NONCOMMUTATIVE DEFORMATIONS OF MODULES

O.A.LAUDAL

University of Oslo

Dedicated to Jan Erik Roos.

ABSTRACT. The classical deformation theory for modules on a k-algebra, where k
is a field, is generalized. For any k-algebra, and for any finite family of » modules,
we consider a deformation functor defined on the category of Artinian r-pointed
(not necessarily commutative) k-algebras, and prove that it has a prorepresenting
hull, which can be computed using Massey-type products in the Ezt-groups. This
is first used to construct k-algebras with a preassigned set of simple modules, and
to study the moduli space of iterated extensions of modules. In forthcoming papers
we shall show that this noncommutative deformation theory is a useful tool in the
study of k-algebras, and in establishing a noncommutative algebraic geometry. See
http://www.rmi.acnet.ge/hha/

Introduction.

In this paper I shall introduce a noncommutative deformation theory for modules
on some k-algebra A, k a field. The basic idea of noncommutative deformation
theory is very simple. Let a, denote the category of r-pointed not necessarily
commutative k-algebras R. The objects are the diagrams of k-algebras,

WS RS kT

such that the composition of ¢ and p is the identity. Any such r-pointed k-algebra
R is isomorphic to a k-algebra of r x r-matrices (R; ;). The radical of R is the
bilateral ideal Rad(R) := kerp, such that R/Rad(R) ~ k". The dual k-vectorspace
of Rad(R)/Rad(R)? is called the tangent space of R.

For r = 1, there is an obvious inclusion of categories

lggl

where [, as usual, denotes the category of commutative local artinian k-algebras
with residue field k.

Fix a not necessarily commutative k-algebra A and consider a right A-module
M. The ordinary deformation functor
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is then defined. Assuming Ext’y(M, M) has finite k-dimension for i = 1,2, it is
well known, see [Sch], or [La 1], that Def,; has a noetherian prorepresenting hull
H, the formal moduli of M. Moreover, the tangent space of H is isomorphic to
Exth (M, M), and H can be computed in terms of Ext'y (M, M), i = 1,2 and their
matric Massey products, see [La 1], [La 2].

In the general case, consider a finite family V = {V;}I_; of A-modules. Assume
that,

dimy Extly (Vi, V;) < o0.

Any such family of A-modules will be called a swarm. Define a deformation functor,
Defy : a, — Sets

generalizing the functor Def,, above. Given an object p : R = (R; ;) — k" of a,,
consider the k-vectorspace and R-left module (R; ; ®% V;). p defines a k-linear and
left R-linear map,

p(R) : (Rij @1 Vj) = ©iza Vi,

inducing a homomorphism of R-endomorphism rings,
P(R) : (Rij @ Homi(V;, V) — @iz Endy(Vi).

The right A-module structure on the Vs is defined by a homomorphism of k-
algebras, n9 : A — @]_; Endy(V;). Let

Defy(R) € Sets
be the isoclasses of homomorphisms of k-algebras,
n' : A— (R;; @x Homy(V;,V}))

such that,
ﬁ(R) o 77/ = To,

where the equivalence relation is defined by inner automorphisms in the k-algebra
(Ri; ®x Homy(V;,V;)). One easily proves that Defy has the same properties as
the ordinary deformation functor:

Theorem 2.6. The functor Defy has a prorepresentable hull, i.e. an object H of
the category of pro-objects @, of a,, together with a versal family,

V = (H;; ®V;) € lim De fy(H/m")

n>1
such that the corresponding morphism of functors on a,.,
p: Mor(H,—) — Defy

is smooth (see §2), and an isomorphism on the tangent level. Moreover, H is
uniquely determined by a set of matric Massey products of the form

Ext*(Vi,V;)® - ® Ext*(V;,_,,V;) -+ — Ext*(Vi, V),
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see [La 2] and [Siq] for an exposition of the Massey product structure in the category
of all Ox-modules for X a scheme defined on some field k.
The right action of A on V defines a homomorphism of k-algebras,

n:A— OW):= EndH(f/) = (H,; ; ® Homy(V;,V})),

and the k-algebra O(V) acts on the family of A-modules V = {V;}, extending the
action of A. If dimiV; < oo, for all i = 1,...,r, the operation of associating
(O(V),V) to (A,V) turns out to be a closure operation.

Moreover, if A is an object of a,., and if V = {k;}I_, is the correspondiong family
of simple A-modules, then

7

n:A— H(V)

is an isomorphism.

In §3 we prove that there exists, in the noncommutative deformation theory, an
obvious analogy to the notion of prorepresenting (modular) substratum Hq of the
formal moduli H. The tangent space of Hy is determined by a family of subspaces

Exty(Vi,V;) C Exty(Vi,V;),  i#j

the elements of which should be called the almost split extensions (sequences) relative
to the family V, and by a subspace,

To(A) € [ Bxth(Vi, Vi)

which is the tangent space of the deformation functor of the full subcategory of
the category of A-modules generated by the family V = {V;}7_,, see [La 1]. If
V = {V;}7_, is the set of all indecomposables of some artinian k-algebra A, we show
that the above notion of almost split sequence coincides with that of Auslander.

In Remark (3.7) we associate to the family V = {V;}, and to any quotient R
of H in a, a quiver with vertices contained in the set {V;}. The Auslander-Reiten
quiver then turns out to correspond to R = Hy/Rad(Hg)?.

Observe that, in general, the k-algebra Hy and its corresponding modular family
Vo contains much more information than what may be deduced from the tangent
level.

In §4, we first prove,

Theorem (4.3) (A generalized Burnside theorem). Let A be a finite dimen-
sional k-algebra, k an algebraically closed field. Consider the family V = {V;}i_;
of simple A-modules, then

A~ O(V) = (Hiﬁj ® Homk(‘/iv ‘/;))

Then we consider the general problem of classification of iterated extensions of
a family of modules V = {V;, }/_;, and the corresponding classification of filtered
modules with graded components in the family V. The remainder of the paragraph
is concerned with properties of the O-construction, and some examples.

Based on this notion of noncommutative deformations, we have in [La 7] pro-
posed a general definition of an affine noncommutative prescheme, and scheme,
generalizing the classical notion of an affine algebraic scheme in the commutative
case.

Earlier versions of this paper has appeared in the preprints [La 3-6].
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1. Homological preparations.

Ezts and Hochschild cohomology. Let k be a (usually algebraically closed) field,
and let A be a k-algebra. Denote by A-mod the category of right A-modules and
consider the exact forgetful functor

m: A—mod — k —mod
Given two A-modules M and N, we shall always use the identification
o' Exty(M,N) ~ HH'(A, Homy(M, N)) for i = 0,1,2,

where Homy (M, N) is provided with the obvious left and right A-module struc-
tures. If L, and F) are A-free resolutions of M and N respectively, and if an element

¢ € Bxth (M, N)

is represented by the Yoneda cocycle,

£ ={&} e [[Homa(Ln, Fusy)

then o!(€) is gotten as follows. Let o be a k-linear section of the augmentation
morphism
p:Lo— M

and let for every a € A and m € M, o(ma) — o(m)a = do(z). Put,
o' (€)(a,m) = —p(&i(x))

where
w:Fy— N

is the augmentation morphism of F. Then,
al(é) € Deri(A, Homy(M,N))

and its class in HH'(A, Hom(M, N)) equals o*(¢).

Recall the spectral sequence associated to a change of rings. If 7 : A — B is
a surjective homomorphism of commutative k-algebras, M a B-module and N an
A-module, then Ext* (M, N) is the abuttment of the spectral sequence given by,

EYY = Ext, (M, ExtY, (B, N)).
There is an exact sequence,
0 — By° — Baty(M,N) — EY" — E3°,
which, for a B-module N, considered as an A-module, implies the exactness of

0 — Eath(M,N) — ExtY (M, N)
— Homp(M,Homp(I/I?,N)) — Ext%(M, N)
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where I=ker . The corresponding exact sequence,

0 — HHY(B, Homy(M,N)) — HH' (A, Homy(M, N))
— HOmA®Anp(I,HOmk(M,N))

in the noncommutative case is induced by the sequence

0 — Dery(B, Homy(M,N)) — Deri(A, Homy(M, N))
— HOmA(X)Aop(I’ If[O'I?’Lk(Z\f7 N))

Notice that in general we do not know that the last morphism is surjective. This,
however, is true if B=A/rad(A), where rad(A) is the radical of A, and A is a finite
dimensional, i.e. an artinian, k-algebra. In this case, B is semisimple and the
surjectivity above follows from the Wedderburn-Malcev theorem. Notice also that
in the commutative case,

Hom ag o0 (I, Homy(M,N)) ~ Homp(I/I?, Homp(M, N))

as it must, since for ¢ € Homagaor (I, Homy(M,N)), a € A, and i € I, ai = ia,
and therefore

ad(i) = ¢(ai) = ¢(ia) = ¢(i)a, i.e. ¢(i) € Homp(M,N).

This implies that for B = A/p, M = A/p, N = A/q, where p C q are (prime) ideals
of A,

Buty(A/p, Alq) = Homa(p/p*, A/q)

and, in particular
Eaty(A/a, A/a) ~ Homa(a/4*, A/q) = Nq,
the normal bundle of V(q) in Spec(A). If ¢ C p and q # p we find,
Exty(Afp, A/q) ~ Exty,,(A/p, A/q).

In [La 1], chapter 1., we considered the cohomology of a category ¢ with values
in a bifunctor, i.e. in a functor defined on the category morc of morphismes of c.
Recall that a morphism between the objects ¥ and 9’ is a commutative diagram,

P
C] — Cy

|

(4

) ——= .

It is easy to see that this cohomology is an immediate generalization of the projec-
tive limit functor and its derivatives, or if one likes it better, the obvious general-
ization of the Hochschild cohomology of a ring. In fact, for every small category ¢
and for every bifunctor,

G:cxc— Ab
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contravariant in the first variable, and covariant in the second, one obtains a co-
variant functor,
G : morc — Ab.

Consider now the complex,

D*(c, G)

where,

DG = [ Glawe)

Co—C1*—Cp

where the indices are strings of morphisms ; : ¢; — ¢;41 in ¢, and the differential,
dv: Dp(ga G) - DP+1(Q’ G)
is defined as usual,

(dPE) (W1, iy Vig1s o py1) = V1€(Y2, . Ypin)
p
(_1)25(’(/}17 e 71/)’i o wi+17 v 7’(/}p+1) + (_1)p+1€(’(/}17 e 71/)p)wp+1-

1

+

2

As shown in [La 1], the cohomology of this complex is the higher derivatives of the
projective limit functor 1&115;2)” applied to the covariant functor

G : morc — Ab.
This is the "Hochschild” cohomology of the category ¢, denoted
H*(¢c,G) := H* (D" (¢, Q).

Example 1.1. Let ¢ be a multiplicative subset of a ring R, considered as a category
with one object, and let R : ¢ x ¢ — Ab be the functor, defined for ¥, ¢’ € ¢, by
R(, ') = ¢*1., where 1* is left multiplication on R by v, and where 1, is right
multiplication on R by ', then

H%c,R) ={¢ € R| ¢np = ¢¢ for all ¥ € ¢},
i.e. the commutant of ¢ in R.

Given a k-algebra A, and consider a subcategory ¢ of the category of right A-
modules. Let, as above 7 : ¢ — k — mod be the forgetful-functor, and consider the
bifunctor,

Hom, :¢cxc¢c— k—mod

defined by
Homy(Vi, V) = Homy(V;, V;).
Put,
Oo(c,m) := H®(c, Homy).

It is clear that Og(c, ) is a k-algebra, and that there is a canonical homomorphism
of k-algebras,
no(c, ™)+ A— Oo(c, m),

see §5.
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Example 1.2. Let A be a commutative k-algebra of finite type, k algebraically
closed, and let Spec(A) be the subcategory of A-mod consisting of the modules
A/p, where p runs through Spec(A), the morphisms being only the obvious ones.
It is easy to see that the homomorphism

no(Spec(A),7) : A — Ogy(Spec(A), )

identifies A/rad(A) with Og(Spec(A), ). If rad(A) = 0 we even find an isomor-
phism,
no(Simp*(A),7) : A = Oy(Simp* (A), 7).

Here Simp*(A) is the subcategory of A-mod where the objects are A and the simple
A-modules, A/m, i.e. the closed points of Spec(A), and where the morphisms are
the obvious quotient morphisms A — A/m. no(Simp*(A), ) is, however not, in
general, an isomorphism. This is easily seen when A is a local k-algebra. To remedy
this situation we shall in [La 7] introduce and study a generalization O(c, ) of
Op(c, ) defined in terms of the noncommutative deformation theory, see the next

8.
§2. Noncommutative deformations.

The category a,., test algebras and liftings of modules.
Let a, be the category of “r-pointed” artinian k-algebras. Recall that an object
R of a, is a diagram of morphism of artinian k-algebras,

kT 4I>R
k"

Put, Rad(R) := kerp, such that,

R/Rad(R) ~ [[ kj»  k;j~k.

Jj=1

A morphism ¢ : R — S of g, is a morphism of such diagrams inducing the identity
on k", implying that the induced map,

k" ~ R/Rad(R) — S/Rad(S) ~ k"

is the identity. Pick idempotents e; € k™ C R such that
T
dlei=1, e, =0if i #j.
i=1

For every (i,7), we shall consider the subspace R;; := e;Re; C R, and the pairing
Ri; ® R — R,

given in terms of the multiplication in R.
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Let
R = (Rij)

be the matrix algebra, the elements of which are matrices of the form
(aij)
with a;; € Ry, 4,5 = 1,---,r. There is an obvious isomorphism of k-algebras
¢p:R— R

defined by

P(a) = (eie;).
identifying the sub k-algebra k" of R with the algebra of diagonal r X r-matrices.
Now, for any pair (4,5), 4,7 = 1,...,r, consider the symbol €;;, and let’s agree
to put all products of such symbols equal to zero. Then we define the (i, j)-test
algebra R(i,j) as the matrix algebra

Rii,j)=K@®i| - k-e - for i # j

R(i,i)= i [ - klea] - for i = j

Denote by HH*(A, —) the Hochschild cohomology of the k-algebra A. If W
is an A-bimodule denote by Deri(A, W) the k-vectorspace of derivations of A in
W. Thus ¢ € Deri(A, W) is a linear map from A to W such that ¥(a; - az) =

a19(az) + ¥ (a1)as.
In particular, any element w € W determines a derivation i(w) € Derg(A, W)
defined by i(w)(a) = aw — wa. There is an exact sequence

0— HH°(A,W) — W — Dery(A,W) — HH"(A,W) — 0
If V;,V; are right A-modules, then
Homy,(Vi, V;)

is an A-bimodule. In fact if ¢ € Homy(V;, V;), then a¢ is defined by (ag)(v) =

) Vi
¢(va), and ¢a is defined by (¢pa)(v) = ¢(v)a.
Moreover, we know that
HH (A, Homy,(Vi, V;)) = Homa(V;, V;)

HH'Y(A,Homy,(V;,V;)) = Bty (Vi, V).
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Fix a finite family V = {V;}7_, of right A-modules, and consider for every
Y € Dery(A, Hom(V;,V;))

the left R(7,j)-module and right A-module,

J
Vi :
7 . e ‘/7 67]‘/]
Vii () =

Vj

. v
defined by
U1 via
Vi €5V = via € (Y(a,vi) + vja)
’Uj Uj(l
Uy UrQ

and the obvious left R(7, j)-action. The R(i,j)- and the A-action commute, there-
fore we have got a R(7,j) ® A-module, such that

k" @rij) Vii(¥) ~ &, Vi

Vi; () is called a lifting of V to R(i,7). It is easy to see that if ¢ maps to zero
in HH'(A, Homy(V;,V;)) = Ext!(V;,V;) then the lifting V;;(v) is trivial, i.e. iso-
morphic to the trivial one. Conversely, if V;;(1) is trivial, then ) maps to zero in
Bath (V.. V).

The noncommutative deformation functor.

We are now ready to start the study of noncommutative deformations of the
family V = {V;}/_,. We shall assume that V is a swarm, i.e. that for all 4,j =
1,2,...,r,

dimyExty (Vi, V}) < oc.

Given an object p : R = (R; j) — k" of a,., consider the left R-module (R; ;&5Vj).
p defines a k-linear and left R-linear map,

p(R) : (Rij @1 V;) = @i Vi,
inducing a homomorphism of R-endomorphism rings,
P(R) : (Rij @k Homy(V;, V) — &i—y Endy(V;).
The right A-module structure on the Vs is defined by a homomorphism of k-

algebras,
no: A — &l_ Endi(V;).
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Definition 2.1. The deformation functor
Defy : a, — Sets
is defined for every R € a,., as the set,
Defy(R) € Sets
of isoclasses of homomorphisms of k-algebras,
{n': A= (Rij @k Homy(V;, V;))}/ ~

such that,
ﬁ(R) © 77/ = "o,

where the equivalence relation ~ is defined by inner automorphisms in the k-algebra
Endp((Ri; @k V;)) = (Ri; @k Homy(V;, V).

Any such isoclass 77 will be called a deformation or a lifting of V to R, and
usually denoted Vg.

One easily proves that Def), has the same properties as the ordinary deformation
functor.

Let 7 : R — S be a morphism of a,., such that Rad(R) -ker # = 0. Morphisms like
this will be called small. If Vg € Defy (R) it is easy to see that Vg := S®g Vg €
Defy(S) and that V = ker{Vg — S®@pr Vg} is, as a left R-module, an R/Rad(R) =
k"-module. Put ker m = (K;), then V= (Vij) where Vij = K;; @ V.

Consider now the k-vector spaces

Ef; = Eat§(V;, V;)*
i.e. the dual k-vectorspaces of EmtdA(VZ—, V), and consider the k-algebra of matrices,

k 0
TQd = +(6ijEldj)
0 k

where as above, we assume all products of the €;;’s are equal to zero. Now let for
every i,j=1,...,r,and d =1, 2,
d
d “is
{tij (E)}ezl
d
be a basis of Ef, and let {¢f(¢) .7, be the dual basis. Thus ef; = dimEf,.

Consider the k-algebra

T = +(E3)

)
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d
e

freely gemerated as matrix algebra by the generators {tfj (K)}é ' . An element of
=1

Eidj is then a matrix where the elements are linear combinations of elements of the
form:

Tij = td (l1) & t4 (lg) K& td (lm)

i1 J1J2 Jm—1Jm
J=Jm, 1§lsgei,1j57 1<js<r,m=>1
d d d
of Ej; ® Ef;, ® - ®@FE; .

Obviously
T) = T'/Rad(T")?.

where Rad(T") is the two-sided ideal of T generated by (Ezlj)

Lemma 2.2. Let R be an object of a, and suppose that there exists a surjective
homomorphism
¢2 : T21 - R/Rad(R)27

then there exists a surjective homomorphism
¢:T' — R

which lifts ¢s.

Definition 2.3. For every object R of d,., put
Tr = (Rad(R)/Rad(R)?)*

and call it the tangent space of R.

Lemma 2.4. Let ¢ : R — S be a morphism of a,.. Assume ¢ induces a surjective
homomorphism
ot ThH — TS
(or an injective homomorphism on the tangent space level). Then ¢ is surjective.
Notice that if we pick any finite dimensional k-vectorspaces Fj;, then there is a

unique maximal pro-algebra F' = F'(F};) in a, with tangent space

F is defined in the same way as T, above, with E¢ replaced by F.
To prove the existence of a hull for the deformation functor Defy the basic tool
is the obstruction calculus, which in this case is easily established:

Proposition 2.5. Suppose R % Sisa surjective small morphism of a,., i.e. sup-

pose ker¢ - Rad(R) = 0. Put ker¢ = (I;;). Consider any Vs € Defy(S). Then
there exists an obstruction

(¢, Vs) € (Iij @ Bty (Vi, V;))
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which is zero if and only if there exists a lifting Vg € Defy(R) of Vs. The set of
isomorphism classes of such liftings is a psevdotorsor under

(I @k Bxty (Vi, V).

Proof.  As a k-vectorspace Vg = (R;; ® V;) maps onto Vg = (S;; ® V;). Since the
right action of A commutes with the left S-action the action of an element a € A
on Vg is uniquely given in terms of a family of k-linear maps,

Qij V;—MS'”@‘/]
We may of course lift these to k-linear maps
o(a)ij : Vi = Ri; @ V;

inducing a lift of the action of each element of A on
DS eV
=1

j=

to a k-linear action on
s
Dr;ev.
=1

The obstruction for this to be an A-module structure is, as usual, the Hochschild
2-cocycle
Y*(a,b) = a(ab) — o(a) - o(b) € (I;; ®x Homy(Vi, Vj)) .

The fact that this is a 2-cocycle follows from

(1) U(C) : 11/}2(“’ b) =c- 77/12(6% b)
(2) ¢*(a,b)-o(c) =¢*(a,b) - c

and the obvious relation

dq/}Q(av b, C) = (M/}2(b, C) - ¢2(aba C) + 7/]2(0'7 bc) - 1/12(6% b) " C
=o(a)(o(bc) — o(a)o(c)) — (o(abe) — o(ab)o(c)) + (o(abe) — o(a)o(be))
— (o(ab) —o(a)a(b))o(c) =0

Suppose the class of ¢? in (I;; ®) Ext% (V;,V;)) is zero. This means that ¢? = do,
where ¢ € Homy (A, (I;; @, Homg(Vi, V;)), ¥%(a,b) = do(a,b) = ap(b) — ¢(ab) +
¢(a)b. Let ¢’ = o + ¢ and consider,

o'(ab) — o'(a)o’ (b) = o(ab) — a(a)o(b) + ¢(ab) — o (a)$(b) — ¢(a)o(b) — ¢(a)p(b) .
Since the matrix ¢(a)p(b) =0 as ;- I =0, Vi, j, k and since o(a)p(b) = ag(b),

¢(a)o(b)=¢(a)b for the same reason, we find that o’(ab) — o’(a)o’(b) =0, i.e. there
is a lifting of the A-module action to Vg = (R;; ® V).
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If we have given one A-module action o on Vg lifting the action on Vg, then for
any other ¢’ we may consider the difference

o —o:A— (Iij @ Homg(V;, V;))
Consider
4(o" — o)(a,b) = a(o’ (5) — o(8)) — (o"(ab) — o(ab)) + (o' (a) — o(a))b

As above we may substitute ¢’(a) for a and o(b) for b, and the expression becomes
zero. Thus ¢/ — o = £ defines a class

¢ € (Ii; @ Extly(Vi, V).

If £ =0, then £ = d¢, ¢ € (I;; ®x Homy(V;,V;)) such that o’(a) — o(a) = ap — ¢a.
Let ¢ = (¢;;), then ¢;; defines an isomorphism

¢=id+¢: PRV, - PR,V
J J

lifting the identity of €D S;; ® V;. Moreover
J

o(a)(id + ¢)(vi) = o(a)vi + ad(vi)
= 0'(a)(vi) + ¢(av;) = (id + ¢)o’(a)(vi)
since ¢(o’(a)v;) = ¢(av;).

Therefore the A-module structures on
Vi = (Rij ® Vj)

defined by o and ¢’ are isomorphic. The rest is clear. [

Theorem 2.6. The functor Defy has a prorepresentable hull, or a formal moduli
of V, H € a,, together with a versal family

V = (H,; ®V;) € lim Defy(H/Rad(H)")

n>1
such that the corresponding morphism of functors on a,.,
p: Mor(H,—) — Defy

is smooth and an isomorphism on the tangent level. Moreover, H is uniquely de-
termined by a set of matric Massey products defined on subspaces,

D, C P Ext'(Vi,V),) @ -+ @ Eat!(V;

p=2

Vi),

p—17

with values in Ext?(V;, V).
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Proof. Notice first that p being an isomorphism at the tangent level means that p
is an isomorphism for all objects R of a, for which Rad(R)? = 0.

Word for word we may copy the proof (4.2) of [La 1], and the proof of [La 2].
In particular H/Rad(H)? ~ T3 and

Mor(H, R(i,j)) ~ Homy(E}

K

k) = Ext (V;, V;) ~ Defu(R(i, ).
Notice that the universal lifting of V' to T% is the T3 ®j A-module V5

\%1 0
- + (Ej; @ Vj)

0 Va
with the obvious left T}-action and the right A-action defined as,

(1®v)-a)i =1®v-a+ Y _t;(0) @ ¥ ;(0)(a,v;))
L

where v; € V;, and where {tj;(£)};, is the chosen basis of E};. Recall that
{wi;(0)};2,, the dual base, consists of elements ¢;;(£) € Euxtly(V;, V), which may
be represented as elements of Dery(A, Homy(V;, V;)).

To obtain H we kill obstructions for lifting V5 successively, to
T} := TY/Rad(T")3, T} etc. just like in the commutative case. The proof of the
existence of a prorepresentable hull for Defy can, of course, also be modeled on
the classical proof of M.Schlessinger [Sch]. This has been carried out by Runar Ile,
see [Ile]. O

A general structure theorem for artinian k-algebras.
For every deformation Vi € Defy(R) there exists, by definition an, up to inner
automorphisms, unique homomorphism of k-algebras,

Nvg - A— EndR(VR) = (R” ® Homk(V;,V]))
Definition 2.7. Let V = {V;}i_, be any finite swarm of A-modules, and let

H := H(V) be the formal moduli for V, and V the versal family. The k-algebra of
observables of the family V is the k-algebra,

O(V) := Endy (V) = (H;; ® Homy(V;, V}))

We would like to describe the kernel and the image of the map,
n:A—0W)
To do this we need to consider the matric Massey products of the form,
D, — Ext}(V;,, Vi),

the obvious generalizations of the matrix Massey products introduced in [La 2].
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Here we shall describe these products using Hochschild cohomology. This is a
more convenient way of describing the map 7 and maybe also an easier way of
understanding the nature of the Massey products.

To simplify the notations, put

Baty(V) = (Baty (Vi, V;))
For | = 2, the Massey product above is simply the cup product
Exth (V) ® Exth (V) — Ext} (V)

defined by: Let (1;), (¢7;) € Extly(V), and express }; as 1-Hochschild cocycles,
ie. 1@1] € Dery(A, Homy(V;, V})), 71'2]' € Dery(A, Homy(V;,V;)). The cup product

(¥i;) U (¥7;) € Eaty(V), now denoted

((Wiy), () € Eath(V)

is defined by the 2-cocycle in the Hochschild complex

((Wd)s (0F))ir(a, b) Zw x(b) € Homy(V;, Vi)

Suppose (( ilj),( %)) = 0, this means that there exists, for each pair (i,k) a 1-

cochain d)ll]f in the Hochschild complex, i.e. a map
o1 € Homy (A, Homyg(V;, Vi)

such that do}? = ((4;), (13;))ik, i.e. such that for all a,b € A,

)

agii (b) — 6iit(ab) + i (a)b = Z"/_}ilj(a) 0 9%, (b)

Given classes ¢! = (), 9> = (¥7;),%° = (¢};) € Extly(V) such that (', 9?) =
(¥?,9%) = 0 there exists ¢'* = (¢;),¢** = (¢7) € Homy(A, Homy(V;, Vi) such
that

dg'? = (P, ¢?%), o™ = (¥*,4°%).

Then there exists a matrix Massey product
(W' 9?0°) € Bati(V)
defined by the 2-cocycle
(W 0%)in(a.0) = Y o (@)g(0) = Y i ()i (b)
J J

in Homy (A @k A, Homi(V;, V;)).
As in [La 2] we may go on and obtain a sequence of defining systems {D,}32,
and Massey products, computing the relations of H (V).
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Now if a € A, denote by a; € Homy(V;, V;) its action on V;, i = 1,...,d. Let
Endy(V) be the diagonal matrix (Endg(V;,V;)), contained in the matrix
Endy (V) := (Endy(V;, V;)). Put,

End(V)a = (a1,...,a4q) € Endo(V) C End(V)

If @ € A is such that End(V)a = 0, this means that a acts trivially on each V;.
Let ¢ € Exty (V) be represented by 1-cocycles v;; € Dery(A, End,(V;,V;)). If
End(V)a = End(V)b = 0, we find,

’(/)ij(ab) = CHﬁij(b) + wij(a)b =0
This shows that ¢ € Extl (V) defines a unique k-linear map,
Y:{a€ A| End(V)a =0} — Endi(V)

vanishing on all squares.
Let a € A, End(V)a = 0, and put

Exth(V)a =0
when (a) =0, Vip € Extly (V). Consider the sub k-vector space of A
Ky ={a€ A| End(V)a = Ext}y(V)a = 0}

Let Y ;9" @ ¢ € Exth (V) ®@ Exth (V) such that its Massey (cup-)product is
zero, i.e. such that:

S a6, 97) =0
Then there exists a 1-cochain ¢ € Homy (A, (Homy(V;,V;))) such that
dg = ai; (v, ¢7)
j

Since d¢ = 0 implies that ¢ represents an element of Extl (V) it is clear that ¢
defines a unique k-linear map

¢: K1 — Endi(V).

Let us denote by
ker(Extl (V), Exth (V)

the subset of Ezth (V) ® Ext! (V) for which the Massey product (i.e. the cup
product) is zero. Then we may put

ker(Ext'y(V), Exty(V))a =0

if for every d¢ € ker(Exty(V), Extly(V)), ¢(a) = 0.
Let

Ky ={ac A| End(V)a = Extly(V)a = ker(Ext'(V), Exty(V))a = 0}

Continuing in this way we find a sequence of ideals { K, },>0, where Ky = ker{A —
End(V)} and, in general, K,, = {a € A | D,,a = 0}.
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Theorem 2.8. Let A be any k-algebra and let V = {V;}I_; be a swarm of A-
modules. Then the kernel of the canonical map

n:A—0()

is determined by the matriz Massey product structure of Ext'y(V), i = 1,2. In fact

kern = ﬂ K,
n>0

Proof. By definition, the homomorphism of k-algebras
n:A—0O()

lifts the k-algebra homomorphism,

d

mo: A— [[Enda(vVi).
i=1

Modulo Rad(H)? n induces the homomorphism,

d
m:A— HEndk(m-) & (E}; @ Homy(Vi,V;))
1=1
with,
0 i1#j
m(a)iy = 8y @mo(a)s + Yty (1) @ ol (D(ai, =), &y = { | iy

l

Now, by construction H is the quotient of the formally free k-algebra T generated
by the independent variables {t;;(1), ! =1,...,l;;} as explained above. The rela-
tions of T are generated by linear combinations of monomials in these variables of
the form,

oo
liver ol
ik = > ot (W (1) -tk (),

r=1
corresponding to elements,
yir € Bxty (Vi, Vi)*.

The coefficients « are expressed in terms of partially, but inductively well defined,
matric Massey products,
()y: D, —  Ext’(V)

such that, if the Massey product (5 (1), ..., ¢} | 1 (I+)) is defined, then

yie (0, (1), ) () =aihroln
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We therefore obtain a basis for H, as k-vector space, by picking, in a coherent

way, a k-basis for
coker{Ext3 (V)" — Dy} = (ker( ), )”
Since K, = ker( ),, the conclusion of the Theorem follows. O
Remark 2.9. Let E;; be an extension of V; by V;, then as a k-vector space E;; =
V; @ V; and the right action by A is defined for (vj,v;) € E;j, a € A by,
(vj,vi)a = (vja+ 1/1113 (a,v;),v;a),
where,
wilj € Dery (A, Homy(V;,V;))
defines an element, -
corresponding to F;;. Suppose we consider an extension Fjj;, of E;; by V. Then
as a k-vector space Eyjp ~ V), @ E;; = Vi, @ V; @ V; and the action by A is defined
by
(vg, vj,v5)a = (vga + é(a, (vj,v;)), vja + w}j (a,vi),v;a).
By additivity
qj)(av (vj7 Ui)) = ¢(a7 (vj7 O)) + ¢(a’ (0’ Ul)) :

Put

G (a,0) = ¥ (a,0), Ui (a,05) = ¢(a, (v7,0)), i (a,0:) = ¢la, (0,7)),

then the conditions on the action imply

¢?,;1 € Dery(A, Homy,(V}, Vi)
@Z;jl,,’fl € Homy (A, Homy(V;, Vi))
and
Ay = vk o v
This means that 1/;?,’: € Ext!(V}, V) and that the cup product,
PO Ut € Bat (Vi, Vi)

is zero.
Now, consider an extension Ejji; of Eyj, by V. As before the action of A on
Eiji1 is given by

(v, vg, v5,0) - @
= (v - a+ ¢(a, v, vj,v;), v - a + wizk(a,vi) + 77/1?,;1(‘1’ v;),vj - a+ 1/)}j(a,vi),fui -a).
Put, as above,
100 — 10
OL0 — 01
wi (@, vr) = 6(a, v, 0,0)
w;)l’l’l(a, vj) = ¢(a,0,v;,0)
i (a,v1) = $(a,0,0,v7)
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The conditions on ¢ are expressed by:

0,0,1
;" =0
0,1,1 0,0,1 _ ,0,1,0
d¢jl = ¢kl © %
L,1,1 _ ,0,1,1 _ ,1,0,0 0,0,1 _ ,1,1,0
dipy T =y o T Y oy

This means that 713[’0’1 € Ext}(Vk,V}), that the cup product 71?17071 U z/jjok’l’o €

Ext? (V;,V,) is zero, and that the Massey product
70,0,1 70,1,0 71,0,0
(Vri 71/% ,%- ) € Exti‘(Vi, Vi)
is zero.

It is clear how to continue.

Corollary 2.10. Suppose the k-algebra A is of finite dimension, and let the finite
swarm V = {V;}7_; contain all simple representations, then

n:A—0()
s injective.
Proof. Let a € A, and suppose n(a) = 0. Since A as a right A-module is an
extension of the V’;s we may assume there are exact sequences of right A-modules

0 Q1 A Dicr,Vi—0
0 Q2 Q1 Dicr,Vi —0
0 Qn Qn-1 Dicr,Vi—0

with Qn = ®ieIN+1 Vi, Qv+1 = 0. Since End(V)a = 0 it follows from the first
exact sequence above that 1-a = a € Q1. Consider the exact sequence

O—»@‘/;—»A/QQ—)@M—)O

i€l i€l
Since Ezt}(V)a = 0 it follows that 1-a = a € Q,. In fact, multiplication by
aiszeroon Vi, i =1,...,r and on A/Q- it is therefore given by the elements in

ExtY (V). Continuing in this way, we consider the extensions of extensions,

0 —— Dier, Vi A/Qs A/Qs 0

OH@%]N_HVZ' A A/QN 0.
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Refering to (2.9), we know that the multiplication by a € A on the right in the mid-
dle term is given inductively, by a family of cochains Q/ij € Homy (A, Homy(V;,V;)),
with € € {0,1}", for 2 < n, such that

o= vijoufi.

e1teg=¢
J

Now, this means that all these extensions are defined in terms of a series of well
defined Massey products each one containing 0. By the proof of Theorem (2.8), we
find that for all 4,7 and all ¢, Q/ij (a,—) =0.

This means that the action of a € A must be 0, so a =0. [

The same proof works for the following,
Corollary 2.10 bis. Suppose the k-algebra A is an iterated extension of the objects
in the finite swarm V = {V;}i_;. Then
n:A—0()
18 1njective.
Corollary 2.11. Suppose A is an object of a,, and let V = {V;}i_, be the family

of simple representations, with V; ~ k;. Then

A~H

Proof. Obviously A is a left A-and a right A-module, flat over A, therefore A €
Defy(A). Let R € a, and pick an element Vi € Defy(R). Since

End(V) = | : N
ko k

this amounts to a homomorphism of k-algebras A — Endr(Vg) = R, implying that
A is versal. But then the unicity of the hull of Defy  gives us an isomorphism:

¢o:H— A

O

Remark 2.12 Reconstructing an ordered set A and k[A], from the swarm of simple
modules.

Let A be an ordered set, see §1, and let A = k[A], V = {kx}xea. Then the
Corollary above implies that H ~ k[A].

1. By the general theory we know that A = k[A] is the matrix algebra generated
freely by the immediate relations A\; >> Ag, i.e. those for which {\* € A|\; > X\ >
A2} = 0, modulo relations of the form

(A > A) (A > A3) - (A, > )
= (X > XD > A3) (A, > A)
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They correspond to the first obstructions, given by the n; term well defined Massey
products

Bath (b kyy) © - & Batl(ky k) — Eati (b, k)
Eaty(kx, ky3) @ -+ ® Emt;(wz Jky) — Bxt? (kv ky)

There are as many relations as there are base elements of Ext% (ky/, k).
2. Let us check this for the diamond, i.e. for A:

1
/N
2 3
o o
N/
4
One easily computes the Ezt’s,
0 i=j
Eatly(ky, kx,) =< k for i=1, j=2,3
k for 1=2,3, j=4
0 for (i,7) # (1,4)
Ext? (ky, k) =
(k) {k for i=1, j=4
The two cup-products
El‘ti\(k})\l,k}\j) ® Emt}q(k)\j,k)\4) — El‘ti(kh,khl) for j = 2,3,

are non-trivial. At the tangent level we have:

kE k k O

0 k 0 k

=10 0 & &

0 0 0 k
Therefore H must be a quotient of the matrix ring,

k tia-k tiz-k (tiotos -k +tiztss - k)

g [0k 0 tos -k
0 0 k tas -k
0 0 0 k

The kernel of T" — H is given in terms of the cup products above. In fact, since
we have t7; Ut}, = ti, Uts, = y* where y* is the generator of Ext% (ky,,ky,), the
kernel of T' — H is simply t13 ® t34 + t12 ® toq such that

k k k k

H= ~ k[A]

0 k 0 k
0 0 k k
0 0 0 k
as it should.

In general, we may reconstruct A from the tangent space Ty and the Massey-
products above.

The corresponding problem for finite groups, i.e. reconstructing G from k[G]|
is called the isomorphism problem. Due to some nice examples of Dade, we know

that this is hopeless. In fact there are two non isomorphic finite groups such that
their group algebras are isomorphic for all fields.
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§3. Noncommutative modular deformations. Let V be any right A-module
such that dimy ExtY(V,V) < co. Consider the formal moduli H# =: H, the formal
versal family V = H ® V', and the corresponding morphism of functors,

p:Mor, (H,—)— Defy.

We know that p is not, in general, injective. However, V is also a right AQ End 4 (V')-
module. As such it has a formal moduli H4-""¢, and there is a natural k-algebra
homomorphism, H4 — HAE"d Let H64 be the unique maximal common quotient
of HA and H4¥"?, Using the same construction as in [La, Pf], §2, we prove that
the composition,

po : Morg (Ho,—) — Mor, (H,—) — Defy

is injective.
At the tangent level, the homomorphisms,

HA N HA,E'nd - HEnd
looks like the canonical homomorphisms,

Representing elements of the Ext-groups as derivations, it is easy to see that the two
images are contained in the subspace Extl (V,V)Fnd respectively Extl, ,(V,V)4.
Therefore the tangent space of Hy must be contained in the subspace of invariants
under End4 (V) of the tangent space of H, Extl (V,V)Fnd,

The tangent space of the modular (prorepresenting) substratum, and almost split
sequences.
Consider as above a swarm V = {V;}7_; of A-modules, and consider the k"-
algebra
Enda(V) = (Homa(V;, V5)).

Suppose from now on that the modules V; are non-isomorphic, indecomposables,
and that for each i = 1,..,7. Enda(V;) is a commutative local ring with maximal
ideal m;.

Lemma 3.1. Under the above assumptions, the radical of Enda(V') has the form
mi1Enda (V1)

m; Enda (V) Homa(V;, Vj)

m, Ends(V;)
Proof.  We need only check that rad(V') is an ideal, and this amounts to proving
that if ¢;; € Hom(V;,V;) i # j and ¢;; € Hom(V},V;) then
¢jipij € m; C Enda(V;).
Suppose ¢;;¢;; is not in m;, then ¢;;¢,; is an isomorphism, and we may as well

assume that ¢;;¢;; = idy,. But then V; ~ V; @ ker ¢;; which contradicts the
indecomposability of V;. O
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In particular this lemma proves that if A is artinian and all V; are of finite type,
then for some N,
rad(V)N =0

Obviously there is a left and a right action of End (V') on
Ty = (Bt (Vi, ).

The difference between these actions defines the action of the Lie algebra Enda (V)
on Ty. The invariants of Ty under the Lie algebra rad(V), is equal to the invariants
under Enda(V), therefore equal to,

Thy ={§ € TulV¢ € Enda(V), &€ —&o =0},

containing the tangent space of the modular, or the prorepresentable substratum
HO of H.

Lemma 3.2. Let { € Ty, with § = (&,;), then for all ¢ = (¢r,;) € rad(V) we
have for i# j, and all I,
®1,i€i,j =0
&ij®i0 = 0.
Moreover, for all i,j
$i,385,5 = &i,iPi;
Proof. Just computation. O

Definition 3.3. In the above situation, an extension £ € Ewtk(Vi, V;) is called a
left almost split extension (resp. a right almost split extension), lase (resp. rase)
for short, if for all gr; € r(V)g (resp. ¢jr € r(V)jx)

G =0 (resp. &djr =0).

An extension & which is both a lase and a rase is called an ase, an almost split
ezxtension.

This, of course, is nothing but a trivial generalization of the notion of almost
split sequence, due to Auslander, see [R].
Denote by Ext] (V;,V;) (vesp. Extl(V;,V;)) the subspace of ExtYy(V;, V;) formed
by the lase’s (resp. rase’s), and put
T}, = (Bat} (Vi, V) € T
T}, = (Batl(Vi, ;) € T
Ty =Ty NTh =: (Extk(V;,V;)) C Ty
Observe that since the left and the right action of End(V') on Ty commute, End(V')
acts at right on T% and at left on T%. Moreover, by the lemma above

T4 =T NTY C Ty, .

Observe also that if Enda(V;) = k @ m; the diagonal part of Ty, is exactly the
tangent space of the deformation functor of the full subcategory of mod 4 generated
by V, see [La 1].
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The structure of the modular substratum, and the existence of almost split se-
quences for artinian k-algebras.

Assume that A is artinian, and that the Vs are of finite type. Then Ty is a k-
vectorspace of finite dimension, and the radical rad(V') of End(V') acts nilpotently
on TH

Corollary 3.4. Giveni € {1,...,r}, assume there exists one j € {1,... ,r} such

that Ext!(V;,V;) # 0. Then there exists a 7(i) € {1,... ,r} such that,

Ext; (Vi, Vi) # 0.

Proof. This is simply Engels theorem for the right action of rad(V) on Ty. O

Theorem 3.5. Suppose V is such that every extension £ € Extl (V; Vj) is of the
form 0 — V; — E — V; — 0 with E a direct sum of Vi’s. Then, for every
i=1,...,r, such that there exists a j = 1,... ,r for which Ext'(V;,V;) # 0, there
is a unique ase of the form

0—-Vipy—E; =V, —0

Moreover, if we agree to put T7(i) =i for those i’s for which Extl(V;, Vi) =0 for
all k, then
T:{1,...,r} = {1,...,r}

18 a permutation.

Proof. We already know that there exists a rase of the form
§i: 0=V — E —V;=0.

We shall prove that &; is also a lase. Let ¢x; € Homa(Vi, Vi) for k # 4, or pick an
element ¢;; € m; C End(V;), and consider the commutative diagram,

Suppose V;(;y — Ej is not split, then

Vi
0= Ey— By & E —Vi—0
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0)
is split, since &; is a rase. Let pr.: Ey, & FE; — Ej be the splitting. But then the
two following diagrams commute:

Ve
Here v; is the composition of E; — E}, & FE; and the projection
210}
Ey & E; — Ey and ¢y the induced map.

This means that (¢g;dix)& = & which is impossible since (¢gi¢;r) acts nilpo-
tently on Ext! (V;, V:(5)), and § is nonzero. Therefore V. ;) — Ej splits and &; is
also a lase, therefore an ase.

The unicity and the permutation property follows immediately from the follow-
ing: Assume there exist two ase’s §; and &] of the form:

0 Via) E; &

r B
N

VT i)
0

Then, since p} is not split, there exist liftings ¢;, 1, inducing morphisms ¢;, ¢;. But
then (¢;¢;)& = & which means that &; is zero. Therefore an ase is unique and in
particular, 7(7) = 7(i’). Dually we prove that 7(i) = 7(i’) implies ¢ = 4/, so that 7

is a permutation.
(Ewti(w, Vj>>

RN ——0
o

We see that T looks like:
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where 0 ifi .
Ea;t;(Vi,Vj):{ %f]jéT(Z-) 1
k if j=7(i) and some Ext}(V;,V;) #0

O
Corollary 3.6. With the assumptions of the theorem above, we find that

T ( )’{aijEka aij =0 if j# 7(i) }
= ai‘
flo YN @i € Exty(Vi, Vi) Yoji € Enda(Vi), ¢ijaus = ajjdji, if i=j

Remark 3.7. Consider again a not necessarily finite swarm V = {V;}X_; of noether-
ian A-modules. The k"-algebra

Enda(V)r == (Homa(V;, Vj)), i,j <r

acts on
(Exty (Vi, Vi), i,j <,

in the way described above. Suppose that the modules V; are non-isomorphic,
indecomposables, and that for each i, Enda(V;) is a local ring with maximal ideal
m;. Suppose moreover that any iterated extension is a direct sum of such V/s.
This is obviously the case when V = {V;}}_, is the family of all indecomposible
A-modules, but holds in many other interesting cases, see [R].

Let H := H(V) and V be the prorepresentable hull and the formal versal family,

as defined in §2. For every quotient R of H in ay, such that
dimyRad(R)/Rad(R)* < oo

we consider the image V(R) € Defy(R) of V. Denote by L;(R) the i*"-line of
V(R). Li(R) is an A-module and a finite iterated extension of the Vj, therefore
a finite sum of indecomposables {L;(R,p)}, from our family. Obviously there is a
canonical surjection,

Li(R) = V;,

and a homomorphism of k-algebras,
v: H — Ends(V(R)),
defined by left multiplication. Any element,
ri; €ERi; CR
defines a homomorphism of right A-modules,
Tig. : Li(R) — Li(R).
In particular, if 7; ; is in the socle of R, this morphism induces a homomorphism

of right A-modules,
Ti,j* : ij — LZ(R)
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Using this, we may consider different quiver-structures on the set of indecomposible
modules, {V;}}_,. The Auslander-Reiten quiver, see [R], is obtained by picking
R = Hy/Rad(Hy)?, a basis {h; ;} of Rad(Hy)/Rad(Hy)?, the dual tangent space
of Hy and letting the arrows arriving at an indecomposible V; be the compositions,

and the arrows leaving an indecomposible V; be the compositions,

hin
V" Li(R) — Li(R.p).

For an arbitrary quotient R of H, we may construct another quiver containing more
information than the Auslander-Reiten quiver. Consider representatives

{Ti,j} € Rad(R)

of a basis of the dual tangent space Rad(R)/Rad(R)? of R, and let the arrows of
the quiver be the compositions

Tt]

L;j(R.q) — Lj(R) =" Li(R) — L;(R,p).
There is a ring homomorphism,
R — Enda(V) = (Homa(Lj, L;)) = (Homa(Vy, V,,)" ).

If this homomorphism is surjective, or an isomorphism, we find that the arrows of
the quiver generate, in an obvious way, all morphisms of the full sub-category of
A-modules defined by the family of indecomposibles ¥V = {V;}. In both case, it is
easy to see that the relations in the quiver correspond to non-trivial cup and Massey
products of Ext}(V;,V;). When A is artinian, and the family {V;} generates the
category of A-modules, it turns out that Visa projective generator. H defines a
quiver, with vertices corresponding to the indecomposible projectives, and

H = End (V)

is Morita equivalent to A. Moreover, H is determined by the quiver (with relations).
In particular, if {V;} is the family of simple A-modules, we shall see in the next
paragraph that,

A — (H; ; ® Homy(V;, Vj))

is an isomorphism, and that
Li = @j=12, . Hij @V

is a projective A-module, for ¢ = 1,2, ..r. Since therefore

H~ Enda(V) = (Homa(Lj, L;))

is Morita-equivalent to A, the quiver of (projective) summands of V determines the
Morita-equivalence class of A.

We shall end this paragraph by proving the following easy result, see [K] for the
notions of Frobenius extension and Frobenius bi-module.



28 O.A.LAUDAL

Proposition 3.8. Suppose the following conditions hold:
(i) The family V = {V;} of right A-modules are either finite dimensional as
k-vector spaces, or such that,

Extly(Vi,V;) = Ext (V}", V;").

(i1) The hull of the noncommutative deformation functor, H(V) = (H; ;) is a
finite dimensional k-vectorspace.
(iii) For each i, the projective cover of V; has a (finite) filtration with graded
components contained in the family V.
Then
n:A—0O()

is a Frobenius extension.

Proof. The assumption 1. implies that the versal family P = V as a left H and
right A-module has the duality property, *P = P*. The assumption 2. implies that
P as left H-module is finite projective, and the assumption 3. garantees that P, as
right A-module, is finite projective, therefore a Frobenius bi-module. [

84. The generalized Burnside theorem.
In §2 we proved the following result,

Corollary 2.10. Suppose the k-algebra A is of finite dimension and assume the
swarm V = {V;}_; contains all simple A-modules, then the natural k-algebra ho-
momorphism

n:A— OW) = (H;; ®x Homy(V;, V))

18 1njective.
Recall also the classical Burnside-Wedderburn-Malcev theorems, see [Lang], and
[Curtis and Reiner].

Theorem (Burnside). Let V be a finite dimensional k-vectorspace. Assume k
is algebraically closed and let A be a subalgebra of Endi (V). If V is a simple
A-module, then A = Endp (V).

Theorem (Wedderburn). Let A be a ring, and let V be a simple faithfull A-
module. Put D = Enda(V) and assume V is a finite dimensional D-vector space.
Then A~ Endp(V).

Theorem (Wedderburn-Malcev). Let A be a finite dimensional k-algebra, k-
any field. Let ¢ be the radical of A, and suppose the residue class algebra A/t is
separable. Then there exists a semi-simple subalgebra S of A such that A is the
semidirect sum of S and v. If Sy and So are subalgebras such that A = S; @ v,
i = 1,2, then there exists an element n € v, such that Sy = (1 —n)- Sy (1 —n)~L.

In this § we shall prove a generalization of the theorem of Burnside. In fact,
assuming the field k is algebraically closed and that V = {V;}7_; is the family of all
simple A-modules we shall prove that the homomorphism 7 of the above Corollary
(2.10), is an isomorphism.

When A is semi-simple we know that Ext!(V;,V;) =0 for all i,j = 1,...,r,
therefore the formal moduli H of V' is isomorphic to k”. This implies that

Endg (V) = € Endi(V)),
1=1
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which is the classical extension of Burnsides theorem.

We shall need the following elementary lemma

Lemma 4.1. Let the k-algebra A be a direct sum of the right-A-modules V;, i =
1,...,d of the family V = {V}I_,. Then left multiplication with an element a € A
induces A-module homomorphisms

a;; € Homa(V;,V}), h,j=1,...,d.

Moreover, any k-linear map x : A — A expressed as v = (x;5) € Endy(V) =
(Hom(V;,V;)), commuting with all ¢ = (pi;) € Enda(V) := (Homa(V;,V;)) is
necessarily a right multiplication by some element T € A.

Proof. Trivial, since  commuting with all ¢ € (Homa(V;,V;)) commutes with
all left-multiplications by a € A, and therefore xz(a) = a - (1), and we may put
z=z(1). O

Corollary 4.2. Assume that the family of right A-modules V = {V;}I_, is such
that

(i) A=V
=1

(ii) Homa(V;, V) =0 fori#j
Then the canonical morphism of k-algebras
n: A— @ Endy(Vi)
i=1

is injective. Moreover, 1 induces an isomorphism
ng
A~ Endp, (Vi)
i=1

where D; = End(V;).

This, in particular, implies the Wedderburn theorem for semisimple k-algebras

A.

Theorem 4.3 (A generalized Burnside theorem). Let A be a finite dimen-
sional k-algebra, k an algebraically closed field. Consider the family V = {V;}I_,
of simple A-modules, then

A~ O0(V) = (H;; ® Homi(V;, V)
Proof. We know that the canonical map
n:A— OW)

is injective. Since Rad(A)™ = 0 for some n, we know that A = A. The theorem
therefore follows from the following lemmas.
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Lemma 4.4. Let A and B be finite type k-algebras and let ¢ : A — B be a
homomorphism of k-algebras such that the induced morphism

@2 : A — B/Rad(B)?

s surjective, then
p:A—B
18 surjective.

Proof. Well-known. O

Lemma 4.5. Let A be a finite dimensional k-algebra, k an algebraically closed
field. Let V = {V;}7_; be the family of simple A-modules. Then the homomorphism

n:A—0O()
induces an isomorphism

Rad(A)/Rad(A)? ~ (Exty(V;, V;)* @1 Homy(Vi, Vj)).

Proof. The classical Burnside theorem implies that the canonical homomorphism
of k-algebras

A é}Endk(Vi)

i=1

induces an isomorphism,
A/Rad(A) ~ @) End,(V;).
i=1

According to the Wedderburn-Malcev theorem we may assume that A/Rad(A)? is
a semidirect sum,
A/Rad(A) ® Rad(A)/Rad(A)?.

Since Rad(A)/Rad(A)? is both a left and a right @;_, Endy(V;)-module
Rad(A)/Rad(A)? = (E;;)

each E;; being an Endy(V;)°? ®j Endi(V;)-module. This, however, means that
E;j ~ Homy(V;,V;) @ k"4

as a right End(V;)°P ®y Endg(V;)-module. Since we already know that n is an
injection, we must have,

E;j ~ Homy(V;, V) @ k"9 C Exty(Vi, V;) @ Homy(V;, V).

We must show that this inclusion is an equality. Applying Hochschild cohomology
as in §1, we find:

Ext'y(V;,V;) = HH' (A, Homy,(V;, V;)) = Dery(A, Homy(Vi, V;))/im d°
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where d° is the differential
Homy(V;, V;) — Dery(A, Homy(V;,V;)).
Clearly any derivation
¢ € Dery(A, Homy(V;,V;))

which is zero on Rad(A) induces a derivation

& € Derg(A/Rad(A), Homy(V;, V;))
which, since A/Rad(A) is semisimple, obviously is a coboundary, i.e. an element of
1md°.

Moreover, any derivation £ € Dery(A, Homy(V;,V;)) induces the zero map on
Rad(A)? since &(ry - ra) = 1:&(r2) + &(r1)ra = 0 for 71,79 € Rad(A), and any
coboundary v € im d° must vanish on Rad(A) since v(r) = ¢r — ry, for some ¢ €
Homy,(Vi, V;). Now, every A% ®j, A-linear map Rad(A)/Rad(A)? — Endy(V;,V;)
extends to a derivation of Dery(A/Rad(A)?, Homy(V;,V;)). In fact, let ¢ be an
A°P ®;, A-linear map

Rad(A)/Rad(A)? — Endy(Vi, V)
and define the map
Y : A/Rad(A)* = A/Rad(A) @ Rad(A)/Rad(A)* — Endy.(V;, V;)

by
Y(s,r) = p(r) +¢(p(s))

where p is the 1-Hochschild cochain on A/Rad(A) with values in Rad(A)/Rad(A)?
that, according to the Wedderburn-Malcev theorem, defines the semidirect sum
refered to above. Then,

V((s1,71) - (82,72)) = ¥ ((51 - 52, 51p(52) — p(s1 - 82) + p(51)52 4 5172 4 7152))
= p(s17m2 + 1182 + 51p(82) — p(s1 - 82) + p(s1) - 52) + P(p(s1 - 52))
= (s1,71)Y((s2,72)) + P ((51,71))(52,72)

Therefore,

Bath(Vi, V) = Hom aorg a(Rad(A)/ Rad(A)?, Homy,(V;, V;))

= {p: Rad(A)/Rad(A)* — Homy(V;,V;)| Va € A, r € Rad(A), s.t.

pla-r)=a-¢(r) and p(ra) = ¢(r) - a}
Since Rad(A)/Rad(A)? ~ (E;;) with

By~ (Vi@ V;)"™
it is clear that
Hom sen A(Rad(A)/ Rad(A)2, Homy(Vi, V;))

~ Hompna, (vi)ore, End, (v;) (Vi @ V;)", (V@ Vj))
~ i
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which means that

|

Now suppose, as above, that A is a finite dimensional k-algebra, and let V4 =
{Vi}i_, be any family of finite dimensional A-modules. Obviously

dimpExt?y (V;, V;) < o0

for all p=0,1,2,... and therefore the endomorphism ring

O(WV4) := Endg (V)

is a k-algebra such that
O(V)/Rad(0) = €P Endy (V7).
i=1

This implies that V = {V;}7_; is the family of all simple O(V)-modules. The
generalized Burnside theorem applies also in this case, showing that the operation

(4, V) = (0(V),V)

is a closure operation. Moreover, we have the following,

Proposition 4.6. Let 7 : A — B be any homomorphism of finite dimensional
k-algebras. Consider a family Vg = {Vi}i_, of finite dimensional B-modules and
let V4 be the corresponding family of A-modules. Suppose moreover that Vg is the
family of all simple B-modules. Then there exists an, up to isomorphisms, unique
homomorphism of k-algebras

O(1): O(Va) - O(Vp)~B

extending T.

Proof. There is an obvious forgetful functor defining a morphism of functors on g,.,
7% : Defy, — Defy,
which in its turn induces a k-algebra homomorphism
n:H(Vp) = H(Va)
unique up to isomorphisms, and therefore a k-algebra homomorphism
O(Va) := (H(Va)i; @ Homy(Vi, V;)) = (H(VB)i; @ Homy(V;, V;)) =: O(Vs)

obviously extending 7. By the generalized Burnside theorem, O(Vp) ~ B, and the
Proposition follows.

O
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Remark 4.7. Up to now we have only considered finite families of A-modules such
that
dimy, Exty (V;, V) < o0, p=1,2.

Neither of these conditions are essential. Introducing natural topologies we may,
as in [La 1], treat general families of finite type A-modules. Notice also that if
r1 < ro, there is an obvious canonical morphism

Qpy 7 Gy,

inducing a restriction morphism of functors

Defy ) — Defy)

where V(1) = {V;}71,,V(2) = {V;};2,. Therefore we obtain an up to isomorphisms
unique k-algebra homomorphism

ro1: Have) = Hav()-

However, this restriction morphism is not, in general, unique. The resulting prob-
lems will be dealt with later.

Filtered modules and iterated extensions. Let as above V = {V;}7_; be a family
of right A-modules, and let E;, ;. : Es C Es_1 C --- C E; = E be a filtered
module such that Ej/Ej+1 ~ V;,. We shall, as before, refer to any such filtered
module as an iterated extension of V. Notice that for every p there is an extension,

€ € Eath (Vi Vi

P’ p+1)

given by the exact sequence.
0— Ep+1/Ep+2 — Ep/Ep+2 — Ep/Ep+1 — 0.

Corresponding to the iterated extension F;, ., we shall associate two directed
graphs, I'(¢) and I'(E;). The first is gotten as the graph with nodes in bijection with
the modules of the family V, and with arrows €(ip, i,11) connecting the node i, with
the node i,41. The second, the extension type of the iterated extension, is obtained
from the first identifying two arrows €(ip, ip+1) and €(iq, ig+1) if the corresponding
extensions &y, p+1 and &, 441 coincide. The corresponding k-algebra is the object of
a, generated by the arrows (i, i,41) with relations given by composable monomials
of the form

6(j15j2)6(j35j4)"'e(jwvjuk+1)

where the sequence
{j1’j27j37"'ajUP+1}

is not contained in the sequence

{i17i23i37"'3i5}'
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Example 4.8. Let us draw up all extension types for r,s < 3.
r=3,s=3:

O—0@—0B
r=2s=23: (DQ@ @4)@@ @:@

r=1,s=3: O

The last example is a I'(E;) corresponding to the situation, iy = is = i3 = 1, and
&irin = &iy,is The associated k-algebras are, respectively, the matrix algebras,

L) ()G D (e )

with the obvious relations, and the k-algebras,
E{t,u}/(t*, u? ut), k[t]/(t)

Lemma 4.9. Let H be any object of d,, and let R € a,. Then Mor(H,R) has a
natural structure of an affine algebraic scheme Mor(H,R) = Spec(A(H, R)), and
there is a universal morphism,

¢:H— A(H,R) @1 R
Proof. Put (E; ;) = rad(H)/rad(H)?, and consider the affine space,
AN = HE%*J Qk R j
]
with coordinates z; ;(I,m) =t; ;(I) ®z; j(m), where {¢; ;(I)} , is a basis of E; ; and
{ri;(m)}i; is a basis, and {x; ;(m)}; ; is a dual basis of R; ;. An element
(Ozid(l,m)) S AN
corresponds to a morphism ¢ € Mor(H, R) if, and only if, the corresponding map

tij(1) — > aij(l,m)ri ;(m) € Ry

satisfies the relations of H. Let these, modulo a high enough power of the radical,
be polynomials in the generators ¢; ;(1), ; of the form

fltis(0) =0, p=1,...5,
and let the relations of R be expressed in terms of,

rig(m)rj(n) =Y B, (m,n)rik(p), 4,5 =1,...7.
p

Then we obtain equations for Mor(H, R) given by (commutative) polynomial rela-
tions of the form,
Fp(z;(I,m)) =0, p=1,...t
But then
ti (1) — Z zij(L,m)r; ;(m) € A(H,R) ® R;

where the coordinates z; j(I,m) are subject to the conditions above, defines the
universal morphism ¢. O
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Proposition 4.10. Let A be any k-algebra, V = {V;}7_, any swarm of A-modules,
i.e. such that,

dimy, Exti‘(Vi,Vj) <oo foralli,j=1,...,r

(i): Consider an iterated extension E of V, with directed graph T'. Then there
exists a morphism of k-algebras

¢: H(V) — k[T
such that 5
E ~ k[lo4V

in the above sense.
(ii): The set of equivalence classes of iterated extensions of V with extension type
T, is a quotient of the set of closed points of the affine algebraic scheme

A[l'} = Mor(H(V), k[T')

(iii): There is a versal family V[T of A-modules defined on A[T), containing as
fibres all the isomorphism classes of iterated extensions of Vs with extension type
T.

Proof. Any morphism ¢ : H — k[I'] in a, correspond to an iterated extension of
the V;’s. This may be expressed in the following way. As vector spaces, we have an
isomorphism,

k[F]&aVzV(I‘)zV“><V1-2><~-~><VZ-S

An A-module structure on this vectorspace, corresponding to an iterated extension
with extension type I', is given by a homomorphism of k-algebras,

i A— Endi(Vi, x Vi, X -+ xV;))
inducing a family of linear maps
Vppti,ptg - A — Endp(Vi,, Vi, )

for0<p<p+gqg<s.
Consider these maps as 1-cochains in the Hochschild complex

HC*(A,Homy,(V ('), V(D))

The maps v, p+1 correspond to the extensions &, ;11 above, and must therefore be
1-cocycles, or derivations. To obtain an A-module structure, corresponding to an
iterated extensions of V with extension type I', the conditions on these cochains
are: For all a,b € A,

Vpp+1(@)¥pi1,pr2(0) = dibp pi1 prala,b)
Ypp1(@)Vpi1 pr2pr3(0) + Uppr1pr2(a)pr2pia(d) = dp pi1proprs(a,b)

Z 1/}1,2,...,m(a)1/}m,...,s(b) = d¢1,2,...,s(a7 b)a
m=2,...,s—1
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which means that all Massey products of the form

< fi:mip+1 ? gip-%—l’ip-%—?’ e 7§ip+q—lvip+q >

are defined and contain zero.

Now (i) follows from the very definition of H, generated as it is by a basis of the
dual Ext!’s, with relations exactly expressing the vanishing of the above Massey
products. (ii) and (iii) then follows from deformation theory, together with the
Lemma (4.9), above. O

Example 4.11. Consider the extension E;j;, of length 3 given as the composite
extension of & ; : 0« V; «— Ey; « V; «—0and & : 0« E;; «— Eyjp, — Vi — 0.
Take the pullback &; , of & ;1 via V; — E;; and consider the diagram

0 0 0
i A A

0<Vi<—Ejj<— V<0

! ) A

Eix, < Eiji < Eji
A A A
Vi=Vi,=—=V;

4 4 A
0 0 0
Let ¢;; € Dery(A, Homy(V;,V;)) be a Hochschild cocycle representing the class
&i,j. The multiplication with a € A on E;;, identified with V; x V; as k-vectorspace,
is given by
(vj,vi)a = (vja + i j(a,v;), via)

and the multiplication with a € A on E;;; identified with Vi x V; x V; as k-
vectorspace, must be such that,

(v, vj,0)a = (vka + ) k(a,vj),vja,0).

If there exists an action of A on E;j;, consistent with the above, then one proves
the existence of a Hochschild cochain

Vi ok € Homy (A, Homy(V;, Vi)

such that
di; jr(a,b) = i j(a)i; r(b).

From this follows that the cup-product &;; U &j, is 0 in Exti(Vi, V). This is also
the criterion for the existence of ; ;. Moreover if £ and &' are two extensions

§:0— Ey; «— Eijj, — Vi <0
§:0— Ejj — Ejj «— Vi <0

with the same pullback &, then there is an extension

ik 0=V, — By Vi, 0
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such that its pullback, via E;; — V;, is the difference § — ¢’.
Consider for the iterated extensions FEjjj, the extension diagram

r: O—D—)
the first one of the example (4.8) above, then the corresponding k-algebra is given
by,

i j k
k 0 0 0 0
i koK k0
kD) = j k ko0
k 0

Notice that E;;;, then corresponds to a morphism
¢: H — k[
determined, modulo Rad?(k[I']) (i.e. the radical squared), by
§ij=0|Eij; =k, and { = $|lEj — k

Here
i j k
0 0 0 0 0
) 0 0 k 0
Rad*(k[T]) = J 0 0 0
k 0 0
0

and ¢ is, according to the analysis above, ”calibrated” by the morphism ¢; :
E; — k, ie. by Extl(V;,Vy), as it should.

Corollary 4.12. (i): Given any finitely generated module M on a Noetherian ring
A, there is a finite set of primes E(M), containing the set of associated primes
Ass(M), such that the module M is an iterated extensions of the corresponding
modules A/p forp € E(M). The extension type of such an iterated extension is an
ordered directed graph T'(M) the nodes of which is E(M).

(ii): For any finite ordered directed graph T, with nodes corresponding to a set
of primes P C Spec(A), there is an affine versal family of A-modules M with
extension type ', and E(M) = P.

Proof. Obvious O
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Example 4.13. Given any scheme H = Spec(H), say the 2-dimensional affine
space given by H = k[x1, x2]. We shall be interested in the noncommutative moduli
space parametrizing subschemes of length 2 of H. We may do this by simply
considering a point in the space Spec(H) together with a tangent direction, i.e. the
right H-module of the form,

V = K[z, 2]/ (21, 22),

and compute the formal moduli of V.

Lemma 4.14. The formal moduli, H(V) of the H-module V. = H/(x3,x2), is
given as the completion of the k-algebra,

Q= k{t1,to,w1,w2}/(y1,92)

where
Y1 = [t1,ta] — tawi,wa] Y2 = [t1,wa] — [t2,w1] — wifwi,wa],

and where the family of left Q-and right H-modules,
Q k2

is defined by the actions of x1 and x3, given by,

o O tl o t2 tlwg
ZL'1<1 w1>’x2(w2 t2+W1W2

Proof. Consider the obvious free resolution of V := H/(z%, x3) as an H-module,

2
VPHdOHledZO

where we have,

dO = (Z’%,.TQ), dl = < x22) .
— 2
Consider the Yoneda complex, and pick a basis

{t1,2; 1,00, }

of Ext},(V,V) represented by the morphisms of the diagram,

//
//
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Here,
ﬂ = (170)7 % = (07 1;);
(2)% = (x130)7 "D% = (val)
and,
0 -1
=(1)2-(0)
and finally,

Using this it is easy to see that ,
b Ut =0, 1y Uty = —ty Uty = g,
and that

71 ~2 ~

212 ~1,2 s a1 _ _oa172 o
liwy; = wity = =Yz, W; =0, t30] = Wty = Yo,

where,
{91, 92}
is a basis for of Ext% (V, V) represented by the morphisms of the diagram,

1% H H? H 0
@l
G2
V<l-g< g2 0

where §; = (1) and ¢ = (z1). Therefore
—Jo =t Uy =0 Uty = —ta Udy = —@a Uty, &; U, =1, Ut; = 0.

Now, consider the dual basis {t1,t2; w1, ws} generating the hull of the deformation
functor De fy[, we find after a simple computation of the 3. order Massey products
the formulas we want.

Notice that we just have to compute the tangent situation and check that our
formulas give us a lifting of the quadratic relations and of the corresponding H-
action, to know that our result holds.

O
By a simple computation one checks that the k-points of Q2 form an open dense
part of Hilb>A? containing V. Hilb?A? is the blow-up of (A% x A?)/Zj along the
diagonal. However, there are other simple representations of 2. The homomrphism,

g 0
Q — k|t te, —, —
| 1, 276t176t2]

0
maping w; to TR shows that k|t1,t2] is a simple representation of €.
i



40 O.A.LAUDAL

REFERENCES

[Curtis and Reiner] Curtis, C.W. and Reiner, I.: Representation Theory of finite Groups and
associative Algebras. Pure and applied Mathematics, Interscience Publishers, (1962).

[Ile] Ile, Runar: Noncommutative deformations. ab # ba. Master Thesis, University of Oslo,
1990.

[Kadison] Kadison L.: New Examples of Frobenius Extensions, AMS-University Lecture Series,
Vol 14., 1999.

[Lang] Lang, S.: Algebra, Addison-Wesley, 1965.

[La 0] Laudal, O.A.: Sur les limites projectives et inductives. Ann.Sci.Ecole Normale Sup.,
Paris, t. 82, (1965).

[La 1] Laudal, O.A.: Formal moduli of algebraic structures. Lecture Notes in Mathematics,
Springer Verlag, vol. 754, (1979)

[La 2] Laudal, O.A.: Matric Massey products and formal moduli I. in (Roos, J.E.ed.) Algebra,
Algebraic Topology and their interactions Lecture Notes in Mathematics, Springer Verlag, vol
1183, (1986) pp. 218-240.

[La-Pf] Laudal, O.A. and Pfister, G.: Local moduli and singularities. Lecture Notes in Mathe-
matics, Springer Verlag, vol. 1310, (1988)

[La 3] Laudal, O.A.: Noncommutative deformations of modules. Preprint Series, Institute of
Mathematics, University of Oslo vol. 2, (1995)

[La 4] Laudal, O.A.: A generalized Burnside theorem. Preprint Series, Institute of Mathematics,
University of Oslo vol. 42, (1995)

[La 5] Laudal, O.A.: Noncommutative algebraic geometry. Preprint Series, Institute of Math-
ematics, University of Oslo vol. 28, (1996)

[La 6] Laudal, O.A.: Noncommutative Algebraic Geometry II. Preprint Series, Institute of
Mathematics, University of Oslo, no.12, August (1998).

[La 7] Laudal, O.A.: Noncommutative Algebraic Geometry. Max-Planck-Institute fur Mathe-
matik, preprint Series no. 115, (2000).

[R] Reiten, IL: An introduction to representation theory of Artin algebras.
Bull.London Math. Soc. 17, (1985), pp. 209-233.

[Sch] Schlessinger, M.: Functors of Artin rings. Trans.Amer.Math. Soc. vol.130, (1968), pp.208-
222.

[Sig] Sigveland, A.: Matric Massey products and formal moduli. Thesis, Institute of Mathe-
matics, University of Oslo (1995)



