have :

(X4+Y) =X+Y’+ XY +YX #£X*+Y?

Right. The bijection is (¢ : K < X >— A) — ¢|X. This is an injection since a
K-morphism is uniquely determined by the images of the generators, it is also surjective
since K < X > is the free algebra, therefore every set of images of a set of free generators,
e.g. X, comes from a fitting K-algebra morphism.
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35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.

47.

48.

Right. Put ¢ : A;(C) — M, (C) a C-algebra morphism then ¢(x)p(y) — é(y)o(z) = I.
Taking trace at both sides yields

Tr(o(x)o(y)) — Tr((¢(y))(¢(x))) = Trl = n

but the left hand side is zero, contradiction.

Right. Put a € A — C then a is algebraic. Say f(a) = 0. Split f(X) = (X —X)...(X —
Ar), Ai € C, then f(a) =0 and a # A\;,i = 1,...,r yields that a — \; is a zero divisor.

Right. Let ¢ : A — A be a morphism. From dimA — dim Ker¢ = dim Im¢ it follows
that : Ker¢p = 0 entails dimA = dim Im¢, or ¢ is bijective.

Wrong. The sum of algebra endomorphisms is not an algebra endomorphism : (¢ +

V) =) + (1) =2#1!

Right. Let A be n-dimensional, then for every a € A we have a linear map ¢, : A —
A, x — ax. Choose a basis for A and let M, be the n x m-matrix corresponding to ¢,.
Then it is easy to check that M, ., = M, + M, and My, = M,M,. The map a — M,
defines a morphism A — M, (R). This morphism is injective because M, = 0 entails
ax = 0 for all z, in particular for x = 1, therefore a = 0 follows.

Right. Define ¢ : M, (K) @ M,,(K) — Mun(K), Ejj @ By = Ejf o o000, where By By
and Ej , are elementary matrices with exactly one 1 in the specified entry and zero
elsewhere.

Right. The quaternion algebra does not have proper ideals as every nonzero element is
invertible.

Wrong. C < X;X5, XoX3 >C A3(C) is commutative but not generated by 1 element as
it is isomorphisc to C[X,Y]/(X? Y? XY).

Wrong. C(C%1) =C < X,Y > /(XY +YX, X2 —1,Y2 = 1) hence (X(1 +Y))? =
X1+Y)X(14Y)=X2(1+Y)(1-Y)=X%1-Y?) =0,

Right. The map A, — A,_1, X; — X;, X,, — 0 is surjective.
Right. The map A,_1 — A,, X; — X, is an embedding.

Wrong. G(C?,1) does not have natural ideals because C'(C?,1) & M,(C), thus it cannot
be mapped onto C(C, 1) = C[X]/(X?).

Right. A path-algebra without zero divisors has only one vertex and such a path-algebra
has no relations between the arrows.

Wrong. The path algebra of the quiver with two vertices and in each vertex a loop has
zero divisors but no nilpotents.
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49. Right. The images of the vertices are either zero or one. As the sum of all vertices is one
there can only be one that is mapped to one, the others must be mapped to zero. An
arrow arriving or starting in a vertex mapped to zero is mapped itself to zero, hence only
loops may be mapped to one.

50. Wrong. The idempotents of a path-algebra can be written as sums of vertices. Therefore
all idempotents commute. Let ) be the quiver with 2 vertices and no arrows. Then
CQ® CQ cannot be a path algebra because idempotents from the first component do not
commute with idempotents from the second component.

2.2.1.

In MQ(C) we calculate : [E117 EQQ] = 0, [Elb Elg] = E12 = —[EQQ, Elg],

[Ea, Eo1] = E19 = —[E11, B and [Eg, Eo1] = E1; — Eas. Lie subalgebras of dimension one
are CM with M some matrix. Which of these are in fact ideals 7 Put M = m;;E;;, then :
[Ey1, M| = myaE1g —mo1 Eey = ¢M € CM. If M is not diagonal (otherwise we may take ¢ = 0)
then M is either upper-triangular (only m;s # 0) or lower triangular (only mg; # 0) depending
on whether ¢ = +1 or —1. Both cases excluded since [E1g, Eo1| = Ey1 = Eg. If M is diagonal
then it is a scalar because we have [E19, M| = (may —mq1) 12, i.e. mag = myy follows. There is
only one one-dimensional Lie - ideal i.e. C.I. What are the two-dimensional Lie-subalgebras.
Either it is Abelian or else there exist 2 x 2-matrices such that [M, N] = M. In the first case
we are looking for two commuting K-linearly independent M, N such that [M,N] = 0. By
conjugating M by an invertible matrix we can bring M to its Jordan normal form M’ which is
diagonal or of the form AI 4+ F15. There are 3-possibilities :

a. M = M’ = M\I; then we may choose any nonscalar N since I and N + vI generates the
same Lie algebra as I and N we may choose N with TrN = 0. Such a Lie algebra is an
ideal if [N, E;j] = A\ + AoN. As Tr[N, E;;] = 0 we must have Ay = 0 and thus K'N is also
a Lie ideal, contradiction. Thus these Lie subalgebras are not ideals.

b. M' = ME + B with A 7é Ag. Then [M, N] = ()\1 —/\Q)nlgElg — ()\1 — )\Q)nglEgl =0,
thus N must be diagonal. The Lie subalgebra is thus 2-dimensional but so is the Lie
algebra of diagonal matrices. The latter contains I and we are in the first case.

c. M and N have double eigenvalues and are not scalar. In this case : [M',N| = [\ +
Ei2, N] = (n11 — nog)Era + no1(E1n — Fag) and therefore N = vI + eFEy5. Taking the
suitable linear combination of M’ and N we arrive again in the first case. Hence all Lie
subalgebras of dimension 2 are of the form C + CN where N is an arbitrary nonzero
matrix with Tr/V = 0. None of these Lie subalgebras is a Lie ideal.

Next look at at 3-dimensional Lie subalgebras ! Any 3-dimensional Lie subalgebra T
may be represented by a linear equation in the coefficients of the matrices. By a suitable
choice of a matrix S we may present this as X € T' < Tr(XS) = 0 (verify this). With
every S there corresponds a subspace and we want to describe when this subspace is a
Lie subalgebra. Hence, TrX S = TrY'S = 0 = Tr([X,Y])S) = 0.

Again we may bring S is Jordan form and again we may consider three cases.
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a. S is scalar, then T is the space of trace zero matrices in this case T is a Lie subalgebra
because commutators have zero trace. Then T is also obviously a Lie ideal.

b. S has two different eigenvalues, say A; and Ay. Then T is the space of t(AgFE11 — A FEoo) +
[ B2 +mEs;; taking the commutator with Ejo € T leads to a condition (I —m)(F1; —Egs)
+ “off diagonal” but this is not a Lie subalgebra.

c. If S is not scalar but has a double eigenvalue, then T' consists of : kEy; + [Fy — Ak +
l)E13+mFEs;. Taking the commutator with Ej;— Fi leads to a condition on the elements :
Nk 41—k +1)E13 — mEsy, which is not in 7.

The only 3-dimensional Lie subalgebra, and Lie ideal, is the one of trace zero matrices.

2.2.3.

a. If f,g: R — G are differentiable functions then Xy ,r-1(s) is for every s € R a vector in
g. The map s — Xy(5)47-1(5) is a differentiable function in the vector space g, thus also

d
@Xf(S)gf—l(s)xi ls=0 € g

But we have

d £ B
X a1 lm = 7 F(£)g(t)1 7 (5)

= XX, f7H0) = F(0)XgX;f7%(0) = [Xy, X]

b. Since for small enough € and arbitrary M we have : (1 +eM)™' = (1 — (eM)+ (eM)? —
(eM)3 + ...). Therefore M is a tangent vector to 1 € GL,(R), in other words gl (R) =
M, (R).

For det(1+¢eM) = 1+etr(M) + O(e?), thus if det(1 +eM) = 1 we must have tr(M) = 0;
therefore sly(R) consists of matrices with trace zero.

For 1+ M) =(1+eM)™ =1—(eM)+ (eM)? — ..., we must have that M* = —M?*,
thus so, (R) consists of antisymmetric matrices.

c. Consider the Levi-Civita tensor :

1 if ijk is an even permutation of 123
gijk = § —1if ijk is an odd permutation of 123
0 if ijk is not a permutation of 123

Observe that : €1 = € = €rij = —€irj. Let €;; = 1,2, 3, be the unit vectors in R? then :
€; X €; = g;jxe; (summation over k)
The matrices 1,5, £2;; and €3;; are antisymmetric 3 x 3-matrices forming a basis for sos(R).
Now : €ijk€imk = 0i0jm — 0;i0im, thus we obtain :
[EX...> €Y...] = &Xy;CYy, T EY,EXy
= Oxk0yi — OxyOik + Oy xOki — Oyr0x;

= Oxkly; — Oyrlx; = EXYjjik
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Up to changing the dummy-indices now we see that the structure constants for SO3(R)
and Rj3, X are the same they are isomorphic Lie algebras.

If N is a normal subgroup of a Lie group and f: R — G, g : R — N are differentiable,
then for all ¢, s € R we have f(s)g(t)f~'(s) € N, thus [ Xy, Xg] = L X ;(5,5-1(s)]s=0 is in
N too.

2.2.4.

a.

Let g be a complex Lie-algebra of dimension 2 that is not Abelian. Choose x € g and
look at the map y — [z, y]. This has an eigenvector z # Az, the space Cz is then a Lie
ideal so ¢ is not simple.

Write E for the matrix with a 1 in the upper right hand corner, F' for the matrix with
a+ 1 in the lower left hand corner, K for the matrix with 1 and —1 in the diagonal (zero
elsewhere in each case).

Assume that sly(C) has a Lie ideal containing some V' = a1 E + asF' + a3 K. If a1, ay are
both zero then K is in the ideal and then also [K, E] = 2FE, [K, F] = —2F and the ideal
contains everything. Up to replacing V by W = [K, V] in case ay, as are not both zero,
we may assume az = 0. If only a; = 0, then [E, W] = AK is in the ideal and then again
the ideal contains everything (as before); similar for as = 0. So we have to deal with
a; # 0,ay # 0, then W and [K, W] are linearly independent. So we may write F and F'
as linear combinations of W and [K, W]; therefore the ideal contains £ and F' and then
also K = [E, F|. Consequently sly(C) has no nontrivial Lie ideals.

. We can embed sly(C) in two ways as a Lie subalgebra of si3(C); first in the first two rows

and columns, secondly in the last two rows and columns. Using the basis given in b. we
may define F;, F;, K; for i = 1,2. We know sl3(C) has dimension 8, so how can we express
the two remaining basiselements in the F;, F;K; 7 The matrix with a 1 in the upper right
corner is [Fy, F»], the matrix with a 1 in the lower right hand corner is [Fy, Fy).

2.2.6.

Put £, = A1, Fy = A and K; = Ay — Ai1,11. It is now easy enough that all relations
for the enveloping algebra hold for these choices.

2.4.13.

Take

k+1

ZCZ(T_GI)(CZ{\G”L)(T_O’IC-H)

P(T) = -
( ) i=1 (ai—al)...(ai—ai...(ai—akﬂ)

where the symbol A above a term means that the term under it is deleted.

2.4.14.

Tr([z,

ylz) = Tr(zyz — yxz) = Tr(zyz) — Tr(y(zz)) = Tr(zyz) — Tr((x2)y) = Tr(x[y, 2]).
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2.4.16.

Let (V;) be a flag stabilized by g, take x € g,y € [g,g]. Computing Tr(zy) in the basis given
by the flag considered we obtain that x is upper triangular, y is strictly upper triangular, so all
elements on the diagonal of zy are zero, hence Tr(xy) = 0.

2.4.20.

Let {wy, ..., wx} be a K-basis for W which we complete to a K-basis of V', say {wy, ..., wk, ki1, - - .

From the hypothesis it follows that : ¢(w;) = Z?Zl ajw; and ¢(v;) € W. Consequently the
(ai) ()

matrix of ¢ in the chosen basis has the form ( ) (0) ), where (...) are blocks of the

suitable size. Computing traces of ¢ and ¢|W in the above basis yields the assertion.

2.4.23.

Clearly g is semisimple < there are no nonzero solvable ideals. Since any abelian ideal is
solvable, the implication : ¢ is semisimple = there are no abelian ideals is easy. Conversely,
assume that g is not semisimple, then Rad(g) is nonzero and solvable. The last nonzero term
in the derived series for Rad(g) is then a nonzero abelian ideal of g,

2.4.26.

A 1-dimensional subspace of sly(K) is not semisimple. For the second part establish that any
derivation of a semisimple ¢ is inner (see Theorem 2.3.33).

2.4.28

Put B, = S(ei, er). We look for a matrix (1) such that the f; = >, ayje, form a basis, i.e.
Blei, > r_y agjer) = Sij. But Ble;, Y o, awier) = Y oy Biray; and so the matrix (ay;) is the

inverse of (By;).
2.4.31

Let {E, F, K} be the standard basis of sly(K). The dual basis relative to the trace form is
{K,3F,F}. Thus ¢, = EK +3F*+ KE = 2] = (dim g/dim VI, I being the identity matrix.

2.4.32.

Consider a one-dimensional g-module K,. For every z € g there is an a, € K such that we
have : z.v = a,v. Since g is semisimple, g = [g, g] hence it is enough to establish that xv = 0
for all x € [g,g] i.e. for z = [y, z]. However [y, z]v = yz.v — zy.v = aya,v — aza,v = 0.

,Un}-
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2.4. Right or Wrong

1.

10.

11.

12.
13.
14.

15.

Right. If a ring is not commutative and a does ot belong to the centre, then [a, —] is a
nontrivial derivation.

Wrong. Take K[X]/(X?) then d : a + bX + bX is a K-derivation and d* = d.
Right. Because d(i?) = 0 = 2idi yields di = 0 and d = 0.

Right. Let d be a derivation, we look at dA;; with A;; the standard basis. Since A}, =0
we must have : Ajp(dAj2) = (—dAj2) A1z This means that the left under entry of dA;, is
zero and the diagonal elements are opposite. Similar for dAs; but then with a zero in the
right upper corner. Now (Ao + A )? = I, thus 0 = (Ao + Aoy )d((A1z + As1)?) = d(Ap +
Agl) + (A12 + Agl)d(Alg + Agl)(Alg + Agl). Left multiplication by A12 + Agl interchanges
the rows, right multiplication by A5 + As; interchanges the columns. The second term is
thus d(Ajs + Asq) with the diagonal elements interchanged and the off-diagonal elements
interchanged. Consequently, the sum of the off-diagonal elements in d(A; + Ag;) must
be zero. Therefore : dAy = aAi1 — aAgy + cAia,dAsy = bA1 — bAgy — cAa. Since
A19As = Aqq, As1A1a = Aqq, we know the derivation is uniquely determined by a, b, c,.

. o : 0
For every a.b.c there is such a derivation, e.g. the commutator with a Z )

Wrong. In K[X] all inner derivations are zero but X — X? is not in K.
Right. Because 21 = 0.

Right. Suppose A is n-dimensional. Since every derivation is linear we may embed Derx A
into M, (K), thus dimgDerg A < n?.

Wrong. The inner derivations of A = R[X] @ H form a 3-dimensional vector space,
Inng(A) = A/Z(A) =R[X]/Z(R[X]/ @ H/Z(H) = H/R and this is 3-dimensional.

Wrong. For R = K < X,Y > the derivation mapping X to Y and Y to 0 is d say. Then
d(X?) = XY +YX.

Right. Let A be a generator of F, such that A?~' = 1, then d\7! = 0, hence (¢ —
1)A?72d)\ = 0. Since ¢ — 1 is not zero modulo p, d\ = 0 follows.

Right. The derivations form a subspace of M, (F,) where F, is the prime field of the
algebra.

Wrong. DergC = DergR = 0.
Right. See theory.
Right. 1f da = db = 0 then d(a + b) = 0 and d(ab) = 0.

Right. Define a left A-module structure on Derg A by ad : A — A,z — adx. Observe
that this does not work in case A is non-commutatitve.
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16.

17.

18.

19.
20.

21.
22.

23.

24.
25.
26.
27.

28.
29.

30.

Wrong. If d : C[X]| — [X] is a derivation then we could try to define d’ on C[X]/(X?) by
putting d’(a + (X?)) = da + (X?). This is possihble only if d(X?) C (X?) or dX € (X).
These derivations do form a subset but different derivations may correspond to the same
“quotient”-derivation on C[X]/(X?).

Put A = A; x Ay and d a derivation of A. Then d(a,0) = d'((1,0)(a,0)) = d(1,0) +
(1,0)d(a,0) € Ay X o, thus d|A; X o is a derivation of A; and similar for d|o x As. Thus
d=d|A; X 0@ d|0A.

Wrong. C[X?] C C[X] and C[X?] = C[X], hence 9 : f(X?) — f'(X?) is a derivation of
C[X?]. This derivation is not of the form p(X)-% because then §X? = 1 = p(X)2X, a
contradiction.

Wrong. The derivations of Ms(C) are inner but E)5 is a zerodivisor.

Right. Looking at C[X] as a subalgebra of A;(C) we have [f(z)y,z] = f(x) and then
[f @)y, =]IC[XT is f(x).0r.

Too easy.
Wrong. Inng K [X] = 0 but this is not K[X]| with the zero bracket.

Wrong Let the Lie algebra have basic vectors v; and vy and assume [vq, v3] = avy + bvs.
If the Lie algebra is not abelian we may assume that a # 0 (up to interchanging the

basis vectors. Form a new basis, e; = v; + S’UQ,@Q = ‘2, then le1,e2] = e;. Now put
V = K(se; +tey) and assume it is a Lie ideal, then [se; +tey, co] = se; € V) i.e.t = 0, and
also [se; + teg, e1] = —teg € V or s = 0. Hence V is trivial.

Right. The algebra C[X]/I is itself finite dimensional.

Wrong. The usual derivative - is not trivial on K (X).
Right. Because [0, 0] = —ds, is inner.

Wrong. Put A = K[X]/(X?) with basis 1 and X = Xmod(X?). Then DergA may be
identified with the K-linear maps having X as an eigenvector and mapping 1 to zero.
This set is closed under composition.

Right. The commutator [x,x] = 0 for every element.

Right. The map [a,—] : ¢ — g is linear and ¢ is finite dimensional over C, hence |a, —]
has an eigenvector, say b # 0. One easily [b, [a,b]] = [b,\] = 0, some X € C.

Right. Let 6 be an R-derivation of H, say :

d(i) = ag + a1i + azj + ask,
8(3) = bo + byi + baj + bsk,
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31.

32.

33.
34.
35.

36.

37.

38.
39.

40.

41.

42.

43.

Then 6(i%) = 0 = i6(7) + 6(i)i = —2a; + 2agi, thus a; = ag = 0, similarly by = by = 0.
From 6(ij) = —d(ji) we calculate :

i6(j) +0(i)j = —az — by — baj + azi = —6(ji) = ag + by — bsj + azi

hence ay = —b;. Then § = %[CEQ’C‘F(I:’, J+bsi, —|, hence every derivation of H over R is inner.
Thus we have DergH/ = H/R = Ri®RjORE and (34, 37] = 2k, (L7, 3k] = 34, [3k, 3i] = 3j

and thus ¢: DergH — so3(R) = R3, x, defined by a7 + asj + ask — 2(ai, as,asz) is an
isomorphism, where R3x is the 3-dimensional R-space with the vectorial product x.

Wrong. Look at H ®g R[T]. The elements i7" and jT generate an infinite dimensional
Lie algebra with the commutator bracket i.e.

R{:iT, §T, kT?,iT?, jT°, ...}
Wrong. The dimension of sl,(C) is n* — 1 (all matrices of trace zero) and I? —1+k*—1 #
(I+k)*—1.
Right. Choose as a new basis {\e;, i}, the new structure constants are )\c;?]_ now.
Wrong. The groups O3(R) and SO3(R) have the same Lie algebras.

Wrong. The subalgebra generated by the matrix with a 1 only in the upper right hand
corner is a Lie ideal.

Wrong. The algebra C with the zerobracket is simple. If g # C then the statement is
right in view of the main theorem for simple Lie algebras (every two generators E;, F;
generate an sly-subalgebra).

Wrong. Every simple Lie algebra does not have Lie ideals hence it can only be mapped
surjectively to itself.

Wrong. The enveloping algebra of C with the zero bracket is C[X].

Wrong. C®" only has the zero derivation (the zero Lie algebra is not assumed to be
simple).

Wrong. Such path-algebra is finite dimensional and thus it cannot be the enveloping
algebra of a nonzero Lie algebra.

Wrong. The algebra C C M, (C) with the zero bracket is simple. If g # C then the
statement is right because the subspace of matrices with trace zero is a Lie ideal. If
dim g > 1 then the latter subspace is not trivial because it is the solution space of a
linear equation, hence g must consist completely of true zero matrices.

Right. Let dimcg > 2 and take X,Y linearly independent in g. Then CX and CY are
Lie ideals, thus [X,Y] € CX NCY yields [X,Y] = 0.

Wrong. If we consider CX ® CY with [X,Y] =Y then we obtain a counter-example.
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44.

45.

46.
A7.

48

Wrong. The example in 4.3. is not simple and it cannot be written as the direct sum
of two simple Lie algebras (because otherwise it would be the direct sum of two one
dimensional Lie algebras and as such it would have to be Abelian).

11 0 -1
Wrong. Counterexample : ( 00 > and < 0 1 >

Wrong. We have sl,,(C) C M, (C) of dimension n? — 1.

Right. Every finite dimensional Lie algebra can be embedded in a matrix algebra. Extend
this embedding to the level of enveloping algebras.

Right. The universal enveloping algebra is not finite dimensional.

3.4 Right or Wrong

1.
2.

10.

11.

12.

Wrong. C[X,Y]/(X? Y% XY) is Z/2Z-graded but it has C-dimension 3.

Right. Look at a G-graded algebra and select a set of homogeneous generators, X say.
Look at the free algebra K < X > and give every element of X then corresponding
G-degree. This defines a G-gradation on the free algebra and the canonical map T : K <
X >— Ais graded of degree e € G.

Wrong. If £ € K[X],,,n € K[X]s,, then {&n € K[X],,,, but since {&n = n€ also &n €
K[X]sy0,, leading either to £n = 0 what is impossible or o101 = 0105. We can choose o
and oy such that o109 # 0907 by the noncommutativity of G = 5.

Wrong. We have an ideal 27Z in Z but K[X?| = K[X]sz is not an ideal.

Wrong. Look at the Z-graded ring K[X, X~ '] with degX = 1, I = @, ,0K X" is not an
ideal as it contains X but not X ' X = 1.

Right. Indeed [z;,z;] has degree two, since [z, x;] = Y, cfx it must be of degree one,
hence [z;,z;] = 0 for all ¢, j or g is Abelian.

Right. Easy enough.

Right. Put a € Rj, and decompose a~! into Zg zg. Then 1 = Eg zga, hence 1 = xp,-1a,
from 1 = Zg azx, it follows 1 = axj-1 hence zj-1 = a '

Wrong. C(X) # &,CX*.
Right. Choose a basis for every homogeneous component and take the union of these.

Wrong. C[X]/(X?) is Z-graded with degX = 1, X = Xmod(X?), but 1,1+ X is a
C-basis.

Air; @ Biyj = (A& B)iy;.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Wrong. Look at C[X,Y]/(X? Y2 XY) graded by putting degX = 1, deg Y = 2; then
(X +Y,X —Y) is a graded ideal (equal to (X,Y)).

Wrong. Give CaZy @ Zy® ... (= Zgoo))—gradation by putting deg(i) = (1,1,...).

Right. M, (K) is generated by elements E;; with relations : E;;jEy = §;,Ey. Split
{1,...,n} in two disjoint subsets. Write i ~ j if they are in the same subset. Put
deg E;; = 0if i ~ 7 and 1 otherwise. This is a gradation because if E;jEy = E; # 0,
then j =k and then j ~ 1< (i~ jand k~ 1) or (i ¢ j, k £ 1).

Right. Let R be a non-trivially Z-graded finite dimensional algebra and consider x &€
R homogeneous of degree m # 0. Then z" € R,,. Since only a finite number of
homogeneous components of R can be nonzero we have ™ = 0 for n large enough.

Right. The path-algebra is the quotient of the free algebra (with generators the arrows q;
and vertices v;). Give vertices degree zero and arrows any arbitrary degree. The defining
ideal contains relations of the form : a;a;, a;v;(—a;), vja;(—a;), v} —v;. All these relations
are now homogeneous, hence the ideal is graded in the free algebra hence the path algebra
inherites this gradation.

Right. Because C @ ... ® C (n-terms) has no nilpotents so we may apply question 16.
above.

Wrong. Look again at C[X,Y]/(X? Y% XY). We may choose infinitely many bases
of the form 1, X,aX + bY. Give everything degree zero except deg(aX + bY) = 1.
This defines a gradation and for different @ and b the gradations are different because

ClaX +bY) # C(cX +dY) if (a,b) # (¢, d).

Wrong. We may define an Sz-gradation on : KI[Xi,..., X5]/(X;X;,1 < 4,5 < 5) by
giving every generator X, ..., X5 a different degree, different from e € §3. This algebra
is commutative and cannot be mapped surjectively onto K |[Ss].

Right. The relations defining the exterior algebra in the free algebra, i.e. X;X; + X, X;
are homogeneous if we put degX; = 1 for all 7.

Wrong. Define a gradation on Ms(C) by putting degF1s = 1, degFy; = —1. Then

1
( 0 (1) ) is idempotent but not homogeneous.

Right. Tf X € K has a positive degree k € Nthen A\™! = fo+fi+.. .+ fu, AN(fo+...+fn) =1
has degree zero but every \f; has degree strictly larger than zero, hence \f; = 0 for all
—1, contradiction.

Wrong. Look at the Z-graded K[X, X '] with deg. X = 1.

Right. Assume {a} is closed in the filtration topology. The map g : * — x +a — f is
continuous, thus g=' = {f} is the inverse image of a closed set, thus also closed.

Right. Because the standard filtration on K[X] is discrete (F_, K[X] = 0).
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27.
28.

29.

30.

31.

32.

33.

34.

35.

Wrong. Q2 =0+ (2) U1+ (2) is the union of two open sets.

Assume that A has infinitely many elements and that it is compact for the filtration
topology. As |A| = oo this topology is not discrete, hence F;A # 0 for all i € Z. We
have F,,A = A for some n because otherwise we have an infinite cover {F,,A,n € Z} not
having a finite subcover. Now look at {b+ F;A,b € F; ;1A — F;A}. Two such b+ F;A are
either equal or disjunct. Therefore this infinite cover cannot have a finite subcover.

Right. Suppose F'(@) is such that @ = R. Taking then an open U in R we must have UNQ
open in the filtration topology of ). hence U N Q) must contain some = + F;Q. If a € F;Q)
then also na € F;Q) and thus F;(Q is not finite, hence U is unlimited, a contradiction.

Right. If Y a;z" = > b;z* with a, = 1 # b, = 0 being the first different digit. Then
we have : > a;2" — > biz' = 2" + 2""lq. For every z € R, 2" + 2"lx & (2)"*1| thus
0+ (2)"™ € > a;2' = biz'. Two formal sums are therefore equal if and only if all digits
are equal. Every number also can be written as such a formal sum, i.e. take a € Z)
then we may consider a as a limit of a sequence of integers (2o, zi1,...). Adding to each
z; an element of (z°) does not change the limit. This means we may choose all z; positive.
Every positive integer has such a decomposition, take the i digit of a to be the limit of
the ™ digit of the z;, this yields a power series description for a.

e Ezample 1. Put a = —1, then (—1,—1,...) is a sequence converging to —1, so also
(0,1,3,7,...) and the power series for —1is 1 +2+4+8+....

o FExample 2. Put a = 1/3. Then (1,3,11,% = 43,53ﬁ = 171,...) is a sequence
converging to 1/3, therefore the power series for % is1+2+8+128+...

Right. Because (X" 1)/(X") 2 CX" ! and hence Gx(C[X])=... 6 CX?*aCXaCa

0406 .... The multiplication is as expected but the gradation is now negative.

Wrong. Take R = K[X,Y]/(X?) with the trivial filtration F_;R = (Y") for i > 0 and

FyR = R. The set of zero divisors of R is the ideal (X). To be open the latter must
contain some X + F;R but this is impossible because X + Y cannot be a zero divisor.

Wrong. Again take R = K[X,Y]/(X?) with ;R = (Y?) for i > 0 and FyR = R. If
the ideal of zerodivisors (X) (as in question 32. has to be closed then (observe that 0
is not considered as a zero divisor) some 0 + F; R must be disjoint from (X), but this is
impossible because 0 + XY is always a zero divisor.

Right. Since every ideal of A is finitely generated, N' = Aa; + ...+ Aag. If a¥ = 0 for
i € {1,...,k} then we have N* = ( because :

(7’1&1 + ...+ rkak)Nk = Z (rlal)“ Ce (rkak)i’“
i1+...+ik:Nk

and at least one ¢; is larger than N. The right-hand member is therefore zero. Hence
F ;xR =0 and the topology is discrete.

Consider A = M,(K). For every di,...,d, € Z consider M, (K)x = (Kx1q,—q;)i;; this
defines a Z-gradation on M, (K).
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36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.
48.

49.

0.

Wrong. For any Lie algebra of dimension n over K, g say, the associated graded of Uk(g)
is always the polynomial ring K[Xy,...,X,], hence two non-isomorphisc n-dimensional
Lie algebras yield the same associated graded algebra.

Right. Since G(Ugk(g)) is a domain, the principal symbol map o is multiplicative hence
Uk(g) is a domain too.

Right. 1f a=! € Uk(g) = A then a! € F,A — F, 1A for some n € N hence o(a™!) €
G(A),. Sine o(a)o(a™) # 0 it is o(aa™) = o(1) or o(a)o(s™') = 1 or dego(a) =
dego(a™') = 0 since G(A) is positively graded, i.e. a™! € FpA=K, a € K.

Right. Obvious from definition of direct sum.

Suppose, FyR 2 FyR for k > 0. Pick © € FyR—FyR then o(x+a) = o(z) yields o(a) =0
for every a € FyR, in fact for every a € F;R, [ < 0. Consequently FyR = F 1R = F;R+. ..
for [ < 0, contradicting the separatedness.

Right. 1t is easily verified that Fj RF{R C F],, R and 1 € FyR. The filtration F'R is the

step-wise version of F'R with step of lentgh two !
Right. Both define the discrete topology.

Wrong. The generator-filtration topology is discrete and hence every subset is open, then
if the statement were true every subset of C" is open, contradiction.

Right. The [I-adic filtration defines a Hausdorff topology if and only if N, /" = 0. If 1
contains a nonzero idempotent e then e € N, I"™.

Right. We have z + (I") = Uyemax +y + (I?") is a union of open sets in the (I?)-adic
topology, hence open in this topology too.

Wrong. Filter Cby0C...Cc0CcCcCc...CCC;then @%C[T].
Right. We have fT™ — A" fT", this map has an inverse f1™ — X" fT™".

Wrong. The Rees ring is graded so it has the grading filtration FLE = @jgzﬁj. Now look
at C with the filtration defined in 46., then C = C[7] and the filtration on this is the

standard filtration. Hence (C)~ = C[U, TU] = C[X, Y] and this ring is not isomorphic to
C[X].

Wrong. C = C[X] as in 46.

Wrong. Same counterexample as 49.
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4.3.15.

1. Follows from 2. if we check that M, (A) is Artinian. Since A is a skewfield we may use
the left dimension, and 1dima M, (A) = n* < oo, so ldimy strictly descends on left ideals
L; C L~y in M,,(A). Similarly for right ideals using the right dimension.

2. Follow the hint.

3. Since every ideal is generated by an idempotent, the hint yields the proof.
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