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Introduction

Modular Representation Theory

R commutative ring, e.g. k field, Z or Z,

G group, Group ring/algebra RG, elements of form ) f,g where ry € R,g € G
finite sums, i.e. all but finitely many r, are zero

addition: (3 7g9) + (D_rgg) = D (rg +74)g

multiplication: (3>2749)(3°1g9) = >_ 849, where sg =3, a1y,

Group hom:

0:G — Aut(M) (M is R-module) <+ left RG-modules (> rq9)m = > 14(0(g)(m))

If k field of characteristic p 1 |G| (including characteristic 0)
then kG = @ simple kG-modules
In general, any finitely generated kG module is a direct sum of simples.
If chark||G| then we are in modular representation theory
e.g. GG cyclic of order p=char k
kG2 Ek[X]/(XP —1)
since char k = p (XP—-1)=(X -1
kG has a unique maximal ideal J generated by X — 1 and the ideals of kG are precisely J°
kG/J =k as vector space, trivial G-action.
Note that, 0 — J/J? — kG/J? — kG/J — 0 does NOT split
(J/J? and kG/J are 1-dimensional trivial)
kG/J? is NOT a direct sum of two 1-dimensional trivials
So in modular representation theory one must understand the simple modules and how they are put
together (Here, Ext!(kG/J, J/J?) # 0)

Quivers A quiver is a directed graph with multiple arrows and loops e.g. Ext-quiver:
vertices z; correspond to (isom. class of) simple modules S;
No. of arrows from z; to x; correspond to the k-vector space dimension of Ext!(S;, S;)

In general, for a quiver (), we can define a path algebra kQ:

it has a basis indexed by paths (including paths of length zero)

multiplication on basis elements is by composition of paths, zero if paths does not compose
(Warning: if we want to think about left modules, we have to reverse order of composition)
kQ is finitely generated if @ is finite

kQ is a finite dimensional vector space < @ finite and 3 oriented cycles




Representations of quivers @:

Associate a k-vector space V, with each vertex x and a linear map V, — V,, to each arrow

There is a natural correspondence between representations of the quiver and k@Q-modules:

Given a representation of @), we can form a k@Q-module whose underlying vector space is @, V,, and
where the basis elements x1- — - -+ — x5 acts like the composite

Pvi>Ve, = =V, > PVa

Note that paths of length 0 (at vertex ) are idempotents e, in kG (i.e. €2 = e;)
Conversely, given a kQ-module V' we can form a representation of @) by setting V, = e, ‘applied to’
V' (either e,V or Ve, depends on the direction we will choose later...)

When studying representation of algebras it is natural to think about indecomposable modules (those
are modules that can not be expressed non-trivially as a direct sum)

Algebras are of finite representation type if they only have finitely many (isom. classes of) indecom-
posables

The quivers whose path algebras have finite representation type are precisely those associated with
Dynkin diagrams

For kG, G finite, k infinite field of characteristic p
kG has finite representation type = G has a cyclic Sylow p-subgroup

Cohomology
Hochschild cohomology: cohomology theory concerning bimodules of algebras (c.f. Topics in Calculus
and Algebras)

Group cohomology: specialisation of Hochschild to bimodules for group algebras where on one side
the action of G is trivial. (and so it really is about one-sided modules)

Low degree cohomology groups have good interpretations. In particular, for a group G and Z G-
module M,

H?(G, M) + equiv. classes of group extensions 1 — M — H — G — 1
(here M is embedding in H as an abelian normal subgroup acted on by H via conjugation which is
induced by action of G on M)

There is an application to the construction of finite dimensional algebras that are simple (i.e. have no
non-trivial 2-sided ideal)

Such k-algebras are central if the centre is k

Brauer group: abelian group whose elements correspond to (Morita) equiv. classes of central simple
algebras

e.g. k=R, there are 2 equiv. classes of central simple R-algebra, with representatives R, H (quater-
nions)

All equiv. classes can be represented by crossed products

The Brauer group can be interpreted via a union of cohomology groups of the form H?(G, M) with
G = Gal(F/k), with F/k a finite Galois extension, M = F with Galois action.

Books

Alperin - Local Representation Theory, Good for modular representation theory, but may put off by
its misprints

Benson - Representations and Cohomology vol. I, Good after we have done the course

Pierce - Associative algebra, the course is built on this



1 Artinian Rings and Algebras

Definition 1.1

A ring A is left Artinian if it satisfies the descending chain condition (DCC) on left ideals. (i.e.
I O I--- must terminate)

Similarly for ‘right’ and Artinian will mean both left and right.

Similarly for ascending chain condition we have left /right Noetherian and (2-sided) Noetherian

Exercise: Let A = {(g Z) qeQ,r,s € R}
Show that it is not left Artinian but is right Artinian, and similarly for Noetherian.
A is a left A-module - left regular representation

left ideals are left A-submodules
Ideals will mean 2-sided ideals

Definition 1.2
M left A-module, the annihilator of m € M is Ann(m) = {a € Alam = 0} left ideal of A
The annihilator of M is Ann(M) = {a € Alam =0VYm € M} =) Ann(m) 2-sided ideal of A

meM

Ann(m) is maximal left ideal < submodule Am generated by m is irreducible/simple

Definition 1.3
A module M is simple/irreducible if the only submodules are 0 and M

Definition 1.4
The Jacobson radical J(A) of A is the intersection of the maximal left ideals

Remark. This looks to be dependent on ‘left’ but in fact one gets the same thing using ‘right’

Definition 1.5
A is semisimple if J(A) =0
Note that A/J(A) is semisimple

Lemma 1.6 (Nakayama’s Lemma)
TFAE for a left ideal I:

(1) IS J(A)
(2) If M f.g. left A-module and N < M satisfies N + IM = M then N = M

(3) {14 z|x € I} = G is a subgroup of the unit group of A (i.e. they have multiplicative inverses)

Proof

(1)=(2):

Suppose N S M. Then there is a maximal submodule Ny with N < N; S M.

But J(A) annihilates M/N; and so J(A)M < N;. Hence IM < Ny and N +IM < N; #

(2)=(3):

Letxzel Sety=14+2 = l1l=y—zxcAy+1 = Ay+I1=A. From (2), Ay = A.
Thus, 1 = zy for some z € A But zy = 2z 4 zz

= z=1-—2z2x

=z is a unit of form 1+ 2’ where 2’ € T

We have shown every element of G = {1+ x|z € I} has a left inverse in G, i.e. subgroup of unit group
of A.



(3)=(1):

Suppose I; is a maximal left ideal of A. Let x € I. If = ¢ I, then I} + Az = A (by maximality of I;)
= 1l=y+zxforsomeyecl,z€ A

= y=1-—zzx

But assuming (3), y is a unit and so [; = A #
So I < I; for all maximal left ideals of A. Hence I < J(A) O
Corollary 1.7

Mtg. JAM=M = M=0

Proof
Take N = 0 and apply Nakayama’s Lemma O

Remark. Thus J(A) is largest ideal in A s.t. {1 + x|z € I} is a subgroup of unit group of A and so
we would have ended up with the same thing if we started with ‘right’.

Definition 1.8

A module is completely reducible if it is a sum of simple/irreducible modules. This is (by Zorn’s
Lemma) equivalent to every submodule having a complement. If M satisfy the DCC in submodules
then

M is completely reducible < Rad(M) =0
where the radical is
Rad(M) = intersection of its maximal submodules

In this case M is a finite direct sum of simples. Note that Rad(4A4) = J(A) = Rad(A4) where 44 is
A considered as left A-module and A4 is A considered as right A-module

The socle is defined as

Soc(M) = sum of its simple submodules

Lemma 1.9
If A is semisimple and left Artinian, then every left A-module is completely reducible.
Conversely, if A is left Artinian and 4A is completely reducible then A is semisimple

Proof

=

If A semisimple then Rad(4A4) = J(A) =0 and so 4A is completely reducible.
Choosing generating set {m;} of a module M gives

@AA — M
(a;) — Zaimi

and so M 2= quotient of a direct sum of copies of 4A and so is completely reducible.

<~
Conversely, if 4 A is completely reducible then 4A = 4A/J(A) & J(A)
Multiplying on left by J(A) we get J(A) = (J(A))?. Nakayama = J(A) =0 O

Lemma 1.10
Let A be left Artinian and M be f.g. A-module. Then J(A)M = Rad(M)

Proof
If M’ is a maximal submodule of M then J(A)(M/M') =0



= JAMCCM
= J(A)M C Rad(M)

Conversely, M /J(A)M is completely reducible by Lemma 1.9.
= Rad(M/J(A)M)=0
= Rad(M) C J(A)M O

Proposition 1.11
Let A be left Artinian, then
(1) J(A) is nilpotent
(2) If M is a f.g. A-module, then it is both left Artinian and left Noetherian

(3) A is left Noetherian

Proof

(1) Since A is left Artinian. J(A)" = J(A)?" for some r
If J(A)" # 0 then again using DCC, 3 minimal left ideal I with J(A)"I # 0
Choose = € I with J(A)"x # 0. In particular,  # 0
Then I = J(A)"z by minimality and so for some a € J(
But then (1 —a)x = 0. Hence x = 0 since 1 —a (a € J(

A)" we have x = ax

A)) is a unit #

(2) Let M; = J(A)*M. Then M;/M;y; is annihilated by J(A) and hence is completely reducible by
Lemma 1.9
Since M is a f.g. module over an left Artinian ring, (Exercise:) it satisfies the DCC on submodules
= M;/M,;; satisfies DCC on submodules
= M;/M;y; is finite direct sum of simple modules
= M;/M;; satisfies ACC
= M satisfies ACC

(3) Apply (2) to 4A

Exercise:
A left Noetherian (and hence for left Artinian), any left inverse in necessarily a right inverse

Theorem 1.12 (Wedderburn, Artin)
Let A be a semisimple Artinian ring. Then

Ai = Matni (Az)

A; is a division ring

A= é A; where

i=1

and the A; are uniquely determined.

A has exactly r isomorphism classes of simple modules M; and Enda(M;) 2 A" and dima, (M;) = n;
If A is simple then A= Mat,(A)

(Here, multiplication in A is opposite to that in A)

To prove Wedderburn, we need following lemmas.

Lemma 1.13 (Schur)
If My and My are simple A-modules, then for M; 2 My, Hom 4 (M7, Ms) = 0, otherwise, Hom4 (M, M;) =
End4 (M) is a division ring



Proof
Exercise u

Lemma 1.14

(1) If M is an A-module and e is an idempotent, then eM = Homy (Ae, M)
(2) eAe=FEnd4(Ae)P

Proof

(1) Define maps

fi:eM — Hompy(Ae, M)
em +— (ae > aem)
fo:Homa(Ae,M) — eM
a — afe)

These are inverse to each other

(2) Apply (1) to M = Ae. Note that f1, fo reverses order of multiplication.

Lemma 1.15
Let M be a finite direct sum of simple A-modules, say M = @;_, M; with each M; direct sum of n;
modules.

M; = M;1 ® - © My,

each summand of M; isomorphic to a simple module S; and S; &ZS; Vi # j
Let A; = End4(S;). Then A, is a division ring

EndA(Ml) = Matnz(AZ)
Enda(M) = EBEHdA(Mz‘) is semisimple

Proof

Schur’s Lemma 1.13 = A; division ring

Choose isomorphism 6;; : M; ; — S;

Given A € End4(M;), we define A\, € A; as the composite map

97;7@1 A 91']'
The map A — (i) is injective: Enda(M;) — Maty, (A;)

Conversely, given (\;;) we can construct A as the sum of the composites

-1
0i; Ajk 0:5
]\4'1'—»]\4“g - S; 5 S; N Mi,j — M;

Finally End (M) = € End a(M;) since if i # j, Homy4(S;, S;) = 0 by Schur’s Lemma 1.13 O

Proof of Wedderburn’s Theorem 1.12

By 1.9. A is completely reducible.

Take e =1in 1.14, A=Ends(4A)P

Apply 1.15 to 4A. Note that the opposite ring of a matrix over a division algebra is again a matrix
ring, over the opposite division algebra O



Remark. For a general left Artinian ring A/J(A) is semisimple left Artinian, so has the structure
given by 1.12 — it is a direct sum of matrix rings, the number of which is equal to the number of
non-isomorphic simple A-modules

Example:
kG with k field, G finite group

Theorem 1.16
kG is semisimple < char k¢t |G|

Proof

Let chark=p

Suppose p‘ |G|

Consider the trivial module S — one dimensional as k-vector space, G acting trivially, End(S) = k If
kG were semisimple, then number of times a copy of S appears in kG is 1

But in kG we have a chain of submodules

kG2 >0

kG = k >
> T99 2T

This map is a kG-homomorphism, called the augmentation map
I, = kGo where 0 =3~ g

where I} = augmentation ideal = ker (

Note that kG/I; =k, 1-dimensional trivial modules

and Is =2k, 1-dimensional trivial modules

o € I since p||G| (image of o under augmentation map is zero in this case)

So we know we had get at least 2 copies of S in decomposition of kG #

Conversely, we have augmentation from complex representation theory (Maschke)
Suppose pt |G| = |G| invertible in k

One shows that any submodule V' of a module U has a (direct) complement.

Let m: U — V vector space projection, so U =V & ker 7 as k-vector spaces. Set

1 _
W,:@Zgﬂ'g 1

geG

7’ is a kG-module homomorphism U — V and so U = V@ker 7’ (i.e. ker ' is a kG-module complement
toVinU) ]

Theorem 1.17

Let k be algebraically closed field, char k=p, G finite

The number of (isom. class of) simple kG-modules = number of conjugacy classes of elements of order
not divisible by p

Proof

In semisimple case (e.g. CG)

Here kG =2 direct sum of matrix algebra over division rings and the division rings are finite extensions
of k

But k algebraically closed and so those division ring are k

Consider centre Z(kG) of kG spanned by e, ..., e., where e; correspond the identity matrix in its
matrix subalgebra

dimg Z(kG) = ¢ since the e; are linearly independent

= no. of (isom. class of) simple modules



But Z(kG) contains class sums ¢ ghg™!

sums form a basis of Z(kQG)
= no. of class sums = no. of conjugacy classes = ¢ O

, sum of elements in the conjugacy class of h. The class

Example: p = 2, no. of simples = no. of ccls of odd order elts

Corollary 1.18
If G is a p-group (i.e. |G| =p"), then the trivial module is the only simple module

Remark. We have already saw this in the case of cyclic group of order p

Aim: Investigate G be cyclic group of order n, G = SL(2,p), G = SL(2,7Z /p'Z), and infinite groups
SL(2,Zp)

1.1 G cyclic of order n

n = p, p{r, k algebraically closed, generator g

X" — 1 is separable and so there are r distinct roots of unity.

Let X be such a root, and take a 1-dimensional vector space and let g act by multiplication by A. This
gives a 1-dimensional kG-module

Different choices of A give different modules (up to isom.)

G abelian = each conjugacy class consists of one element only
G cyclic = d exactly r elements of order not divisible by p
Hence Theorem 1.17 = we are looking for r simple modules, which we have already found.

In fact, we do not need to use 1.17:

Any simple module is going to have to be 1-dimensional (since k algebraically closed)

= ¢ must act by multiplication by a root of unity

But ¢" — 1 = (¢" — 1)P" since chark = p and so g is acting on a simple module as an 7-th root of unity

1.2 G =5L(2,p)

G has exactly p conjugacy classes of elements of order not divisible by p (exercise)
1.17 = we are looking for p simple kG-modules

V5 vector space of columns (;U , set

1 0 .
X = (0) Y = <1> basis of V5
(a b) gX =aX +cY
g = s.t.
c d gy =bX +dY

The action of g € G extends to automorphism of k[X, Y] polynomial algebra
V,, := subspace of homogeneous polynomials of degree n — 1 is a kG-module under this action, basis
as a vector space is X”~1, X"y, ... Y""! dimension n

V1 := 1-dimensional module spanned by 1, i.e. trivial kG-module

Claim: Vj,..., V) are simple modules (non-isom since they have different dim.)



Proof
Let 1 <7 < p. Aim: Show V.4 is simple.

10 1 1
Chooseg—(1 1) h—(o 1)

and consider V;11 as a k(g)-module and as a k(h)-module

Subclaim: X" is generator of V,11 as a k{g)-module and kY" is the socle (sum of simple
submodules) of V,.11 as a k(g)-module

Similarly Y is generator of V,41 as k(h)-module and kX" is the socle (sum of simple submodules)
of Vy41 as a k(h)-module

Proof of Subclaim:
Let W;41 be the (i + 1)-dimensional subspace of V41
with basis Xy —¢ xXi—lyr—itl xyr-Lyr

= W+1:Wr+1;Wr;"';W1§WOZO

(Check the following) e Each W; is a k(g)-submodule
e Each W;/W;_; is 1-dimensional trivial k(g)-module

Prove by easy induction (exercise) that any element in W; \ W;_; generates W; as a k(g)-module
= in particular, X" generates V, 1 as a k(g)-mdoule

Now consider the socle as k(g)-module
Note g? = 1. Thus the trivial module is the only simple k(g)-module and so the socle, i.e. sum
of simples, must be a trivial k(g)-module

But if w € W; \ W;_; then it generates W; as a k(g)-module and so k(g)w can only be 1-
dimensional if w € W7 = kY™"
But kY™ is indeed fixed by (g) and so it is the socle.

With the subclaim, let W be a nonzero kG-module of V.
Then as a k(g)-module it must contain a simple module, and that has to be kY" (the only simple
submodule available)

= Y'eW
But now apply k(h) we generate the whole of V;.;1
= W=V,41 = V.4 simple (by subclaim) O

1.3 G=SL(2,Z/p°7)

We have just done s = 1 case

NotethateachGi:{<z Z) 'azdzl mod p',b=c=0 modpi}ilG

G>G1>Gy>--->Gs=1

G/G1=S5L(2,p), G;i/Gis1 elementary abelian p-groups of rank 3 (= C), x Cp, x Cp)
Thus each G; (i > 1) is a normal p-subgroup of G

Lemma 1.19
‘Clifford Theory’: For finite G, k any field. H I G
If M is semisimple kG-module, then g M is also semisimple

Proof
Sufficient to consider the case where the module is a simple kG-module S



Note that if V' is a kH-submodule of S
then gV is a kH-submodule of S Vg € G (using normality of H)

Now let T" be a simple kH-submodule of S

For g € G. ¢T is a simple kH-submodule of S

Hence, > gec 9T 1s a semisimple kH-submodule of S which is a kG-submodule

= S=2>4eqyTl by simplicity of S

i.e. S semisimple as kH-module O

Now applying Lemma 1.19 to G = SL(2,Z /p* Z)
We see that any simple kG-module is semisimple as kG1-module
But G, is a p-group = only simple kG1-module is the trivial one by 1.18

So any semisimple kG1-module is acted on trivially by Gy

There is therefore a one-to-one correspondence

{ simple kG-modules } <« { simple k(G/G1)-modules }
——

kSL(2,p)

1.4 G=SL(2,Z,)

G = SL(2,Z,), where Zj, is p-adic integers. Note this is a topological group

Gi:{(a b) a=d=1 modpi}
c d

b=c=0 mod p’
such a set up arise naturally when looking at field extensions:

G>G>Gy>--()Gi={I}

K<K1<K2---UKZ~:L

each K is a finite Galois extension of K, L is algebraic extension of K of infinite degree.
H = Gal(L/K) = K-automorphism of L, fixing K
H > H1 > HQ s

This is how we can get G = SL(2,Z,) as a Galois group,
additive group is a Z G-module
multiplicative group is Z G-module

Continuous actions of G on [Fj-vector spaces leads to representation theory of Iwasawa algebras, this

is the completed group algebras IFT,?% a Noetherian algebra which has the feel of a non-commutative
power series ring

(Unimportant remark: there is a lot of research in Cambridge on representation theory of Iwasawa
algebras, this is also the primary reason of the lecturer giving this course)

We now go back to the study of theory.

Detailed Proof of Theorem 1.17
We give alternative proof of the theorem in the semisimple case. This is in fact a dual proof of what
we had before.

For an algebra A, let [A, A] = (ab — bala,b € A), subspace of A Consider the k-vector space, A/[A, A]
(instead of looking at Z(kG))

10



(Remark: A/[A,A] = HHy(A), the 0-th Hochschild homology group of A and Z(A) is the 0-th
Hochschild cohomology group HH%(A))

IfA=A4 & - ® A direct sum of algebras then [A, A] = @|[Ai, Ai]
For a matrix algebra A, [A, A] has codimension 1, consisting of all matrices of trace zero (exercise).

kG semisimple:

Thus, if kG is a direct sum of ¢ matrix algebras, = [kG, kG] has codimension ¢

In fact (prove later in general result), if g1,...,g. are conjugacy class representatives then {g; +
[kG, kG]} form a basis of kG/[kG, kG]

This shows that no. of simples = no. of conjugacy classes

We adapt this argument in the general case, kG not necessarily semisimple:

Set T' = [kG, kG|, S =T+ J(kG)

Note that S/J(kG) = [kG/J(kG),kG/J(kG)]

= codimension of S/J(kG) in kG/J(kG) = no. of summands in the matrix algebra decomposition
of the semisimple algebra kG/J(kG) = no. of simple kG-module

We may assume char k = p‘ |G|

Let g1, ..., gr be representatives of the conjugacy classes of elements of order not divisible by p (usually
referred as p’-elements)
Jgr+1,- - -, ge be representatives of the other conjugacy classes

Claim: g1+ S5,...,¢g, + S form a basis of kG/S

Proof of Claim: _

We use Lemma 1.20 (prove after this theorem) that S consists of the elements a of kG s.t. a? € T
for some ¢ > 0.

(Important!) Note that g1 + 7, ...,9.+ T are a basis of kG/T":

If z,y are conjugate in G, say y = grg~"

= r-y=x-—grg =g '(g7)—(g2)g ' €T

= ¢;+ T span kG/T

For linear independence, let (1 < i < ¢),

o; kG — k linear functional
g — 1 if g conjugate to g;

0 otherwise

Thus ¢; is constant on conjugacy classes

= i(gh — hg) = ¢i(g(hg)g~" — hg) =0

= (ﬁz(T) =0

IfZ)\j(l'j-i—T):O = Z)\jl‘jET

=  0=¢i(>_ Ajz;) = A, proving linear independence
uP" = 1 for some i

Next let g € G and express g = ux where ¢ x has order not divisible by p
uxr = xu

(just use cyclic group (g))

Hence g*" = 2P° = (g —x)?" =0 (using char k = p)

Lemma 1.20 = g—xz € S

Apply this to the elements g,11,...,ge

Thus, they are conjugate mod S to one of the gi,..., g,

= g +5,...9, + S span kG/S

Finally, Suppose Aig1 +---\.g, € S with \; € k

Lemma 1.20 = (A\g; +--- )\rgr)pl € T for some ¢

11



But (Mg1 +---+ )\rgr)pi = )\’flg’fz + AP mod T

(using the fact (a + b)? = aP +b” mod T, exercise)

Thus, )\Iflgéfl + 1t )\fflgfl eT

But the element gfz, . ,gfz are in different conjugacy classes:
If |G| = p*m with ptm

Choose t,u € Z s.t. tp" +um =1

we have ¢7* = 1 and so gfit =gj

Thus, they are linear independent mod T’ ]

Theorem follows from the claim. O

Lemma 1.20
T = [kG, kG| S =T+ J(kG)
= S ={a€kG|a?" €T for some i > 0}

Proof ,
Let So = {a € kG|a"" € T for some i > 0}. We will show Sy = S

C: InkG = kG/J(kG), a:=a+ J(kG) s.t. @ € [kG, kG|
= The p' power of each component of @ in the matrix algebra decomposition has trace zero
Since trace = sum of eigenvalues =  tr MP = (tr M)?
So in characteristicp = a€[A,A] = acT+J(kG)=S
Conversely, Sp 2 T and Sy 2 J(kG) as each element of J(kG) is nilpotent
So if we prove Sy is closed under addition, it follows Sy 2 7'+ J(kG) = S and we are done.
Closure under addition:
use the fact/exercise under the claim of Lemma 1.17 (a 4+ b)? = a? + b* mod T
and use

Iy

acT = a’eT (1.1)

(To show this, it is enough to show (ab — ba)P = (ab)? — (ba)? mod T
=a(ba---b)—(ba---b)aeT)

Now if a,b € Sy, from equation (1.1) it follows Ju € Z, s.t. a?* and b*" € T
= (a+bP" =a” +b" mod T

= a+bes

12



2 Projectives, injectives and indecomposables

Definition 2.1
A non-zero A-module is indecomposable if M cannot be expressed as M = My & Ms with both M;
and My non-zero

Definition 2.2
An A-module M has the unique decomposition property if

(1) M is a finite direct sum of indecomposable modules

(2) whenever M = @[~ M; = @ ; M," with each M; and M;’ (non-zero) indecomposable
then m = n and after reordering M; = M’

A ring has the unique decomposition property if every f.g. A-module does

Definition 2.3

A ring A is local if it has a unique maximal left ideal (which is J(A))
Note that in a local ring, A/J(A) is a division ring (exercise)

and every element not in J(A) is a unit (i.e. left AND right invertible)
Exercise: A is local < the non-invertible elements form a left ideal

Theorem 2.4 (Krull-Schmidt)
Suppose M is a finite direct sum of indecomposable with each End4(M;) local. Then M has the
unique decomposition property

(Will be proved after Corollary 2.7)

Lemma 2.5 (Fitting)

Suppose M is an A-module with ACC and DCC on submodules and f € End4(M)

Then for large enough n. M = Im f" & ker f*

In particular, if M indecomposable, then element of End (M) is either isomorphic or nilpotent.

Proof

By ACC/DCC, we may choose n large enough s.t. f™: f*(M) = f2*(M) is an isomorphism

If m € M then write f*(m) = f2"(m,)

= m = f"(m1) + (m — f*(m1)) € Im f" + ker f"

If f*(z) € Im f* Nker f* then f2*(x) =0 = f*(z)=0 O

Lemma 2.6
Suppose M is indecomposable with ACC and DCC on submodules. Then End4 (M) is local

Proof

Let E = End4(M). Choose I maximal left ideal of F

Suppose a ¢ I. Then E = Fa+ I

Write 1l = da+pwith Ae E;pel

Since p is not an isomorphism Fitting’s Lemma 2.5 = p” = 0 for some n (using indecomposability
of M)

= (Q+p+-p" Ya=0+p+-+p"H1-p) =1

= q is invertible ]

Corollary 2.7
Let A be (left) Artinian. Then A has the unique decomposition property
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Proof
A has ACC and DCC by Proposition 1.11. O

Proof of Krull-Schmidt Theorem 2.4
Let M = @i, M; = @iz, M]

Induction on n. Assume m > 1 (m = 1 case is trivial)
Let

a1 M —M— M forl1<i<n

= ldMl:ZaZOﬁlMl—}Ml
Since End 4 (M) is local by supposition, some «; o §; must be a unit. Renumber so that a; o 51 is a
unit. Then M; = M]

Consider the map p =1 — 6 where

1 m
0: MM~ M{—M—>P MM
i=1
p(M{) = My
mw(@Dils Mi) = Dy M;
= is surjective
If pu(x) = 0 then = 0(x) and so x € P, M;
But then 6(z) =0
Thus g is an automorphism of M with u(Mj) = M
= @D, M] = M/M{=M/M =@, M,
and we can apply inductive hypothesis and we are done O

Definition 2.8
An A-module P is projective if given modules M and M’ and A\ : P — M and a surjective map
w: M — M then v : P — M’ s.t.

An A-module I is injective if, similarly

If we have a ses
0—->N-—->M —>M-=0

then if P is projective

0 — Hom(P, N) — Hom(P, M') — Hom(P, M) — 0
is exact and if I is injective

0 — Hom(M',I) — Hom(M, I) — Hom(N,I) — 0

is exact

14



Proposition 2.9
TFAE

(1) P is projective
(2) Every surjective map A : M — P splits

(3) P is a direct summand of a free module

Proof as an Exercise.
We will prove (1)< (3) when we talk about relative H-projectives for kG when H < G

Usually projectives and injectives are very different e.g. k[X] polynomial algebra (if commutative
algebra)
but for some Artinian algebras e.g. kG, G finite, they are the same.

Definition 2.10
A finite dimensional k-algebra A is Frobenius if 3 linear map A : A — k s.t.

(i)  ker A does not contain a non-zero left or right ideal

AxA — k
(a,b) — A(ab)
Property (i) ensures that ( , ) is non-degenerate on both sides ( , ) has the property

(ab, c) = {a, bc) (2.1)

If so, we can define a bilinear form ( , ) :

There is an equivalent definition of Frobenius algebras in terms of non-degenerate bilinear form satis-
fying 2.1

A is symmetric if it also satisfies

(i)
A(ab) = A(ba) (2.2)

in which case the bilinear form is symmetric

A is self-injective if the regular representation 4A is an injective A-module

Examples

(1) kG for G finite A(}_ c;799) = 71 (projecting onto component indexed by 1)
(2) Matrix algebras A = trace

(3) Monster algebra, G monster group, V' is a G-module of dimension 194884 = 194883 @ 1
V' can be given the structure of a Frobenius algebra with a composition and non-degenerate
bilinear form

(4) Topological quantum field theory

Lemma 2.11

~

(1) If Ais a finite dimensional Frobenius algebra, then we have A-module isomorphism (A4)* = 4 A
(* denote the vector space dual)
In particular, A is self-injective

15



(2) Suppose A is self-injective then TFAE:

a) M projective
b) M injective
c

(c) M* projective
d) M* injective

(
(
(
Note: if M is a left A-module then M* has a natural structure as a right A-module

(fa)(m) = f(am) for f: M — k

and similarly switching ‘left’ and ‘right’

Proof

(1) Define

¢ : AA — (A A)*
z = (Y= Myz))
where A is from definition of Frobenius algebra

Then if v € A,
(v(9(2)))y = ¢(2)(yy) = Myyz) = (d(72))y

= ¢ is a homomorphism
Since ker A does not contain a non-zero left ideal
¢ is injective. A is finite dimensional and so ¢ is an isomorphism

(2) From self-injectivity, M is projective < M™ is projective
And so (i) and (iii) are equivalent
But (i)<(iv) and (ii)<>(iii) for all finite dimensional algebras

Consider decomposition of finite dimensional algebra A.
Firstly as A — A bimodules

A= EB B;  where B; are indecomposable A — A bimodule

(recall A — A bimodule < left A x A°P-module)
Note that the A — A sub-bimodules of A are precisely the (2-sided) ideals
Krull-Schmidt 2.4 = decomposition is unique (up to reordering and isomorphism)

Definition 2.12
The indecomposable ideals B; are blocks

Note that 1 = e; + --- e, with e; idempotent, e; € B;

1; 1=y

In fact, they are orthogonal: e;e; = {0 oy
AN

The e; are multiplicative identities for the algebra B; (Bj is closed under multiplication)
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Each block may be regarded as a left A-module and decomposes as left A-module € P;; of indecom-
posable left A-modules

The direct summands P;; are direct summands of 4A and so are indecomposable projectives and by
Krull-Schmidt 2.4 the decomposition is unique (up to reordering and isomorphism)
There is a 1-1 correspondence between expressions
Il=e1+-+e
with e; orthogonal idempotents and direct sum
AA=P & P

given by P, = Ae; (e; corresponds to projection onto summand)
Note: Endomorphism of 4 A are achieved by right multiplication by elements of A
P; is indecomposable < e; is primitive

Definition 2.13
An orthogonal idempotent is primitive if it cannot be expressed as e = e; + e2 with ey, eo non-zero
idempotent

Proposition 2.14 (Idempotent Lifting/Refining) B
Let N be a nilpotent ideal in A and f be an idempotent of A/N = A
Then there is an idempotent e € A with f =€

Proof
Consider A/N* and we will define idempotents f; € A/N* inductively. Let f; = f

For i > 1, let z € A/N® with image f;_1 € A/N*~1 = (A/N?)/(N~1/N?)
= z?-xe N-L/N

= (z2-2)2=0in A/N!

Let f; = 322 — 223

= P fi=—(3-20)(1+20)(® —a)? =0

and observe that f; has image f;_1 € A/N*!

Alternatively in characteristic p, we can use f; = P O

Corollary 2.15
Let N be an nilpotent ideal in A. Let

1=fi+-+far with f; primitive orthogonal idempotents
Then we can write

l=e1+- e, with e; primitive orthogonal idempotents with €; = f;

Proof

Define idempotents e;’ inductively.

ey =1 and for i > 1, € is any lift of f; + -+ + f,, be an idempotent in the ring e, , Ae,
! ! _ ! _ ! /
= 6Cip1 = €iq1 T €16

/ / =
Lete;=e;—¢€; ., = &=Ff
e —el el S R Y Y R
Ifj >, e = ej, e5€i,, and so eiej = (€ — €y 1)€5 €€ =0

Similarly eje; =0 O
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Applying this to a finite dimensional algebra A with N = J(A), nilpotent by 1.11.
We have A/N = direct sum of simple A-module S;

This decomposition correspond to 1 = f; + -+ f; in A/J(A)

Lifting using Corollary 2.15 gives 1 = e; + - - - 4+ ¢; primitive idempotents

and A = @ Ae; with each Ae; indecomposable projectives

By Krull-Schmidt, every indecomposable projective is isomorphic to one of these P;

Summarizing:

A = @ blocks = @ P; where P; indecomposable projectives left A-modules

A/J(A) = @ S; where S; are simples, then (after reordering) P;/J(A)P, = S;

Hence {simples of decomposition of A/J(A)} «— {projective indecomposable of A}

Lemma 2.16
For a f.d. Frobenius algebra A, Soc(P) is simple for an indecomposable projective left A-module

Proof
Express A4 as a direct sum of indecomposable projective right A-modules Q;

By Lemma 2.11, (A4)* = 4A4, so
A= (Do =Pa; (2.3

Q7 are projective left A-modules, again indecomposable.

But dual of a simple is a simple and so Soc(Q}) = (Q;/ Rad(Q;))* is simple

By Krull-Schmidt, the decomposition (2.3) is unique, P = Q}

= Soc(P) simple O

Lemma 2.17

A, S; =S
HOm(PZ', S]) = J .
0 Otherwise

where A’ = End4(S;)

Proof
If non-zero 0 : P; — Sj then P;/ker 6 (simple quotient of P;) = .S; since S; simple
But P/J(A)P=S; = 8=, O

Theorem 2.18
Suppose P is an indecomposable projective for a symmetric algebra A. Then Soc(P) = P/ Rad(P)

Proof

Let e be a primitive idempotent in A with P = Ae

Let A: A — k be a map as in Definition 2.10

= Soc(P) = Soc(Ae) = Soc(P)e can be regarded as a left ideal of A (or by simplicity of Soc(P))
= 3z € Soc(P) with A(ze) # 0 (since, ker X is not a left or right ideal of A, hence Soc(P) 2 ker \)
By symmetry of A\, A(ex) # 0

= eSoc(P) #0

But Lemma 1.14(1) says e Soc(P) = Hom 4 (P, Soc(P))

= d non-zero hom P — Soc(P)

But Lemma 2.16 says Soc(P) is simple and we know the only simple quotient of P~ P/Rad(P)

= P/Rad(P) = Soc(P) O

So we now know about the ‘top’ (P/Rad(P)) and ‘bottom’ (Soc(P)) of P, what happens in between?

For a f.g. left A-module M we can produce a chain

O<Mi<My<---<M,=M
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with each factor M, 1/M; being simple

Definition 2.19

Such a chain is a composition series and the simple factors are composition factors

Jordan-Hoélder Theorem (c.f. Topics in Groups Theory course) says that composition factors and their
multiplicities are unique

Let P; be an indecomposable projective A-module. Consider
0 < Homa(P;, My) < --- <Homu(P;, M,,) = Hom(P, M) (2.4)

Each factor HOInA(Pi, Mj+1)/ HOIHA(Pi, Mj) = HOIHA(PI', Mj+1/Mj)

(this isom. is due to the fact that P; is projective)

So Lemma 2.17 applies Hom(P;, M;11)/ Hom(FP;, M;) = 0 or A; where A; = End 4(S;)° (division ring),
and M 1/M; =5,

Thus the number of composition factors = 5; = number of non-zero factors in the chain (2.4)

Lemma 2.20
If k is algebraically closed, then dimy(Hom(P;, M)) = no. of composition factors of M isomorphic to
S; (called the multiplicity of S; in M)

Proof
A; 2k in this case ]

Definition 2.21
Suppose k is algebraically closed
The Cartan invariants of A is

cij = dimy, Hom 4 (P;, Pj) = dimg(e; Ae;)

(second equality is by 1.14) where e;, e; are primitive idempotents associated with P;, P;
Equivalently, ¢;; = multiplicity of S; in P;
The matrix (c;;) is the Cartan matrix

In the introduction, we talked about Ext! quiver for A

vertices <> (isom. class of) left simple A-modules S;
Number of arrows ie — ej is dimy Hom4(S;, Rad(P;)/ Rad?(P;)) where Rad?(-) = Rad(Rad(-))
(Exta(S;, ;) = Homy(Rad(P;)/ Rad?(P;), S;), which is dual to Homy(S;, Rad(P;)/Rad?(F;)), see
Benson 2.4.3.)

Definition 2.22
For a f.g. left A-module M

M > Rad(M) > Rad*(M) > Rad*(M) > - --
is called Lowey series

Note: Rad’:(M )/ Rad™™ (M) is semisimple, a direct sum of simples

Note: Rad'(M) = J{(A)M

So the Ext!-quiver is telling us about the composition factors of the layer of P; below the ‘top’
Remark. Hom4(S;, Rad(P;)/ Rad?(P;)) = Hom(P;, Rad P;/ Rad?(P;))

its dimension = dimy(e;J(A)ej/e;J*(A)ej) where P; = Ae;, Pj = Ae;
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Definition 2.23
A left Artinian algebra is basic if A/J(A) is a direct sum of non-isom. simples
(This is equivalent to A is direct sum of non-isom indecomposable projectives)

We will see that any Artinian algebra A is Morita equivalent to a basic one, namely A1 = End4 (6P P;)P
(where the summation only take one copy of each isom. class of indecomposable projectives) We call
A; the basic algebra of (associated to) A

Exercise: Show End (€D P;)°P is basic
Note: Morita equivalence = Equivalence of categories between {A-modules} and {A;-modules}

Theorem 2.24 (Gabriel)

Let A be a finite dimensional basic algebra over an algebraically closed field
Then A2 kQ/I where kQ is the path algebra of the Ext!-quiver of A
where I is (an ideal) in the ideal of paths of length > 2

Proof

Choose primitive idempotents e; with e;e; = 0 = eje; if i # j

e1+ -+ e =1 (using that A is basic)

Recall that we have an idempotent x; of the path algebra kQ for each vertex (path of length 0 at the
vertex)

We are going to define a map kQ — A sending z; — e;

Choose a vector space complement of e;J?(A)e; in e;J(A)e;

and choose basis for this complement.

(this means choose a basis for e;J(A)e;/e;J?(A)e; =2 Homa (P}, Rad(P;)/ Rad?(P;)))

send (the elements of kQ corresponding to arrows from vertex i to vertex j) to (these basis elements)

Every relation in k@) says that products of non-compatible paths is zero

But these relations are satisfied by the corresponding products in A by relations:
eiej ZEJGZZOIfl#]

= 0:kQ — A well-defined map

We need a lemma (Lemma 2.25) to show it is surjective: Apply the lemma with A’ = Im 6 to see that
the image is A
(Note: 0 : kQ/J*(kQ) — A/J*(A) is surjective) O

Lemma 2.25
Suppose A is an Artinian ring and A’ an ideal of A s.t. A’ + J?(A) = A. Then A’ = A

Proof
Show by induction that A"+ J"(A) = A’ + J"1(A) for n > 2
Using the nilpotency of J(A) (by 1.11) we are done.
If v € J""Y(A) and y € J(A), choose 2’ € J" L (A)N A st. x—a' €IV A)
and y' € J(A)N A’ st. y—1vy € J}A)
= ay=2(y—y)+(x -2y +2y
€ JVHA)J2(A) + JH(A)(J(A) NA) + (JHA) NA)(J(A)NA) C JHHA) + A O

In fact, the finite dimensional case of k@ (i.e. when there are no directed cycles) there is a one-to-one
correspondence of blocks.

Recall that the decomposition into blocks corresponds to a decomposition of 1 as a sum of orthogonal
central idempotents (which are the multiplicative identities of the blocks)
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Lemma 2.26
Suppose A is Artinian and [ is a 2-sided ideal contained in J2(A).
Then the natural map A — A = A/I induces a bijection:

{central idempotents in Z(A)} <— {central idempotents in Z(A/I)}
Remark. Apply this to A = kQ to get a 1-1 correspondence

{Blocks of kQ} <+— {Blocks of kQ/I}

Proof

If f idempotent in Z(A) = f idempotent in A/T

If f is another idempotent in Z(A) with f = f/ = f— ff nilpotent (as f, f' € J*(A)) and idempotent
= f—ff=0= f=/ff similarly, f = f'f,s0 f=f

Conversely, if € is an idempotent in Z(A/I) then by idempotent lifting in Proposition 2.14, 3 idem-
potent f € A with f =e.

Claim: f is central

Proof of Claim:

Since f € Z(A/I) we have f(A/I)(1— f)=0in A/I

= fA(l-f)CICJ*4)

Since f and (1 — f) are idempotents, multiply on left and right: fA(1 — f) C fJ*(A)(1 — f)

We show by induction that fA(1— f) = fJ"(4)(1 — f)

Assume fA(L— f) = FJU(A)(1L - f) = £ (A)J(A)(1— )
C I A FIA)L = f) + fIHA) (L = I (AL - f)
CfIH A FIP(A) L~ )+ fTA) L = ))T(A) 1L - f)
C fImH (A1 - f)

Since J(A) is nilpotent by 1.11 = fA(1—f)=0

= VYa€A, fa= faf+ fa(l—f)= faf

Similarly af = faf

= fa=afVaec A

= f central

O]

Even in the case where k(@ is finite dimensional, we can see that blocks of one (basic) algebra correspond
to components of the underlying graph of the Ext'-quiver (ignoring the direction of arrows)

A non-split extension (of B by A) is as.e.s. 0 > A — U — B — 0 where U is not a direct sum of A
and B

Proposition 2.27
Let S and T be simple A-modules with A a left Artinian k-algebra and k algebraically closed. TFAE:

(1) S and T belongs to the same block

(2) There are simple A-modules S = S1,S55,...,S5, = T s.t. each pair S;,S;+1 are composition
factors of the same indecomposable projective A-module

(3) There are simple A-module S = T1,T5,...T,, =T s.t. each pair T;,T; 11 are equal or there is a
non-split extension of one of them by other

Remark. These three conditions define equivalence relations.
Condition (3) can be rephrased in terms of T; « — e T;, 1 or T;  <— e T}, in Ext!-quiver
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X
Example: k finite field, G = <k0 ]1€> = {(8 l{) ’a ek, be k:} as affine group =2k x k*

(G acts on k via conjugation of k in k')
There is a canonical 2-dimensional (non-simple) kG-module U = {column vectors}

a b\ (xz\ [(ax+by
0 1)\y) Y
b e
> acts by multiplication by a

There is 1-dimensional kG-submodule S = {<g> ‘x IS k} and <8 1

U/S = trivial kG-module. U is not a direct sum, S is not trivial kG-module

Exercise: Show that all the simple kG-modules are 1-dimensional and construct the Ext!'-quiver
Exercise: Try the same with other triangular groups

Exercise*:

G = SL(2,p), k algebraically closed of characteristic p

Recall we produced kG-modules V7, Vs, ..., V), and Theorem 1.17 told us this was the complete list
and V; is of dimension %

p=2: V1 and V5. Decompose kG as a direct sum of blocks

p odd: Show V), projective and the simple modules associated with blocks are (1) Vj, (2) V1, V3,...,V,—2
and (3) Vo, Vi, ... Vg

(Case p = 2 should be easy, others are hard, c.f. Alperin’s book)

Proof of Theorem 2.27
(1) & (2):

(2)=(1): Easy from Cartan invariants as ¢;; = 0 if e;J(A)e; =0
If e;, e; are in different blocks, then ¢;; =0

(1)=(2): Suppose S and T are in the same block but not related as in (2). Let

B=Y PoY P
where first summation is over P’ projectives associated with simples related to S as in (2)

and second summation is over P’ projectives associated with simples NOT related to S as in (2)

But the first sum is closed under any endomorphism of B and such endomorphisms are all
achieved by right multiplication by elements of A (using that End(4A)? = A)

=  the first sum is closed under right multiplication by elements of A =- first sum is an ideal
Similarly for the second sum, = we have a non-trivial decomposition of B # (B is a block)

(2) = (3):

(3)=(2): Suppose 0 — T; — U — T; 41 — 0 non-split
If we take the indecomposable projective P, 1 with ‘top’ Tj4+1 (i.e. Tiy1 = Piyq1/ Rad(Py1)), we
have a canonical map Pj+1 — T;41. So by projectivity Ja completing the diagram:

Py

304//
s
»

U Tit1 0

Claim: « is surjective

Proof of Claim:

Composition factors of U are T; and Tjy1. Suppose Im « ; U, then Im « is either T; or Tj41
= U=1T,®7T;1,ie. asplit extension # [ |
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But J?(A)U = 0 as it is extension by two simples
so in fact U is a quotient of P;y1/Rad*(Py1) = Piy1/J*(A)Piyq
= P41 has T} and T;11 as a composition factor
(2)=(3): It is enough to show that the ‘top’ of any indecomposable projective P is related by (3)

to any composition factor of P A
Argue by induction on the Lowey series of Pi.e. Rad'(P)(= J'(A)P)

Suppose simple S is a composition factor of the semisimple module Rad’(P)/Rad"™(P).
Thus S is a quotient of Rad’(P)/Rad™™(P)
= we have an extension

0=S—>V— Rad~!(P)/Rad’(P) -0

-~

maximal semisimple quotient of Rad*~!(P)

This is not split (if split then V' semisimple, contradicting maximality)
= 3 simple submodule T of Rad"~!(P)/Rad’(P) with 0 — S — U — T — 0 non-split
= S related to T as in (3), and now apply induction hypothesis to T’

3 Quivers

(See the Introduction section for definition)

Q@ quiver, kQ path algebra, basis are paths of finite length (inclduing length zero)

length zero path at vertex z is e, idempotent in kQ

Multiplication is given by composition of paths (in reverse order) as in usual convention for maps

(o —o)(o —+ o) =0 —

H.
Y 2z’ Y z

[
y
Recall that left £Q-modules correspond to representations of ()

There is a simple kQ-module S, 1-dimensional at vertex x, zero at other vertices.

In fact, if £Q) is finite dimensional these are all simples, but otherwise there are others

Example: one vertex two loops
_— f\ o /\x
v ~/

kQ is the free algebra on two variables k[X,Y] (corresponding to the loops) and thus has simple
modules of any dimension

The projective module kQe, corresponding to the idempotents e,:
basis - correspond to the paths in () starting at =
action of kQ is by (reverse) composition as before

Theorem 3.1
Suppose k(@ is finite dimensional. Then every submodule of a free k@Q-module F' is isomorphic to a
direct sum of modules of the form kQe,, and thus every submodule of a projective is projective

Remark. Condition k@) finite dimensional is in fact not needed. (i.e. theorem is true for any finite Q)

Definition 3.2
An algebra in which all left submodules of left projectives are left projectives are left hereditary

Remark. This is equivalent to having cohomological dimension < 1
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Definition 3.3
We can define a filtration of kQ consisting of the 2-sided ideal k@), linear space in kQ of the paths
of length > n

As a left kQ-module, kQ ) /kQ 1) is semisimple:

it is isomorphic to a direct sum of simple S,

and the copies of S, correspond to the paths of length n ending at x
= e;kQ () has a basis consisting of paths of length n ending at

Note that kQ(;) is nilpotent ideal in kQ when k(@ is finite dimensional (i.e. there are no oriented
cycles) and kQ/kQ (1) is semisimple
= kQuy=J(kQ) = kQu) =J"(kQ)

A path of length n, e, —e-.- — e,
induces an injective map

esz(n)/kQ(nJrl) — eka(n+m)/kQ(n+m+l)

length n path, end at = length n + m path, end at y

and the images of these maps for distinct paths are linear independent

Similarly, if we now have a free kQ-module F' again we have a filtration F{,) and if e, — ---0 — e,
then it induce the injective map

ewF(m)/F(erl) - eyF(n+m)/F(n+m+1)
and the images of these mas for distinct paths are linear independent
Proof of Theorem 3.1

Suppose P is a submodule of free kQ-module F
Define filtration P,y = P N F{,) where F{, is the ‘standard’ filtration we have just had

If ¢, — --- — e, is a path of length n

then the induced map e Pn)/ Pint1) < €y Pnym)/ Pintm+1) 1s injective (3.1)

Recall J(kQ) = kQ(1) since kQ is finite dimensional
P/kQ1)P is a module for kQ/kQ(;) and is a finite direct sum of copies of simples isomorphic to some
Sz (recall S; has 1 dimensional vector space at x and 0 at all other vertices)

P/kQyP=EP Sra  with S, 0 =S,

T,a

Let P, o= kQe, the indecomposable projective with S, ‘top’
Thus there is a surjective k@Q-module homomorphism

b @ Pyo — P/kQ)P

But we can complete

@Pm,a

v l¢>
i—/
P—P/kQuyP —0

to get the kQ-homomorphism ¢ : @ P, o — P. (Think about this!)
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Claim: ¢ is an isomorphism
Proof of Claim:
Injective: Follow from the statement (3.1)

Surjective: write X for the cokernel

PraP-X-0

tensoring over k@ with kQ/kQ(y) gives

B Seo = P/EQuyP — X/kQ1)X — 0

Hence, X/J(kQ)X = X/kQ1)X =0
By Nakayama’s Lemma 1.6, we get X =0 |

Thus P=P,, Pro =P, kQey O

Remark. Note that @ Pr.a/kQ1)(D Pr.a) =D Sz.a

The number of copies of each S, is finite and well-defined by Krull-Schmidt for simple modules
and so we deduce the number of each P, in the sum is finite and well-defined.

Krull-Schmidt is true for finitely generated projectives

The hereditary property picks out those basic finite dimensional algebras that can be expressed as
path algebras

Lemma 3.4
Let A be a finite dimensional hereditary basic algebra over an algebraically closed field
Then A2 kQ, the path algebra of its Ext!-quiver Q

To prove this, we need some lemmas:

Lemma 3.5

Let A be an algebra containing a (2-sided) ideal I with I C J?(A) with I finitely generated as a left
and right ideal

Then A/I hereditary = [I=0

Proof
Since [ is f.g. as right ideal.

frI=1JA) =1=0 by Nakayama 1.6

So it suffices to work mod I.J(A) and so we may assume that [J(A) =0

Let A = A/I hereditary. Since I annihilate J(A) we can regard J(A) as a left A-module

Hereditary property = J(A) is a projective left A-module

= J(A) = JA)/I=J(A)

= as left A-modules, J(A)=J(A)® I

= J2(A)=J(A)JA) e JAI = J*(A)/To J(A)T

= JAI=1

Apply Nakayama on left this time = I =0 O

Lemma 3.6
Suppose A is a finite dimensional hereditary algebra with a non-split extension of simples S7 and Sy

0—-5—->U—=5—=0
Then the indecomposable projective P with Sy ‘top’ contains a copy of P;, the indecomposable

projective with S7 ‘top’
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Proof
As last time, 30 # 6 : P, — P, (homomorphism) s.t. Im§ C Rad(P;) and ¢ RadZ(Pg)

The image 6(P;) is a submodule of Py
= projective by hereditary property
=  The map splits 2.9

= P1%0(P1)@ker9

Indecomposability of P| = kerf =0
= P, contains a copy of P O

Lemma 3.7
If A is a finite dimensional hereditary algebra
Then the Ext!-quiver Q of A contains no oriented cycles

Proof
Suppose @ is an oriented cycle:

= (by Lemma 3.6) we have corresponding projectives

PsPhsSPs - -SSP S P

But those are all finite dimensional vector space  # O

Proof of Lemma 3.4
Let A be finite dimensional, hereditary and basic
By Lemma 3.7, the Ext'-quiver Q has finite dimensional path algebra kQ
By Gabriel’s Theorem 2.24, A2 kQ/I where I < J?(kQ), and I is f.g. as A is finite dimensional
By Lemma 3.5, we get I =0
A2kQ O

Indecomposables for k@)

Recall an algebra has finite representation type if there are only finitely many isomorphism classes of
finitely generated indecomposables (not necessary projective)

Example:

Let @@ be a n-vertices oriented cycles, k infinite, k() does not have finite representation types:

Take a 1-dimensional subspace (e;) at each vertex; linear maps representing the arrows :

i® — ®; 1 is represented by linear map e; — e; 41

n® — e is represented by linear map e, — Ae; (A € k)

These are indecomposable representations and if we have two such, one defined with A and one with
1, then they are non-isomorphic if A #£ u

= (since k infinite field) we have infinitely many isomorphism classes of indecomposables

Exercise: Show this is true for k finite
Exercise:

< 0<—-0

O —>0 >0 <—0<— 0
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does not have finite representation type (in fact the orientation of arrows does not matter)

Remark. If Q' is a subquiver of a quiver ) and we have a representation of @’

then we can build a representation of ) by inserting zero vector spaces at any extra vertices and zero
maps for extra arrows.

The outcome is indecomposable if the original representation of )’ is indecomposable. So we have:

Lemma 3.8
If kQ has finite representation type then kQ’ does

Lemma 3.9
If £Q has finite representation type then ) does not contain any oriented cycle

Proof
Above Example and Lemma 3.8 O

Theorem 3.10 (Gabriel, 1972)
kQ has finite representation type < its underlying valued graph is a finite Dynkin diagram:

An -~ o o - - ——_ -~ o o
B o~ o - - —- -~
Cy -~ o o  ——__ -~ o<
D, .- o o ,*<
Eg E;: Eg
D AU S IR
Fy ——eo—9o o
Ga: —
where
e—-+9 denote an edge labelled e @1) .
(3.1)

e denote an edge labelled e °

(1,1)

all other edges are labelled e

° (Idyvydz) °

xT

Definition 3.11
The Cartan matrix of a labelled graph

Coy = 205y — Z de

5

where v is the label of edge z® ®y

Example:

For F4,
2 -1 0 O
-1 2 -2 0

¢= 0o -1 2 -1

o 0 -1 2



We can form a symmetrised Cartan matrix (which is symmetric)

Cyy = Ca:yfy

where we choose fy, € Zsq s.t. ody fy = yda fr for each edge «®

®y
Form a real vector space R" with basis {u,} corresponding to vertices {z}, symmetric bilinear form

(Ugz,Uy) = Czy (entry from symmetrised Cartan matrix)

Weyl group of labelled the graph I', denoted W (T") is generated by reflections:

We (U ZU—MU

reflection in hyperplane perpendicular to u,, it has order 2
Definition 3.12

The dimension vector of a representation V of a quiver @ is > (dim V,)u, where V,=vector space at
vertex x

Theorem 3.13

Let I' finite connected valued graph without loops

Then, I is a finite Dynkin diagram < (, ) is positive definite

If I is finite Dynkin diagram then the Weyl group W (I") is a finite group of automorphisms and there
is no non-zero vector in R" fixed by the whole of W(T")

Proof omitted. c.f. Lie algebras

Definition 3.14

Let T' be a finite Dynkin diagram, the root system associated with I' is the finite subset ® of R" of
the images under W (I") of the basis vectors uy

The elements of ® are called roots. They are integral combinations of the u,

Reflection in the hyperplane perpendicular to a root permutes ®

If v is a root write w, for this reflection

A non-zero vector which is a non-negative linear combination of the w, is a positive root, v is a
negative root if —v is positive

Theorem 3.15 (Gabriel, 1972)
Let @ be finite quiver whose underlying labelled (valued) graph is a finite Dynkin diagram.
Then there is a natural 1-1 correspondence:

f.g. indecomposable positive roots
. YRS .
representation of () in R

Thus £Q has finite representation type

(We will prove this theorem later)

Remark.

(1) This theorem provides < direction of the proof of Theorem 3.10

(2) @ is of finite representation type < any new quiver obtained by changing orientation on all
edges between z and y has finite representation type

(3) The proof is constructive - we actually get an algorithm that produces indecomposables
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Sketch Proof of = of Theorem 3.10
=

s
First note that if we have multiple arrows going from ¢ to j, e.g. ® 7> ®; , then k(@ does not have
finite representation type.

Exercise: Prove that e =——% e has infinite representation type.

We further assume that all the labels are (1,1). (see Remark) This will restrict us to getting A,,, D,
and EG, E7, Eg

Suppose underlying graph I' of @) is not a finite Dynkin diagram
= (by Lemma 3.13) (, ) is not positive definite
= 3dng € Z>p s.t. (n,n) <0 where n = )" ngu,

= 2Zn§§2 Z Ny

ooy

Each edge gets counted both ways around

dnZ< > nany (3.2)

re—ey

Let V. be vector space of dimension n,

We will show there are infinitely many isomorphism classes of representations of @ using these V,, (i.e.
with dimension vector (n,))

(We can then deduce there are infinitely many isomorphism classes of indecomposables)

We need to assign a linear map to each e — e, arrow
Two such representations are isomorphic < 3 automorphisms in II,GL(V,) taking one to another
= we need to look at orbits of H GL(V;) on H Hom(V, V)

x

Te—ey

Suppose k is algebraically closed, [T GL(V;) has dimension > n2 as an algebraic variety
But action is as [[ GL(V;)/{scalars} since scalars acts trivially

= []GL(V;)/{scalars} has dimension (> n2) —1

= the orbits have dimension < (3 n2) —1

But H Hom(V;, V) has dimension Z Mgy

x.—)oy I.*}.y
= (from equation (3.2)) the orbits have dimension < space acted on
= there are infinitely many orbits and hence infinitely many isom. classes. O

Remark. (1) The proof was due to Tits. There is a non-algebraic geometry proof in Pierce’s book
ruling out particular subquivers

(2) When £k is algebraically closed, all the labelling will be (1,1). Labellings are important if we
want to talk about non-algebraically closed fields &
e.g. Ext'-quiver Ext!(S;, S;) 2 Hom(Rad(P;)/ Rad?(P;), S;) where S;,S; are simple A-modules
and P; indecomposable projective associated with S;

Use labels on our Ext-quiver if k is not algebraically closed.

Ext!(S;, S;) is acted on by End4(S;) = A;, a division ring, and also by Enda(S;)? = A;, an-
other division ring.

Labels are used to retain the information about the relative dimensions of the A; over k

Using the labelled quivers we can indeed end up with Dynkin diagrams other than A,,, D,,, Fg, F7, Eg
(can have labels other than (1,1) on the Dynkin diagram edges) But from now on, just consider
unlabelled quivers.
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Definition 3.16

For a vertex z of a quiver

x is a sink if all arrows between x and any other vertex point towards z

x is a source if all arrows between x and any other vertex point away from z
Clearly, every quiver without oriented cycles has sinks and sources

Definition 3.17
Given a quiver (), define a new quiver s,() with same vertices but with the orientations of the edges
meeting x reversed.

Suppose we order the vertices so that i < j whenever ;o — o,

Lemma 3.18
With such ordering on @ with n vertices

(1) If 1 < j < n then z; is a sink and xj41 is a source of the quiver s; - - 5251Q
(2) If 1 < j < n then x; is a source and x;_1 is a sink of the quiver s;sj11---5,Q

(3) SnSn—1 " ‘SlQ = 8189 - * 'SnQ — Q

Proof
Follows from the choice of ordering on the vertices and that if v;,,...,v;, are distinct vertices
then, x;e — ex; in s;,5;, -+ 5;,Q &
either z;0 — ex; in () and either none or both of 4, j occur in ji,..., js
or x;e < ex; in ) and exactly one of the ¢, j occur in ji,...,js

Definition 3.19
An ordering of vertices is admissible if for each j, x; is a sink for s;41---5,Q

Lemma 3.20
3 an admissible ordering for vertices of Q < 3 oriented cycles in @

Proof
By Lemma 3.18. Clearly cannot be done if we do have oriented cycles. O

Exercise: If Q and Q' are two quivers with the same tree as underlying graph = 3 some choice of
Ji,-..,Js which converts ) into Q'

Now suppose y is a sink in finite quiver @

Definition 3.21
We define functors

St remod — o) mod

Sy k(s2Q) mod — j,omod

(where o mod denotes the category of left kQ-modules) as follows:
Given a representation V of (), we define SJ (V) =W where

Wy = WV, forz £y
W, = ker¢ (¢ as follows)
0w, - @ V. %V, (3.3)
z.oﬁéy
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There are obvious maps W, — W, = V. using projections

Thus W is a representation of s,@

A map of representations V — V' of Q) gives us a map S?j V — SJ V' between representations of s,Q
= S, is a functor

Given a representation W of s,Q

Ve We for x £y
Vy = cokery (¢ as follows)
W, % @ We—V, =0 (3.4)
ye—er
in s4Q

If V is a representation of @ for which ¢ in the sequence (3.3) is surjective then S, S (V)=V
= 5’; and S, give a categorical equivalence

Subcategory of yo mod __ Subcategory of 45, q) mod
for which ¢ surjective ~  for which 9 is injective

Thus we have,

Proposition 3.22
S, an S, give a bijection:

. : ind bl tati f
{ indecomposable representations of Q} > { indecomposable representations of s,Q }

except for the simple Sy corresponding to y

Corollary 3.23
kQ has finite representation type < k(s,(Q) has finite representation type

Exercise (cont.): Using the earlier exercise we see that if the underlying graph is a tree then the
representation type is independent of orientations of arrows

Now consider dimension vectors. If V' is a representation of @) for which ¢ is surjective, then

dimW, = Z dimV, | —dimVj
To—>ey
in @
dimW, = dimV, (if = # y)

= the effect of applying S, is to send
(dim. vector of V) — (wy(dim. vector of V)) = dim. vector of W

(recall wy is a reflection in the root space of our Dynkin diagram)

Similarly if W is a representation of s,() with 1 injective
= effect of S on the dimension vector of W is the same as applying the reflection w,

Definition 3.24
Suppose z1,...,Z, is an admiisible ordering for (), then the Coxeter functor w.r.t. the ordering

ct ::S;-'-Sjn : ko mod — o mod

(Note that since each arrow gets reversed twice: sz, «- -85, Q = Q)
Also get
C™ =5, 5,  kogmod — ;o mod
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Lemma 3.25
Given any indecomposable kQ-module V.
either (i) C~CT(V)2V and the effect of C* on the dimension vector of V is
the same as the Coxeter transformation ¢ = wy, - - - wy
or (i) CH(V)=0

n

Proof
Relies on Proposition 3.22 O

Definition 3.26
A Coxeter transformation on R! is a linear transformation obtained by applying each of reflection
exactly once.

c:wxl...wx

n

Then ¢ has finite order h, the Coxeter number, on R

The transformation ¢ has no non-zero fixed points in R' and given any v € R' for some m > 0, the
vector ¢™(v) is not positive

(this follows since if ¢™(v) were positive Vm then Z?:_()l i(v) is positive vector fixed by ¢ = #)

Proof of Gabriel’s Theorem 3.15, Bertnstein-Gel’fand-Ponomarev 1972
Choose an admissible ordering on the vertices of @) (since underlying Dynkin diagram is a tree)
Let CT be the corresponding Coxeter functor and transformation for 1o mod

Step 1: (indecomposables — positive roots, proof of well-define-ness and injective)
Suppose V is an indecomposable representation of @ with dimension vector v in R'" From the above
there is some ¢”*(v) not positive for some m > 1

= (by Lemma 3.25) (CT)™(V) =0

Choose m as small as possible with (CT)™(V) =0
Thus for some %
{SLSLQ ST V) #£0

S8 SHECHm (V) =0

(the symbol z is suppressed in above formula)
= (by Proposition 3.22)
Sfa o SHCHm(V) =S

and
V(OS5 (S))

where S; is the simple 1-dimensional vector space at vertex ¢
= dimension vector of V is
—m+1 w

c n"'wiJrl(vi)

where v; is basis element of R' associated with vertex 7, this dimension vector is a positive root

Note that this argument also shows that any indecomposable with the same dimension vector as V' is
isomorphic to V'

Step 2: (Proof of surjectivity)

Conversely, if v is a positive root

= ¢™(v) is not positive for some m > 1

Choose the shortest such expression of the form w; - - - wy, (wy - - - wy, )™ 1 (v) is not a positive root

= Wiy wy(wy - -wy)™ H(v) =v;  (using the fact about finite root system that if u is a positive
root, wy is a reflection then either w,(u) is positive or u = v,)

= the representation (C)"1S] -5 ,(S;) has dimension vector v O

Remark.
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(1) Theorem (Kac, 1980): For an arbitrary quiver @, the set of dimension vectors in RT (' the
underlying graph) of indecomposable representations does not depend on the orientations of the
arrows.

Dimension vectors of indecomposables > Positive roots of the corresponding root system
Kac-Moody Lie algebras, infinite dimensional Lie algebras with root systems which are not finite

(2) There are several other important quivers arising from the representation theory of finite dimen-
sional algebras apart from Ext-quiver, e.g. Auslander-Reiten quiver

4 (Co-)homology

Let G be any group, M, N be left Z G-module

Definition 4.1
We can take a projective resolution of N as a left Z G-module

=P —=>FP—-N-=0

P; projecitve left Z G-module Notation: P — N

this induces 5 5
0 — Hom(N, M) — Hom(Py, M) = Hom(Py, M) =% -

and we define the Z-module

EXtZG(N, M) = Im&-_l

Remark.
(1) Standard results from homological algebra say that these Z-modules are independent of the
choice of projecitve resolution and also gets the same by taking an injective resolution of M
0—->M—=Ip—>1Ip—---
with each I; injective, and consider

0 — Hom(N, M) — Hom(N, Iy) — Hom(N, I;) — ---

There are sometimes well chosen resolution which help calculations

and there are always minimal injective resolutions where for example Iy is the injective hull of
M (the minimal injective containing M as a submodule, unique up to isomorphism)

The same is not necessarily true for projective resolutions (it depends on G)

Definition 4.2
If we set N = Z, the trivial left Z G-module, we define the i-th cohomology group as the Z-modules
(abelian groups) (or similarly can define over kG, k field)

H'(G, M) = Ext}, ¢(Z, M)

Remark. Hochschild cohomology for any algebra A is defined similarly for any A — A bimodule M:

HH (M) = Ext)y_4(A, M)

where A in the RHS is regarded as an A — A bimodule. Use projective resolutions of A as a A — A
bimodule (terms are projective A — A bimodules)

eg. if A=ZG, then ZG is a ZG — Z G bimodule (left Z G ® Z G°P-module)

but ZGP? =7 G (via g+ g~') = ZG — Z G bimodules can be converted into left Z(G x G)-modules
and Z G is a left Z(G x G)-module by (g, h)a = gah~! where a € ZG
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Homology groups are defined as follows:
Let N be a right Z G-module, M be a left Z G-module
Take a projective resolution P — M we tensor with M over Z G

—>N®ZGPZ'84-'-—>N®ZGP0—>N®ZGM—>O

Note: because Z G may be non-commutative we have to be careful about the tensor products

Definition 4.3
Define the Z-module (abelian group):

ker 8z
Im 0; 14

Tor?%(N, M) =

Remark. Different resolutions give same abelian groups and we could have taken a resolution of N
instead of M to get the same

Definition 4.4
When N = Z is regarded as trivial right Z G-module, define homology with coefficients in M:

Hi(G, M) := Tor2%(z, M)

and if we suppress M, we mean M = Z, H;(G) := H;(G,Z)
Similarly for right Z G-modules

Remark. Hochschild homology for an algebra A:

HHMNM) := Tor?4(A,M) M as A— A bimodule
HH;(A) = HH?(A) A as A — A bimodule

Long exact sequences of (co-)homology

Standard from homological algebra and construction of derived functors.
If we haveases0 - M -V - N =0

Proposition 4.5
The ses induces long exact sequence

- — > H(G,M) — H(G,V) —> H(G, N) >

<—> Hy(G,M)—— Hy(G,V) —= Hy(G,N) —=0

Proposition 4.6
The ses induces long exact sequence

0— H(G,M)—— H°(G,V) — H°(G,N) >

L>HI(G,M) — HYG,V)—= HY(G,N) ——---

Observe that from the definitions,
Proposition 4.7

If P is projective then H;(G,P) =0 Vi >0
If 1 is injective then H'(G,I) =0 Vi >0
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Lemma 4.8 (Dimension Shifting)

Let 0 = M -V — N — 0 be a ses

If V is projective then H;(G,N)= H;_1(G, M) Vi>1
If V is injective then H (G, M)= H*"1(G,N) Vi > 1

Proof
From the long exact sequences and plug in the zero (co-)homology groups O

Thus when calculating (co-)homology, at the expense of potentially making this coefficient module
more complicated to understand, one can shift degrees/dimensions.

Calculation of (co-)homology

To calculate one needs to choose resolutions carefully — Gruenberg resolution and a specific case is the
standard resolution

Definition 4.9
Recall the augmentation map is the ring homomorphism

e:ZG — 7Z
g — 1

(=) ang > an

Augmentation ideal = kere = I (sometimes g)
It consists of ) ngg with > ng = 0, the elements can be rewritten as ) ng4(g — 1)
Thus I is the additive group generated by {(¢g — 1)|1 # g € G}

Lemma 4.10
If Fis a free group on a set X, then the augmentation ideal Iz is a free left Z F-module on the set
X ={z—-1z € X}

Proof

Let o : X — M be a mapping to some left Z F-module M

It suffices to prove « extends to a Z F-module homomorphism 3 : Ir — M (i.e. satisfies universal
property of free module)

First let o be the group homomorphism:

o F - MxF
x = (a(zr—1),z)

We have a well-defined map 0: };

: %f with z — a(x — 1), where o/(f) = (my, f)
Next, for any f1, fo € F, we have
o (fif2) = o (fi)d(fa)
(6(f1), f1)(0(f2), f2)
(f10(f2) +6(f1), frf2)

= 0(fif2) = f10(f2) + 0(f1) (this means 0 is a derivation F' — M)
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We can construct a homomorphism of abelian group:

ﬁ:[F - M
f=1 = ()
Now B(z — 1) =d0(x) = a(x — 1)

because o/ (z) = (a(z — 1), z)
= [ is an extension of «

B is a Z F-module homomorphism

Blf(h=1)) = B(FA-D-(-1)
B(ffi—1)=8(f-1)
6(ff1) —o(f) = fo(f1) = fB(AL—1)

O
Lemma 4.11
If F is a free group and M is any Z F-module
then HY(F,M) =0= H;(F,M) Vi > 1
Proof
The complex -+ —=0— -+ 05— Ip 2 ZF SZ -0
is a free Z F-module resolution of Z by Lemma 4.10
From the definition of (co-)homology we get the result O

The Gruenberg resolution concerns groups with presentations as F'/R (R relations, F' free)
and involves relative augmentation ideals

If N is a normal subgroup of a group G, we have a natural map ZG — Z(G/N)

and In = ker of this map.

e.g. when N = @, we just get the augmentation ideal I

Exercise: Observe that Iy = INZG = Z GIy
where Iy = augmentation ideal in Z N, i.e. the right (or left) ideal generated by {x — 1|1 #x € N}

We now generalise Lemma 4.10:

Lemma 4.12
Let R be a normal subgroup of a free group F'
If R is free on X then Ip is free as a right (left) Z F-module on {z — 1|z € X}

Proof

Suppose ), x(z — 1)a, = 0 where a, € ZF

Choose a transversal T" to the cosets R in F

= LF=@@,.r(ZR)t

= Gy =Y yepbest with b,y € ZR

= Tier (Loex(@—1byg)t =0

= > (r—1)byy=0foreachteT

But IR is free on the set of all z — 1 by Lemma 4.10

= bpy=0Vx,t = a,=0Vzx ]

Lemma 4.13
Let 1 - R — F — G — 1 be a presentation of GG

Suppose S and T are right ideals of Z F' that are free as right Z F-modules on X and Y respectively.
Then
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(1) S/SIg is a free Z G-module on {z + SIg|z € X}

(2) ST is free as a Z F-module on {zy|z € X,y € Y} provided T is a 2-sided ideal

Proof

(1) S/SIg is a right Z G-module since Z G =Z(F/R)=Z F/Ig
Since S = @, x *Z F, we have

SIp = Palr

rzeX
S/STk = P=(ZF/Tr) = G226
zeX zeX
2) ST=E@P@zZP)T=EPT=EP2yZF
rzeX zeX zeX
yey

Theorem 4.14 (Gruenberg resolution)
Let 1 - R — F — G — 1 be a presentation of GG
Then there is a free right Z G-resolution of Z:

—1 n

/Ir
93 9 —
= Ig"JIr" — IpIg/Iplp” — Ig/Ig
%IF/IFE%ZG—)Z

= En/ﬂnﬂ — IFEnil/IFEn —Ir"

Proof
Lemma 4.10 and Lemma 4.12 = both I and Iy are free Z F-modules (assuming we are happy that
R is a free group)

Lemma 4.13 shows that IFEn_l/IFEn and En_l/ﬂn are free Z G-modules

Exactness:
The kernel of Z G — Z is Ig the augmentation ideal
The image of Ir/Iplg — ZG is also Ig

The kernel of Ip/Iplgr — 7 G is Ig/IpIR since I is the kernel of ZF — Z G
The image of E/EQ — Ip/Iplg is Ig/IpIR
(and so on) O

We are assuming the freeness of subgroups of free groups:

Theorem 4.15 (Nielsen-Schreier)

If R is a subgroup of a free group F, then R is a free group

Moreover, if |F' : R| = n < oo, then R is free on nm + 1 — m generators, where F is free on m
generators.

Proof omitted. There is more theory about numbers of generators and relations (and presentations)
of subgroups of finite index in a group G, if given a presentation for G
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Standard Resolution

For any G, there is a standard presentation 1 = R — F = G — 1 where F is free on {zg|1 # g € G}
under which 7 : 24— g

We look at the Gruenberg resolution for this presentation — the standard resolution

Define z1 = 1. Then {z,4|g € G} is a transversal to the cosets of R in F
The Schreier theory (which we are assuming) says that R is freely generated by

-1
Yg1,92 = Lg1LgaLy, g, (1#g1€G)

So, by Lemma 4.12, the y,, 4, — 1 freely generate the free Z F-module I
Define

(91,92) = Lgiga — Lg1%ga
= (1= Yg1,02)g195
Thus, (g1,92) € Ir andis 0 < g1 or go is 1

The non-zero (g1, go) freely generate the Z F-module Ig.
We define for n > 0 symbols

(g1lg2] -+ lg2n) == (91,92)(g3,94) - (92n—1,92n) + IR
(g1lg2] -+ lg2n—1) = (1 —w4,)(g2,93) * (gon—2, 92n—1) + IrIR"
These are in Po, := I /Ta" ', Pop_1 = IpIn"  /IrIg"

=  setting Py := Z G we have the Gruenberg resolution for the standard presentation:
o> Py > Poy1 — - = Py — 7

and all the P;’s are free Z G-modules
the (g1|g2] - - - |gon) freely generate Py,
the (g1] -+ |gan—1) freely generate Pa,_;
Note (g1]---|gn) =0 < some g; =1

Lemma 4.16
The homomorphism 9, : P, — P,_1 int the standard resolution is given by
n—1 '
On(g1] -+ 1gn) = (g2l -+ 1gn) + Y (=1 (01| -+ gi-1lgigitalgiral - |gn) + (=1)*(g1] - - |9n-1)gn
i=1
Proof
n=1:

(g) :1_xg+IFE
O(g)=1-g
n=2:0y: P — P
72 _
(gl|g2) =Tgigp — Lg; Tgy + Ir" — Tgigo — Tg1Tgy T Iplg
But 2,9, — Tg, 29, = (1 — g,) — (1 = 2g,9,) + (1 — 24, )7,

= 0(91]92) = (92) — (9192) + (91)92
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n=3 0:P3— P

—2 —-—2
(g1l92l93) = (1 — 24,)(92,93) + IrIR" = (1 — 24, )(g2,93) + Ir" = (1 — 24,)(92]93)

The formula predicts the image to be

(92193) — (9192193) + (9119293) — (91]92) 93
—2
(339293 - 1:92x93) - (:EQIQQ!]S - ‘Tglgzxgs) + (33919293 - 9391339293) - ('779192 - 95913392)3593 + IR
——2
(1 — 29, )(Tgogs — TgoTgs) + IR
(

1 —z4,)(92193)

For n > 3, use induction (exercise) O

Let P — Z be the standard resolution of Z as right module
M right Z G-module
So we want to consider the homology of the complex Homyz (P, M) over homomorphisms

6" Hom(P,, M) — Hom(P, 1, M)

P, free on the set (g1]g2| - |gn)
= 1 € Homy (P, M) is determined by the values on the symbols
= 1 € Homy (P, M)=Homgy(Z G", M) corresponds to n-cochains

n times
p:Gx---xG = M

and s.t. ¢(g1,...,9n) = 0if any g; = 1 (note cochain is just a map of sets)

Definition 4.17
5"t induces an action on cohains:

" o(g1, - gn1) = G2, Gns1)
n
D (=1)'b(g1,- - Gio1, GiGit1s Git2s - Gnt1)
=1

+(_1)n+1¢(glv cee agn)gnJrl

ker §7+1
Im 6

this is a finitely generated group if G is finite

ker 6"+ (often written Z"(G, M)) elements are n-cocycles

Im 6™ (often written B™(G, M)) elements are n-coboundaries

H"(G,M) = abelian group

eg. n=1: ¢ Z(G,M)
0= ¢(92) — ¢(9192) + (91)92
That is ¢(g192) = ¢(g2) + d(91)g2

Remark. These § are for cochains of right modules. g¢; appear in reverse order (check) on the right
hand side for left modules.
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Definition 4.18
These maps from G — M are derivations
Notation: Der(G, M)

If ¢ is a O-cochain (i.e. a constant map a), then §'¢(g) = a(l — g)
=  coboundaries are maps of the form

G - M
g — a(l—g) (someaec M)

called the inner derivations
Notation: Inn(G, M)

Corollary 4.19

Der(G, M)

H'(G, M) Inn(G, M)

12

n=2:
If ¢ is a 2 cochain, then the 2 cocycle condition is

(g1, 9293) + ¢(92, 93) = ¢(9192, 93) + ¢(91, 92)93

such a 2 cocycle ¢ : G x G — M is often called a factor set in old fashioned books
2 cocycles are important in constructing crossed product algebras e.g. quaternions

Proposition 4.20
Let G be finite, |G| = m. Suppose M is any right Z G-module
then mH™"(G,M) =0 ¥Yn >0

Proof
Let ¢ : G x --- x G — M be a n-cochain
——

n times

Define an (n — 1)-cochain by

w(gZa"'agTL) = Z¢(95927vgn)

geG

Summing the induced map in Definition 4.17 over all g; = g to get

> (9,92, gnt1) = mé(ga,- s Gnr1)
geG

n
+ Z<_1)’Lw(927 -y 9i—1, 9iGi+1, §it25 - - - 7gn+1)
=2

—(g3,s -+, Gn+1)
+(_1)n+1¢(927 S agn)gnJrl
= mo(g2, .-, gnt1) — 0"Y

= If the n-cocycle ¢ € Z"(G, M) then LHS=0
= m¢o=0" = m¢e B"(G,M) acoboundary
= mH"(G,M)=0

Corollary 4.21
Let G be a finite group, order m

Suppose M is a right Z G-module s.t. Vo € M, 3!y s.t. my = x (unique m-divisibility)
Then H"(G,M)=0 ¥Yn>0
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Proof

Let n-cocycle ¢ € Z"(G, M)

= m¢ € B"(G, M) by Proposition 4.20 (so m¢ = 0"1) some (n — 1)-cochain)
Using unique divisibility in M, we can (well-)define

— 1
1 = —1p composite ¢ with division by m
m

= ¢ is a (n — 1)-cochain and ¢ = 6" € B*(G, M)
= HYG,M)=0 0

Remark.

(1) If k field of characteristic not dividing |G|
Then H™"(G, M) =0 Vn > 0 (where we are now working in kG rather than Z Q)
but this is what we expect. kG is semisimple - all modules are projective and injective

(2) However, if char k||G/, then it is sensible to use the resolution using the theory we had earlier
Note that a (minimal) resolution of k£ will involve projectives associated with simples in same
block as the trivial module & (i.e. the principal block)

Exercise Prove the analogous result to Proposition 4.20 and Corollary 4.21 for homology groups

Low degree (co-)homology

For left Z G-module (and similarly for right)

Example 4.22
By definition Ho(G, M) = Z®@zcM = M/IgM the largest G trivial quotient of M (recall I is the
augmented ideal)

Example 4.23

By definition, H°(G, M) = Homgz,(Z, M) ={a € M|ga = a Vg € G} set of G-fixed points
Notation: M

Lemma 4.24

Hl(G,M)%ker< lo®@zc M = M >

(g—1)®a — (g—1)a

Proof
Consider 0 — Ig - Z G — Z — 0, inducing les:

.-+ — Tor (ZG, M) — Tor (Z, M) — Toro(Ig, M) — Toro(Z G, M) — Toro(Z, M) — 0
since Tor1(Z G, M) =0 as Z G is flat, we have
Hi(G, M) = Tor?% (7, M) = ker(Ig @76 M — Z.G @z, M)
Then notice ZG ®zqa M =M O

Proposition 4.25
If M is a Z G-module with G acting trivially, then

H(G,M)= Gy @7 M (G = G/|G,G] = G/G' the abelianisation of G)
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e.g. if M =7 then Hi(G) =Gy
For this, we prove

Lemma 4.26
For any G, Ig/I(Q;%Gab

Proof
Ig is free on {z — 1|1 # = € G} as a Z-module
0 : IG — Gab :G/GI

= z—1 = Gz

homomorphism of Z-modules, but,

z-Dy-=(y-1)—-(z-1)—(y—1)

= Ié C kerd
= dinduced map

g:]g/[é — Gab
(x—1)+13 — Gz

G — g/}

r = (v—1)+I%
and it induces an inverse
= Ig/I% =G

But is a homomorphism by equation 4.1

Proof of Proposition 4.25

By Lemma 4.24, H, (G, M) = Ic ® M since G acting trivially on M
But I ®7¢ Mgfg/fé ®z M again because of the trivia action n M
Now apply Lemma 4.26

We now go back to studying the cohomology group, recall H'(G, M) = Der(G, M)/ Inn(G, M)

Exericse:
Establish these directly:

Der(G,M) = Hom(Ig, M)
Inn(G,M) = Im(res:Hom(ZG, M) — Hom(Ig, M))

Alternatively, this arises from consideration of a long exact sequence associated with
0=>1g—~72ZG—72Z—0

the les:

0 —— Hom(Z, M) Hom(Z G, M) —= Hom(Ig,M))

<—> Ext}, o(Z, M) — Ext}, o(Z G, M) — Ext}, o (Ig, M) — - - -

But since Z G is projective, Ext'(Z G, M) =0 Vi > 0

(since Hom (P, —) is an exact functor when P projective)

But Ext},o(Z, M) = HY(G, M)

Homy ¢(Z G, M) = M

The inner derivators correspond to Im(res : Hom(Z G, M) — Hom(Ig, M))
There is also a group theoretic characterisation of H(G, M)
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Lemma 4.27
If M is a (left) Z G-module there is a bijection

ccl of
complements of M «— HY G, M)
in M xG

ccl of the canonical 1
complement of G > 0€H (G, M)
Proof

If X is a complement to M = 3¢ € G is necessarily uniquely of the form v~'z with w € M,z € X
Define:

(5X:G — M
1

g — u where g =u" "z

= 0(g)ge X

Let g1,92 € G

= X contains the element dx(g1)g10x(g92)g2 (as X is a group)

Also 6x(91)910x(92)92 = 6x(91)0x(92)7 9192

=  0x(9192) = (91)(0x(92))9* = dx(g1) + g10(g2) written additively
= Jx is a derivation G — M

Conversely, suppose § : G — M
= 3 complement to M in M x G given by X5 = {0(g)g|g € G}. Check this is a group
= got the bijection {complements} <+ Der(G, M)

We now consider conjugacy.
Suppose X and Y are complements X = Y™ = (YYV)* =Y" for y; € Y,u e M
If g € G, then 0x(g9)g € X

= 0x(g9)g =y" for some y € Y

But y* = uyu~! = [u,yly, where [u, y] = uyu~ty~

= 0x(9)9 = [u,yly
= [u,y] =[u,g] =6(u)(g) where

1

(u):G — M
g = Ju,gl=u(l—yg) (written additively)

is an inner derivation

= Ix(w)(g N(9)g=yeY
= Sy = —0(u) + 6,
= Jdy =0x (mod Inn(G,M))

Reversing the argument one can show that if 0y = dx — d(u)
= 0x(9)g = (dv(9)9)"
= X=Y" O

Corollary 4.28
If H'(G, M) = 0, then all complements to M in M x G are conjugate to the canonical copy of G in
MG

(Proof is immediate from above)

There is an analogous result for Hochschild cohomology:
If Ais an algebra, M is an A — A bimodule
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we can define an algebra structure on M @ A (direct sum of bimodules) with mn =0 Vm,n € M
= M is an ideal in M & A with square = zero

Note that m + 1 is a unit. Indeed, M + 1 = {m + 1|m € M} is a multiplicative group

Then there is a bijection

ccl of
complements of M «— HH'Y(A, M)
inMaA

where conjugacy is under the group 1+ M

Complements to M here are copies of A that have trivial interserction with M

M @ A has multiplicative identity 0 + 14

and the complements has multiplicative identity m + 14 for some m € M

= if HH'(A, M) = 0, then all complements are conjugate under the conjugation by 1+ M
= happens for example if HH'(A, M) =0 YM

i.e. when A is a projective A — A bimodule

(equivalently A is a direct summand of A @ AP)

Now we move on to H?(G, M)

Lemma 4.29
Let 1 = R — F — G — 1 be a presentation
Then

Ry — Ig/Iplg
rR — (r—1)+Iplg

is an isomorphism, where R,, = R/[R,R] = R/R’

Proof

Rup is a Z G-module via conjugation: f- (rR') = (f~rf)R' Vf € F,r € R. Consider
R — Ig/Iplg
r o= (r—1)+1Iplg

If ri,m9 € R,

(7’17’2—1) = —( (7“1—1)+(T2—1))+(7’1—1)(7‘2—1)
= (rn—1+(r2—1) mod Irplp

= r=r-1)+1 IR is a group homomorphism, and it induces homomorphism R, — E/ Irlp
(Exercise: check it is a Z G-module homomorphism)

Note that G acts on R via conjugation of ' on R, this induces an action on Ry, as conjugation of R
on R induces trivial action on Ry

Now produce an inverse:
We know from Lemma 4.12:

I = @ZF(@x—1) free ZF-module

reX
S ZF(x—1)
Te/Trln = @ =1y
ex

IR
N
&
=
<>
)
|
=

1

@ Z(x — 1) free abelian group on (x — 1) + Iplg
zeX
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VY :Ig/Iplp — R

(r—1)+Iplg = = an inverse as required 0
- FiRr

= J group homomorphism

Definition 4.30

Ry is relation module associated with the presentation, it is a Z G-module via conjugation within F
Ry is a finitely generated Z G-module if R is finitely generated as a F-group (i.e. as a normal subgroup
of F)

Theorem 4.31 (Maclane)
Let 1 = R — F — G — 1 be a presentation
Let M be a Z G-module. Then we have an exact sequence

HY(F,M) — Homgz g(Ray, M) — H*(G, M) — 0

Remark. H*(F, M) can be non-zero

Proof
M is a ZF-module via 7 : F — G
We have
0— Ig/Iplgr — Ip/Iplg — Ig — 0

So as part of the long exact sequence arising from this:
---Homg g(Ip/IpIg, M) — Hom(Ig/IpIg, M) — Ext*(Ig, M) — BExt'(Ip/IpIg, M) — - -

but Ir/IplR is a free Z G-module
= Ext'(Ig/Iplg, M) =0
Also, Ext!(Ig, M) = Ext?(Z, M) = H*(G, M) by considering the long exact sequence arising from

0=1Ig—%8—7Z—0

This is dimension shifting
By Lemma 4.29, E/IFE%' Ry = Hong(E/IFE, M) = Hong(Rab, M)

Claim: HOInZF(IF,M) = Hong(IF/IFE, M)

Proof of Claim:

Va € Homg p(Ip, M), a(IpIr) = 0 as M is a Z G-module and Z G =Z F/Ig.
This induces o’ € Homg g(Ip/IpIgr, M).

This induction is an isomorphism of groups. |

Next, Der(F, M) =Homg, p(Ir, M) by remark before 4.27
= we have:
Der(F, M) 2 Homg g (R, M) — H*(G, M) — 0

Under «, derivation § — «(d) € Hom(Ryp, M)
If 0 is inner (i.e. d(f) =u(l — f)Vf € F, some u € M), then Ju € M s.t.

a(®)(rR) =u(l —r)

Buta(l—7)=0Vre R = Inn(F, M) Ckera
and we have an induced exact sequence

HY(F, M) — Homg g(Ray, M) — H*(G, M) — 0
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Remark.
1-Ryp—F—-G—1

is an extension of G by Ry, (“stick G on top of Rg”) induced by
1-R—-F—-G—1

(by R — Ry and F — E)
A surjective map (3 : Ry — M (hence M abelian) gives an extension of G by an Z G-module M

l1-M—-E -G—1
since Ryp/ ker 8= M

Corollary 4.32
Let M be Z G-module, which is an abelian group, there is a bijection

equiv. class of extension of G by M

2
H(G, M) «— 1-—M-—-F—->G—1

(See later)

Example
1 — Rgpy — F/[R,R] — G — 1 is an extension of G by Ry,

Extension

Definition 4.33
Two extensions are equivalent if there is a map F — E’ making

commute, such a map is necessarily an isomorphism (by Five Lemma)

For our extension: )
1-MS5ESG—1

as M abelian, and so can be written additively or multiplicatively

Choose a set-theoretic cross-section of 7:

s:G— Es.t. ms =1idg

(If s is actually a group homomorphism then the extension is split, i.e. E=M x G)

Also note that s(G) is now the set of coset representatives of (M) in E. The action of G on M
(regarded as a module) corresponds to conjugating (M) inside E (as a group), so we have

s(9)i(v)s(g)™t =i(gv) VgeGuweM

In general, there is a function f : G x G — M, which measures the failure of s to be a homomorphism
Note for g, h € G, then s(gh) and s(g)s(h) € E, both map to gh € G under 7
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=
=

they differ by an element of i(M) (using exactness)
can define £(g,h) € M by 5(g)s(h) = i(f(g, h))s(gh)

Let suppose for simplicity s(1) =1

=

f(g,1)=0=f(1,9) Vge G

f is called factor set

Claim: Our extension can be completely determined from f and the Z G-module structure of M

Proof of Claim:
s(QG) is a set of representatives for the cosets of i(M) in E
We have injection:

MxG — FE
(u,9) = i(u)s(g)

And surjection is easy. To compute the group law on M x G which makes the bijection into an
isomorphism of groups, take (u, g), (v,h) € M x G

i(u)s(g)i(v)s(h) = i(u)i(gv)s(g)s(h)
= i(u+gv)  i(f(g,h))s(gh)
——
writing M additively
= i(u+gv+ f(g,h))s(gh)
= (u,9)(v,h) = (u+gv+ f(g,h),gh) (4.2)

is the group law on M x G

Call this group Ef
It looks like the product on M x G determined by f Since i(u) = i(u)s(1) Vu € M, the composite
M — E=FEy is the canonical inclusion u +— (u, 1)

T Ey=2E — G

(u,g) s is the canonical projection.
9

and the composite

= the origin extension
1> M—->FE—-G—1

is equivalent to
1-M—=FEr—>G—1

Note that if f is any function f: G x G — M
= equation (4.2) defines an associative operation on M x G & f satisfies:

fg;:h) + fgh, k) = gf (h, k) + f(g, hk) Vg, h. k € G (4.3)

If this condition is satisfied then the operation does define a group structure on M x G (Exercise)
(0,1) is a 2-sided identity and 3 inverses (Exercise)
Thus we have

extensions with a functions f: G x G —- M
nomrlised section “ satisfying (4.3) and
(le 5(1) :1) f(gvl) :Ozf(lag)
normalised 2-cocycles
{ GxG—-M }
(second correspondence is due to equation (4.3) is the 2-cocycle condition) O

So changing the choice of section s corresponds to modifying f by a coboundaries (Exercise)

=

this proves 4.32
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Corollary 4.34

Let E be a finite group, |E| = mn, (m,n) =1

Suppose M is an abelian normal subgroup of order m

Then E contains subgroups of order n and any two such are conjugate

Proof

Set G = E/M, M can be regarded as a Z G-module

But H*(G,M) = 0= H*(G,M) by Lemma 4.20

= all the extensions are split by 4.32

= 3 subgroups of order n (complements to M in E)

and by 4.28 all such complements are conjugate O

Remark. There is an analogous result for Hochschild cohomology, looking at algebra extensions
0-ML5ED A0
where M is A — A bimodule, i(M)? = 0, i(M) is an ideal of E’

equiv. class of extension

2
HH(A,M) 0—-M-—-FEF—>A—-0

Here the 2-cocycle condition is equivalent to associativity on multiplication on M x A an we have a
corollary that if HH'(A, M) =0= HH*(A, M).
Then all such extension are split and all components to A in E are conjugate under group 1+ ¢(M)

Exercise:

(1) 1+ R— F — G — 1 be a presentation (of G) Let C be a trivial Z G-module
Then there is an exact sequence:

Homg,(F,,, C') — Homgz(R/[R, F],C) — H*(G,C) = 0

Thus each central extension of G (i.e. 1 — C 4 E— G — 1 with i(C) central in F') arises from
a homomorphism R/[R, F| — C

(2) Let G,C be abelian groups. 1 = R —- F - G — 1
Then there is an exact sequence:

Homy (Fyp,, C) — Homy(R/[F, F|,C) — Abext(G,C) — 0
where Abext(G, C') = equivalent classes of extension 1 - C - E — G — 1

with E abelian and E = subgroup of H?(G,C)

H>(G) = H2(G,Z) is called Schur multiplier

Lemma 4.35 (Hopf’s Formula)
Let 1 = R — F — G — 1 be a presentation

Hy(G)=(F'N R)/|F, R]
where F' = [F, F| (Note that consequently RHS does not depend on presentation)

Proof

Tensor Gruenberg resolution with the trivial module Z

Hg(G) %ker(Z@)ngR/IFIR — Z®ZG’IF/IFIR) = ker(Z@zgRab — Z@ngF/IFIR)

Also Z ®zcaRap = R/[F, R] (as groups) via n @ rR' — r"[F, R]

Similarly, Z ®ZGIF/IFEg IF/I% =Fu

= Hy(G)=ker(R/[F,R| — Fu = F/[F,F]) = Hopf’s formula O
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Lemma 4.36
If G is abelian, Hy(G) =G A G

Proof
Exercise. Note A means exterior square of Z-modules, i.e. G ® G/(g ® g|lg € G) O]

Exercise: H,(G) for G (f.g.) abelian

Theorem 4.37 (Universal Coefficient Theorem)
If G is a group, M a trivial Z G-module. Then there exists an exact sequence

0 — Abext(Ggp, M) — H*(G, M) — Homgz(Hs(G), M) — 0

Thus every central extension give rise to a homomorphism Hy(G) — M
If G = [G,G] (i.e. G is a perfect group) then H(G, M) = Hom(Hy(G), M)

Proof
Exercise ]

Relative Projectivity

Definition 4.38
Let H < G, an RG-module M (where R is commutative, usually Z or k field) is relatively H-projective
if whenever

M
HV//\L
i A
£
M24>M14>0

commutes, with A\, u Z G-module maps and v a Z H-module map, then

M

= g
v
AN

¥
MQ‘H>M14>O

commutes for some v/, a Z G-module map
Note: If H =1, R = k a field, then this agrees with projectivity of a kG-module
A short exact RG-sequence is H-split if it splits as a sequence of RH-modules

Definition 4.39

H < G and M, M’ are RG-modules. Choose a transversal T to the left cosets of H in G (T are ‘coset
representatives’)

Define the trace or transfer:

TI"H7G : HOmRH(M/ iH;M ~LH) — HOng(M/,M)

¢ — (m”—)ZHb(t_lm’))

teT

where M |y means RH-module M: i.e. M restrict to H
Since ¢ is a RH-module map, t¢(t~'m/) only depends on the left coset tH and not the choice of the
coset representatives. Thus this definition is independent of the choice of T

Remark. This depends on |G : H| < 0o
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Lemma 4.40

(1) @ € Hompp (My, Mz), B € Hompg(M2, M)
Then foTrgg(a) =Tryg(Boa)

(2) A HOInRg(Ml,MQ), B S HOInRH(MQ,Ml)
Then Try g(B) oa = Tryc(f o a)

(3) If H < K <G, then Trg ¢ Try k(o) = Try g ()

Proof
Trivial (exercise)

Notation: We have just get the restriction of M to H: M |

Definition 4.41

Conversely, we have induced module: If V' is RH-module, then
V1C¢ = RG@ruV

= Ptev

teT

where T is a transversal to the left coset of H in G

Proposition 4.42
Let M be an RG-module, H < G (of finite index), TFAE:

(1) M is (relatively) H-projective

(2) Every H-split surjective RG-module map A : M' — M splits as a RG-module map
(3) M is a direct summand of M |gz1¢
(4) M is direct summand of some module induced from H
()

5) (Higman’s Criteria) The identity map on M is in the image of Try ¢

(1) = (2) = (3) = (4) obvious

(4) = (5):
If M is a direct summand of N 1€ for some RH-module N. Define

p: N1y — N1y

gon gon ifge H
0 otherwise

is a projection onto N as a summand of N 1€y

= Tryc(p) = idyqe identity homomorphism on N G
Set 6: M |y— N1y NG y— M |y

= 0 is an RH-endomorphism of M

= (by Lemma 4.40 (1) and (2)) Try ¢(6) = id

(5) = (1):
Let



as in Definition 4.38. If § € Endpy (M;) with Try (0) = id, then let v/ = Try (v 0 0)
By Lemma 4.40 (1) and (2):
pov' = poTrga(vol) = Tryg(povod)
= Tryg(Aod) = AoTrgg(f) = A

O
Remark. This proposition does not require |G : H| < oo
Corollary 4.43
Suppose |G : H| is invertible in R, then every RG-module M is relatively H-projective
Proof
TrH,G(ﬁ idps) = idps, then apply Higman’s criteria form Proposition 4.42 ]

Corollary 4.44

Let k be a field of characteristic p (or Zj,, p-adic integers)

Suppose H contains a Sylow p-subgroup of G. Then every kG-module is relatively H-projecitve
(Proof is immediate from above Corollary)

Remark. Maschke’s Theorem is also a corollary of Corollary 4.43

Definition 4.45
Let M be an indecomposable RG-module, G is finite, R is a ring satisfying Krull-Schmidt.
Then D is a vertex of M if M is relatively D-projective, and not relatively Di-projective VD; S D

A source of M is an indecomposable RD-module V' where D is a vertex of M and M is an direct
summand of the V ¢

Proposition 4.46 (Green)
Let M be an indecomposable RG-module

(1) The vertices are conjugate in G

(2) Let Vp and V} are two sources, RD-modules.
Then 3g € Ng(D) s.t. Vo= gVi, where gV; is a RD-module via (3 r4d)(gv) = g((Xrqd? v).
(Here d9” ' = g~'dg)

(3) If the p/-part of |G| is invertible in R, then the vertices are p-subgroups of G

Proof

(1) If M is a direct summand of M |y1¢
an also M is a direct summand of M |1¢
= M is a direct summand of M |g1C | z1¢
But

M L1t = P M Lot

HgK

where the sum is over double coset representatives

Note this is Mackey’s Decomposition Theorem for N an RK-module:

N1 = @ (gN) bunkat”

HgK
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Hence, if H and K are both vertices the HN K9 =H
= H<KY
Similarly, the opposite direction = H, K conjugate of each other

(2) M is D-projective if D is a vertex and so is a direct summand of M |p1¢
But M |p is a direct sum of indecomposable RD-module, say €, N
= M is direct summand of @ Ny 1¢
But M is indecomposable and as we are supposing Krull-Schmidt applies

= M is a direct summand of one of the Ny 1¢
= dsource Vo, RD-submodule of M |p
= Vh is also direct summand of Vj 1¢|p and

Vo 194p = @ (9V0) dpnpst D
DgD

by Mackey.
= V=gl for some g € Ng(D)
Similarly for V7 and hence required result

(3) Follows from Corollary 4.44

Theorem 4.47 (Green’s Correspondence)
Let H < G containing Ng(D)
There is a one-to-one correspondence:

indecomposable RG-module JER indecomposable RH-module
with vertex in D with vertex in D

Thus, when the characteristic of field is p, the study of indecomposables boils down to looking at
p-local subgroups (i.e. normalisers of p-groups)

Now consider kG as G — G bimodule
left kG ® kG°P-module (notes kGP =kQG)
left k(G x G)-module by action

(.)€ = geh™  for € € kG
Observe that kG = k 1% where k is trivial kA(G)-module and A(G) = {(g,9)lg € G} =G

A block of kG is a direct summand of kG as G — G bimodule, and so is a direct summand of k Tg(xé’;

Definition 4.48

One may choose a vertex for the block B, a subgroup of A(G) and thus it is of the form A(D) for
D < G and D is a p-subgroup (as vertex is p-subgroup)

D is the defect group of the block

In fact, (Green) the defect group of a block is an intersection of two Sylow p-subgroups

Remark. This section on relative projectivity and transfer does belong in cohomology chapter since
trace induces a map

Tryq: Exthy(M,M') — Exthq(M, M)

for |G : H| < o0
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Lemma 4.49
If o € Exth (M, M'), then Try g (resg m(a)) = |G : Hl|a

In particular for any o € Ext}o (M, M') with n > 0, we have |G|a = 0, i.e, Proposition 4.20 result for
cohomology Ext"(Z, M) (Exercise for the keen)

Products
Cup products

(Notes: The following is sketch)
v : Extho (M, M) x Ext}he(N,N') = Ext?4"(M @ N,M' ®@r N’)
here M ®@p N is a RG-module g(m ® n) = gm ® gn

Choose exact sequences:

0—-M - My_1—-—My—M—0

0N —-N,_1—=--—=Ng—= N—=0

representing the given & € Ext™ (M, M') and n € Ext™(N, N')
Then we take tensor product over R to get the complex:

0—->MeN — - = My® Ny

where homology is M ® N in degree 0, exact otherwise
So we get:
0->MeON - - 5> My@Ng—>M®N =0

and thus represents an element of Ext™ ™" (M ®@r N, M’ ®r N')

The cup product is graded commutative:

v(&,n) = (=1)""v(n, )

In particular, the cohomology ring Ext®(Z,Z) is a graded commutative ring, and Ext®*(M, M) is a
module (via cup product) for this cohomology ring. So one can study Z G-modules via homological
approach - look at Ext®(M, M) as a module in this way.

This will incorporate techniques from commutative algebra, (support) varieties, algebraic geometry
(this approach is mainly done by Carlson and Benson)

In Chapter 1, we met G = ker(SLo(Zy) = SLo(Z /pZ))

This is a pro-p group

Theory due to Lazard about (co-)homology in this context:

Poincaré duality: H'(G1) = H,,_;(G) where we are using continuous maps and n = 3 = dim s,

5 Central Simple Algebras

5.1 Crossed Products

We saw from Corollary 4.32:

equiv. class of extension

2
(G M) 52 1-=M—-FE—-G—1
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For example, consider non-abelian groups F of order 8

We know that the centre Z is of order 2; E/Z = Cy x Cy
There are two isomorphism classes - dihedral and quaternion
These correspond to central extensions of Co x Co by Co

Alternatively, we can view them as extensions

1-Ci—FE—0Cy—1

where the Oy is acting on C4 by sending generators g — g~ !

Dihedral Group <— zero element in H*(C,7Z /47)
Quaternion Group <— non-zero element in H?(Cy,7Z /4 7)

Remark. The following a more detailed explanation given by the typesetter, one can refer to Abstract
Algebra by Dummit and Foote, or Pierce’s book:

Let Cy = {1,h}, Cy = (g), using the notation as in the Extension section (under Definition 4.33)
1:(Cy — E and section s : Co — FE, the action of Cy on (Y} is then:

s(h)i(g)s(h)™' =i(h-g) =i(g™")

The zero element in H2(Cy, Cy) corresponding to the map sending Cs x Co to 1 € Cy, hence this
gives the extension:

Ds = (a,fla’ = > = 1,af = a™")
where we identified i(¢g) = «, s(h) = 3. The first condition comes from the normalised 2-cocycle,
and the second condition comes from action of C5 on Cjy.

For the other element of H?(Cy,Cy), note it suffices to find a normalised 2-cocycle satisfying
coboundary condition, hence, we get the map:

CQXCQ — C4
(1,1), (1,h), (h,1) — 1
(hh) — ¢

This means s(h)s(h) = g*s(h?) = g2, and hence gives us the extension:
Qs = (a,bla®> =b*, b lab=a"")

where we set i(g) = a, s(h) = b. So we can see the first condition comes from the 2-cocycle and
the second condition, again, comes from the action of Cy on Cjy.

In general, given an extension 1 > M - F — G — 1

We can form a group algebra kFE, k field, kM — kE (commutative subring). In general, kE can be
regarded as a crossed product of kM by G, denoted (kM, G, ¢) with ¢ being the 2-cocycle correspond
to E.

Take a maximal ideal p of kM, invariant under the induced action of G on kM
= kM/p is a field, K, an extension of k, and we have maps:

EM —kM/p

|

kE——kE/(KE)p

where the algebra kE/(kFE)p is called a crossed product of K by G.
(Note: (KE)p is ideal of kE as p is G-invariant)
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Definition 5.1
A crossed product of a field K by a group G is an algebra of the following form:

each element is uniquely of the form ) Ayst, where {t4|lg € G} < G
such that the addition is termwise.

Multiplication (A\; € K):

Z Agty (Z Mhth) = Z()\gﬂhqﬁ(ga h))tgn

geG heG g,h

where ¢ : G X G — K™ is a 2-cocycle and G is acting on K by k-automorphisms
(The crossed-product is sometimes termed as twisted group algebra in the literature)

Recall that 2-cocycle condition < multiplication is associative
Notation: (K, G, ¢)

Example:

M=C =7 /A7, k =R,G=C,

1— M — E — G — 1 non-split (corresponding to ¢) and maximal ideal p of kM with kM/p=C

C = K,G=(, is acting as Gal(C /R) one obtains the quaternions as a crossed product (C,Z /2Z, ¢).
(One could also obtain quaternion using k = Q, K = Q(7))

One can also describe the quaternions as a crossed product of R by Cy x Cs using 1 — Cy — F —
CQ X 02 — 1

but it is usual to use the previous description where C is a strictly maximal subfield - we will see later
that central simple algebras are generally of the form (K, G, ¢) with K strictly maximal subfield.

Definition 5.2
A k-algebra A is central simple k-algebra if

(1) A is simple (no non-trivial ideals)
(2) dimg A < o0
(3) Z(A) =k

Digression 1

o~ N

1 Z
Consider the Heisenberg group: | 0 Z | upper unitriangular integral matrices
0 1

is a central extension:
1 Cx —FEF— (CuxxCx —1

infinite cycle free abelian rank 2

More generally, consider groups that are central extensions of free abelian groups (of finite rank)
l1-Z—-E—-CL—1

Embed Z < k* for field k, and so we have a canonical map kZ — k with kernel p, which is maximal
As before, we construct a crossed product of k by CZ dependent on the 2-cocycle defining E

The crossed product is the (algberaic) quantum (n-)torus (k, CL, ¢)
e.g. with the trivial extension - coordinate ring of the torus
‘quantum’ < ‘non-commutative’
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Theorem 5.3
Global dimension = max{m|H™ (A, M) # 0 for some left A-module M}
= max{rank of B s.t. subcrossed product (k, B, ¢|pxp) is commutative}

e.g. gl.dim. of commutative case = n
opposite extreme: e.g. for Heisenberg group, then gl.dim.=1 (hereditary ring)
These quantum torus are simple if Z(A) =k

Digression 2

The construction involved G-invariant maximal ideals. We can vary this to just consider G-invariant
prime ideals p, and then take the fraction field of kM/p

(If p maximal, then kM/ p is a finite field extension of k if M is finitely generated, and so G must act
finitely on kM/ p)

Theorem 5.4 (Roseblade)
p is a G-invariant prime ideal of kM where M is free abelian of finite rank
If(1+p)MNM =1, then p = (pNkN)kM where N = {m € M|m has finite orbit under G}

One can repeat this in the pro-p world, M =Z; to get similar result (Ardakov 2009)
(End of Digressions)

Recall from Wedderburn’s Theorem 1.12 that a finite dimensional semisimple algebra is a direct sum
of matrix algebra over division rings. Thus a simple algebra = M,, (D) with D division ring. Its centre
is {\|\ € Z(D)}

Definition 5.5
A€ := A® A (e stands for envelop)

Note, A is an A — A bimodule = A is a left A®-module

Lemma 5.6
A is simple algebra < A is simple left A°-module

Lemma 5.7
If A is a (finite dimensional) simple algebra, then Z(A) is a field

Proof

Multiplying by A € Z(A) gives AA ideal in A

If A # 0 then AA = A and one has an inverse of u (i.e. Ay =1)

1 has to be central O

Lemma 5.8
Let B and C be finite dimensional k-algebras, A = B ®; C

(1) If A is simple then B and C' are
(2) Z(A) = Z(B)® Z(C)

(3) If B and C are central then A is central simple
(4)

B central simple = B is central simple
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Lemma 5.9
B central simple, then B¢ = B ® B = M, (k)

Proof
By Lemma 5.8, B central simple = B central simple ;= B ® B central simple
But there is a ring hom. B ® B’ — M,,(k) where n = dimy B, given by multiplication p as follows

p:B®B? — Endg(B)=M,(k)
a®b — (u +— aub)
B ® B is simple = ker u = {0}
Count dimension to see we have an isomorphism O

Remark. For any finite dimensional k-algebra B, the image of B ® B° under p is often called
multiplicative algebra M (B) of B

Theorem 5.10 (Jacobson-Bourbaki)
Let A be a finite dimensional simple k-algebra
For a subalgebra B of Endy(A)°? and a subalgebra D of Endg(A). Define:

a(B) = Endp(Ap)
B(D) = Endp(pA)

Then a(B) is a subalgebra of Endi(A) and S(D) a subalgebra of Endy(A)°?
and a, B give a (mutually inverse) one-to-one correspondence

subalgebras of o subalgebras of
Endg(A)°P - Z(A)
containing M (A) B containing k

Note if By C By, then a(B;) 2 a(B2), and similarly for g

(Proof omitted)

Morita equivalence

Recall from Definition 2.23 that basic algebra of an Artinian algebra A is End4 (€D P;)°?, where the
summation is over all the projective indecomposable A-modules.

For central simple algebras, we have the following

Lemma 5.11
For two central simple k-algebras A= M, (D;) ,B= M,,(D2), (so Z(A) =k = Z(B)) TFAE:

(1) The basic algebra of A and B are isomorphic

(2) There is a division algebra D which is also central simple

A= M, (D) , B2My(D)

(3) Ir,s € Zsp s.t.
A® My (k)=B @ M(k)
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Proof

(1)=(2)

Take D := D1 = Dy

D is central: k= Z(A)=Z(D;) and k = Z(B) = Z(D2)

D is simple: By Wedderburn, D{¥ 2 Enda(A) and Dy? 2 Endg(B), i.e. Dy, Dy are the basic algebras
of A and B

(2)=(3)
A @ Moy (k) = My (D) = B @ M, (k)

(3)=(1)

If A® M, (k)= B ® M(k)

= Mrn(Dl) = Msn(DZ)

But uniqueness from Wedderburn = D; = Dy ]

Remark. The central simple algebras are equivalent if these are satisfied. This is in fact equivalent
notion of the Morita equivalence on central simple algebras. In general, Morita equivalence is about
equivalence of module categories

Definition 5.12
(For general rings) A and B are Morita equivalent if there are

A — B bimodule P
B — A bimodule @

with surjective maps

¢:PRpQ—A of A — A bimodules
Y:Q®aP—-»B of B — B bimodules

satisfying
wp(y®z) = olz®y)z
yo(z@w) = P(y® 2w
for z,z € Py,w € Q.

(¢, are necessarily isomorphisms. See Benson 2.2.4)

If A and B are Morita equivalent with P, Q, 1, ¢ as above. Then by associativity of the tensor product,
and by the fact that v, ¢ are isomorphisms:

Q®4—:a2mod — pmod
P®p—:pmod — 4 mod(category of left A-modules)

provides an equivalence of categories.

Exercise 1: (Benson 2.2.6) Two module categories, 4 mod, p mod are equivalent < End(P)”? =B
for some A-module P s.t. P projective and every A-module is homomorphic image of a direct sum of
copies of P

(such P is called progenerator of 4 mod)

Exercise 2: (Benson 2.2.7) If 4 mod is equivalent to p mod, then Z(A) = Z(B)

Denote Morita equivalence classes by [|. Thus [M,(D)] = [D], and so every equivalence class of
central simple algebras has a division algebra representative.

Definition 5.13
The Brauer group B(k) is the group of equiv. classes of central simple k-algebras with [A][B] = [A® B|

o8



Remark. Lemma 5.8 and 5.9 ensures it is a group; with [B]~! = [BP], and identity [B¢] = [k]

Example: B(k) = {1} if k is algebraically closed
Exercise: B(Q) is an infinite group

Lemma 5.14
If ¢ : k — K field homomorphism, then ¢ induces

¢« : B(k) — B(K)
[A] — [A®s K]
(®¢: the subscript is to emphases how K is a k-vector space) Thus we can define a functor:
Category of fields — Category of abelian groups

k. — B(k)

¢ = s
Note: Different ¢ yield different homomorphisms B(k) — B(K)
Theorem 5.15 (Noether-Skolem)

Let A be central simple algebra, B is a simple subalgebra of A
If x : B — A an algebra homomorphism, then Ja € A* with x(b) = aba~! Vb€ B

(Proof omitted)

Theorem 5.16 (Double-centraliser)

If A is a central simple k-algebra, B is a simple subalgebra of A
(1) the centraliser C4(B) is simple
(2) (dimg B)(dimy Ca(B)) = dimy, A
(3) Ca(Ca(B))=B
(4)

4) If B is central simple k-algebra, then C4(B) is central simple algebra, and A= B ®;, Ca(B)

(Proof omitted)

Lemma 5.17

Let D be a division k-algebra.

If x € D, then there is a subfield K of D with z € K

If dimy D < oo, then the subalgebra k[z] generated by k and x is a subfield of D containing x

Proof

k[z] is an integral domain = k[z] = k[X]/p for some prime ideal
If p =0, we get k[X]— D

If D finite dimensional, p is maximal and so k[z] is a subfield of D

Definition 5.18
k is n-closed if 3 proper extensions K with |K : k| }n

e.g. every field is 1-closed.
k is n-closed Vn = k algebraically closed

Lemma 5.19
If A is a simple finite dimensional k-algebra with maximal subfield k
Then A= M, (k) and k is n-closed where n = (dimy, A)'/2
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Proof

Wedderburn = A= M, (D) for a division k-algebra D

But D = k as otherwise Lemma 5.17 contradicts the maximality of k

If k£ is not n-closed there is a proper extension K of k with |K : an

—  My(k)

— multi. by z

This contradicts maximality of k O

But A= M, (k) contains a subfield isomorphic to K, by considering

Lemma 5.20
Let A be a central simple k-algebra, K subfield of A with |K : k| = m, TFAE:

(1) K is maximal subfield
(2) Ca(K)= M, (K) and K is n-closed

If these conditions are satisfied, dimy A = (mn)?

Proof omitted.

Corollary 5.21
dimy, A = r? for some r. For a subfield K of A, |K : k”r

Definition 5.22
The degree A is
Deg A := r = (dimy, A)'/?

Note if K is a subfield of central simple A then |K : k| < Deg A by Corollary 5.21
So if |K : k| = Deg A, then K is a maximal subfield. But converse is not necessarily true (Exercise)

Definition 5.23
K is strictly maximal in A if |K : k| = Deg A

Lemma 5.24
(1) K is strictly maximal < Cy(K) =K

(2) If A is a division algebra, then every maximal subfield is strictly maximal

Proof

(1) =: Lemma 5.20
<: Follows from Double-centraliser theorem 5.16:
CA(K) =K = dimk A/ dika = dimk CA(K) = dimk K

(2) If K is a maximal subfield of a division algebra A
= My (K)=Cs(K) < A (by Lemma 5.19)
= n =1 since A has no nilpotent elements.
= (Cy(K)= K and K is strictly maximal

Exercise:
k field of characteristic # 2. A central simple k-algebra with Deg A = 2. Then A = quaternion algebra

Exercise:
The only finite dimensional non-commutative division R-algebra is H. Hence B(R) =Z /27
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Definition 5.25
A splitting field K of central simple algebra A is a field extension K of k where A ®) K = M, (K),
where n = Deg A

Thus if ¢, : B(k) - B(K) as in Lemma 5.14
K splitting field < [A] € ker ¢,

Notation: B(K/k) = ker ¢, relative Brauer group

Exercise: Every maximal subfield of central simple k-algebra A is a splitting field for A
Up to equivalence, the converse is true:

Lemma 5.26
A central simple k-algebra, |K : k| < co. TFAE:

(1) K is a splitting field for A
(2) 3B central simple s.t. [B] = [A] and K is strictly maximal subfield of B

(3) 3B central simple s.t. [B] = [A] and K is maximal subfield of B

Proof omitted

Lemma 5.27

If D is a central simple division k-algebra

If K is a subfield of D, maximal w.r.t. separable extension K/k
Then K is strictly maximal subfield of D

Proof of this is based on the fact if all subfield of D were purely inseparable extensions then D = k

Theorem 5.28
If A central simple k-algebra then 3B central simple and a strictly maximal subfield L of B s.t.
[B] = [A] and L is a (finite) Galois extension of k

Proof

[A] = [D] for some division k-algebra D

By Lemma 5.27, D has strictly maximal subfield such that K/k is separable

Then let L be a Galois extension of k£ containing K

Since K splits D (by exercise), so does L

Theorem now follows from Lemma 5.26 O

Corollary 5.29

B(k)y= |J B(L/k)
L/k finite
Galois

every element of B(L/k) has form [A] where A (unique up to isom.) contains L as strictly maximal
subfield

Theorem 5.30
Let A be central simple k-algebra containing strictly maximal subfield L with L/k Galois extension
with Gal(L/k) = G. Then:

A=(L,G,¢) crossed product

for some 2-cocycle ¢ : G x G — L*
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Sketch
Jaset {tylge G} C Ast. Vie L,g € G, 19 =t,lt, by Noether-Skolem Theorem 5.15

Then we prove {t,|g € G} are linearly independent and note that the strict maximality of L in A
implies dimy, A = |L : k| = |G|
so that {t4]g € G} form an L-vector space basis of A

Let ¢(g,h) = tytn(tyn) L € L*
One can check it is a 2-cocycle O

Corollary 5.31
The following mapping is surjective

{2-cocycle} — B(L/k)
¢ — [(L,G,9)]

Theorem 5.32
If L/k is Galois extension with Gal(L/k) = G, then the following map is an isomorphism of abelian
groups

H*(G,L*) = B(L/k)
A (G

Proof
Check that the kernel of the map in Corollary 5.31 consist of a coboundary

(L,G,¢)=(L,G,v¥) < é(g,h)b(g,h)~t = 0(g)0(gh)~10(h) for some 6 : G — L

Abelian group homomorphism: [(L, G, ¢)] ® [(L, G, )] = [(L, G, ¢v)] O

6 Supplementary Material

6.1 Example of Group Algebra

G=S53=(g=(12),h = (132))
For char k=0 (or p # 2,3), kS3 semisimple, there are 3 conjugacy classes in S
= < 3 irreducible modules (equality if k algebraically closed)

(S3)ab = S3/S%, order 2 and there are two 1-dimensional irreducible:

U; = trivial module

U, = 1-dimensional module, g = -1
h — 1

Us = 2-dimensional module

. -1 0
g acts like (_1 1)

h acts like (:1 (1)>
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These are all with entries in prime subfield =- these three irreducibles are defined for all such field.
kG = M, (k) ® My (k) ® Ma(k)
S—— = =

U1 Uz Us
2 copies

Now consider k = F3, number of p-regular ccl is 2 = expect 2 irreducibles
Take S1 = E arising from U; mod 3.
Take Sy = U, arising from Us mod 3.

Think about Us, 2-dimensional, T = (1 (1))

-1 0\, _ (1O
I S e ()
-1 1\,.,, _ (10
() = ()
= get 1-dimensional subspace, eigenspace for both g, h

= 08 —Us— S —0

This sequence is non-split since there is no copy of S; in Us
We have projective indecomposable associated to Sy, So:

FgSg/ J(FgSg) g]\41([F3)@]\41(1[“3)

4-dimensional 2-dimensional

F3 S5 is splitting as a direct sum of these two Py, Ps:

Py = projective indecomposable associated with S; has composition factor (from top): S1,.S2, 51
Rad(Pl) = U3
Dual of our non-split extension is reducible with Sy on top.

P, = projective indecomposable associated with Sy has composition factor (from top): S, S1, S2

Both Py, P> are 3-dimensional, F3.S3 = P; @& P». There is only one block by Proposition 2.27

Vertex of indecomposable Pj is trivial subgroup {1} and source F3, so is P,. Because P; are direct
summand of Fg T‘{gf}

Indecomposable Us = Fg T‘?% (as h acts trivially on Us)
= vertex = (h), source = trivial module

Note that S5 = Ng,((h)) o
= Green correspondence tells us that Us correspond to an indecomposable of Fg .Sy with vertex (h)

6.2 Example on Quiver
Q' Q : ol
v

o] > 0) > 03 < 04 < O

< 0<—0

O —=>0 >0 <—0<—0

From Pierce: Representation (k@Q-module) V of @ at vertex x is rigid, if any automorphism of the
representation is scalar on V, where x is a vertex on @)
(Recall V,, = subspace associated with vertex x, and V =, V;)
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Lemma 6.1

If V is representation for @, rigid at =, dim V, > 1, and we form a new quiver )’ with one extra vertex
y, and extra arrow ,e — e,

Then @’ has infinite representation type

Proof
Form representation Vdﬁ of Q" by taking the same subspaces and maps as for V, and associate 1-
dimensional space V, with arrow ,e — e, represented by ¢ : sz -V

Rigidity at z of V = If V(; & Vdﬁl, then ¢, ¢1 are scalar multiples of each other
= have infinitely many isomorphism classes of such representations (assuming base field infinite)

But they all have same dimension (vector) = d
Krull-Schmidt decomposition = 3 infinitely many indecomposable of dimension < d O

So, for our @, Q" above, we want to show that there exists representation of () with rigidity at 6.

Take W as the 3-dimensional space with basis ey, es, e3

Vi = (e)

Vo = (e1,e2)

V3 = W with arrows represented by canonical embedding
Vi = (eae3)

Vs = (es)

Vo = (e1+ez,ea+e3)

Now we get:

VanVy = (ea)
VenVa = (e1+eg)
VeNVy = (ex+es)

If 6 is an automorphism of this V'
= 60, =1|y, (the induced automorphism at vertex i), where ¢ = automorphism of W

Any automorphism of W leaving the subspaces invariant is a scalar multiple of identity

= our representation is rigid at all vertex

= by last lemma, Q' is of infinite representation type and we have infinitely many indecomposables
arising as summands of our Vq/s as constructed in the Lemma

Try something similar for

Q .
!

=0 = - >0 —=>0<—-0<-0

(number of arrows on the left side of the junction > 2)

Similar argument shows that why we get finite representation type from finite Dynkin diagram, but
not for any extended Dynkin/Euclidean diagram.
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7 Exercises

This section list the exercises that occurred in the notes. Some solution will be presented, correctness
is not guaranteed. These uses the following standard references recommended by the lecturer:

(1) Alperin, Local Representation Theory, CUP CSAM Series
(2
(
(

) Benson, Representations and Cohomology vol. I, CUP CSAM Series 30
3) Pierce, Associative Algebras, Springer
)

4) Robinson, A Course in the Theory of Groups, chapter 11, Springer

and the following reference used by the typesetter
(1) Auslander, Reiten, Smalg, Representation Theory of Artin Algebras, CUP CSAM Series 36

(2) Assem, Simson, Skowronski, Elements of the Representation Theory of Associative Algebras, vol.
1, CUP LMS Student Text 65

which will be abbreviated as ARS and ASS respectively.

Exercise 7.1

LetA:{<g Z)Z(]GQ,T,SER}

Show that it is not left Artinian but is right Artinian, and similarly for Noetherian.

Solution
We will use the following lemma:

. (S B\ _ s b\
Claim: LetR—(O T>_{<() t).seS,beB,tET}.

Then R is (left) right Noetherian <« S, T are (left) right Noetherian and (¢B) Br is finitely
generated.

Proof of Claim:

<

S, T right Noetherian
S 0
0 T

If by, ..., b, generate B as right T-module

16 6) @ 5)

generate R as right (g g) -module

= R right Noetherian

=S x T = right Noetherian.

=

Suppose R is left Noetherian, consider the projection maps

R — S R — S

sb’_> Sb*—>t
0 t 5 0 t
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= 5,T left Noetherian

8 g is left ideal of R and have list of generators
0 b 0 b,
0 0/77"77\0 O
=  by,...,b, generate gB. |

Given the claim, apply with S = Q,T = R, B = R. Now both 5,7 are left and right Noetherian.
Also, R is finitely generated as right R-module, but not finitely generated as left Q-module. Hence
the claim implies A is right Noetherian but not left Noetherian.

Similar result can be done for Artinian property. O

Exercise 7.2
M is f.g. module over Artinian ring A = M satisfies DCC on submodules

Solution
See Commutative Algebra course notes, section Chain Condition. O

Exercise 7.3
A left Noetherian = any left inverse is necessarily a right inverse

Exercise 7.4
Prove Schur’s Lemma

Exercise 7.5
Show that G = SL(2,p) has exactly p ccls of elements of order not divisible by p

Solution
We will use the following facts:

(1) Vze G, 3ly,z € Gst. x=yz=zy with y = p-regular element (i.e. p’-elements) and z = p-
singular element
(Note this result is true for any group in general)

(2) For G a group of matrix, the p-singular elements are the matrices with eigenvalue being 1

(3) Matrix has order prime to p < it is diagonalizable

Using the above facts, the following matrices are the one we are interested in:

=6 1) =G 1) o= ) wem

z= <01 _01> d= <(1] i‘) b = element of order p + 1 not diagonalisable over IE‘;

The following are the ccls and their size:

ccl ‘ 1 =z a’ b ‘ c d zc zd
size [ 11 plp+1) plo—-1)[@°-1/2 @*-1)/2 (®-1)/2 (p°-1)/2

For a',i=1,...(p—3)/2
For b',i =1,...(p—1)/2
First four ccls are p-regular, the last four are p-singular O
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Exercise 7.6
Exercises under the subclaim in the SL(2,p) section:

(1) Check that Wj is k(g)-module
(2) Check W;/W;_; is 1-dimensional trivial k(g)-module

(3) Complete the induction part of proof

Solution
(1) ¢g- XY ' =X4+Y) Y "' =X+ 4+Y)Y I =XY""+.. . +Y W,

(2) g- XY™ = XY~ mod W;, by above. Hence 1-dimensional and k{g)-trivial.

(3) Letwe W;\W;_1,w=aX'¥Y""+w some w' € W;_4
Apply induction on i, for i = 1, W; = (Y"), so clear as any elements are of form aY™"
For i > 1, using the two facts from above,

(¢ —Dw=alg - DXV + (g - 1w’
~——
Wi—1\W;_2 eW; 1

But (g — 1)w € W;_o as W;_1/W,_5 is trivial module
= (9—1)w e W;_1 \ W;_2, now invoke induction hypothesis.

Exercise 7.7
Show that for matrix algebra A, [A, A] has codimension 1 and consist all the matrices of trace zero

Solution
[A, A] C { trace zero } is clear. To prove the other side, write F;; as the standard basis for the matrix
algebra, where the (7, j)-th entry is 1, and 0 elsewhere. We have the following,

L J=ki#l
(Eij, Br) = 0By — daErj = § —Ek;j i=lLk#j
Ei—FEj; j=ki=I
Third line gives the required result. O

Exercise 7.8
Prove that (a + b)? = a? + bP mod [kG, kG|, Va,b € kG

Solution
Obvious as p =0 in k and [kG, kG] is a k-algebra. O

Exercise 7.9
A is local < the non-invertible element form a left ideal m

Solution

<: Any non-trivial ideal must not contain unit, so is always contained in m

=-: For all non-units € A, have () C m the unique maximal ideal of A, union of all such ideals is
m U
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Exercise 7.10
Aislocal = A/J(A) division ring

Solution
Alocal = {non-units} = J(A) =maximal ideal = for all non-zero a € A\ J(A4),a € A* = a+J(A)
has inverse 0]

Exercise 7.11
Prove Proposition 2.9 on the equivalence notion of projective modules

Solution
See commutative algebra notes. O

Exercise 7.12
Show A; = Enda(€D F;)? is a basic algebra, where the direct sum is over all the distinct indecom-
posable projective A-modules.

Solution

Let e = ), e; with each e; being the orthogonal idempotents in A correspond to the projective A-
modules, one each from distinct isomorphism classes. So Lemma 1.14 says A; Zede = @w eiAe;
(direct sum as e;, e; primitive)

= A/J(A) =P eidej/eid(A)e; =P Ay,
0,J k=1

where A; 2 End 4(S;)°. Lift the result back to Aj. O
Remark. See Benson 2.2.1; ASS 1.6; ARS I1.2

Exercise 7.13

. k< k
Let G be the linear affine group 0 1)

Show that all the simple kG-modules are 1-dimensional and construct the Ext!-quiver. Try the same
for triangular group

Solution
Details are needed. The Ext!-quiver is an oriented cycle with each vertex correspond to each of the
1-dimensional modules. ]

Exercise 7.14

(Hard) G = SL(2,p), k algebraically closed with characteristic p

For p = 2, decompose kG as direct sum of blocks

For p odd, show V), is projective and the simples that associated to the blocks are (1) V}, (2)
Vi, Vi, Voo, (3) Vo, Vi, ... Vs

Remark. See Alperin for solution

Exercise 7.15
Let @ be a quiver with n vertices and oriented cycle. Show that, for k finite, k@ has infinite repre-
sentation type.

Solution

To mimic what we did in the k infinite case, we use the fact that there are infinitely many finite
extension of k. Let K be a finite extension of k, and A € K, then we do exactly what we did in the
infinite case.
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Let each vector space correspond to each vertex be a copy of K, notice since this is a finite field
extension, so K is a finite dimensional vector space over k.

Then assign maps e; — e;11 to ;0 — ;1 where ¢; are basis the vector space at t =1,...,n — 1.
Assign the map e, — Aejp to ,0 — o

This representation is indecomposable. We have infinitely many such representation over k as there
are infinitely many finite extension of k. O

Exercise 7.16
Prove that e == e has infinite representation type.

Solution
Let the both vertex be k, one arrow be identity, the other be multiplication by A € k*. This is
indecomposable, but for k infinite, this has infinitely many such representation. O

Remark. This is called the Kronecker quiver and is a very interesting object in the study of quiver.
Any literature on quiver theory (e.g. ASS, ARS) has detailed exposition on the subject.

Exercise 7.17

(1) Let @Q, Q" be two quivers with same tree as underlying graph, show that there exists some choice
of ji,...,Js st 85, ---5,Q =Q'

(2) Deduce that if the underlying graph of a quiver is a tree, then representation type is independent
of orientation of arrows

Solution
(1) Combinatorics.

(2) Applying s; correspond to applying functor S, to the kQ-modules, its effect on the dimension
is reflection by an element of the Weyl group, correspond to j. Hence representation type stays
the same.

O

Exercise 7.18
Show that Iy = In ZG = Z GIy, where Iy is the augmentation ideal in Z N
Solution
In =ker(ZG — Z(G/N)), the mapping is:

Daggr D | D ag | gl

geG gi€T \g€giN
where T’ is transversal set.
So for = € Iy, ZgEgiNa!] =0 Vg; € T This is equivalent to y € Iy =1,y =g,y =---
I is generated by {h — 1|h € N} over Z
Iyn is generated by {(h —1)g|h € N} over Z, for all g € T
= Iy generated by {(h—1)glh € N,g € T} O

Exercise 7.19
Complete the proof of Lemma 4.16

Remark. See Robinson
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Exercise 7.20
Prove the analogous result to Proposition 4.20 and Corollary 4.21 for homology groups

Exercise 7.21
Check the induced map
0:Ruy — Ir/Iplg
rR — (r—1)+Iplg
is a Z G-homomorphism.
Solution
Note that G acts on R via conjugation in F, so the induced action on Ry is 7(f) 7R = f~'rfR Vf €

FreR
Let the standard presentation be 1 - R = F 5 G — 1

O(w(f)-rR') = O(f'rfR) = (f'rf=1)+1Irlg
= fr=0f+1Iplg = w(f)-(r—1)+Iplg
= 7(f)-(0(rR"))

Exercise 7.22
Show that if f : G x G — M is normalised, then f defines a group structure on M x G

(1) 2-cocycle condition gives associativity
(2) Find the 2-sided identity and inverse of non-split extension given by normalised 2-cocycle f

(3) Show that changing the choice of section s corresponds to modifying f by a coboundary

Solution

(1) Already know (u, g)(v,h) = (u+ gv+ f(g,h), gh), so

((u,9)(v, W) (w, k) = (u+gv+ f(g,h),gh)(w,k)
u+ gv+ ghw + f(g,h) + f(gh, k), ghk)

(
(
(u+ gv+ ghw+ f(g,hk) + gf(h, k), ghk) (2-cocycle condition)
(
(u,

u+g(v+hw+ f(h, k) + f(g,hk), ghk)
9)((v, h)(w, k))

(2) Since we have write M additively, G multiplicatively, identity is (0,1). Using the formula (u +
gv + f(g,h), gh) again, we know the inverse of (u,g) is (¢~ 1 (—u),g71)

(3) Let s’ be another section. Then s'(g) = xs(g) for some z € kerm = i(M)
So we have a 1-cochain ¢ : G — M sending g to x € M (identifying M and i(M))

Apply the boundary map to see ¢ is a 2-coboundary: 9%¢(g1,92) = g16(92) — ¢(g192) + ¢(g1)

O]

Exercise 7.23
Let 1 - R — F — G — 1 be a presentation of GG, C be a trivial Z G-module. Show that there exists
exact sequence

Homy(F,y, C) — Homz(R/[R, F],C) — H*(G,C) — 0
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Solution
Let 1 = C — E — G — 1 be the (central) extension corresponding to 6 € H%(G, C)
G acts trivially on C' = F' acts trivially on C'

= H(F,C) = Der(F,C) = Homz(F, C) = Homg(Fy, C)

The first equality is by the condition that F' acts trivially on C

The second equality is because of trivial action of F' implies ¢(f1f2) = ¢(f1)fa+d(f2) = ¢(f1) +o(f2),
so the cocycle condition becomes the condition for group homomorphism.

The last isomorphism comes from the fact that every group homomorphism F — C has kernel con-
taining [F, F, so each ¢ € Homy(F, C) induces ¢/ € Homy(F/[F, F],C) and this is a isomorphism.

By a similar reason, i.e. [R, F]/[R, R] C ker ¢ V¢ € Homz g (Ra, C),
= Hong(Rab,C)%HOle(R/[F, R],C)
Put the terms back into MacLane Theorem to get desired result. O

Remark. See Robinson.

Exercise 7.24
Let 1 = R — F — G — 1 be a presentation of G, with G and C being abelian group, and C' is a
trivial Z G-module. Show that there exists exact sequence

Homy(Fy,, C) — Homy(R/[F, F|,C) — Abext(G,C) — 0

Solution
Abext(G, C) is a subgroup of H?(G,C) in the previous exercise. So we need to find a condition
which ensures the extension is abelian. For this we first describe explicitly what an extension is.
By MacLane’s Theorem, each [0] € H?(G,C) arises from ¢ € Homgg(Rap, C), which correspond to
gﬁl S HOH]ZF(R, C)
The extension section tells us that extension correspond to (equivalence class of 2-cocycle) 6 is of the
form

15C—>FxC/¢R)—G—1

Claim: FE =F x C/¢'(R) is abelian < F' < ¢/(R)

Proof of Claim:

<

Let fe Fl.rc R.If f=¢'(r) = ¢(r)r, then ¢(r) =r~'fc FNC =1
S f=rand 6f) = 6(r) =1 = kerd/ 2 F

=
kerg D F' = ¢(f)=o(f)f=fVfeF = F<¢R N

Applying this to the exact sequence in the previous exercise to get desired result. O

Remark. See Robinson

Exercise 7.25
Prove Lemma 4.36: If G abelian, then Hy(G) =G A G.
Also deduce H,(G) for G being finitely generated abelian group

Solution
G abelian = F' < R = Hy(G)=F'/[F, R] by Hopt’s formula. Now consider the homomorphism:

GxG — F/[FR|
(fiR, f2R) = [f1, fo][F, R
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this is well-defined and bilinear, hence by universal property, induces a (unique) map G ® G —
F'/|F, R], given by fR® fR — [f, f][F, R] = [F, R] (the identity in F’/[F, R]), hence inducing a map
GANG — F'/[F,R]

Now we construct the inverse of this map. Choose a set of free generators {x1,x2,...} of F, we use
the fact:
F'/|F', F] is free abelian on the set of [z;,z;][F', F] i <j € {1,2,...}

This implies that there exists a map
¢o: F'/[F',F] — F/RAF/R(= GAG)
[.731', .CU]'][F/, F] — x; RA CCjR
and extends bilinearly (as commutator is a bilinear operator).

Note that ¢o([F, R]/[F',F]) = 0, so ¢ induces ¢ : F'/[F,R] — G A G and this is an inverse of the
previous map. ]

Remark. See Robinson

Exercise 7.26
Prove Lemma 4.37

Exercise 7.27
Prove Lemma 4.40

Exercise 7.28
(Hard) Show that Va € Extio (M, M'),n > 0,|G|la =0
(Note that the special case M = Z is the Proposition 4.20)

Exercise 7.29
Show that 4 mod, p mod are equivalent if and only if End4(P)° = B for some A-module P s.t. P is
a progenerator for A

Solution
<«: B acts on P on the right, so P € 4, modp
Let Q@ = Homy (P, A) € pmodgy

¢:P®BQ — A
x®0 — 0(x)

is surjective as A is homomorphic image of finite copies of P (as P is a progenerator)

Yv: QR4 P — B
0z — f st fPry—0yx

This map is also surjective as P is a summand of free (left) A-module and so every endomorphism is
sum of endomorphisms that factor through P.

Now check the required condition for Morita equivalence:

mp@Rzx) = O(m)z = ¢(m®0O)x
folz@g) = [flyglx) = »(f@x)g
(Think carefully!)

=: Given ¢,9, P,Q as in the definition of Morita equivalence We know that ¢ : P ®p @ — A and
1 : Q ®4 P = B are isomorphisms (this is not trivial but can be easily checked) O
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Remark. See Benson 2.2

Exercise 7.30
Show that if 4 mod and p mod are equivalent, then Z(A)=Z(B)

Solution
Let A € Z(A), then multiplication by A is a natural transformation from the identity functor id:
amod — g mod, i.e. for all M, N € 4mod, f € Mor(4 mod), , the following diagram commute:

id(f)

HN

M

HN

Hence 7 € Z(B)

Claim: All natural transformation of the identity functor are of this form

Proof of Claim:
Let 7 be a natural transformation, set M = 44 and A = 7,4(1) € A, then VN € 4mod,m € N,
define

f:AA—>N
A = Am

As 7 is natural transformation, we have
m~v(m) = Tn(f(1)) = f(T,4(1)) = f(A) = Am
= 7 is multiplication by A ]

This claims say that for all 7 € Z(B), we get A € Z(A) O

Remark. See Benson 2.2. Also c.f. Yoneda lemma.

Exercise 7.31
Show that B(Q) is an infinite group

Exercise 7.32
Let K be maximal subfield of A, show that this does not necessary give |K : k| = Deg A

Exercise 7.33
char k # 2. Let A be a central simple k-algebra. Show that if Deg A = 2, then A is isomorphic to a
quaternion algebra

Exercise 7.34
Show that the only finite dimensional non-commutative division R-algebra is H. (i.e. B(R)=Z /2Z)

Exercise 7.35
Show that every maximal subfield of the central simple k-algebra A is a splitting field of A
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Index

(K, G, ), 55

(, ) symmetric bilinear form on valued graph, 28

GNG, 49

A° Envelop algebra of A, 56
abelianisation G, Gy, 41
Abext(G, C), 48
admissible (vertex ordering), 30
Ann, annihilator, 3
Artinian, 3
Augmentation

ideal, 35

map, 35

basic (left) Artinian algebra, 20

basic algebra of Artinian algebra, End (€D P;)°?,

20
blocks, 16
bottom (of projective), 18
Brauer group B(k), 58
relative B(K/k), 61

Cartan invariant, 19
Cartan matrix, 19
of labelled graph, symmetrised, 28
Cartan matrix of labelled graph, 27
central algebra, 2
central simple algebra, 55
Clifford theory, 10
coboundaries, 39
cochain, 39
cocycle, 39
normalised 2-cocycle, 47
cohomology group, 33
completely reducible, 4
composition factors, 19
composition series, 19
Coxeter functor, 31
Coxeter number, 32
Coxeter transformation, 32
crossed product, 55
cup product, 53

DCC, 3
defect group, 52
degree, Deg A, 60
derivation, 40

inner, 40
dihedral extension, 54
Dimension shifting, 35
dimension vector, 28
Double-centraliser Theorem, 59
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equivalence of central simple algebra, 58
Ext-quiver, 1
extension, 46

central, 48

quaternion, 54

split, 46

factor set, 40, 47
filtration, 24
Fitting’s Lemma, 13
Frobenius, 15

global dimension gl-dim, 56
graded commutative, 53
Green’s Correspondence, 52
Gruenberg resolution, 37

H-split, 49

Heisenberg group, 55
hereditary, 23

Higman’s Criteria, 50
Hochschild cohomology, 2, 33
Hochschild homology, 34
Hochschild homology group, 11
homology group, 34

Hopf’s Formula, 48

indecomposable, 13
induced module, 50
injective hull, 33
irreducible, 3
Iwasawa algebras, 10

Jacobson radical, J(A), 3
Jacobson-Bourbaki Theorem, 57
Jordan-Héler Theorem, 19

xQ mod category, 30

kQny, 24
Krull-Schmidt Theorem, 13

local ring, 13
Lowey series, 19

Mackey’s Decomposition Theorem, 51
Maschke’s Theorem, 7
Monster algebra, 15
Morita equivalent, 58
multiplicative algebra M (B) of B, 57
multiplicity

of simple factors in module, 19

n-closed, 59



Nakayama’s Lemma, 3
Nielsen-Schreier Theorem, 37
Noether-Skolem Theorem, 59
non-split extension, 21

path algebra, 1, 23

finitely generated, 1
perfect group, 49
presentation

standard, 38
primitive idempotent, 17
principal block, 41
progenerator of 4 mod, 58
projective, 14

quantum torus, 55
quiver, 1, 23
quternion extension, 54

Radical (of module), Rad(M), 4

reflection, 28
regular representation, 3
relation module, 45
relative projective, 49
representation type
finite, 2, 26
resolution
Gruenberg, 35
standard, 35
restriction module, 49
rigid representation, 63
root system, 28
roots, 28
negative, 28
positive, 28
Roseblade Theorem, 56

5:Q, 30
Schur multiplier, 48
Schur’s Lemma, 6
section, 46

normalised, 47
self-injective algebra, 15
semisimple, 3
simple, 3
sink, 30
Socle, of module, Soc(M), 4
source, 30
splitting field, 61
standard resolution, 38
strictly maximal, 60
symmetric algebra, 15

top (of projective), 18
trace, 49

transfer, 49
trivial module, 7
twisted group algebra, 55

unique decomposition property, 13
Universal Coefficient Theorem, 49

vertex, 51

wy, see reflection
Wedderburn’s Theorem, 5
Weyl group, W(T'), 28
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