A Course in Finite Group Representation Theory

Peter Webb

February 23, 2016



Preface

The representation theory of finite groups has a long history, going back to the 19th
century and earlier. A milestone in the subject was the definition of characters of finite
groups by Frobenius in 1896. Prior to this there was some use of the ideas which
we can now identify as representation theory (characters of cyclic groups as used by
number theorists, the work of Schonflies, Fedorov and others on crystallographic groups,
invariant theory, for instance), and during the 20th century there was continuously
active development of the subject. Nevertheless, the theory of complex characters of
finite groups, with its theorem of semisimplicity and the orthogonality relations, is a
stunning achievement that remains a cornerstone of the subject. It is probably what
many people think of first when they think of finite group representation theory.

This book is about character theory, and it is also about other things: the character
theory of Frobenius occupies less than one-third of the text. The rest of the book comes
about because we allow representations over rings other than fields of characteristic
zero. The theory becomes more complicated, and also extremely interesting, when
we consider representations over fields of characteristic dividing the group order. It
becomes still more complicated over rings of higher Krull-dimension, such as rings of
integers. An important case is the theory over a discrete valuation ring, because this
provides the connection between representations in characteristic zero and in positive
characteristic. We describe these things in this text.

Why should we want to know about representations over rings that are not fields
of characteristic zero? It is because they arise in many parts of mathematics. Group
representations appear any time we have a group of symmetries where there is some
linear structure present, over some commutative ring. That ring need not be a field of
characteristic zero. Here are some examples.

e In number theory, groups arise as Galois groups of field extensions, giving rise not
only to representations over the ground field, but also to integral representations
over rings of integers (in case the fields are number fields). It is natural to reduce
these representations modulo a prime ideal, at which point we have modular
representations.

e In the theory of error-correcting codes many important codes have a non-trivial
symmetry group and are vector spaces over a finite field, thereby providing a
representation of the group over that field.
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e In combinatorics, an active topic is to obtain ‘g-analogs’ of enumerative results,
exemplified by replacing binomial coefficients (which count subsets of a set) by ¢-
binomial coefficients (which count subspaces of vector spaces over F,). Structures
permuted by a symmetric group are replaced by linear structures acted on by a
general linear group, thereby giving representations in positive characteristic.

¢ In topology, a group may act as a group of self-equivalences of a topological space.
thereby giving representations of the group on the homology groups of the space.
If there is torsion in the homology these representations require something other
than ordinary character theory to be understood.

This book is written for students who are studying finite group representation
theory beyond the level of a first course in abstract algebra. It has arisen out of notes
for courses given at the second-year graduate level at the University of Minnesota. My
aim has been to write the book for the course. It means that the level of exposition is
appropriate for such students, with explanations that are intended to be full, but not
overly lengthy.

Most students who attend an advanced course in group representation theory do not
go on to be specialists in the subject, for otherwise the class would be much smaller.
Their main interests may be in other areas of mathematics, such as combinatorics,
topology, number theory, commutative algebra, and so on. These students need a
solid, comprehensive grounding in representation theory that enables them to apply
the theory to their own situation as the occasion demands. They need to be able to
work with complex characters, and they also need to be able to say something about
representations over other fields and rings. While they need the theory to be able to do
this, they do not need to be presented with overly deep material whose main function
is to serve the internal workings of the subject.

With these goals in mind I have made a choice of material covered. My main
criterion has been to ask whether a topic is useful outside the strict confines of repre-
sentation theory, and if it is, to include it. At the same time, if there is a theorem that
fails the test, I have left it out or put it in the exercises. I have sometimes omitted
standard results where they appear not to have sufficiently compelling applications.
For example, the theorem of Frobenius on Frobenius groups does not appear, because
I do not consider that we need this theorem to understand these groups at the level
of this text. I have also omitted Brauer’s characterization of characters, leading to the
determination of a minimal splitting field for a group and its subgroups. That result
is stated without proof, and we do prove what is needed, namely that there exists a
finite degree field extension that is a splitting field. For the students who go on to be
specialists in representation theory there is no shortage of more advanced monographs.
They can find these results there — but they may also find it helpful to start with
this book! One of my aims has been to make it possible to read this book from the
beginning without having to wade through chapters full of preliminary technicalities,
and omitting some results aids in this.

I have included many exercises at the ends of the chapters and they form an impor-
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tant part of this book. The benefit of learning actively by having to apply the theory
to calculate with examples and solve problems cannot be overestimated. Some of these
exercises are easy, some more challenging. In a number of instances I use the exercises
as a place to present extensions of results that appear in the text, or as an indication
of what can be done further.

I have assumed that the reader is familiar with the first properties of groups, rings,
field extensions and with linear algebra. More specifically the reader should know
about Sylow subgroups, solvable and nilpotent groups, as well as the examples that are
introduced in a first group theory course, such as the dihedral, symmetric, alternat-
ing and quaternion groups. The reader should also be familiar with tensor products,
Noetherian properties of commutative rings, the structure of modules over a principal
ideal domain, and the first properties of ideals, as well as Jordan and rational canon-
ical forms for matrices. These topics are covered in a standard graduate-level algebra
course. I develop the properties of algebraic integers, valuation theory and completions
within the text since they usually fall outside such a course.

Many people have read sections of this book, worked through the exercises and been
very generous with the comments they have made. I wish to thank them all. They
include Cihan Bahran, Dave Benson, Daniel Hess, John Palmieri, Sverre Smalg and
many others.

Minneapolis, January 1, 2016
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Chapter 1

Representations, Maschke’s
theorem and semisimplicity

In this section we present the basic definitions and examples to do with group represen-
tations. We then prove Maschke’s theorem, which states that in many circumstances
representations are completely reducible. We conclude by describing the properties of
semisimple modules.

1.1 Definitions and examples

Informally, a representation of a group is a collection of invertible linear transformations
of a vector space (or, more generally, of a module for a ring) that multiply together in
the same way as the group elements. The collection of linear transformations thus es-
tablishes a pattern of symmetry of the vector space which copies the symmetry encoded
by the group. Because symmetry is observed and understood so widely, and is even
one of the fundamental notions of mathematics, there are applications of representation
theory across the whole of mathematics, as well as in other disciplines.

For many applications, especially those having to do with the natural world, it
is appropriate to consider representations over fields of characteristic zero such as C,
R or Q (the fields of complex numbers, real numbers or rational numbers). In other
situations, that might arise in topology or combinatorics or number theory for instance,
we find ourselves considering representations over fields of positive characteristic such
as the field with p elements IF,, or over rings that are not fields such as the ring of
integers Z. Many aspects of representation theory do change as the ring varies, but
there are also parts of the theory which are similar regardless of the field characteristic,
or even if the ring is not a field. We will develop the theory independently of the choice
ring where possible so as to be able to apply it in all situations and to establish a
natural context for the results.

Let G denote a finite group, and let R be a commutative ring with a 1. If V' is an
R-module we denote by GL(V') the group of all invertible R-module homomorphisms
V — V. Incase V =2 R" is a free module of rank n this group is isomorphic to the group
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of all non-singular n x n matrices over R, and we denote it by GL(n, R) or GL,(R),
or in case R = F, is the finite field with ¢ elements by GL(n,q) or GL,(q). We point
out also that unless otherwise stated, modules will be left modules and morphisms will
be composed reading from right to left, so that matrices in GL(n, R) are thought of as
acting from the left on column vectors.

A (linear) representation of G (over R) is a group homomorphism

p:G— GL(V).

In a situation where V is free as an R-module, on taking a basis for V we may write
each element of GL(V') as a matrix with entries in R and we obtain for each g € G
a matrix p(g). These matrices multiply together in the manner of the group and we
have a matriz representation of G. In this situation the rank of the free R-module
V' is called the degree of the representation. Sometimes by abuse of terminology the
module V is also called the representation, but it should more properly be called the
representation module or representation space (if R is a field).
To illustrate some of the possibilities that may arise we consider some examples.

Example 1.1.1. For any group G and commutative ring R we can take V' = R and
p(g) = 1 for all g € G, where 1 denotes the identify map R — R. This representation
is called the trivial representation, and it is often denoted simply by its representation
module R. Although this representation turns out to be extremely important in the
theory, it does not at this point give much insight into the nature of a representation.

Example 1.1.2. A representation on a space V' = R of rank 1 is in general determined
by specifying a homomorphism G — R*. Here R* is the group of units of R, and it
is isomorphic to GL(V'). For example, if G = (g) is cyclic of order n and k = C is the
field of complex numbers, there are n possible such homomorphisms, determined by
g e " where 0 < r <n—1. Another important example of a degree 1 representation
is the sign representation of the symmetric group S, on n symbols, given by the group
homomorphism which assigns to each permutation its sign, regarded as an element of
the arbitrary ring R.

Example 1.1.3. Let R=R, V =R? and G = S3. This group G is isomorphic to the
group of symmetries of an equilateral triangle. The symmetries are the three reflections
in the lines that bisect the equilateral triangle, together with three rotations.
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Positioning the center of the triangle at the origin of V' and labeling the three vertices
of the triangle as 1, 2 and 3 we get a representation

0o 4]
(1,2) > (1) (1)]
(1,3) — :i (i
(2,3) _(1) j_

(1,2,3) — _(1) j_
(1,3,2) — _j (1)_

where we have taken basis vectors in the directions of vertices 1 and 2, making an
angle of %’T to each other. In fact these matrices define a representation of degree 2
over any ring R, because although the representation was initially constructed over
R the matrices have integer entries, and these may be interpreted in every ring. No
matter what the ring is, the matrices always multiply together to give a copy of Ss.

At this point we have constructed three representations of S3: the trivial represen-
tation, the sign representation and one of dimension 2.

Example 1.1.4. Let R = F,, V = R? and let G = C, = {(g) be cyclic of order p
generated by an element g. We see that the assignment

p(g") = [i (1)]

is a representation. In this case the fact that we have a representation is very much
dependent on the choice of R as the field F,,: in any other characteristic it would not
work, because the matrix shown would no longer have order p.
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We can think of representations in various ways. One of them is that a represen-
tation is the specification of an action of a group on an R-module, as we now explain.
Given a representation p : G — GL(V'), an element v € V and a group element g € G
we get another module element p(g)(v). Sometimes we write just g - v or gv for this
element. This rule for multiplication satisfies

g- (M +pw)=Ag-v+pug-w
(gh)-v=g-(h-v)
l-v=w

for all g € G, v,w € V and A\, u € R. A rule for multiplication G x V' — V satisfying
these conditions is called a linear action of G on V. To specify a linear action of G on V
is the same thing as specifying a representation of G on V, since given a representation
we obtain a linear action as indicated above, and evidently given a linear action we
may recover the representation.

Another way to define a representation of a group is in terms of the group algebra.
We define the group algebra RG (or R|G]) of G over R to be the free R-module with
the elements of G as an R-basis, and with multiplication given on the basis elements
by group multiplication. The elements of RG are the (formal) R-linear combinations
of group elements, and the multiplication of the basis elements is extended to arbitrary
elements using bilinearity of the operation. What this means is that a typical element of
RG is an expression Y 9eG 099 where a4 € R, and the multiplication of these elements
is given symbolically by

(> agn)(D_buh) =Y (D agh)k.

geG heG keG gh=k

More concretely, we exemplify this definition by listing some elements of the group
algebra QS3. We write elements of S3 in cycle notation, such as (1,2). This group
element gives rise to a basis element of the group algebra which we write either as
1-(1,2), or simply as (1,2) again. The group identity element () also serves as the
identity element of QSs. In general, elements of QS3 may look like (1,2) — (2,3) or
1(1,2,3) +6(1,2) — 1(2,3). Here is a computation:

(3(1,2,3) + (1,2))(() — 2(2,3)) = 3(1,2,3) + (1,2) — 6(1,2) — 2(1,2,3)
=(1,2,3) — 5(1,2).

An (associative) R-algebra is defined to be a (not necessarily commutative) ring A
with a 1, equipped with a (unital) ring homomorphism R — A whose image lies in the
center of A. The group algebra RG is indeed an example of an R-algebra.

Having defined the group algebra, we may now define a representation of G over
R to be a unital RG-module. The fact that this definition coincides with the previous
ones is the content of the next proposition. Throughout this text we may refer to group
representations as modules (for the group algebra).



CHAPTER 1. REPRESENTATIONS AND MASCHKE’S THEOREM 5

Proposition 1.1.5. A representation of G over R has the structure of a unital RG-
module. Conversely, every unital RG-module provides a representation of G over R.

Proof. Given a representation p : G — GL(V) we define a module action of RG on V
by (3 agg)v = 3" agp(g)(v).

Given an RG-module V', the linear map p(g) : v +— gv is an automorphism of V'
and p(g1)p(g2) = p(g192) so p: G — GL(V) is a representation. O

The group algebra gives another example of a representation, called the regular
representation. In fact for any ring A we may regard A itself as a left A-module with
the action of A on itself given by multiplication of the elements. We denote this left
A-module by 4 A when we wish to emphasize the module structure, and this is the (left)
regular representation of A. When A = RG we may describe the action on rgRG by
observing that each element g € G acts on g RG by permuting the basis elements in
the fashion g - h = gh. Thus each g acts by a permutation matriz, namely a matrix in
which in every row and column there is precisely one non-zero entry, and that non-zero
entry is 1. The regular representation is an example of a permutation representation,
namely one in which every group element acts by a permutation matrix.

Regarding representations of G as RG-modules has the advantage that many def-
initions we wish to make may be borrowed from module theory. Thus we may study
RG-submodules of an RG-module V', and if we wish we may call them subrepresen-
tations of the representation afforded by V. To specify an RG-submodule of V it is
necessary to specify an R-submodule W of V that is closed under the action of RG.
This is equivalent to requiring that p(g)w € W for all g € G and w € W. We say that
a submodule W satisfying this condition is stable under G, or that it is an invari-
ant submodule or invariant subspace (if R happens to be a field). Such an invariant
submodule W gives rise to a homomorphism py : G — GL(W) that is the subrepre-
sentation afforded by W.

Example 1.1.6. 1. Let Cy = {1, —1} be cyclic of order 2 and consider the represen-

tation
p:Cy — GL(R?)

1 0
1o [O 1]
10
R [O _1]
There are just four invariant subspaces, namely {0}, ((é)), (((1))>, R? and no others. The

representation space R? = ((;)) & ((9)) is the direct sum of two invariant subspaces.

Example 1.1.7. In Example 1.1.4 above, an elementary calculation shows that <((1))>
is the only 1-dimensional invariant subspace, and so it is not possible to write the
representation space V' as the direct sum of two non-zero invariant subspaces.
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We make use of the notions of a homomorphism and an isomorphism of RG-
modules. Since RG has as a basis the elements of G, to check that an R-linear ho-
momorphism f : V — W is in fact a homomorphism of RG-modules, it suffices to
check that f(gv) = gf(v) for all g € G — we do not need to check for every x € RG.
By means of the identification of RG-modules with representations of G (in the first
definition given here) we may refer to homomorphisms and isomorphisms of group rep-
resentations. In many books the algebraic condition on the representations that these
notions entail is written out explicitly, and two representations that are isomorphic are
also said to be equivalent.

If V and W are RG-modules then we may form their (external) direct sum V & W,
which is the same as the direct sum of V and W as R-modules together with an action
of G given by g(v,w) = (gv,gw). We also have the notion of the internal direct sum
of RG-modules and write U = V @& W to mean that U has RG-submodules V' and
W satisfying U = V + W and VN W = 0. In this situation we also say that V and
W are direct summands of U. We just met this property in Example 1.1.6, which
gives a representation that is a direct sum of two non-zero subspaces; by contrast,
Example 1.1.7 provides an example of a subrepresentation that is not a direct summand.

1.2 Semisimple representations

We come now to our first non-trivial result, and one that is fundamental to the study
of representations over fields of characteristic zero, or characteristic not dividing the
group order. This surprising result says that in this situation representations always
break apart as direct sums of smaller representations. We do now require the ring R
to be a field, and in this situation we will often use the symbols F' or k instead of R.

Theorem 1.2.1 (Maschke). Let V' be a representation of the finite group G over a
field F in which |G| is invertible. Let W be an invariant subspace of V.. Then there
exists an invariant subspace Wy of V' such that V. =W @® W1 as representations.

Proof. Let w: V. — W be any projection of V onto W as vector spaces, i.e. a linear
transformation such that m(w) = w for all w € W. Since F is a field, we may always
find such a projection by finding a vector space complement to W in V', and projecting
off the complementary factor. Then V' = W @ ker(m) as vector spaces, but ker(m) is
not necessarily invariant under GG. Consider the map

L
|G|

™

Z grg LV s W
geG
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Then 7 is linear and if w € W then

- a7 2o

geG

ngg w

geG
1
a|G|w

|
= w.

Since furthermore 7/(v) € W for all v € V, 7’ is a projection onto W and so V =
W @ ker(n’). We show finally that ker(7’) is an invariant subspace by verifying that 7/
is an F'G-module homomorphism: if » € G and v € V then

Z gr(g 1hv

geG’

‘G,Zhh g)m((h~'g) " v)

geG
= hr'(v)

since as g ranges over the elements of G, so does h~'g. Now if v € ker(n’) then hv €
ker(n’) also (since 7’(hv) = ha'(v) = 0) and so ker(s’) is an invariant subspace. O

Because the next results apply more generally than to group representations we let
A be a ring with a 1 and consider its modules. A non-zero A-module V is said to be
simple or irreducible if V has no A-submodules other than 0 and V.

Example 1.2.2. When A is an algebra over a field, every module of dimension 1
is simple. In Example 1.1.3 we have constructed three representations of R.Ss, and
they are all simple. The trivial and sign representations are simple because they have
dimension 1, and the 2-dimensional representation is simple because, visibly, no 1-
dimensional subspace is invariant under the group action. We will see in Example 2.1.6
that this is a complete list of the simple representations of S3 over R.

We see immediately that a non-zero module is simple if and only if it is generated
by each of its non-zero elements. Furthermore, the simple A-modules are exactly those
of the form A/I for some maximal left ideal I of A: every such module is simple, and
given a simple module S with a non-zero element x € S the A-module homomorphism
A — S specified by a — ax is surjective with kernel a maximal ideal I, so that S = A/I.
Since all simple modules appear inside A in this way, we may deduce that if A is a
finite dimensional algebra over a field there are only finitely many isomorphism types
of simple modules, these appearing among the composition factors of A when regarded
as a module. As a consequence, the simple A-modules are all finite dimensional.
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A module that is the direct sum of simple submodules is said to be semisimple or
completely reducible. We saw in Examples 1.1.6 and 1.1.7 two examples of modules,
one of which was semisimple and the other of which was not. Every module of finite
composition length is somehow built up out of its composition factors, which are simple
modules, and we know from the Jordan—Holder theorem that these composition factors
are determined up to isomorphism, although there may be many composition series.
The most rudimentary way these composition factors may be fitted together is as a
direct sum, giving a semisimple module. In this case the simple summands are the
composition factors of the module and their isomorphism types and multiplicities are
uniquely determined. There may, however, be many ways to find simple submodules
of a semisimple module so that the module is their direct sum.

We will now relate the property of semisimplicity to the property that appears in
Maschke’s theorem, namely that every submodule of a module is a direct summand.
Our immediate application of this will be an interpretation of Maschke’s theorem, but
the results have application in greater generality in situations where R is not a field,
or when |G| is not invertible in R. To simplify the exposition we have imposed a
finiteness condition in the statement of each result, thereby avoiding arguments that
use Zorn’s lemma. These finiteness conditions can be removed, and we leave the details
to Exercise 14 at the end of this chapter.

In the special case when the ring A is a field and A-modules are vector spaces the
next result is familiar from linear algebra.

Lemma 1.2.3. Let A be a ring with a 1 and suppose that U = S1 + ---+ S, is an
A-module that can be written as the sum of finitely many simple modules S1,...,S,.
If V is any submodule of U there is a subset I = {iy,... i} of {1,...,n} such that
U=V&S;, ® --S;. In particular,

(1) V is a direct summand of U, and

(2) (taking V. = 0), U is the direct sum of some subset of the S;, and hence is
necessarily semisimple.

Proof. Choose a subset I of {1,...,n} maximal subject to the condition that the sum
W =V & (P, Si) is a direct sum. Note that I = () has this property, so we are indeed
taking a maximal element of a non-empty collection of subsets. We show that W = U.
If W # U then S; £ W for some j. Now S; N W = 0, being a proper submodule of S},
so S;+ W = 5; @ W and we obtain a contradiction to the maximality of I. Therefore
W = U. The consequences (1) and (2) are immediate. O

Proposition 1.2.4. Let A be a ring with a 1 and let U be an A-module. The following
are equivalent.

(1) U can be expressed as a direct sum of finitely many simple A-submodules.

(2) U can be expressed as a sum of finitely many simple A-submodules.
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(3) U has finite composition length and has the property that every submodule of U
is a direct summand of U.

When these three conditions hold, every submodule of U and every factor module of
U may also be expressed as the direct sum of finitely many simple modules.

Proof. The implication (1) = (2) is immediate and the implications (2) = (1) and
(2) = (3) follow from Lemma 1.2.3. To show that (3) = (1) we argue by induction on
the composition length of U, and first observe that hypothesis (3) passes to submodules
of U. For if V is a submodule of U and W is a submodule of V' then U = W @ X for
some submodule X, and now V =W @& (X NV) by the modular law (Exercise 2 at the
end of this chapter). Proceeding with the induction argument, when U has length 1 it
is a simple module, and so the induction starts. If U has length greater than 1, it has a
submodule V' and by condition (3), U =V & W for some submodule W. Now both V/
and W inherit condition (3) and are of shorter length, so by induction they are direct
sums of simple modules and hence so is U.

We have already observed that every submodule of U inherits condition (3), and
so satisfies condition (1) also. Every factor module of U has the form U/V for some
submodule V' of U. If condition (3) holds then U = V & W for some submodule
W that we have just observed satisfies condition (1), and hence so does U/V since
U/v=w. O

We now present a different version of Maschke’s theorem. The assertion remains
correct if the words ‘finite dimensional’ are removed from it, but we leave the proof of
this to the exercises.

Corollary 1.2.5. Let F be a field in which |G| is invertible. Then every finite dimen-
sional FG-module is semisimple.

Proof. This combines Theorem 1.2.1 with the equivalence of the statements of Propo-
sition 1.2.4. O

This result puts us in very good shape if we want to know about the representations
of a finite group over a field in which |G| is invertible — for example any field of char-
acteristic zero. To obtain a description of all possible finite dimensional representations
we need only describe the simple ones, and then arbitrary ones are direct sums of these.

The following corollaries to Lemma 1.2.3 will be used on many occasions when we
are considering modules that are not semisimple.

Corollary 1.2.6. Let A be a ring with a 1, and let U be an A-module of finite compo-
sition length.

(1) The sum of all the simple submodules of U is a semisimple module, that is the
unique largest semisimple submodule of U.

(2) The sum of all submodules of U isomorphic to some given simple module S is
a submodule isomorphic to a direct sum of copies of S. It is the unique largest
submodule of U with this property.
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Proof. The submodules described can be expressed as the sum of finitely many sub-
modules by the finiteness condition on U. They are the unique largest submodules
with their respective properties since they contain all simple submodules (in case (1)),
and all submodules isomorphic to S (in case (2)). O

The largest semisimple submodule of a module U is called the socle of U, and is
denoted Soc(U). There is a dual construction called the radical of U, denoted Rad U,
that we will study in Chapter 6. It is defined to be the intersection of all the maximal
submodules of U, and has the property that it is the smallest submodule of U with
semisimple quotient.

Corollary 1.2.7. Let U = S7'@®- - -®S¢ be a semisimple module over a ring A with a 1,
where the S; are non-isomorphic simple A-modules and the a; are their multiplicities as
summands of U. Then each submodule S;" is uniquely determined and is characterized
as the unique largest submodule of U expressible as a direct sum of copies of S;.

Proof. Tt suffices to show that S} contains every submodule of U isomorphic to S;. If T
is any non-zero submodule of U not contained in S} then for some j # i its projection
to a summand S; must be non-zero. If we assume that T is simple this projection will
be an isomorphism 7" = S;. Thus all simple submodules isomorphic to S; are contained
in the summand S;". O

1.3 Summary of Chapter 1

e Representations of G over R are the same thing as RG-modules.

e Semisimple modules may be characterized in several different ways. They are
modules that are the direct sum of simple modules, or equivalently the sum of
simple modules, or equivalently modules for which every submodule is a direct
summand.

e If F'is a field in which G is invertible, F'G-modules are semisimple.

e The sum of all simple submodules of a module is the unique largest semisimple
submodule of that module: the socle.

1.4 Exercises for Chapter 1

1. In Example 1.1.6 prove that there are no invariant subspaces other than the ones
listed.

2. (The modular law.) Let A be a ring and U =V @ W an A-module that is the
direct sum of A-modules V and W. Show by example that if X is any submodule of
U then it need not be the case that X = (VN X) @ (W N X). Show that if we make
the assumption that V' C X then it is true that X = (VN X) & (W N X).
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3. Suppose that p is a finite dimensional representation of a finite group G over C.
Show that for each g € G the matrix p(g) is diagonalizable.

4. Let ¢ : U — V be a homomorphism of A-modules. Show that ¢ : (SocU) C
SocV, and that if ¢ is an isomorphism then ¢ restricts to an isomorphism SocU —
Soc V.

5. Let U = S1 @ - - ® S, be an A-module that is the direct sum of finitely many
simple modules S1,...,5,. Show that if T" is any simple submodule of U then T = S;
for some i.

6. Let V be an A-module for some ring A and suppose that V isa sum V =V; +
-4V, of simple submodules. Assume further that the V; are pairwise non-isomorphic.
Show that the V; are the only simple submodules of V and that V =V, & --- ® V, is
their direct sum.

7. Let G = (x,y ’ 2?2 = y2 = 1 = [z,y]) be the Klein four-group, R = Fy, and
consider the two representations p; and po specified on the generators of G by

110 101
pi(z)=10 1 0|, pi(y)=1]0 1 0
00 1 001

and
0 101
L, p2y)=10 10
1 00 1

Calculate the socles of these two representations. Show that neither representation is
semisimple.

8. Let G = Cp = () and R = F, for some prime p > 3. Consider the two
representations p; and ps specified by

— = O
O ==
—_ o

1 1 1
pr(x) =10 1 and  pa(z) = |0
0 0 0

Calculate the socles of these two representations and show that neither representation
is semisimple. Show that the second representation is nevertheless the direct sum of
two non-zero subrepresentations.

9. Let k be an infinite field of characteristic 2, and G = (x,y) = Cy x C be the
non-cyclic group of order 4. For each A\ € k let px(x), pA(y) be the matrices

e A U

regarded as linear maps Uy — U, where Uy is a k-vector space of dimension 2 with
basis {e1,ea}.
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(a) Show that py defines a representations of G with representation space U).
(b) Find a basis for Soc Uy.
(c¢) By considering the effect on Soc Uy, show that any kG-module homomorphism

a: Uy — U, has a triangular matrix o = with respect to the given bases.

a
b
(d) Show that if Uy = U, as kG-modules then X\ = p1. Deduce that kG has infinitely
many non-isomorphic 2-dimensional representations.
10. Let
p1:G— GL(V)
P2 G — GL(V)

be two representations of G on the same R-module V' that are injective as homomor-
phisms. (We say that such a representation is faithful.) Consider the three properties

(1) the RG-modules given by p; and pe are isomorphic,
(2) the subgroups p1(G) and p2(G) are conjugate in GL(V),

(3) for some automorphism « € Aut(G) the representations p; and pecr are isomor-
phic.

Show that (1) = (2) and that (2) = (3). Show also that if @ € Aut(G) is an inner
automorphism (i.e. one of the form ‘conjugation by ¢’ for some g € G) then p; and
p1a are isomorphic.

11. One form of the Jordan—Zassenhaus theorem asserts that for each n, GL(n,Z)
(that is, Aut(Z™)) has only finitely many conjugacy classes of subgroups of finite order.
Assuming this, show that for each finite group G and each integer n there are only
finitely many isomorphism classes of representations of G on Z™.

12. (a) Write out a proof of Maschke’s theorem in the case of representations over
C along the following lines.
Given a representation p: G — GL(V) where V is a vector space over C, let ( , ) be
any positive definite Hermitian form on V. Define a new form ( , ); on V by

1
(0.0 = > (g0, gw).

geqG

Show that ( , ); is a positive definite Hermitian form, preserved under the action of
G, ie. (v,w); = (gv,gw); always.
If W is a subrepresentation of V, show that V = W @ W+ as representations.

(b) Show that any finite subgroup of GL(n, C) is conjugate to a subgroup of U (n, C)
(the unitary group, consisting of n x n complex matrices A satisfying AAT = I).
Show that any finite subgroup of GL(n,R) is conjugate to a subgroup of O(n,R) (the
orthogonal group consisting of n x n real matrices A satisfying AAT = I).
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13. (a) Using Proposition 1.2.4 show that if A is a ring for which the regular
representation 4 A is semisimple, then every finitely generated A-module is semisimple.
(b) Extend the result of part (a), using Zorn’s lemma, to show that if A is a ring for
which the regular representation 4 A is semisimple, then every A-module is semisimple.

14. Let U be a module for a ring A with a 1. Show that the following three
statements are equivalent.

(1) U is a direct sum of simple A-submodules.
(2) U is a sum of simple A-submodules.
(3) Every submodule of U is a direct summand of U.

[Use Zorn’s lemma to prove a version of Lemma 1.2.3 that has no finiteness hypothesis
and then copy Proposition 1.2.4. This deals with all implications except (3) = (2). For
that, use the fact that A has a 1 and hence every (left) ideal is contained in a maximal
(left) ideal, combined with condition (3), to show that every submodule of U has a
simple submodule. Consider the sum of all simple submodules of U and show that it
equals U]

15. Let RG be the group algebra of a finite group G over a commutative ring R
with 1. Let S be a simple RG-module and let I be the anihilator in R of .S, that is

I:{TGR}rx:OforalleS}.

Show that [ is a maximal ideal in R.

[This question requires some familiarity with standard commutative algebra. We con-
clude from this result that when considering simple RG modules we may reasonably
assume that R is a field, since S may naturally be regarded as an (R/I)G-module and
R/I is a field.]



Chapter 2

The structure of algebras for
which every module is semisimple

In this chapter we present the Artin—Wedderburn structure theorem for semisimple
algebras and its immediate consequences. This theorem is the ring-theoretic mani-
festation of the module-theoretic hypothesis of semisimplicity that was introduced in
Chapter 1, and it shows that the kind of algebras that can arise when all modules
are semisimple is very restricted. The theorem applies to group algebras over a field
in which the group order is invertible (as a consequence of Maschke’s theorem), but
since the result holds in greater generality we will assume we are working with a finite
dimensional algebra A over a field k.

2.1 Schur’s Lemma and Wedderburn’s Theorem

Possibly the most important single technique in representation theory is to consider
endomorphism rings. It is the main technique of this chapter and we will see it in use
throughout this book. The first result is basic, and will be used time and time again.

Theorem 2.1.1 (Schur’s Lemma). Let A be a ring with a 1 and let S1 and So be simple
A-modules. Then Hom4(S1,S2) = 0 unless S1 = Sy, in which case the endomorphism
ring End4(S1) is a division ring. If A is a finite dimensional algebra over an alge-
braically closed field k, then every A-module endomorphism of Sy is multiplication by
some scalar. Thus Enda(S1) = k in this case.

Proof. Suppose 6 : S; — Sy is a non-zero homomorphism. Then 0 # 0(S;) C S, so
6(S1) = So by simplicity of Sy and we see that 6 is surjective. Thus kerf # Si, so
ker 8 = 0 by simplicity of Sp, and 0 is injective. Therefore 6 is invertible, S =2 S5 and
End4(S1) is a division ring.

If A is a finite dimensional k-algebra and k is algebraically closed then S is a finite
dimensional vector space. Let 6 be an A-module endomorphism of S; and let A be an
eigenvalue of . Now (0§ — AI) : S; — S is a singular endomorphism of A-modules, so
0 — A =0and 8=\ O

14
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We have just seen that requiring k to be algebraically closed guarantees that the
division rings End4(S) are no larger than k, and this is often a significant simplifying
condition. In what follows we sometimes make this requirement, also indicating how
the results go more generally. At other times requiring k to be algebraically closed is
too strong, but we still want & to have the property that End4(S) = k for all simple
A-modules S. In this case we call k a splitting field for the k-algebra A. The theory
of splitting fields will be developed in Chapter 9; for the moment it suffices know that
algebraically closed fields are always splitting fields.

The next result is the main tool in recovering the structure of an algebra from its
representations. We use the notation A°P to denote the opposite ring of A, namely the
ring that has the same set and the same addition as A, but with a new multiplication
- given by a - b = ba.

Lemma 2.1.2. For any ring A with a 1, Endg(4A) = A°P.

Proof. We prove the result by writing down homomorphisms in both directions that
are inverse to each other. The inverse isomorphisms are

¢ o(1)

(a v+ azx) + x.

There are several things here that need to be checked: that the second assignment does
take values in End4(4A), that the morphisms are ring homomorphisms, and that they
are mutually inverse. We leave most of this to the reader, observing only that under the
first homomorphism a composite 6¢ is sent to (6¢)(1) = 0(¢(1)) = 0(p(1)1) = ¢(1)0(1),
so that it is indeed a homomorphism to A°P. ]

Observe that the proof of Lemma 2.1.2 establishes that every endomorphism of the
regular representation is of the form ‘right multiplication by some element’.

A ring A with 1 all of whose modules are semisimple is itself called semisimple. By
Exercise 13 of Chapter 1 it is equivalent to suppose that the regular representation 4 A
is semisimple. It is also equivalent, if A is a finite dimensional algebra over a field, to
suppose that the Jacobson radical of the ring is zero, but the Jacobson radical has not
yet been defined and we will not deal with this point of view until Chapter 6.

Theorem 2.1.3 (Artin-Wedderburn). Let A be a finite dimensional algebra over a
field k with the property that every finite dimensional module is semisimple. Then A
is a direct sum of matriz algebras over division rings. Specifically, if

AA=Z ST e ST

where the Si,...,S, are non-isomorphic simple modules occuring with multiplicities
ni,..., N in the reqular representation, then

A= Mnl(Dl) DD Mnr(DT)

where D; = End 4(S;)°P. Furthermore, if k is algebraically closed then D; =k for all i.
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More is true: every such direct sum of matrix algebras is a semisimple algebra. Each
matrix algebra over a division ring is a simple algebra (namely one that has no 2-sided
ideals apart from the zero ideal and the whole ring), and it has up to isomorphism a
unique simple module (see the exercises). Furthermore, the matrix algebra summands
are uniquely determined as subsets of A (although the module decomposition of 4A is
usually only determined up to isomorphism). The uniqueness of the summands will be
established in Proposition 3.6.1.

Proof. We first observe that if we have a direct sum decomposition U =U; @ --- @ U,
of a module U then End4(U) is isomorphic to the algebra of r x r matrices in which
the 4, j entries lie in Homa(U;,U;). This is because any endomorphism ¢ : U — U
may be writen as a matrix of components ¢ = (¢;;) where ¢;; : U; — U;, and when
viewed in this way endomorphisms compose in the manner of matrix multiplication.
Since HomA(S;-Lj, S!') =0 if i # j by Schur’s lemma, the decomposition of 4A shows
that
EndA(AA) = EndA(S?l) D---D EndA(SZ,“)

and furthermore End4(S;") = M, (D;®). Evidently M,,(D;?)°? = M, (D;) and by
Lemma 2.1.2 we identify End4(4A) as A°P. Putting these pieces together gives the
matrix algebra decomposition. Finally, if k is algebraically closed it is part of Schur’s

lemma that D; = k for all 7. O

Corollary 2.1.4. Let A be a finite dimensional semisimple algebra over a field k. In
any decomposition
AA:S{U@...@S;%

where the S; are pairwise non-isomorphic simple modules we have that S1,...,5S, is a
complete set of representatives of the isomorphism classes of simple A-modules. When
k is algebraically closed n; = dimy S; and dimy A = n? + .- + n2.

Proof. All isomorphism types of simple modules must appear in the decomposition
because every simple module can be expressed as a homomorphic image of 4A (as
observed at the start of this chapter), and so must be a homomorphic image of one
of the modules S;. When k is algebraically closed all the division rings D; coincide
with k& by Schur’s lemma, and Enda(S;") = My, (k). The ring decomposition A =
M, (k) @ -+ @® M,, (k) of Theorem 2.1.3 immediately gives dimy A =n? + - - + n2.
We obtained this decomposition by identifying A with End(4A)°? in such a way
that an element a € A is identified with the endomorphism ‘right multiplication by a’,
by Lemma 2.1.2. From this we see that right multiplication of an element of S;Zj by
an element of M, (k) is 0 if ¢ # j, and hence S;" is the unique summand of A (in the
initial decomposition of A) containing elements on which M, (k) acts in a non-zero
fashion from the right. We deduce that M, (k) = S;" as left A-modules, since the
term on the left is isomorphic to the quotient of A by the left submodule consisting
of elements that the summand M, (k) annihilates by right multiplication, the term on
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the right is an image of this quotient, and in order to have dimy A = )", dimy S they
must be isomorphic. Hence

dimyg M, (k) = n? = dimy S = n; dim S;,
and so dim S; = n;. O

Let us now restate what we have proved specifically in the context of group repre-
sentations.

Corollary 2.1.5. Let G be a finite group and k a field in which |G| is invertible.
(1) As a ring, kG is a direct sum of matriz algebras over division rings.

(2) Suppose in addition that k is algebraically closed. Let Si,...,Sy be pairwise non-
isomorphic simple kG-modules and let d; = dimy S; be the degree of S;. Then d;
equals the multiplicity with which S; is a summand of the regular representation
of G, and |G| > d3 + - - + d? with equality if and only if S1,...,S, is a complete
set of representatives of the simple kG-modules.

Proof. This follows from Maschke’s Theorem 1.2.1, the Artin—-Wedderburn Theorem 2.1.3
and Corollary 2.1.4. O

Part (2) of this result provides a numerical criterion that enables us to say when we
have constructed all the simple modules of a group over an algebraically closed field &
in which |G| is invertible: we check that > d? = |G|. While this is an easy condition to
verify, it will be superseded later on by the even more straightforward criterion that the
number of simple kG-modules (with the same hypotheses on k) equals the number of
conjugacy classes of elements of G. Once we have proved this, the formula Y d? = |G|
allows the degree of the last simple representation to be determined once the others
are known.

Example 2.1.6. In Example 1.2.2 we have seen three representations of Ss over R that
are simple: the trivial representation, the sign representation and a 2-dimensional rep-
resentation. Since 12412422 = |S3| we have constructed all the simple representations
of S3 over R.

At this point we make a deduction about representations of finite abelian groups.
Looking ahead to later results, we will obtain a partial converse of the next result in
Theorem 4.1.5, and in Theorem reftheorem5-10 we will obtain an extension to fields in
which |G| is not invertible. A more detailed description of representations of abelian
groups when |G| is not invertible follows from Example 8.2.1.

Corollary 2.1.7. Let G be a finite abelian group. Over an algebraically closed field k
in which |G| is invertible, every simple representation of G has degree 1 and the number
of non-isomorphic simple representations equals |G|. In particular we may deduce that
every invertible matriz of finite order, with order relatively prime to the characteristic
of k, is diagonalizable.
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Proof. We know that kG is semisimple, and because kG is a commutative ring the
matrix summands that appear in Theorem 2.1.3 must all have size 1, and the division
rings that appear must be commutative. In fact, since we have supposed that k is
algebraically closed, the division rings must all be k. This means that the degrees of
the irreducible representations are all 1, and so the number of them must be |G| since
this is the sum of the degrees.

A matrix of finite order gives a representation of the cyclic group it generates on
the space of vectors on which the matrix acts and, by invertibility of the order, the
representation is semisimple. It is a direct sum of 1-dimensional spaces by what we
have just shown. On choosing basis vectors to lie in these 1-dimensional spaces, the
matrix is diagonal. O

We do not have to exploit the theory we have developed to show that a matrix of
finite, invertible order is diagonalizable over an algebraically closed field. A different
approach is to consider its Jordan canonical form and observe that all Jordan blocks
have size 1, because blocks of size 2 or more have order that is either infinite (in
characteristic zero) or a multiple of the field characteristic.

2.2  Summary of Chapter 2

e Endomorphism algebras of simple modules are division rings.
e Semisimple algebras are direct sums of matrix algebras over division rings.

e For a semisimple algebra over an algebraically closed field, the sum of the squares
of the degrees of the simple modules equals the dimension of the algebra.

2.3 Exercises for Chapter 2

1. Let A be a finite dimensional semisimple algebra. Show that A has only finitely
many isomorphism types of modules in each dimension. [This is not in general true
for algebras that are not semisimple: we saw in Chapter 1 Exercise 9 that k[Cy x C]
has infinitely many non-isomorphic 2-dimensional representations when k is an infinite
field of characteristic 2.

2. Let D be a division ring and n a natural number.

(a) Show that the natural M, (D)-module, consisting of column vectors of length n
with entries in D, is a simple module.

(b) Show that M, (D) is semisimple and has up to isomorphism only one simple
module.

(c) Show that every algebra of the form

M, (Dl) ©--- D Mnr(Dr)

is semisimple.
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(d) Show that M, (D) is a simple ring, namely one in which the only 2-sided ideals
are the zero ideal and the whole ring.

3. Show that for any field & we have M, (k) = M, (k)°?, and in general for any
division ring D that given any positive integer n, M, (D) = M,(D)°" if and only if
D = D°P.

4. Let U be a module for a semisimple finite dimensional algebra A. Show that if
End4(U) is a division ring then U is simple.

5. Prove the following extension of Corollary 2.1.4:

Theorem. Let A be a finite dimensional semisimple algebra, S a simple A-module
and D = EndA(S). Then S may be regarded as a module over D and the multiplicity
of S as a summand of 4A equals dimp S.

6. Let k be a field of characteristic 0 and suppose the simple kG-modules are
S1,...,Sy with degrees d; = dimy S;. Show that >_. d? > |G| with equality if and
only if Endyc(S;) = k for all 4.

7. Using Exercise 10 from Chapter 1, Exercise 1 from this chapter and Maschke’s
theorem, show that if k is any field of characteristic 0 then for each natural number m,
G L, (k) has only finitely many conjugacy classes of subgroups of order m. [In view of
the comment to Exercise 1 the same is not true when when k = Fa.]

8. Using the fact that M, (k) has a unique simple module up to isomorphism, prove
the Noether-Skolem theorem: every algebra automorphism of M, (k) is inner, i.e. of
the form conjugation by some invertible matrix.

9. Let A be a ring with a 1, and let V' be an A-module. An element e in any ring
is called idempotent if and only if e? = e.

(a) Show that an endomorphism e : V' — V' is a projection onto a subspace W if and
only if e is idempotent as an element of End4 (V). (The term projection was defined
at the start of the proof of Theorem 1.2.1. It is a linear mapping onto a subspace that
is the identity on restriction to that subspace.)

(b) Show that direct sum decompositions V' = W& W, as A-modules are in bijection
with expressions 1 = e+ f in End4(V'), where e and f are idempotent elements with
ef = fe=0. (Incase ef = fe =0, e and [ are called orthogonal.)

(¢) A non-zero idempotent element e is called primitive if it cannot be expressed as
a sum of orthogonal idempotent elements in a non-trivial way. Show that e € End 4 (V)
is primitive if and only if e(V') has no (non-trivial) direct sum decomposition. (In this
case e(V) is said to be indecomposable.)

(d) Suppose that V' is semisimple with finitely many simple summands and let
e1,ez € End4 (V) be idempotent elements. Show that e; (V) = ea(V) as A-modules if
and only if e; and ey are conjugate by an invertible element of End4 (V) (i.e. there
exists an invertible A-endomorphism « : V' — V such that ez = aeja™?).

(e) Let k be a field. Show that all primitive idempotent elements in M,, (k) are con-
jugate under the action of the unit group GL, (k). Write down explicitly any primitive
idempotent element in Ms(k). (It may help to use Exercise 2.)
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10. Prove the following theorem of Burnside: let G be a finite group, k an alge-
braically closed field in which |G| is invertible, and let p : G — GL(V) be a repre-
sentation over k. By taking a basis of V' write each endomorphism p(g) as a matrix.
Let dimV = n. Show that the representation is simple if and only if there exist n?
elements ¢i,...,g,2 of G so that the matrices p(g1),...,p(g,2) are linearly indepen-
dent, and that this happens if and only if the algebra homomorphism kG — Endy (V)
is surjective. (Note that p itself is generally not surjective.)

11. (We exploit results from a basic algebra course in our suggested approach to
this question.) Let G be a cyclic group of order n and k a field.

(a) By considering a homomorphism k[X] — kG or otherwise, where k[X] is a
polynomial ring, show that kG = k[X]/(X™ — 1) as rings.

(b) Suppose that the characteristic of k does not divide n. Use the Chinese Re-
mainder Theorem and separability of X™ — 1 to show that when kG is expressed as a
direct sum of irreducible representations, no two of the summands are isomorphic, and
that their degrees are the same as the degrees of the irreducible factors of X™ — 1 in
k[X]. Deduce, as a special case of Corollary 2.1.7, that when k is algebraically closed
all irreducible representations of G have degree 1.

(c) When n is prime and k = Q, use irreducibility of X" 1 + X" 2 4+ ... X 4+ 1 to
show that G has a simple module S of degree n — 1, and that Endyg(S) = Q(e2™/™).

(d) When k£ = R and n is odd show that G has "51 simple representations of degree
2 as well as the trivial representation of degree 1. When k = R and n is even show that
G has ”T_z simple representations of degree 2 as well as two simple representations of
degree 1. If S is one of the simple representations of degree 2 show that Endg(S) = C.

12. Let H be the algebra of quaternions, that has a basis over R consisting of

elements 1,1, j, k and multiplication determined by the relations
P=2=k=-1,ij=k, jk=1, ki=7j, ji=—k, kj = —i, ik =—j.

You may assume that H is a division ring. The elements {£1, i, +5, £k} under mul-

tiplication form the quaternion group )g of order 8, and it acts on H by left multipli-

cation, so that H is a 4-dimensional representation of Qg over R.

(a) Show that Endrgg(H) = H, and that H is simple as a representation of Qg over
R. [Consider the image of 1 € H under an endomorphism.]

(b) In the decomposition RQg = @'_, My, (D;) predicted by Corollary 2.1.5, com-
pute the number of summands ¢, the numbers n; and the divisions rings D;. Show
that RQg has no simple representation of dimension 2. [Observe that there are four
homomorphisms Qs — {£1} C R that give four 1-dimensional representations. Show
that, together with the representation of dimension 4, we have a complete set of simple
representations.]

(¢c) The span over R of the elements 1,i € H is a copy of the field of complex
numbers C, so that H contains C as a subfield. We may regard H as a vector space
over C by letting elements of C act as scalars on H by multiplication from the right.
Show that with the action of Qg from the left and of C from the right, H becomes a left
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CQs-module. With respect to the basis {1, j} for H over C, write down matrices for
the action of the elements i, j € Qg on H. Show that this 2-dimensional CQg-module

is simple, and compute its endomorphism ring Endcgg (H).
(d) Show that C ®@g H = M;(C).



Chapter 3

Characters

Characters are an extremely important tool for handling the simple representations of
a group. In this chapter we will see them in the form that applies to representations
over a field of characteristic zero, and these are called ordinary characters. Since rep-
resentations of finite groups in characteristic zero are semisimple, knowing about the
simple representations in some sense tells us about all representations. Later, in Chap-
ter 10, we will study characters associated to representations in positive characteristic,
the so-called Brauer characters.

Characters are very useful when we have some specific representation and wish to
compute its decomposition as a direct sum of simple representations. The information
we need to do this is contained in the character table of the group, which we introduce in
this chapter. We also establish many important theoretical properties of characters that
enable us to calculate them more easily and to check that our calculations are correct.
The most spectacular of these properties is the orthogonality relations, which may serve
to convince the reader that something extraordinary and fundamental is being studied.
We establish numerical properties of the character degrees, and a description of the
center of the group algebra that aids in decomposition the group algebra as a sum of
matrix algebras. This would be of little significance unless we could use characters to
prove something outside their own area. Aside from their use as a computational tool,
we use them to prove Burnside’s p%q® theorem: every group whose order is divisible by
only two primes is solvable.

3.1 The character table

Assume that p: G — GL(V) is a finite dimensional representation of G over the field
of complex numbers C or one of its subfields. We define the character x of p to be the
function x : G — C given by

x(9) = tr(p(9)),

the trace of the linear map p(g). The degree of the character is dim V', which equals
x(1). For example, the 2-dimensional representation of S3 we considered in Chapter 1

22
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has character given on the group elements by forming the representing matrices and
taking the trace as follows:
10
() — [0 1] =2

(1,2) — {0 1] = 0

10

(1,3) :1(1] = 0

(2,3) éj =0

1,2,3) — S |
1 -1

(1,3,2) j (1) = —1

We say that the representation p and the representation space V afford the character
X, and we may write x, or xy when we wish to specify this character more precisely.
The restriction to subfields of C is not significant: we will see in Chapter 9 that
representations of a finite group over a field characteristic 0 may always be realized
over C.

In the next result we list some immediate properties of characters. The converse
of part (7) will be established later on in Corollary 3.3.3. As it is, part (7) provides
a useful way to show that representations are not isomorphic, by showing that their
characters are different.

Proposition 3.1.1. Let x be the character of a representation p of G over C and let
g,h € G. Then

(1) x(1) is the degree of p, namely, the dimension of the representation space of p;

(2) if g has order n then x(g) is a sum of nth roots of 1 (including roots whose order
divides n);

(3) |x(g9)] < x(1), with equality if and only if p(g) is scalar multiplication;

(4) x(g) = x(1) if and only if p(g) =1, i.e. g lies in the kernel of p;

(5) x(g7") = x(g), the complex conjugate;

(6) x(hgh™") = x(9);

(7) if V and W are isomorphic CG-modules then xyv = xw as functions on G.

Proof. (1) is immediate because the identity of the group must act as the identity
matrix, and its trace is the degree of p, since this is the dimension of the representation
space of p.
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(2) Recall from Corollary 2.1.7 or the comment after it that p(g) is diagonalizable,
so that x(g) is the sum of its eigenvalues A1, ..., Ag, where d is the degree of x. (In fact,
it is sufficient for now to let Aq,..., Aq be the diagonal entries in the Jordan canonical
form of p(g), without knowing that this form is diagonal.) These eigenvalues are roots
of unity since ¢ has finite order, and the roots of unity have orders dividing n.

(3) Each root of unity has absolute value 1, so adding d of them and applying the
triangle inequality repeatedly we get |x(¢)| < |[M| + -+ 4+ |Ag| = d. The only way we
can have equality is if \; = --- = A4 so that p(g) is scalar (since it is diagonalizable).

(4) If p(g) = 1 then x(g) = d. Conversely, if x(g) = d then by part (3), p(g) is
multiplication by a scalar \. Now x(g) = d\ =d, so A = 1.

(5) If p(g) has eigenvalues Ay, ..., \g then p(g~!) has eigenvalues A\[', ..., )\51, and

Ar L'\, for each i since these are roots of unity. Thus

X =X+ + X = x(9).

(6) This results from the fact that tr(ab) = tr(ba) for endomorphisms a and b, so
that x(hgh™") = trp(hgh™") = tr(p(h)p(g)p(h~1)) = trp(g) = x(9)-

(7) Suppose that py and py are the representations of G on V and W, and that
we have an isomorphism of CG-modules v : V- — W. Then apy(g9) = pw(g)a for all
g € G, so that

xw(g) = trow (9) = tr(apy(g)a™) = trpy(g) = xv(9).
0

As an application of Proposition 3.1.1 part (4), we see that certain normal sub-
groups, namely the kernels of representations, are determined by knowing the char-
acters of the representations. We will see in Exercise 7 that all normal subgroups of
a finite group may be found from knowledge of the characters of representations, as
intersections of the kernels of simple characters. This means that whether or not a
group is simple may be easily read from this information on characters.

We see in Proposition 3.1.1 part (6) that characters are constant on conjugacy
classes, so that in listing values of characters on group elements we only need take
one element from each conjugacy class. The table of complex numbers whose rows are
indexed by the isomorphism types of simple representations of GG, whose columns are
indexed by the conjugacy classes of G and whose entries are the values of the characters
of the simple representations on representatives of the conjugacy classes is called the
character table of G. It is usual to index the first column of a character table by the
(conjugacy class of the) identity, and to put the character of the trivial representation
as the top row. With this convention the top row of every character table will be a row
of 1’s, and the first column will list the degrees of the simple representations. Above
the table it is usual to list two rows, the first of which is a list of representatives of
the conjugacy classes of elements of GG, in some notation. The row underneath lists the
value of |C(g)| for each element g in the top row.
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Example 3.1.2. We present the character table of S3. We saw at the end of Chapter
2 that we already have a complete list of the simple modules for S5, and the values of
their characters on representatives of the conjugacy classes of S3 are computed from
the matrices that give these representations.

S3

ordinary characters

g 0 (12) (123)
[Calg)l | 6 2 3
X1 1 1 1
Xsign 1 -1 1
X2 2 0 -1

We will see that the character table has remarkable properties, among which are
that it is always square, and its rows (and also its columns) satisfy certain orthogonality
relations. Our next main goal is to state and prove these results. In order to do this
we first introduce three ways to construct new representations of a group from existing
ones. These constructions have validity no matter what ring R we work over, although
in the application to the character table we will suppose that R = C.

Suppose that V and W are representations of G over R. The R-module V @r W
acquires an action of G' by means of the formula ¢g- (v ® w) = gv ® gw, thereby making
the tensor product into a representation. This is what is called the tensor product of
the representations V' and W, but it is not the only occurrence of tensor products in
representation theory, and as the other ones are different this one is sometimes also
called the Kronecker product. The action of G on the Kronecker product is called
the diagonal action. To do things properly we should check that the formula for the
diagonal action does indeed define a representation of G. This is immediate, but the
fact that we can make the definition at all is special for finite groups and group algebras:
it does not work for algebras in general.

For the second construction we form the R-module Hompg(V, W). This acquires
an action of G by means of the formula (g - f)(v) = gf(¢g~'v) for each R-linear map
f:V =W and g € G. It is worth checking that the negative exponent in the formula
is really necessary so that we have a left action of G. Thus Homp(V, W) becomes an
RG-module.

The third construction is the particular case of the second in which we take W to be
the trivial module R. We write V* = Hompg(V, R) and the action is (g- f)(v) = f(g~'v)
for each f: V — R and g € G. This representation is called the dual or contragredient
representation of V. It is usually only considered when V' is free (or at least projective)
of finite rank as an R-module, in which case we have V = V** as RG-modules. The
exponent —1 in the action of G is necessary to make V* a left RG-module. Without
this exponent we would get a right RG-module.

If R happens to be a field and we have bases v1,...,v, for V and wq,...,w, for
W then V ® W has a basis {v; ® w; ‘ 1<i<m,1<j<n}and V* has a dual basis
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U1,...,0m. With respect to these bases an element ¢ € G acts on V ® W with the
matrix that is the tensor product of the two matrices giving its action on V and W,
and on V* it acts with the transpose of the inverse of the matrix of its action on V.
The tensor product of two matrices is not seen so often these days. If (apq), (brs) are
an m X m matrix and an n X n matrix their tensor product is the mn x mn matrix
(cij) whereifi=(p—1)n+rand j=(¢—1)n+swith1 <p,g<mand1<7r,s<n
then c¢;; = apqbrs. For example,

ae af be bf
[a b] ® [e f} __|ag ah bg bh
c d g h ce cf de df
cg ch dg dh

Ifa:V —-Vand 8: W — W are endomorphisms, then the matrix of
a®B: VW VoW

is the tensor product of the matrices that represent o and 8 (provided the basis elements
v;@w); are taken in an appropriate order). We see from this that tr(a® ) = tr(a)tr(3).

In the following result we consider the sum and product of characters, which are
defined in the usual manner for functions by the formulas

v +xw)(9) = xv(g) + xw(9)
(xv - xw)(g) = xv(g) - xw(g)-

Proposition 3.1.3. Let V and W be finite dimensional representations of G over a
field k of characteristic zero.

(1) V& W has character xv + xw -
(2) V@ W has character xv - xw -

(3) V* has character xv+(g) = xv(g™1) = xv(9), the complex conjugate.

(4) Let M and N be representations of G over any ground ring R. Suppose that, as an
R-module, at least one of M and N is free of finite rank, then Homp(M,N) =
M* ®r N as RG-modules. When R = k is a field of characteristic zero this

representation has character equal to xpr+ - XN -

Proof. (1), (2) and (3) are immediate from Proposition 3.1.1 and the subsequent re-
marks.
As for (4), we define an R-module homomorphism
a: M*®@r N — Hompg(M,N)
f@v (u— f(u)-v),

this being the specification on basic tensors. We show that if either M or N is free as
an R-module of finite rank then « is an isomorphism.
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Suppose that M is R-free, with basis ui,...,u,. Then M* is R-free with basis
U1, ..., Uy where 4;(uj) = 6; ;. Any morphism f: M — N is determined by its values
f(u;) on the basis elements by means of the formula f(u) = > %, 4;(u)f(u;) and it
follows that f = (3 /", 4 ® f(u;)) so that « is surjective. If (>, 4; ® v;) = 0 for
certain elements v; € N then applying this map to u; gives v;, so we deduce v; = 0 for
all j, and hence Y ;" 4; ® v; = 0. Thus « is injective

If N is free as an R-module with basis v1, ..., vy, let p; : N — R be projection onto
component j. Any morphism f: M — N equals a(>"" | pif ® v;), so « is surjective.
If o}, 9i ®v;) =0 for certain g; € M* then for all w € M, > 7" | gi(u)v; = 0, which
implies that g;(u) = 0 for all ¢ and u. This means that g; is the zero map for all i, so
that "' | g ® v; = 0 and « is injective.

We now observe that « is a map of RG-modules, since for g € G,

a(g(f @w)) = algf ® gw)

= (v (9f)(v) - gw)
= (= g(flg v)w))
g(v = f(v)w)
ga(f @ w).

Finally the last formula for characters follows from parts (2) and (3) O

Of course, if R is taken to be a field in part (4) of Proposition 3.1.3 then the
argument can be simplified. Since M and N are always free as R-modules in this
situation, only one of the two arguments given is needed. After showing either that «
is surjective or injective, the other follows by observing that the dimensions on the two
sides are equal.

3.2 Orthogonality relations and bilinear forms

We start with some preliminary constructions that will be used in the proof of the
orthogonality relations for characters. A fundamental notion in dealing with group
actions is that of fixed points. If V is an RG-module we define the fized points

VG:{UEV‘Q’U:’UfOI‘aHQGG}.
This is the largest RG-submodule of V on which G has trivial action.
Lemma 3.2.1. Over any ring R, Homg(V,W)% = Hompg(V, W).

Proof. An R-linear map f : V — W is a morphism of RG-modules precisely if it
commutes with the action of G, which is to say f(gv) = gf(v) forallg € Gandv €V,
or in other words gf(g~'v) = f(v) always. This is exactly the condition that f is fixed
under the action of G. O
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The next result is an abstraction of the idea that was used in proving Maschke’s
theorem, where the application was to the RG-module Hompg(V, V). By a projection
we mean a linear transformation 7 : V' — V which is the identity on its image so
that, equivalently, 72 = 7. The projection operator about to be described appears
throughout representation theory.

Lemma 3.2.2. Let V' be an RG-module where R is a ring in which |G| is invertible.

Then
Z g: VoV
gGG

is a map of RG-modules which is projection onto the fixed points of V. In particular,
VS is a direct summand of V as an RG-module. When R is a field of characteristic

zero we have
% Zg =dim V%
! | =%

where tr denotes the trace.

Proof. Let w: V — V denote the map ‘multiplication by |—Cl;| > e g’. Clearly 7 is a
linear map, and it commutes with the action of G: if h € G and v € V' we have

m(hv) |G|Zgh

geG

= 7T(U)

=@ 5> b

geG
= hz(v)

since as g ranges through the elements of G so do gh and hg. The same equations show
that every vector of the form 7(v) is fixed by G. Furthermore, if v € V& then

m(©) |G\Zg rmz“‘”

so 7 is indeed projection onto V&. O

There is one more ingredient we describe before stating the orthogonality relations
for characters: an inner product on characters. It does not make sense without some
further explanation, because an inner product must be defined on a vector space and
characters do not form a vector space. They are, however, elements in a vector space,
namely the vector space of class functions on G.

A class function on G is a function G — C that is constant on each conjugacy
class of G. Such functions are in bijection with the functions from the set of conjugacy
classes of G to C, a set of functions that we denote C°(%)| where cc(G) is the set of
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conjugacy classes of G. These functions become an algebra when we define addition,
multiplication and scalar multiplication pointwise on the values of the function. In
other words, (x - ¥)(g9) = x(9)¥(9), (x +¥)(9) = x(9) + ¥(g) and (Ax)(9) = Ax(9)
where Yy, 1 are class functions and A € C. If G has n conjugacy classes, this algebra is
isomorphic to C™, the direct sum of n copies of C, and is semisimple. We have seen in
Proposition 3.1.1 that characters of representations of G are examples of class functions
on G.

We define a Hermitian form on the complex vector space of class functions on G by
means of the formula

) = e Z x(g

geG

Since the functions y and 1 are constant on conjugacy classes, this can also be written

)= Y A ()

1 -
= > x(9)¥(g)
geteatcy €609

where [cc(G)] denotes a set of representatives of the conjugacy classes of G, since the
number of conjugates of g is |G : C(g)|. As well as the usual identities that express
bilinearity and the fact that the form is Hermitian, it satisfies

(X}, ¥) = (x, ")

where ¢*(g) = ¢(g) is the class function obtained by complex conjugation. If y and v
happen to be characters of a representation we have x(g) = x(g~!), ¥* is the character
of the contragredient representation, and in this case we obtain further expressions for

the bilinear form:
(ov) =15 ZX )
! | 4=

rG| 7 X

geG

Zx

gEG
= (¥, x),

where the second equality is obtained by observing that as g ranges over the elements
of G, so does g~'. We emphasize that we have assumed that y and 1 are actually
characters of representations to obtain these equalities. With this assumption, (x, 1) =
(1, x) = (¥, x) must be real, and we will see in the coming results that, for characters,
this number must be a non-negative integer.

With all this preparation we now present the orthogonality relations for the rows
of the character table. The picture will be completed once we have shown that the
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character table is square and deduced the orthogonality relations for columns in The-
orem 3.4.3 and Corollary 3.4.4.

Theorem 3.2.3 (Row orthogonality relations). Let G be a finite group. If VW are
simple complex representations of G with characters xv, xw then

1 fvV=w,

0 otherwise.

v, xw) = {

Proof. By Proposition 3.1.3 the character of Hom¢(V, W) is Xy - xw. By Lemma 3.2.1
and Lemma 3.2.2

1
dim Homeg (V, W) = tr(7; > " g) in its action on Homgc(V, W)
Gl =2
1 -

= @ Z xv(g)xw(g)
geG

= <XV7 XW>

Schur’s lemma 2.1.1 asserts that this number is 1 if V.= W, and 0 if V 22 W. O

3.3 Consequences of the orthogonality relations

We will describe many consequences of the orthogonality relations, and the first is
that they provide a way of determining the decomposition of a given representation
as a direct sum of simple representations. This procedure is similar to the way of
finding the coefficients in the Fourier expansion of a function using orthogonality of the
functions sin(max) and cos(nx).

Corollary 3.3.1. Let V be a CG-module. In any expression
V=5s"e --as"r
in which S1,...,S, are non-isomorphic simple modules, we have

ni = (Xv,Xs,)

where xv,xs; are the characters of V' and S;. In particular n; is determined by V
independently of the choice of decomposition.

Example 3.3.2. Let G = 53 and denote by C the trivial representation, € the sign
representation and V' the 2-dimensional simple representation over C. We decompose
the 4-dimensional representation V ®V as a direct sum of simple representations. Since
the values of the character xy give the row of the character table

v 2 0 -1
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we see that V' ® V has character values

XVev 4 0 1

Thus .
(xvevixc) = g(4-1+0+2-1-1) =1

1
(vev,xe) = g(4-14+0+2-1-1) =1
1

s4240-2-1-1)=1

(xvev,xv) =

and we deduce that
VeV=CoepV.

Corollary 3.3.3. For finite dimensional complex representations V. and W we have
V 2W if and only if xyv = xw-

Proof. We saw in Proposition 3.1.1 that if V and W are isomorphic then they have
the same character. Conversely, if they have the same character they both may be
decomposed as a direct sum of simple representations by Corollary 1.2.5, and by Corol-
lary 3.3.1 the multiplicities of the simples in these two decompositions must be the
same. Hence the representations are isomorphic. O

The next result is a criterion for a representation to be simple. An important step
in studying the representation theory of a group is to construct its character table,
and one proceeds by compiling a list of the simple characters which at the end of the
calculation will be complete. At any stage one has a partial list of simple characters,
and considers some (potentially) new character. One finds the multiplicity of each
previously obtained simple character as a summand of the new character, and subtracts
off the these simple characters to the correct multiplicity. What is left is a character
all of whose simple components are new simple characters. This character will itself be
simple precisely if the following easily verified criterion is satisfied.

Corollary 3.3.4. If x is the character of a complex representation V' then (x,x) is a
positive integer, and equals 1 if and only if V is simple.

Proof. We may write V & ST & --- @ S™ and then (x,x) = >_i_,n? is a positive
integer, which equals 1 precisely if one n; is 1 and the others are 0. O

Example 3.3.5. We construct the character table of Sy, since it illustrates some
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techniques in finding simple characters. It is as follows.

Sy

ordinary characters

g () (12) (12)(34) (1234) (123)
|Ca(g)] | 24 4 8 4 3
X1 1 1 1 1 1
Xsign 1 -1 1 -1 1
X2 2 0 2 0 -1
X3a 3 —1 —1 1 0
X3b 3 1 -1 -1 0

Above the horizontal line we list representatives of the conjugacy classes of elements of
Sy, and below them the orders of their centralizers, obtained using standard facts from
group theory. The first row below the line is the character of the trivial representation,
and below that is the character of the sign representation. These are always characters
of a symmetric group.

We will exploit the isomorphism between S, and the group of rotations of R? that
preserve a cube. We may see that these groups are isomorphic from the fact that the
group of such rotations permutes the four diagonals of the cube. This action on the
diagonals is faithful, and since every transposition of diagonals may be realized through
some rotation, so can every permutation of the diagonals. Hence the full group of such
rotations is isomorphic to Sjy.

There is a homomorphism o : Sy — S3 which sends

(

(

(
(123) — (123)
which has kernel the normal subgroup ((12)(34),(13)(24)). One way to obtain this
homomorphism from the identification of S4 with the group of rotations of a cube is
to observe that each rotation gives rise to a permutation of the three pairs of opposite
faces. Any representation p : S3 — GL(V) gives rise to a representation po of Sy
obtained by composition with o, and if we start with a simple representation of S3
we will obtain a simple representation of Sj since o is surjective and the invariant
subspaces for p and po are the same. Thus the simple characters of S3 give a set of
simple characters of S4 obtained by applying ¢ and evaluating the character of Ss.
This procedure, which in general works whenever one group is a homomorphic image
of another, gives the trivial, sign and 2-dimensional representations of S4. At this point
we have computed the top three rows of the character table of Sy.

The isomorphism from Sy to the group of rotations of the cube also gives an action
of Sy on R3. The character y3, of this action is the fourth row of the character table.
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To compute the traces of the matrices that represent the different elements we do not
actually have to work out what those matrices are, relying instead on the observation
that every rotation of R? has matrix conjugate to a matrix

cos@—sinf 0
sinf cosf 0
0 0 1

where 6 is the angle of rotation, noting that conjugate matrices have the same trace.
Thus, for example, (12) and (123) must act as rotations through 7 and 2T, respectively,
so act via matrices that are conjugates of

NAN 3

-1 0 0
0-1 0 and
0 01

0
0
1

which have traces —1 and 0. We may show that this character is simple either geomet-
rically, since the group of rotations of a cube has no non-trivial invariant subspace, or
by computing (X3a, X34) = 1.

At this point we have computed four rows of the character table of Sy and we will
see several ways to complete the table. We start with one. There is an action of Sy
on C* given by the permutation action of Sy on four basis vectors. Since the trace of
a permutation matrix equals the number of points fixed by the permutation, this has
character

Yy | 4200 1

and we compute

4 2 1
H=—+=% —=1.
(x,1) 24+4+0+0+3

Thus x = 1 4 ¥ where 9 is the character of a 3-dimensional representation:

v | 3 1-1-1 0

Again we have 6o 1 1 1

<mww—ﬂ+z+g+1+o_1
S0 x3p := ¢ is simple by Corollary 3.3.4, and this is the bottom row of the character
table.

We now need to know that there are no more simple characters. This will follow
from Theorem 3.4.3 which says that the character table is always square, but we do
not need this result here: the simple characters are independent functions in C«(), by
orthogonality, and since we have 5 of them in a 5-dimensional space there can be no
more.
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There are other ways to obtain the final character. Perhaps the easiest is to con-
struct the bottom row as the tensor product x3; = X34 ® Xsign.- Other approaches use
orthogonality. Having computed four of the five rows, the fifth is determined by the
fact that it is orthogonal to the other four and the fact, to be seen in Corollary 3.3.7,
that the sum of the squares of the degrees of the characters equals 24. We may also
use the column orthogonality relations, in the manner of Example 3.4.5.

Our next main goal is to prove that the character table of a finite group is square
and to deduce the column orthogonality relations, which we do in Theorem 3.4.3 and
Corollary 3.4.4. Before doing this we show in the next two results how part of the
column orthogonality relations may be derived in a direct way.

Consider the regular representation of G on CG, and let ycq denote the character
of this representation.

Lemma 3.3.6.

xea(9) = 0 otherwise.

{\G! ifg=1,

Proof. Each g € G acts by the permutation matrix corresponding to the permutation
h i+ gh. Now xca(g) equals the number of 1’s down the diagonal of this matrix, which
equals |{h€G’gh:h}\. O

We may deduce an alternative proof of Corollary 2.1.5 (in case k = C), and also a
way to do the computation of the final row of the character table once the others have
been determined.

Corollary 3.3.7. Let x1,...,Xr be the simple complex characters of G, with degrees
dy,...,d.. Then (xca,Xi) = di, and hence

(1) >, d? =G|, and
(2) Yiidixi(9) =0 if g # 1.

Proof. Direct evaluation gives

1

and hence xcg = dix1 + -+ + drxr. Evaluating at 1 gives (1), and at g # 1 gives
(2). O

3.4 The number of simple characters

It is an immediate deduction from the fact that the rows of the character table are
orthogonal that the number of simple complex characters of a group is at most the
number of conjugacy classes of elements in the group. We shall now prove that there
is always equality here. The proof follows a surprising approach in which examine the
center of the group algebra. For any ring A we denote by Z(A) the center of A.
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Lemma 3.4.1. (1) For any commutative ring R, the center

Z(Myn(R)) ={M | A€ R} 2 R.

(2) The number of simple complex characters of G equals dim Z(CG).

Proof. (1) Let E;; denote the matrix which is 1 in place 4, j and 0 elsewhere. If X =
(x;5) is any matrix then

E;; X = the matrix with row j of X moved to row ¢, 0 elsewhere,

X E;;j = the matrix with column 7 of X moved to column j, 0 elsewhere.

If X € Z(M,(R)) these two are equal, and we deduce that z; = z;; and all other
entries in row j and column ¢ are 0. Therefore X = x111.
(2) In Theorem 2.1.3 we constructed an isomorphism

CG=M,(C)®- - & M, (C)

where the matrix summands are in bijection with the isomorphism classes of simple

modules. On taking centers, each matrix summand contributes 1 to dim Z(CG). O
Lemma 3.4.2. Let x1,...,x: be representatives of the conjugacy classes of elements of
G and let R be any ring. For each i let T; € RG denote the sum of the elements in the
same conjugacy class as x;. Then Z(RG) is free as an R-module, with basis 1, ..., T¢.
Proof. We first show that z; € Z(RG). Write 7; = }_, _, y, where ~ denotes conju-
gacy. Then
9= gy=(>_ gyg )9 =Tig
Y~z Y~

1 and from

since as y runs through the elements of G conjugate to x;, so does gyg~
this it follows that Z; is central.

Next suppose deG agg9 € Z(RG). We show that if g; ~ g2 then a4, = ag4,. Suppose
that go = hgih™!. The coefficient of g3 in h(> 4ec agg)h~!is ag and in (Xgec ag9) is
ag,. Since elements of G are independent in RG, these coefficients must be equal. From
this we see that every element of Z(RG) can be expressed as an R-linear combination
of the ;.

Finally we observe that the Z; are independent over R, since each is a sum of group
elements with support disjoint from the supports of the other ;. O

Theorem 3.4.3. Let G be a finite group. The following three numbers are equal:
e the number of simple complex characters of G,
o the number of isomorphism classes of simple complex representations of G,

e the number of conjugacy classes of elements of G.
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The character table of G is square. The characters simple characters form an ortho-
normal basis of the space C) of class functions on G.

Proof. 1t follows from the definition of a simple character as the character of a simple
representation and Corollary 3.3.3 that the first two numbers are equal.

In Lemma 3.4.1 we showed that the number of simple characters equals the dimen-
sion of the center Z(CG), and in Lemma 3.4.2 we showed that this is equal to the
number of conjugacy classes of G. O

From the fact that the character table is square we get orthogonality relations
between its columns.

Corollary 3.4.4 (Column orthogonality relations). Let X be the character table of G,
regarded as a matriz, and let

|Ca(x1)] 0 0
0 CG xTo
a0 Ice)
0 o |Cala)
where x1, ...,z are representatives of the conjugacy classes of elements of G. Then
XTX =,

where the bar denotes complex conjugation.

Proof. The orthogonality relations between the rows may be written XC' X7 = I.
Since all these matrices are square with independent rows or columns, they are invert-
ible, and in fact (XC~1)~1 = X7 = CX '. Therefore XTX = C. 0

Another way to state the column orthogonality relations is

- ICalg)| if g ~h,
) (R =
;Xz(g)Xz( ) {0 if g4 h.
This means that the column of the character table indexed by g € GG is orthogonal in
the usual sense to all the other columns, except the column indexed by g~! (because
x(g7 ') = x(g)), and the scalar product of those two columns is |Cg(g)|. The special
case of this in which g = 1 has already been seen in Corollary 3.3.7.

Example 3.4.5. The column orthogonality relations are useful in finding the final row
of a character table when all except one character have been computed. Suppose we
have computed the following rows of a character table:

g 1 a b b b
|Ca(9)] 20 5 4 4 4
X0 11 1 1 1
X1 1 1 ¢-1 —3
X2 1 1-1 1 -1
X3 1 1—-i-1 3
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We see from this that the group has 5 conjugacy classes, so that one simple character

is missing, and also that the group has order 20. By Corollary 3.3.7, which is also part

of Corollary 3.4.4, the sum of the squares of the degrees of the characters is |G/:
20=1"+1"+1°+ 1> + &

so that the remaining character has degree d = 4. Each of columns 2-5 has scalar
product 0 with column 1 in the table

g 1 a b b b
ICa(g)) | 20 5 4 4 4
Yo 1 11 1 1
X1 1 1 2 -1 —
Yo 1 1-1 1 -1
Ya 1 1—i—1
X4 4 r s t wu
from which we immediately deduce [r, s, t,u] = [-1,0,0,0] and the last character is
Ya 4 -1 0 0 0

That completes the calculation of the character table without knowing anything
more about any group whose character table it might be. In fact the following group
has this character table:

G:C5>QC4:<a,b‘a5:b4:1, bab~! = a?).

We sketch the computation of the conjugacy classes and centralizers. Observe first that
all 4 non-identity powers of a are conjugate, but Cg(a) O (a) has order > 5, so these
powers of a are the conjugacy class of a. The subgroup (a) is normal in G with quotient
group Cy generated by the image of b. Since the 4 powers of b are not conjugate in
the quotient, they are not conjugate in G either. Each is centralized by (b), but is
centralized by only the identity from (a), so the centralizer of each non-identity power
of b is (b) of order 4, giving 5 conjugates of that element. This accounts for 20 elements
of G, so we have a complete list of conjugacy class representatives.

The top four rows of the character table of G are the characters of the quotient
group Cy, lifted to become characters of G via the quotient homomorphism. This
computes the character table as far as it was presented at the start of this example.

In Exercise 16 at the end of this chapter you are asked to show that this G is the
only group that has this character table.
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3.5 Algebraic integers and divisibility of character de-
grees

So far we have established that the degrees of the irreducible complex characters of
G have the properties that their number equals the number of conjugacy classes of G,
and the sum of their squares is |G|. We now establish a further important property,
which is that the character degrees all divide |G| — a big restriction on the possible
degrees that may occur. It is proved using properties of algebraic integers, which we
now develop. They will be used again in the proof of Burnside’s Theorem 3.7.1, but
not elsewhere in this text.

Suppose that S is a commutative ring with 1 and R is a subring of S with the same
1. An element s € S is said to be integral over R if f(s) = 0 for some monic polynomial
f € R[X], that is, a polynomial in which the coefficient of the highest power of X is
1. We say that the ring S is integral over R if every element of S is integral over R.
An element of C integral over Z is called an algebraic integer. We summarize the
properties of integrality that we will need.

Theorem 3.5.1. Let R be a subring of a commutative ring S.
(1) The following are equivalent for an element s € S:

(a) s is integral over R,
(b) R[s] is contained in some R-submodule M of S which is finitely generated
over R and such that sM C M.
(2) The elements of S integral over R form a subring of S.
(3) {x € Q| x is integral over Z} = Z.

(4) Let g be any element of a finite group G and x any character of G. Then x(g) is
an algebraic integer.

In this theorem R[s] denotes the subring of S generated by R and s.

Proof. (1) (a) = (b). Suppose s is an element integral over R, satisfying the equation
S ap_1s" M+ +ais+ag=0

where a; € R. Then R[s] is generated as an R-module by 1,s,s2,...,s" . This is
because the R-span of these elements is also closed under multiplication by s, using
the fact that

58" = —a, 15" — - —a1s — ay,

and hence equals R[s]. We may take M = R][s].

(b) = (a). Suppose R[s] C M = Rxj + -+ Rz, with sM C M. Thus for each i we
have sz; = 2?21 Aijxj for certain \;; € R. Consider the n x n matrix A = sI — (\;j)
with entries in .S, where [ is the identity matrix. We have Az = 0 where x is the vector
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(71,...,2,)T, and so adj(A) Az = 0 where adj(A) is the adjugate matrix of A satisfying
adj(A)A = det(A) - I. Hence det(A) - x; = 0 for all 5. Since 1 € R C M is a linear
combination of the x; we have det(A) = 0 and so s is a root of the monic polynomial
det(X -1 — ()\@]))

(2) We show that if a,b € S are integral over R then a 4 b and ab are also integral
over R. These lie in R|a, b], and we show that this is finitely generated as an R-module.
We see from the proof of part (1) that each of R[a] and RI[b] is finitely generated as an
R-module. If Ra] is generated by z1,...,z, and R[b] is generated by yi,...,yn, then
Rla,b] is evidently generated as an R-module by all the products z;y;. Now R|a, b] also
satisfies the remaining condition of part (b) of (1), and we deduce that a + b and ab
are integral over R.

(3) Suppose that { is integral over Z, where a,b are coprime integers. Then

()" + (g)n_lJr +ereteg=0
b Cn—1 b Clb Co =

for certain integers c¢;, and so
a" 4 cp_1a™ o4 - F cpab™ 4 cpb” = 0.

Since b divides all terms in this equation except perhaps the term a”, b must also be a
factor of a™. Since a and b are coprime, this is only possible if b = £1, and we deduce
that § € Z.

(4) x(g) is the sum of the eigenvalues of g in its action on the representation which
affords x. Since g" = 1 for some n these eigenvalues are all roots of X™ — 1 and so are
integers. [

In the next result we identify Z with the subring Z - 1, which is contained in the
center Z(ZG) of ZG.

Proposition 3.5.2. The center Z(ZG) is integral over Z. Hence if x1,...,x, are
representatives of the conjugacy classes of G, T; € ZG is the sum of the elements
conjugate to x;, and A1, ..., \r € C are algebraic integers then the element Y., NiT; €
Z(CQ) is integral over Z.

Proof. 1t is the case that every commutative subring of ZG is integral over Z, using
condition 1(b) of Theorem 3.5.1, since such a subring is in particular a subgroup of the
finitely-generated free abelian group ZG, and hence is finitely generated as a Z-module.

We have seen in Lemma 3.4.2 that the elements 71, ..., 7, lie in Z(ZG), so they are
integral over Z, and by part (2) of Theorem 3.5.1 the linear combination >, ; AT is
integral also. (We note that the T; are in fact a finite set of generators for Z(ZG) as
an abelian group, but we did not need to know this for the proof.) ]

Let p1,..., pr be the simple representations of G over C with degrees dy, ..., d, and
characters x1,...,Xxr. Then each p; : G — My, (C) extends by linearity to a C-algebra
homomorphism

pi : CG = @5 My, (C) — Mq,(C)
=1



CHAPTER 3. CHARACTERS 40

projecting onto the ith matrix summand. The fact that the group homomorphism p;
extends to an algebra homomorphism in this way comes formally from the construction
of the group algebra. The fact that this algebra homomorphism is projection onto the
ith summand arises from the way we decomposed CG as a sum of matrix algebras, in
which each matrix summand acts on the corresponding simple module as matrices on
the space of column vectors.

Proposition 3.5.3. Fizing the suffiz i, if x € Z(CG) then p;(x) = A for some A € C.
In fact
1
pila) = - trlpi(a)) 1

(2

where tr is the trace and I is the identity matriz. Writing x =

pi(z) = % > agxilg) - 1.

’ geG

geG Agg we have

Proof. Since x is central the matrix p;(z) commutes with the matrices p;(g) for all
g € G. Therefore by Schur’s lemma 2.1.1, since p; is a simple complex representation,
pi(x) = Al for some scalar A that we now compute. Evidently A = d%tr()\l ). Substi-
tuting p;(x) into the right hand side and multiplying both sides by I gives the first
expression for p;(z). Replacing x by the expression in the statement of the proposition
we obtain

L OIT)

" geG

= =3 aynloile)

" geG
1
= > agxil9)
" geG
which gives the last expression for p;(x). O

Theorem 3.5.4. The degrees d; of the simple complex representations of G all divide
G|
Proof. Let x = 3 Xi (g7 1)g. This element is central in CG by Lemma 3.4.2, since

the coefficients of group elements are constant on conjugacy classes. By Proposi-
tion 3.5.3

pi(x) = & > xilg alg) - T

deG
G|

= — I
d;

the second equality arising from the fact that (x;, x;) = 1. Now z is integral over Z - 1
by Proposition 3.5.2 since the coefficients x;(g~!) are algebraic integers, so p;(x) is

integral over p;(Z-1) = Z- 1. Thus |d%| is integral over Z and hence % € Z. We deduce
that d; | |G|. O
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3.6 The matrix summands of the complex group algebra

Given a set of rings with identity Ay,..., A, we may form their direct sum A = A; &
-+ -@A,, and this itself becomes a ring with componentwise addition and multiplication.
In this situation each ring A; may be identified as the subset of A consisting of elements
that are zero except in component i, but this subset is not a subring of A because it
does not contain the identity element of A. It is, however, a 2-sided ideal. Equally, in
any decomposition of a ring A as a direct sum of 2-sided ideals, these ideals have the
structure of rings with identity.

Decompositions of a ring as direct sums of other rings are closely related to idempo-
tent elements in the center of the ring. We have seen idempotent elements introduced
in Exercise 9 from Chapter 2, and they will retain importance throughout this book.
An element e of a ring A is said to be idempotent if 2 = e. It is a central idempotent
element if it lies in the center Z(A). Two idempotent elements e and f are orthogonal
if ef = fe = 0. An idempotent element e is called primitive if whenever e = e; + eg
where e; and ey are orthogonal idempotent elements then either e; = 0 or eo = 0. We
say that e is a primitive central idempotent element if it is primitive as an idempotent
element in Z(A), that is, e is central and has no proper decomposition as a sum of
orthogonal central idempotent elements.

We comment that the term ‘idempotent element’ is very often abbreviated to ‘idem-
potent’, thereby elevating the adjective to the status of a noun. This does have justi-
fication, in that ‘idempotent element’ is unwieldy, and we will usually conform to the
shorter usage.

Proposition 3.6.1. Let A be a ring with identity. Decompositions
A=A1@ DA,
as direct sums of 2-sided ideals A; biject with expressions
l=e+---+e,

as a sum of orthogonal central idempotent elements, in such a way that e; is the identity
element of A; and A; = Ae;. The A; are indecomposable as rings if and only if the e;
are primitive central idempotent elements. If every A; is indecomposable as a Ting then
the subsets A; and also the primitive central idempotents e; are uniquely determined;
furthermore, every central idempotent can be written as a sum of certain of the e;.

Proof. Given any ring decomposition A = A1 ®---® A, we may write 1 =e;+---+e,
where e; € A; and it is clear that the e; are orthogonal central idempotent elements.
Conversely, given an expression 1 = e; + --- + e, where the e; are orthogonal central
idempotent elements we have A = Ae; @ --- @ Ae, as rings.

To say that the ring A; is indecomposable means that it cannot be expressed as a
direct sum of rings, except in the trivial way, and evidently this happens precisely if
the corresponding idempotent element cannot be decomposed as a sum of orthogonal
central idempotent elements.
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We now demonstrate the (perhaps surprising) fact that there is at most one decom-
position of A as a sum of indecomposable rings. Suppose we have two such decompo-
sitions, and that the corresponding primitive central idempotent elements are labelled
e; and f;, so that

l=e +-+e=fid-+fs

We have

S
ei=ei-1=Y efj
j=1
and so e; = e; f; for some unique j and e;fy = 0 if k£ # j, by primitivity of e;. Also

fi=1-f=> el
k=1

so that ey f; # 0 for some unique k. Since e;f; # 0 we have k = ¢ and e;f; = f;.
Thus e; = f;. We proceed by induction on r, starting at r = 1. If » > 1 we now
work with the ring A - )", ziek = A >k +; /i in which the identity is expressible as
sums of primitive central idempotent elements », ,; ex = > 4 .; fi. The first of these
expressions has r — 1 terms, so by induction the e;’s are the same as the f;’s after some
permutation.

If e is any central idempotent and the e; are primitive then ee; is either e; or 0 since
e = ee; + e(l — e;) is a sum of orthogonal central idempotents. Thus

' '
e=cec E €; = E ee;
k=1 k=1
is a sum of certain of the e;. O

Notice that it follows from Proposition 3.6.1 that distinct primitive central idem-
potents must necessarily be orthogonal, a conclusion that is false without the word
‘central’. The primitive central idempotents, and also the indecomposable ring sum-
mands to which they correspond according to Proposition 3.6.1, are known as blocks.
We will study blocks in detail in Chapter 12, and also at the end of Chapter 9. In the
case of the complex group algebra CG, that is a direct sum of matrix rings, the block
idempotents are the elements that are the identity in one matrix summand and zero
in the others. We shall now give a formula for these block idempotents. It is the same
(up to a scalar) as the formula used in the proof of Theorem 3.5.4.

Theorem 3.6.2. Let x1,...,Xxr be the simple complex characters of G with degrees
di,...,d.. The primitive central idempotent elements in CG are the elements

d; _
@l > xilg™ g
geG

where 1 < i < r, the corresponding indecomposable ring summand of CG having a
simple representation that affords the character x;.
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Proof. Using the notation of Proposition 3.5.3 we have that the representation p; which
affords x; yields an algebra map p; : CG — My, (C) that is projection onto the ith
matrix summand in a decomposition of CG as a sum of matrix rings. For any field
k the matrix ring M, (k) is indecomposable, since we have seen in Lemma 3.4.1 that
Z(My,(k)) = k and the only non-zero idempotent element in a field is 1. Thus the
decomposition of CG as a direct sum of matrix rings is the unique decomposition of
C@G as a sum of indecomposable ring summands. The corresponding primitive central
idempotent elements are the identity matrices in the various summands, and so they
are the elements e; € CG such that p;(e;) = I and pj(e;) = 0 if i # j. From the formula
of Proposition 3.5.3 and the orthogonality relations we have (using the Kronecker 4)

|G‘ZX1 _1 |G‘d ZX@ _1 X] -1

geG geqG

d;

= 5\ Xy Xy I
d;

_ i1
d] 7.7

=0d;; 1,

so that the elements specified in the statement of the theorem do indeed project cor-
rectly onto the identity matrices, and are therefore the primitive central idempotent
elements. O

While the identity matrix is a primitive central idempotent element in the matrix
ring M, (k), where k is a field, it is never a primitive idempotent element if n > 1
since it is the sum of the orthogonal (non-central) primitive idempotent elements I =
Ei1+---+ E, . Furthermore, removing the hypothesis of centrality we can no longer
say that decompositions of the identity as a sum of primitive idempotent elements are
unique; indeed, any conjugate expression by an invertible matrix will also be a sum
of orthogonal primitive idempotent elements. Applying these comments to a matrix
summand of CG, the primitive idempotent decompositions of 1 will never be unique if
we have a non-abelian matrix summand — which, of course, happens precisely when G
is non-abelian. It is unfortunately the case that in terms of the group elements there
is in general no known formula for primitive idempotent elements of CG lying in a
non-abelian matrix summand.

3.7 Burnside’s p*¢® theorem

We conclude this chapter with Burnside’s remarkable ‘p®¢® theorem’, which establishes
a group-theoretic result using the ideas of representation theory we have so far devel-
oped, together with some admirable ingenuity. In the course of the proof we again
make use of the idea of integrality, but this time we also require Galois theory at one
point. This is needed to show that if  is a field element that is expressible as a sum of
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roots of unity, then every algebraic conjugate of ( is again expressible as a sum of roots
of unity. We present Burnside’s theorem here because of its importance as a theorem
in its own right, not because anything later depends on it. In view of this the proof
(which is fairly long) can be omitted without subsequent loss of understanding.

Recall that a group G is solvable if it has a composition series in which all of
the composition factors are cyclic. Thus a group is not solvable precisely if it has a
non-abelian composition factor.

Theorem 3.7.1 (Burnside’s p%q® theorem). Let G be a group of order p®q® where p
and q are primes. Then G is solvable.

Proof. We suppose the result is false, and consider a group G of minimal order subject
to being not solvable and of order p®qP.

Step 1. The group G is simple, not abelian and not of prime-power order; for if
it were abelian or of prime-power order it would be solvable, and if G had a normal
subgroup N then one of N and G/N would be a smaller group of order p®¢® which
was not solvable.

Step 2. We show that G contains an element g whose conjugacy class has size ¢¢
for some d > 0. Let P be a Sylow p-subgroup, 1 # g € Z(P). Then Cg(g) 2 P so
|G : Cq(g)| = ¢ for some d > 0, and this is the number of conjugates of g.

Step 3. We show that there is a simple non-identity character x of G such that
q [ x(1) and x(g) # 0. To prove this, suppose to the contrary that whenever x # 1 and
q /x(1) then x(¢g) = 0. Let R denote the ring of algebraic integers in C. Consider the
orthogonality relation between the column of 1 (consisting of character degrees) and
the column of g:

1+ x(1)x(g) = 0.
x#1
Then ¢ divides every term apart from 1 in the sum on the left, and so 1 € gR. Thus
¢ ' €R. But ¢! € Qand so ¢~! € Z by Theorem 3.5.1, a contradiction. We now fix
a non-identity character x for which ¢ * x(1) and x(g) # 0.
Step 4. Recall that the number of conjugates of ¢ is ¢%. We show that

q4"x(9)
x(1)
is an algebraic integer. To do this we use Lemma 3.4.2 and Proposition 3.5.3. These

imply that if g = Zh~g h € CG is the sum of the elements conjugate to g and p is a
representation affording the character y then g € Z(CG) and

_ 1
p(9) = mZX(h) I

h~g

where I is the identity matrix. Now by Proposition 3.5.2 this is integral over p(Z) = Z-1,
which proves what we want.
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Step 5. We deduce that % is an algebraic integer. This arises from the fact that
q fx(1). We can find A, 1 € Z so that Ag? + px(1) = 1. Now

x(9) L a%x(g)
NORRE O

is a sum of algebraic integers.

Step 6. We show that |x(g)| = x(1) and put ¢ = x(g)/x(1). We consider the
algebraic conjugates of (, which are the roots of the minimal polynomial of { over Q.
They are all algebraic integers, since ¢ and its algebraic conjugates are all roots of the
same polynomials over Q. Thus the product N({) of the algebraic conjugates is an
algebraic integer. Since it is also + the constant term of the minimal polynomial of (,
it is rational and non-zero. Therefore 0 # N(() € Z by Theorem 3.5.1.

Now x(g) is the sum of the eigenvalues of x(g), of which there are (1), each of
which is a root of unity. Hence by the triangle inequality, |x(¢)| < x(1). By Galois
theory the same is true and a similar inequality holds for each algebraic conjugate
of x(g). We conclude that all algebraic conjugates of ¢ have absolute value at most
1. Therefore |[N(¢)| < 1. The only possibility is [N(¢)] = 1 and |¢| = 1, so that
Ix(9)] = x(1), as was to be shown.

Step 7. We will obtain a contradiction by considering the subgroup

H={heG|h)=x1)}

where y is the simple non-identity character introduced in Step 3. We argue first that
H is a normal subgroup. If the eigenvalues of p(h) are A1, ..., A, then, since these are
roots of unity, [A\; + -+ + Ay| = n if and only if Ay = --- = A\,,. Thus |x(h)] = x(1)
if and only if p(h) is multiplication by some scalar, and from this we see immediately
that H is a normal subgroup. It also implies that H/ker p is abelian. From Step 6 we
see that H contains the non-identity element g, so simplicity of G forces H = G. Since
p is not the trivial representation ker p # G, so simplicity of G again forces ker p = 1,
so that G must be abelian. However G was seen not to be abelian in Step 1, and this
contradiction completes the proof. O

3.8 Summary of Chapter 3

e There is a tensor product operation on RG-modules whose result is an RG-
module.

e Characters are class functions.

e The character of a direct sum, tensor product or dual is the sum, product or
complex conjugate of the characters.

e The characters of the simple representations form an orthonormal basis for class
functions with respect to a certain bilinear form.



CHAPTER 3. CHARACTERS 46

e The character table is square and satisfies row and column orthogonality relations.
The number of rows of the table equals the number of conjugacy classes in the

group.
e The conjugacy class sums form a basis for the center of RG.

e The simple character degrees are divisors of |G|. The sum of their squares equals
|G-

e There is a formula for the primitive central idempotents in CG.

e Every group of order p%q® is solvable.

3.9 Exercises for Chapter 3

We assume throughout these exercises that representations are finite dimensional.

1. (a) By using characters show that if V and W are CG-modules then (V®@cW)* =
V* @c W*, and (c¢CG)* = ¢¢CG as CG-modules.

(b) If k is any field and V', W are kG-modules, show that (V @, W)* = V* @, W*,
and (rgkG)* = kG as kG-modules.

2. Consider a ring with identity that is the direct sum (as a ring) of non-zero
subrings A = A1 $--- P A,. Suppose that A has exactly n isomorphism types of simple
modules. Show that r < n.

3. Let g be any non-identity element of a group G. Show that G has a simple
complex character x for which x(g) has negative real part.

4. Suppose that V is a representation of G over C for which xy(g) = 0 if g # 1.
Show that dim V' is a multiple of |G|. Deduce that V' = CG"™ for some n. Show that if
W is any representation of G over C then CG ®c W =2 CGI™W a5 CG-modules.

5. Show that if every element of a finite group G is conjugate to its inverse, then
every character of G is real-valued.

Conversely, show that if every character of G is real-valued, then every element of
G is conjugate to its inverse.

[The quaternion group of order 8 in its action on the algebra of quaternions provides
an example of a complex representation that is not equivalent to a real representation,
but whose character is real-valued (see Chapter 2 Exercise 12). In this example, the
representation has complex dimension 2, but there is no basis over C for the repre-
sentation space such that the group acts by matrices with real entries. A real-valued
character does not necessarily come from a real representation.

6. (a) Let A be a finite dimensional semisimple algebra over a field. Show that the
center Z(A) is a semisimple algebra.

(b) Let G be a finite group and k a field in which |G| is invertible. Show that the
number of simple representations of kG is at most the number of conjugacy classes of

G.



CHAPTER 3. CHARACTERS 47

7. Let G permute a set ) and let RS} denote the permutation representation of G
over R determined by 2. This means R{) has a basis in bijection with € and each
element g € G acts on R} by permuting the basis elements in the same way that g
permutes 2.

(a) Show that when H is a subgroup of G and 2 = G/H is the set of left cosets of
H in G, the kernel of G in its action on Rf) is H if and only if H is normal in G.

(b) Show that the normal subgroups of G are precisely the subgroups of the form
ker x;, N --- N kery; where x1,...,xn are the simple characters of GG. Use Proposi-
tion 3.1.1 to deduce that the normal subgroups of G are determined by the character
table of G.

(¢) Show that G is a simple group if and only if for every non-trivial simple character
x and for every non-identity element g € G we have x(g) # x(1).

8. (Jozsef Pelikan) While walking down the street you find a scrap of paper with
the following character table on it:

1 1
1 -1
2 - -1
3 1
3 -1

All except two of the columns are obscured, and while it is clear that there are five
rows you cannot read anything of the other columns, including their position. Prove
that there is an error in the table. Given that there is exactly one error, determine
where it is, and what the correct entry should be.

9. A finite group has seven conjugacy classes with representatives ¢y, ..., c7 (where
¢1 = 1), and the values of five of its irreducible characters are given by the following
table:

C1 C2 C3 C4 Cs C6 Ccr

11 1 1 1 1 1
11 1 1 -1 -1 -1
4 1 -1 0 2 -1 O
4 1 -1 0 -2 1 O
5 -1 0 1 1 1 -1

Calculate the numbers of elements in the various conjugacy classes and the remaining
simple characters.

10. Let g € G.

(a) Use Proposition 3.1.1 to prove that g lies in the center of G if and only if
Ix(g)| = |x(1)| for every simple complex character x of G.

(b) Show that if G has a faithful simple complex character (one whose kernel is 1)
then the center of G is cyclic.
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11. Here is a column of a character table:

g

1
-1
0
-1
-1
—14iv/11

2
—1—-iV11

O—=ON

(a) Find the order of g.

(b) Prove that g ¢ Z(G).

(c) Show that there exists an element h € G with the same order as g but not
conjugate to g.

(d) Show that there exist two distinct simple characters of G of the same degree.

12. Let A be a semisimple finite dimensional algebra over a field and let 1 = e; +
-+ + e, be a sum of primitive central idempotents in A.

(a) If f € A is a primitive idempotent (not necessarily central), show that there is
a unique 7 so that e; f # 0, and that for this ¢ we have e¢; f = f.

(b) Show that for all A-modules V' and for all i, ¢;V is an A-submodule of V' and
V= @?:1 eiV.

(c) Show that if S is a simple A-module there is a unique ¢ so that ;S # 0, and
that for this ¢ we have ;5 = S.

(d) Show that for each ¢ there is a simple module S; so that e;S # 0, and that if A
is assumed to be semisimple then S; is unique up to isomorphism.

(e) Assuming that A is semisimple and f € A is a primitive idempotent (not
necessarily central), deduce that there is a simple module S which is unique up to
isomorphism, such that fS # 0.

13. (a) Let 1 =e; + -+ + e, be a sum of primitive central idempotents in CG and
let V' be a CG-module. Show that e;V is the largest submodule of V' that is a direct

sum of copies of the simple module S; identified by e;S; # 0.
(b) Let V' be any representation of S3 over C. Show that the subset

Vo ={2v—(1,2,3)v—(1,3,2)v | v €V}

of V' is the unique largest CSs-submodule of V' that is a direct sum of copies of the
simple 2-dimensional CS3-module.

14. Let G = (x) be cyclic of order n.

(a) Write down a complete set of primitive (central) idempotents in CG.

(b) Let C™ be an n-dimensional space with basis v1,...,v,. Let g : C* — C™ be
the linear map of order n specified by gv; = viy1, 1 <7 < n —1, gv, = vy, so that g
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has matrix

0 01
T 1 0
0 --- 1 0

Let ¢ = e*™/™ be a primitive nth root of unity. Show that for each d the vector

n
—ds
€d = § C Vs
s=1

is an eigenvector of T', and that eq,..., e, is a basis of C".

15. Let = be an element of G.

(a) If x is a character of G, show that the function g — x(zg) need not be a class
function on G.

(b) Show that the fact that the elements of CG specified in Theorem 3.6.2 are
orthogonal idempotents is equivalent to the validity of the following formulas, for all
xz € G and for all of the simple characters y; of G:

; ifi #j
‘dGZ| > xilg xy(xg) = {O 7

16. Show that the only group G which has character table

g 1 a b b b
|Ca(g) 20 5 4 4 4
X0 111 1 1
X1 1 1 4-1 —i
X2 1 1-1 1 -1
X3 1 1—-i -1 3
X4 4 -1 0 0 O

is

G:C5>GC4:<a,b‘a5:b4:1, bab~ ' = a?).



Chapter 4

The Construction of Modules
and Characters

In this chapter we describe the most important methods for constructing representa-
tions and character tables of groups. We describe the characters of cyclic groups, and
show also that simple characters of direct products are products of characters of the
factors. This allows us to construct the simple characters of abelian groups and, in
fact, all degree 1 characters of any finite group. We go on to describe the construction
of representations by induction from subgroups, that includes the special case of per-
mutation representations. Having obtained new characters of a group in these ways,
we break them apart using orthogonality relations so as to obtain characters of smaller
representations. An important tool in the process is Frobenius reciprocity. We conclude
the section with a description of symmetric and exterior powers

4.1 Cyeclic groups and direct products

We start with the particular case of complex characters of cyclic groups, noting that
some properties of simple representations of cyclic groups over more general fields were
already explored in Exercise 11 from Chapter 2. For representations of cyclic groups
over fields where the characteristic divides the order of the group see Proposition 6.1.1,
Theorem 6.1.2, Example 8.2.1 and Corollary 11.2.2.

Proposition 4.1.1. Let G = (z } 2" = 1) be a cyclic group of order n, and let ¢, € C
be a primitive nth root of unity. Then the simple complex characters of G are the n

functions
TSs

xr (%) = ¢
where 0 <r <n—1.
Proof. We merely observe that the mapping

o G

50
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is a group homomorphism

G — GL(1,C) = C*

giving a 1-dimensional representation with character x,., that must necessarily be sim-
ple. These characters are all distinct, and since the number of them equals the group
order we have them all. O

We next show how to obtain the simple characters of a product of groups in terms
of the characters of the groups in the product. Combining this with the last result we
obtain the character table of any finite abelian group. We describe a construction that
works over any ring R. Suppose that p; : Gi — GL(V1) and p2 : Go — GL(Va) are
representations of groups G1 and Go. We may define an action of G; X Go on Vi ®g Vs
by the formula

(91, 92)(v1 ® v2) = g1v1 ® gov2

where g; € G; and v; € V;. When R is a field we may choose bases for V; and V5,
and now (g1, g2) acts via the tensor product of the matrices by which ¢g; and g2 act. It
follows when R = C that

Xviavs (91, 92) = X1 (91) x5 (92)-

Theorem 4.1.2. Let Vi, ...,V and Wy, ..., W, be complete lists of the simple complex
representations of groups G1 and Ga. Then the representations V; @ W; with 1 <i <m
and 1 < j < n form a complete list of the simple complex G1 x Gy representations.

Theorem 4.1.2 is false in general when the field over which we are working is not
algebraically closed (see Exercise 10 at the end of this chapter). The theorem is an
instance of a more general fact to do with representations of finite dimensional algebras
A and B over an algebraically closed field k: the simple representations of A ®j B are
precisely the modules S ®; T', where S is a simple A-module and T is a simple B-
module. This is proved in [10, Theorem 10.38]. The connection between this result for
abstract algebras and group representations is that the group algebra R[G7 x G3| over
any commutative ring R is isomorphic to RG| ® p RGa, which we may see by observing
that this tensor product has a basis consisting of elements ¢g; ® g9 with g; € G; that
multiply in the same way as the elements of the group G1 x Gs.

Proof. We first verify that the representations V; ® W; are simple using the criterion
of 3.10:

1 -
<XV»L'®WJ‘7XVZ‘®WJ'> - m Z XVZ‘®W]‘ (91792)XV»;®WJ' (91792)
! 2 (91,92)€EG1X G2

1
A ST A AU AR A
! 2 (91’92)€G1XG2
1 — 1 -
- @ Z X%(gl)xvfi(gl)'@ Z xv; (92)xv; (92)

g1€Gy g2€Go

= 1.
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The characters of these representations are distinct, since by a similar calculation if
(i,74) # (r,5) then (xv.ew;, xv,ew,) = 0. To show that we have the complete list, we
observe that if dim V; = d; and dim W; = e; then V; ® W is a representation of degree
d;e; and

m n m n
(diej)? =) d7 - ) ej =|G1|Gal.
i=1 j=1 i=1 j=1
This establishes what we need, using 2.5 or 3.13. O

Example 4.1.3. Putting the last two results together enables us to compute the char-
acter table of any finite abelian group. To give a very small example, let

G=(z,y|a?=y*=[z,y] =1) = Cy x Os.

The character tables of (x) and (y) are

X1
X2

Q
9
—~
Q
-
— =N =
R~ NS
Q
@
—
)
-
e L
il B NI

and the character table of Cy x Csy is

() x (y)

g Y
[Cal(g)]

X191
X221
X1Y2
X212

il
e i i e BN

Y
4 4
1 1
1 -1
-1 -1
-1 1

We immediately notice that this construction gives the character table of Cy x C5 as
the tensor product of the character tables of Cy and C5, and evidently this is true in
general.

Corollary 4.1.4. The character table of a direct product G1 x Gg is the tensor product
of the character tables of G1 and Gs.

We may see from this theory that all simple complex characters of an abelian group
have degree 1 (a result already shown in Corollary 2.1.7), and that in fact this property
characterizes abelian groups. We will give a different argument later on in Theo-
rem 5.3.3 that shows that over any algebraically closed field the simple representations
of abelian groups all have degree 1.
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Theorem 4.1.5. The following are equivalent for a finite group G:
(1) G is abelian,
(2) all simple complex representations of G have degree 1.

Proof. Since the simple representations over C of every finite cyclic group all have
degree 1, and since every finite abelian group is a direct product of cyclic groups, the
last result shows that all simple representations of a finite abelian group have degree
1.

Conversely, we may use the fact that |G| = Y_I_, d? where dy, . .., d, are the degrees
of the simple representations. We deduce that d; = 1 for all i & r = |G| & every
conjugacy class has size 1 < every element is central < G is abelian.

Another proof of this result may be obtained from the fact that CG is a direct sum
of matrix algebras over C, a summand M, (C) appearing precisely if there is a simple
module of dimension n. The group and hence the group ring are abelian if and only if
n is always 1. O

4.2 Lifting (or inflating) from a quotient group

Whenever we have a group homomorphism G — H and a representation of H we get
a representation of G: regarding the representation of H as a group homomorphism
H — GL(V') we simply compose the two homomorphisms. The resulting representation
of G is call the lift or inflation of the representation of H. By this means, copies of
the character tables of quotient groups of G all appear in the character table of G,
because the lift of a simple representation is always simple. This observation, although
straightforward, allows us to fill out the character table of a group very rapidly, provided
the group has normal subgroups.

As an instance of this, we may construct the part of the character table of any finite
group that consists of characters of degree 1 by combining the previous results with
the next one, which is formulated so as to be true over any field.

Proposition 4.2.1. The degree 1 representations of any finite group G over any field
are precisely the degree 1 representations of G/G', lifted to G via the homomorphism
G— G/G.

Proof. We only have to observe that a degree 1 representation of G over a field k is a
homomorphism G — GL(1,k) = k* that takes values in an abelian group, and so has
kernel containing G’. Thus such a homomorphism is always a composite G — G/G" —
GL(1,k) obtained from a degree 1 representation of G/G’. O

Example 4.2.2. Neither implication of Theorem 4.1.5 holds if we do not assume that
our representations are defined over an algebraically closed field of characteristic prime
to |G|, such as C. We have seen in examples before now that over R the 2-dimensional
representation of the cyclic group (x ‘ 23 = 1), in which z acts as rotation through
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%’T, is simple since there is no 1-dimensional subspace stable under the group action.

We need to pass to C to split it as a sum of two representations of degree 1. It is also
possible to find a non-abelian group all of whose simple representations do have degree
1: we shall see in Proposition 6.3 that this happens whenever G is a p-group and we
consider representations in characteristic p.

4.3 Induction and Restriction

We now consider how to construct representations of a group from representations of its
subgroups. Let H be a subgroup of G and V an RH-module where R is a commutative
ring with 1. We define an RG-module

V%= RG Qry V

with the action of G coming from the left module action on RG:

x-(Zagg@)v):(IZagg)@U

geG gelG

where z,9 € G, ag € R and v € V. We refer to this module as V' induced from H to G,
and say that V Tg is an induced module. In many books the notation V¢ is used for
this induced module, but for us this conflicts with the notation for fixed points. The
operation Tg is called induction.

We analyze the structure of an induced module, denoting the set of left cosets
{9H | g€ G} by G/H.

Proposition 4.3.1. Let H be a subgroup of G, let V. be an RH-module and let
g1 H, ..., 9. H be alist of the left cosets G/H. Then

|G:H|
V=P eV
=1

as R-modules, where g; @V = {g; @v | v eV} C RGRruV. Each g;®V is isomorphic
to V' as an R-module, and in case V is free as an R-module we have

rankr V 1%= |G : H|rankg V.

If x € G then z(g; ® V) = g; ® V where xg; = g;jh for some h € H. Thus the
R-submodules g; @ V' of V Tg are permuted under the action of G. This action is
transitive, and if g1 € H then Stabg(g1 ® V) = H.

Proof. We have RGry = @[ g;RH =~ RHIGH| as right RH-modules. This is
because in its right action H permutes the group element basis of RG with orbits

g1H, ..., 9. H. Each orbit spans a right RH-submodule R[g; H] = g;RH of RG and
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so RG is their direct sum. Each of these submodules is isomorphic to RHprp as right
RH-modules via the isomorphism specified by g;h — h for each h € H. Now

|G:H|
RG@ry V = (6D g:iRH) ©ru V
i=1
|G:H|
= P (9:RH @ry V)
i=1
|G:H|

=P gioraV
1=1

and as R-modules ¢;RH Qrg V =2 RH Qrpg V = V.
We next show that with its left action on RG Qg V' coming from the left action
on RG, G permutes these R-submodules. If x € G and xg; = g;h with h € H then

x(g;i ®v) =xg; @V
=gjh®v
=9g; ® hv,

so that z(g; ® v) € g; ® V. We argue that we have equality using the invertibility of
x. For, by a similar argument to the one above, we have z ! 9;®V C g ®V, and so
g; ®V =xx71(g; ® V) C 2(g9; ® V). This action of G on the subspaces is transitive
since given two subspaces g; ® V and g; ® V we have (gjg; g @V =g; @ V.

Now to compute the stabilizer of g1 ® V' where g1 € H, if x € H then z(g; ®
V) =gi(97'2g1) @V = g1 ® V, and if x ¢ H then x € g;H for some i # 1 and so
(g1 ®V) =g;®V. Thus Stabg(g1 ® V) = H. O

The structure of induced modules described in the last result in fact characterizes
these modules, giving an extremely useful criterion for a module to be of this form that
we will use several times later on.

Proposition 4.3.2. Let M be an RG-module that has an R-submodule V' with the
property that M is the direct sum of the R-submodules {gV ‘ g€ G}. Let H={g €
G| gV =V}. Then M =V 19.

We are using the notation {gV’ ’ g € G} to indicate the set of distinct possibilities
for gV, so that if gV = hV with g # h we do not count gV twice.

Proof. We define a map of R-modules

RGRryV - M
g U= gu

extending this specification from the generators to the whole of RG ®rpg V by R-
linearity. This is in fact a map of RG-modules. The R-submodules gV of M are in
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bijection with the cosets G/H, since G permutes them transitively, and the stabilizer
of one of them is H. Thus each of RG ®ry V and M is the direct sum of |G : H|
R-submodules g ® V' and gV respectively, each isomorphic to V' via isomorphisms
g®v < v and gv <> v. Thus on each summand the map g ® v — gv is an isomorphism,
and so RG ®pryg V — M is itself an isomorphism. O

Example 4.3.3. Immediately from the definitions we have
R17= RG ®r R = RG,
so that RG is induced from the identity subgroup.

Example 4.3.4. Permutation modules: suppose that €2 is a G-set; that is, a set with an
action of G by permutations. We may form Rf2, the free R-module with the elements of
Q) as a basis, and it acquires the structure of an RG-module via the permutation action
of G on this basis. This is the permutation module (or permutation representation)
determined by Q. Now RQ = @, . Rw is the direct sum of rank 1 R-submodules,
each generated by a basis vector. In case G acts transitively on €2 these are permuted
transitively by G. If we pick any w €  and let H = Stabgw then H is also the
stabilizer of the space Rw and RQ2? = R T% by Proposition 4.3.2. This shows that
permutation modules on transitive G-sets are exactly the modules that are induced
from the trivial module on some subgroup.

Characters of permutation modules over C are easily computed. Over any ring R,
each element ¢ € GG acts on a permutation module RS} by means of a permutation
matrix with respect to the basis 2. Such a matrix has trace equal to the number of
entries 1 on the diagonal, the other diagonal entries being 0. A 1 on the diagonal is
produced each time the corresponding basis element is fixed by g. We deduce from
this, for the permutation module Cf2, that the value of its character on g equals the
number of fixed points of g on €

xcalg) = Q9.

Transitive permutation modules may be realized as quotient modules of RG, and
also as submodules of RG. The induced module R ng RG ®prp R is a quotient of
RG = RG ®pg R from the definition of the tensor product. To realize this permutation
module also as a submodule of RG, write H := Y., .y h € RG. Then H generates
a submodule of RG isomorphic to R Tfl. This may be proved as an application of
Proposition 4.3.2, and it is Exercise 11(a) at the end of this chapter.

The main feature of induction is that it is one of the two main operations (the other
being restriction) that relate the representations of a group to those of a subgroup.
When working over C it provides a way of constructing new characters. With this in
mind we give the formula for the character of an induced representation. If y is the
character of a representation V' of a subgroup H, we write simply x Tg for the character
of V 1%. We will also write [G/H] to denote some (arbitrary) set of representatives of
the left cosets of H in G. With this convention, [G/H] is a set of elements of G, not a
set of cosets.
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Proposition 4.3.5. Let H be a subgroup of G and let V be a CH -module with character
x. Then the character of V Tfl 18

X 14 (g):% > x(t'gt)

H| =
t—lgteH

= > x(t gt

te[G/H]
t—lgteH

Proof. The two formulas on the right are in fact the same, since if t"1gt € H and
h € H then (th)~'gth € H also, and so {t € G | t"'gt € H} is a union of left cosets
of H. Since x(t 'gt) = x((th)~!gth) the terms in the first sum are constant on the
cosets of H, and we obtain the second sum by choosing one representative from each
coset and multiplying by |H|.

Using the vector space decomposition of Proposition 4.3.1 we obtain that the trace
ofgonV Tg is the sum of the traces of g on the spaces t®V that are invariant under g,
where ¢ € [G/H]. This is because if g does not leave t ® V' invariant, we get a matrix of
zeros on the diagonal at that point in the block matrix decomposition for the matrix of
g. Thus we only get a non-zero contribution from subspaces t ® V with gt QV =t V.
This happens if and only if t gt ® V = 1® V, that is t gt € H. We have

XT% (9) = Z trace of gon t @ V.

te[G/H]
t—lgteH

Now g actson t ® V' as
gtov) =ttt gty @v=t® (t ' gt)v

and so the trace of g on this space is x(t~'gt). Combining this with the last expression
gives the result. O

We see in the above proof that g leaves invariant ¢t ® V' if and only if t'gt € H, or
in other words g € tHt~!. Thus Stabg(t ® V) = tHt~!. Furthermore, if we identify
t®V with V' by means of the bijection t®v <> v, then g acts on t®V via the composite
homomorphism

() S H-L5GLV)

where p is the homomorphism associated to V and c,(z) = awra™! is the automorphism
of GG that is conjugation by a € G.

Example 4.3.6. To make clearer what the terms in the expression for the induced
character are, consider G = S3 and H = ((123)), the normal subgroup of order 3. To
avoid expressions such as (()) we will write the identity element of S3 as e. We may
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take the coset representatives [G/H| to be {e, (12)}. If x is the trivial character of H
then

X 15 (€) = x(¢) + x(e"?) = 2,
x 1% ((12)) = the empty sum = 0,
X 167 ((123)) = x((123)°) + x((123)"?) = 2.

Recalling the character table of S3 we find that x Tg is the sum of the trivial character
and the sign character of Ss.

Induced representations can be hard to understand from first principles, so we
now develop some formalism that will enable us to compute with them more easily.
The companion notion to induction is that of restriction of representations. If H is a
subgroup of G and W is a representation of G we denote by W ¢§ the representation
of H whose representation space is again W, and where the elements of H act the
same way on W as they do when regarded as elements of G. In other words, we just
forget about the elements of G that are outside H. When W is a representation in
characteristic zero with character ¢, we will write ¢ ig for the character of W ¢g Its
values are the same as those of ¢, but the domain of definition is restricted to H.

Restriction and induction are a particular case of the following more general situ-
ation. Whenever we have a (unital) homomorphism of rings A — B, an A-module V/
and a B-module W, we may form the B-module B®4 V and the A-module W LE. On
taking A = RH and B = RG we obtain the induction and restriction we have been
studying. There are, in fact, further operations that relate the representations of A and
B and we mention one now, namely coinduction. Given an A-module V' we may form
the B-module Hom 4 (B, V'), which acquires the structure of a left B-module because of
the right action of B on itself, and this is the coinduced module obtained from V. We
will prove in Corollary 4.3.8 that induction and coinduction are the same in the case
of group rings, so that we will not need to consider coinduction separately.

Lemma 4.3.7. Let A — B be a homomorphism of rings, V an A-module and W a
B-module.

(1) (Left adjoint of restriction) Homp(B ®4 V, W) = Homu(V, W l4).
(2) (Right adjoint of restriction) Homy (W | 4,V) = Homp(W,Hom4 (B, V)).
(3) (Transitivity of induction) If ¢ : B — C' is another ring homomorphism then

CRp(BRauV)ZCy V.
Proof. In the case of (1) the mutually inverse isomorphisms are

fre e f1ew)

and
(b®@wv — bg(v))<g.
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In the case of (2) the mutually inverse isomorphisms are
[ (we (b= f(bw)))

and
(w = g(w)(1))4g.

In the case of (3) the mutually inverse isomorphisms are
cRbRv = cop(b) ®v

and
c®1RQuc® .

There is checking to be done to show that morphisms are indeed well-defined homo-
morphisms of A-modules and B-modules, and that maps are mutually inverse, but it
is all routine. O

It is worth knowing that Lemma 4.3.7 parts (1) and (2) are instances of a single
formula to do with bimodules. An (A, B)-bimodule T is defined to have the structure
of both a left A-module and a right B-module, and such that these two module actions
commute: for all a € A, b € B, t € T we have (at)b = a(th). The basic adjoint
relationship between A-modules V' and B-modules W is an isomorphism

Hom (T @ W, V) = Hompg(W, Hom (T, V))
that is given by mutually inverse maps
[ (w= (= ftow)))

and
(t®w = g(w)(t))+y.

Supposing that we have a ring homomorphism A — B, one such bimodule 7" is the set
B with left action of A given by left multiplication after applying the homomorphism to
B, and right action of B given by right multiplication. We denote this bimodule 4Bp.
There is a similarly defined (B, A)-bimodule p B4 on which B acts by left multiplication
and A acts by right multiplication after applying the homomorphism to B. We have
isomorphisms of A-modules

Homp(pBa,V) =2V |B= 4BpopV

whereas pB4® AW and Hom 4 (4 Bg, W) are by definition the induction and coinduction
of W. Applying the single adjoint isomorphism in the two cases of these bimodules
yields the relationships of Lemma 4.3.7 (1) and (2).

Corollary 4.3.8. Let H < K < G be subgroups of G, let V be an RH-module and W
an RG-module.



CHAPTER 4. CONSTRUCTION OF CHARACTERS 60

(1) (Frobenius reciprocity)
Hompe (V 15, W) = Homps (V. W 1)

and

Hompg (W, V 1%) = Hompgy (W 1, V).
(2) (Transitivity of induction) (V 1) 1922 V 1% as RG-modules.
(3) (Transitivity of restriction) (W [%) | K= W & as RH-modules.

(4) V1% @pW =2 (Vor W %) 1% as RG-modules. In particular, R 1% @pW =
W g1
(5) (Induced and coinduced are the same) V 14~ Hompy (RG, V) as RG-modules.

Proof. The first isomorphism of (1) and part (2) follow from the relationships in
Lemma 4.3.7, in the case of the ring homomorphism RH — RG. Part (3) also holds
in this generality and is immediate. The second isomorphism in (1) as well as (4) and
(5) are special for group representations.

Part (4) is the isomorphism

(RGRrug V) @r W = RG @ru (Vg W)
and it is not a corollary of Lemma 4.3.7. Here the mutually inverse isomorphisms are
(gRv)Qw—g® (veg 'w)

and
(9 @) ® gw—g @ (v w).

We prove (5) by exhibiting mutually inverse isomorphisms
RG ®rpy V 2 Hompy (RG,V).

The first is given by
gRU = Pgy

1

where ¢g,(z) = (zg)v if x € Hg™" and is 0 otherwise. Here g,z € G and v € V. In

the opposite direction the map is

where the sum is taken over a set of representatives for the left cosets of H in G. We
must check here that ¢, is a homomorphism of RH-modules, does specify a map on
the tensor product, that € is well defined, and that the two morphisms are mutually
inverse. We have shown that induced and coinduced modules are the same.

Finally the second isomorphism of part (1) follows from Lemma 4.3.7(2), using

(5). 0
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In the case of representations in characteristic zero all of these results may be trans-
lated into the language of characters. In this setting the second Frobenius reciprocity
formula, which used the fact that coinduced modules and induced modules are the
same, becomes much easier. If our interest is only in character theory, we did not need
to read about left and right adjoints, coinduction and bimodules. Recall that if V is a
representation of H with character y and W is a representation of G with character 1
we write x Tg and 1 J,g for the characters of V/ Tg and W ig.

Corollary 4.3.9. Let H < K < G be subgroups of G, let x be a complex character of
H and ¥ a complex character of G.

(1) (Frobenius reciprocity)

and

In fact, all four numbers are equal.

(2) (Transitivity of induction) (x 15) 1% = x 1%.
(8) (Transitivity of restriction) (¢ |%) 5= 5.
(4) x 15 ¥ = (- ¢ 1§) 15

Proof. In (1) we write ( , )gand ( , )pg to denote the inner product of characters
of G and H, respectively. The four parts are translations of the first four parts of
Corollary 4.3.8 into the language of characters. In part (1) we use the fact that the
inner products are the dimensions of the Hom groups in Corollary 4.3.8(1). We may
deduce the second formula from the first in this context because the Hermitian inner
product takes real values on characters, and so is symmetric on them, as observed
before Theorem 3.2.3. O

Frobenius reciprocity for complex characters is equivalent to saying that if ¢ and x
are simple characters of G and H respectively then the multiplicity of ¢ as a summand
of x Tg equals the multiplicity of x as a summand of ¢%.

At a more sophisticated level we may interpret induction, restriction and Frobenius
reciprocity in terms of the space C(&) of class functions introduced in Chapter 3, that
is, the vector space of functions cc(G) — C where cc(G) is the set of conjugacy classes
of G. Since each conjugacy class of H is contained in a unique conjugacy class of G
we have a mapping cc(H) — cc(G) and this gives rise by composition to a linear map
Lg: Cee(@) — ) that on characters is the restriction operation we have already
defined. We may also define a linear map Tfl: Cect) _y Cee(@) that, on characters,
sends a character x of H to the character y Tg. It is possible to define this on arbitrary
class functions of H by means of the explicit formula given in Proposition 4.3.5. With
this approach the transitivity of induction is not entirely obvious. It is easier to observe
that the characters of simple representations of H form a basis of C() and to define
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X Tg in the first instance on these basis elements. We then extend the definition of Tg
to arbitrary class functions so that it is a linear map.

With these definitions the formulas of Corollary 4.3.9 hold for arbitrary class func-
tions — except that in part (1) the numbers from the different equations are not equal
(as stated there), but are complex conjugates of each other. Frobenius reciprocity be-
comes an adjoint relationship between Tg and ig, regarded as linear maps between
the spaces of class functions. The characters of the simple representations of H and of
G form orthonormal bases of C(1) and of C®(%) and, taking matrices with respect to
these bases, Frobenius reciprocity states that the matrix of the induction map is the
transpose of the matrix of the restriction map.

Example 4.3.10. Frobenius reciprocity is a most useful tool in calculating with in-
duced characters. In the special case that V and W are simple representations over
C of H and G, respectively, where H < G, it says that the multiplicity of W as a
summand of V' T% equals the multiplicity of V' as a summand of W ig As an ex-
ample we may take both V and W to be the trivial representations of their respective
groups. As explained in Example 4.3.4, C Tg is a permutation module. We deduce
from Frobenius reciprocity that as representations of G, C is a direct summand of C Tfl
with multiplicity one.

Example 4.3.11. Let G = (z,y ‘ 2" = y? = 1,yzy~! = 27!) = Dy, the dihedral
group of order 2n. Suppose that n is odd. We compute that the commutator [y, x| =
2"~ 2, and since n is odd we have G’ = (2" 2) = (z) = C,, and G/G' = Cy. Thus G
has two complex characters of degree 1 that we denote 1 and —1.

Let x¢s denote the degree 1 character of (x) specified by x¢s(z") = (° where

n

Cn = e’ Then Xcs T(% has values given in the following table:

Ds,, n odd

ordinary characters

g 1 x z? - e Y

|ICa(g)] 2n n n n 2

X1 1 1 1 e 1 1

Xla 1 1 1 ce 1 -1
— —9 n=1¢ _n—1

X¢: Ty 2 GG (BHG o G? THGT 0

(1<s <25

We verify that
(Xs 1G> £ = (Xsr E1 LGy )iy = 0

ifn X s, using Frobenius reciprocity (or a direct calculation), and hence the characters xs
must be simple when n * s, because otherwise they would be a sum of two characters of
degree 1, that must be 1 or —1, and evidently this would not give the correct character
values. For 1 < s < ”T_l they are distinct, and so we have constructed ”T_l +2= %"3



CHAPTER 4. CONSTRUCTION OF CHARACTERS 63

simple characters. This equals the number of conjugacy classes of GG, so we have the
complete character table.

4.4 Symmetric and Exterior Powers

As further ways of constructing new representations from old ones we describe the
symmetric powers and exterior powers of a representation. If V' is a vector space over
a field k its nth symmetric power is the vector space

SMV) = VeI

where V" = V ® --- ® V with n factors, and I is the subspace spanned by tensors
of the form ((--- ®v;® - Qv;® ) = (- Qv; ®---Qv; ®---)), where all places
in the two basic tensors are the same except for two of them, where the elements
v;,vj € V are interchanged. We write the image of the tensor v1 ® ---® v, in S™(V) as
a (commutative) product v; - - - vy, noting that in S™(V') it does not matter in which
order we write the terms. A good way to think of S™(V) is as the space of homogeneous
polynomials of degree n in a polynomial ring. Indeed, if uj, ..., u, is any basis of V' and
we let klui,...,ur], denote the vector space of homogeneous polynomials of degree n
in the u; as indeterminates, there is a surjective linear map

Ve s klug, ... U]

(extended by linearity to the whole of V®"). This map contains I in its kernel, so there
is induced a map
S™V) = klug, ..., up]p.

This is now an isomorphism since, modulo I, the tensors u$* ® uy® @ --- @ u®%
where Y7, a; = n span V®", and they map to the monomials that form a basis of
dimy k[u1, ..., up]n. As is well-known, dimy k[u1, ..., |, = (”+2_1).

The nth exterior power of V' is the vector space

AN V) =VE )]

where J is the subspace spanned by tensors ((- - -Qv;®- - ®@v;®- -+ )+ (- ®V; Q- - - QU ®
~-)and (- ®V;®---Qv;®--- ) where v;,v; € V. We write the image of v1 ®--- ® vy,
in A"(V') as v1 A~ - - Avp, so that interchanging v; and v; changes the sign of the symbol,
and if two of v; and v; are equal the symbol is zero. If the characteristic of £ is not 2
the second of these properties follows from the first, but for the sake of characteristic
2 we impose it anyway. By an argument similar to the one used for symmetric powers
we see that A™(V) has as a basis {uj, A~ Aw;, | 1 <ip <--- <i, <7}, and its
dimension is (7). In particular, A"(V) =0 if n > dim V.
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Suppose now that a group G acts on V and consider the diagonal action of G on
V@ The subspaces of relations I and J are preserved by this action, and so there
arise actions of G on S™(V') and A™(V):

g+ (v1vz - vp) = (gv1)(gv2) - - - (gvn)

g (Ui A Avp) = (gv1) A= A (gup).
Because we substitute the expressions for gv; into the monomials that form the bases
of S™(V') and A™(V'), we say that G acts on these spaces by linear substitutions. With

these actions we have described the symmetric and exterior powers of the representation

V.

Example 4.4.1. Consider the representation of G = (z ‘ 23 = 1) on the vector space
V with basis {ui,us2} given by

TU] = Uy

TUs = —U] — UD.

Then S?(V) has a basis {u?, ujug,u3} and

T ut = u’
x - (urug) = ua(—up — ug) = —ujug — u%

z-us = (—uy —up)? = ud 4 2uug + ul.
Similarly A%(V) has basis {uj; A uz} and
x - (up Aug) =ug A (—up —ug) = ug A us.

The symmetric and exterior powers fit into a more general framework where we
consider tensors with different symmetry properties. There is an action of the sym-
metric group S, on the n-fold tensor power V" given by permuting the positions of
vectors in a tensor, so that for example if «, 5,7 are vectors in V' then

(1,2)(e®pfoy)=00ay,
1,3)BRa®y)=7Ra®p.
From the above very convincing formulas and the fact that (1,2,3) = (1,3)(1,2) we

deduce that
(1,2,3)(a®BRy)=7R@a®

which is evidence that if o € S,, then
001 @ ®Un) = Vg-1(1) @ Vg=1(2) © *** @ Vg—1(),

a formula that is not quite so obvious. With this action it is evident that S™(V') is the
largest quotient of V" on which S, acts trivially, and when char(k) # 2, A™(V) is the
largest quotient of V" on which S,, acts as a sum of copies of the sign representation.
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We define the symmetric tensors or divided powers to be the fixed points (V&7)%,
and when chark # 2 we define the skew-symmetric tensors to be the largest kSj,-
submodule of V®" that is a sum of modules isomorphic to the sign representation.

Thus

symmetric tensors = {w € V¥" | o(w) = w for all o € Sy},

skew-symmetric tensors = {w € V" | o(w) = sign(c)w for all o € S,}.

When we let G act diagonally on V" the symmetric tensors, the skew-symmetric
tensors, as well as the subspaces I and J defined earlier remain invariant for the action
of G. We easily see this directly, but at a more theoretical level the reason is that the
actions of G and S,, on V®" commute with each other (as is easily verified), so that V®"
acquires the structure of a k[G x S,]-module, and elements of G act as endomorphisms
of VO™ as a kS,,-module, and vice-versa. Every endomorphism of the k.S,,-module V®"
must send the S,-fixed points to themselves, for example, and so the symmetric tensors
are invariant under the action of G. One sees similarly that the other subspaces are
also invariant under the action of G.

We remark that, in general, the symmetric power S™(V') and the symmetric tensors
provide non-isomorphic representations of G, as do A"(V) and the skew-symmetric
tensors. This phenomenon is investigated in Exercises 15 and 16 at the end of this
chapter. However these pairs of kG-modules are isomorphic in characteristic zero, and
we now consider in detail the case of the symmetric and exterior square. Suppose that
k is a field whose characteristic is not 2. In this situation the only tensor that is both
symmetric and skew-symmetric is 0. Any degree 2 tensor may be written as the sum
of a symmetric tensor and a skew-symmetric tensor in the following way:

1 1
Z)\ijvi Ru; = B Z)\ij(vi RUj+v; @ UZ') + 3 Z)\ij(vi Ruj —v; ® Ui).
We deduce from this that
V ® V = symmetric tensors @ skew-symmetric tensors

as kG-modules. The subspace I that appeared in the definition S?(V) = (V @ V)/I
is contained in the space of skew-symmetric tensors, and the subspace J for which
A2(V) = (V ® V)/J is contained in the space of symmetric tensors. By counting
dimensions we see that dim I + dimJ = dimV ® V' and putting this together we see

that
I = skew-symmetric tensors,

J = symmetric tensors, and
VeV=IaJ
From this information we see on factoring out I and J that

~

S%(V) = symmetric tensors,

A*(V) = skew-symmetric tensors,

and we have proved the following result.
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Proposition 4.4.2. Suppose V is a representation for G over a field k whose charac-
teristic is not 2. Then

VeoV=sSiV)e AX(V),
as kG-modules, where G acts diagonally on V®V and by linear substitutions on S*(V)
and A2(V).

One application of this is that when constructing new representations from an
existing representation V by taking tensor products, the tensor square will always
decompose (away from characteristic 2) giving two smaller representations.

Suppose now that k = C. If x is the character of a representation V we write S%y
and A2y for the characters of S?(V) and A%(V).

Proposition 4.4.3. Let x be the character of a representation V' of G over C. Then
S2x(9) = 5 (x(9)* + x(9%))

A*x(9) = 5 (x(9)” = x(¢")).

L

Proof. For each g € G, V iff» is the direct sum of 1-dimensional representations of the
cyclic group (g), and so we may choose a basis uy,...,u, for V such that g - u; = A\u;
for scalars A;. The monomials uf with 1 <4 <7 and wu; with 1 <7 < j <r form a
basis for S2V, and so the eigenvalues of g on this space are )\22 with 1 <4 <7 and A\
with 1 <17 < j < r. Therefore

Sx(@ =D N+ D A
=1

1<i<j<r
1

= St AT+ (A 4+ A7)

= %(x(g)2 +x(9%))

Similarly A%V has a basis u; A uj with 1 <14 < j <7, so the eigenvalues of g on A%V
are \;A\; with 1 <7< j <r and

AMx(g)= > NN

- %((A1+---+AT)2—(A%+-~-+A$))
= %(x(g)2 —x(g%))-

O

There is a formula due to Molien for the generating function of characters of the
symmetric powers of V. We present Molien’s theorem in Exercise 19.
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4.5 The Construction of Character Tables

We may now summarize some major techniques used in constructing complex character
tables. The first things to do are to determine

e the conjugacy classes in G,
e the abelianization G/G’,
e the 1-dimensional characters of G.
We construct characters of degree larger than 1 as
e natural representations of G,
e representations lifted from quotient groups,
e representations induced from subgroups,
e tensor products of other representations,
e symmetric and exterior powers of other representations,
e contragredients of other representations.

As a special case of the induced representations we have permutation representations,
which are induced from the trivial module. The representations obtained by these
methods might not be simple, so we test them for simplicity and subtract off known
character summands using the

e orthogonality relations
which are assisted in the case of induced characters, by
e Frobenius reciprocity.

The orthogonality relations provide a check on the accuracy of our calculations, and
also enable us to complete the final row of the character table. The facts that the
character degrees divide |G| and that the sum of the squares of the degrees equals |G|
also help in this.

4.6 Summary of Chapter 4

e The characters of representations obtained by induction, tensor product, sym-
metric and exterior powers are all useful in constructing character tables and
there are formulas for these characters.

e The character table of G; x (G5 is the tensor product of the character tables of
G1 and Gs.
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e The degree 1 characters of G are precisely the characters of the simple represen-
tations of G/G’.

e The simple complex characters of a cyclic group of order n are the n homomor-
phisms to the group of nth roots of unity.

e Induced characters may be decomposed using Frobenius reciprocity.

e An induced module may be identified by the fact that it is a direct sum of
subspaces that are permuted by G.

4.7 Exercises for Chapter 4

In these exercises every module is supposed to be a finite dimensional vector space over
the ground field.

1. (a) Compute the character table of the dihedral group Dg, when n is even.

(b) Compute the character table of the quaternion group Qg that was described in
Chapter 2 Exercise 12.

(c) Use this information to show that the posets of normal subgroups of Dg and Qs
are isomorphic.

[The groups Dg and Qg provide an example of non-isomorphic groups whose char-
acter tables are ‘the same’.

2. Let G be the non-abelian group of order 21:
G=(z,y | 2’ =3 =1, yay ! = 2?).

Show that G has 5 conjugacy classes, and find its character table.
3. Find the character table of the following group of order 36:

G = (a,b,c { a® =0 =c*=1,ab=ba,cac™t = b,chc™! = a?).

[It follows from these relations that (a,b) is a normal subgroup of G of order 9.]

4. Compute the character table of the symmetric group S5 by the methods of this
chapter. To help in doing this, consider especially the decomposition of the permutation
representation on 5 symbols, the symmetric and exterior square of the summands, as
well as tensor product with the sign representation.

5. Compute the character tables of the alternating groups A4 and As using the
following procedure. You may assume that As is a simple group that is isomorphic to
the group of rotations of a regular icosahedron, and that A4 is isomorphic to the group
of rotations of a regular tetrahedron.

(a) Compute the conjugacy classes by observing that each conjugacy class of even
permutations in S, is either a single class in A,, or the union of two classes of A,, and
that this can be determined by computing centralizers of elements in A,, and comparing
them with the centralizers in S,,.
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(b) Compute the abelianization of each group, and hence the 1-dimensional repre-
sentations.

(c) Obtain further representations using the methods of this section. We have
natural 3-dimensional representations in each case. It is also helpful to consider induced
representations from the Sylow 2-subgroup in the case of A4, and from the subgroup
Ay in the case of As.

6. Let k be any field, H a subgroup of GG, and V a representation of H over k. Show
that V* 142 (V 14)*. Deduce from this that kG = (kG)* and (more generally) that
permutation modules are self-dual (i.e. isomorphic to their dual).

7. Let k be any field, and V any representation of G over k. Prove that V ® kG is
isomorphic to a direct sum of copies of kG.

8. The tensor product V = R3? ®r R? ®r R? is a vector space of dimension 27
with basis the tensors e; ® e; ® e, where eq, ez, ez is a standerd basis for R3. The
symmetric group S3 acts on V' by permuting the positions of the suffixes, so for instance
(1,2) - (e3®e1 @ez) = 1 ®e3 @ ea.

(a) Find the multiplicity of each simple representation of S3 in a decomposition
of V as a direct sum of simple representations. [Observe that V is a permutation
representation. ]

(b) Give also the decomposition of V' as a direct sum of three subspaces consisting
of tensors with different symmetry properties under the action of S3. What are the
dimensions of these subspaces? Find a basis for each subspace. [Use the result of
Chapter 3 Exercise 13.]

(c) The Schur algebra Sc¢(3, 3) may be defined to be the endomorphism ring Homeg, (V, V).
Show that S¢(3,3) is semisimple and find the dimensions of its simple representations.

9. Let V be a representation of G over a field k of characteristic zero. Prove that
the symmetric power S™(V') is isomorphic as a kG-module to the space of symmetric
tensors in V®n,

10. Show that every simple representation of C3 x C3 over R has dimension 1 or 2.
Deduce that if V' is a simple 2-dimensional representation of C'3 over R then V ® V' is
not a simple R[C3 x Cs]-module.

11. Let H be a subgroup of G.

(a) Write H = Y, .y h for the sum of the elements of H, as an element of RG.
Show that RG-H = R Tg as left RG-modules. Show also that RG - H equals the fixed
points of H in its action on RG from the right.

(b) More generally let p: H — R* be a 1-dimensional representation of H (that is,
a group homomorphism to the units of R). Write H := 3",y p(h)h € RG. Show that
RG-H = p* T% as RG-modules.

12. Let H be a subgroup of G and V an RH-module. Show that if V' can be
generated by d elements as an RH-module then V Tg can be generated by d elements
as an RG-module.
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13. Let U,V be kG-modules where k is a field, and suppose we are given a non-
degenerate bilinear pairing
(, ):UxV =k

that is G-invariant, that is, (u,v) = (gu,gv) for al u e U, v € V, g € G. If U; is a
subspace of U let Ui~ = {v € V' | (u,v) = 0 for all u € Uy} and if V; is a subspace of V
let Vit ={ueU ’ (u,v) =0 for all v € V1 }.

(a) Show that V' = U* as kG-modules, and that there is an identification of V' with
U* so that ( , ) identifies with the canonical pairing U x U* — k.

(b) Show that if U; and Vj are kG-submodules, then so are Uf- and Vll.

(c) Show that if U; C Uy are kG-submodules of U then

Uit /Uy = (Ua/Uy)*

as kG-modules.
(d) Show that the composition factors of U* are the duals of the composition factors
of U.

14. Let Q be a finite G-set and k2 the corresponding permutation module, where
kis a field. Let ( , ):kQ x kQ — k be the symmetric bilinear form specified on the

elements of Q2 as
1 if w1 = Wa,
(w1, we) =

0 otherwise.

(a) Show that this bilinear form is G-invariant, i.e. (wi,w2) = (gwi, gwa) for all
g€ qG.

(b) Deduce from this that k€ is self-dual, i.e. kQ = (kQ)*. [Compare with Exer-
cise 6.]

15. Let V be a kG-module where k is a field, and let ( , ):V x V* — k be the
canonical pairing between V' and its dual, so (v, f) = f(v).

(a) Show that the specification (v ® -+ @ vy, f1 @ -+ ® fn) = fi(v1) -+ fu(vn)
determines a non-degenerate bilinear pairing ( , ) : V& x (V¥)®* — k that is
invariant both for the diagonal action of G and the action of S,, given by permuting
the positions of the tensors.

(b) Let I and J be the subspaces of V®" that appear in the definitions of the
symmetric and exterior powers, so S"(V) = V& /I and A®" = V" /J. Show that I+
(defined in Exercise 13) equals the space of symmetric tensors in (V*)®" and that J+
equals the space of skew-symmetric tensors in (V*)®™" (at least, when char k # 2).

(c) Show that (S™(V))* = ST™(V*), and that (A"(V))* = SST*(V*), where ST"
denotes the symmetric tensors, and in general we define the skew-symmetric tensors
SST™(V*) to be J+.

16. Let G = Cy x (5 be the Klein four group with generators a and b, and k = Fy
the field of two elements. Let V' be a 3-dimensional space on which a and b act via the
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matrices
1 0 0 1 0 0
1 10 and 01 0
0 0 1 1 01

Show that S?(V) is not isomorphic to either ST?(V) or ST?(V)*, where ST denotes
the symmetric tensors. [Hint: Compute the dimensions of the spaces of fixed points of
these representations.]

17. (Cauchy-Frobenius Lemma) A lemma often attributed to Burnside states that
if a finite group G permutes a finite set €2 then the number of orbits of G on (2 equals
the average number of fixed points of elements of G on €2:

1
V0 = = > |2,
6] 2

Prove this lemma by showing that both sides of the equation are equal to {xc, xcq)-
[In the first edition of his book Burnside attributed this result to Frobenius, who first
stated and proved it. Frobenius, in turn, credited Cauchy with the transitive case of
the result.]

18. (Artin’s Induction Theorem) Let C°(%) denote the vector space of class func-
tions on G and let C be a set of subgroups of GG that contains a representative of each
conjugacy class of cyclic subgroups of G. Consider the linear mappings

rese : C°(&) — @ CeetH)
HeC

and
inde : @ €U — ¢
Hel

whose component homomorphisms are the linear mappings given by restriction
\Lg: CCC(G) N CCC(H)

and induction
Tg: CCC(H) _ CCC(G)

(a) With respect to the usual inner product { , )g on C®%) and the inner product
on Pyee Cee() that is the orthogonal sum of the ( , )m, show that res¢ and indc
are the transpose of each other.

(b) Show that resc is injective.

[Use the fact that C<e(&) has a basis consisting of characters, that take their information
from cyclic subgroups.|

(¢) Prove Artin’s induction theorem: In C°(©) every character x can be written as
a rational linear combination

X=> apgyt 1
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where the sum is taken over cyclic subgroups H of G, ¢ ranges over characters of H
and apy € Q.
[Deduce this from surjectivity of inde and the fact that it is given by a matrix with
integer entries. A stronger version of Artin’s theorem is possible: there is a proof due
to Brauer which gives an explicit formula for the coefficients af,; from this we may
deduce that when y is the character of a QG-module the ¢ that arise may all be taken
to be the trivial character.]

(d) Show that if U is any CG-module then there are CG-modules P and (), each
a direct sum of modules of the form V' Tf] where H is cyclic, for various V and H, so
that U™ & P = @ for some n, where U™ is the direct sum of n copies of U.

19. (Molien’s Theorem) (a) Let p : G — GL(V) be a complex representation of
G, so that V' is a CG-module, and for each n let xgn (1) be the character of the nth
symmetric power of V. Show that for each g € G there is an equality of formal power
series

o0 " 1
2 xs 0" = G )

Here t is an indeterminate, and the determinant that appears in this expression is of a
matrix with entries in the polynomial ring C[t], so that the determinant is a polynomial
in t. On expanding the rational function on the right we obtain a formal power series
that is asserted to be equal to the formal power series on the left.
[Choose a basis for V' so that g acts diagonally, with eigenvalues &1, ...,&;. Show that
on both sides of the equation the coefficient of ¢" is equal to Zi1+~~~+zd:n il . Zﬁ ]
(b) If W is a simple CG-module we may write the multiplicity of W as a summand
of S™(V') as (xg»(v), xw) and consider the formal power series

[ee]
My (W) = (xsny, xw)t".
=0
Show that
M yG|Zdet1—tp N

(¢) When G = S5 and V is the 2-dimensional simple CSs-module show that
1

MV(C):(l—tZ)(l—tS)
=1+ 48+ + 0+ 25+ 7 28 209 20 4
t3
Mv(e) = a=ma—m
=P+ + 0+t 20 10
My (V) = t(1+1)

(1—¢2)(1—1¢3)
—t+ 2+ 32 25 20 1 3T 38 £ 30 410
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where C denotes the trivial module and e the sign representation. Deduce, for example,
that the eighth symmetric power S3(V) =2 C2 @ e V3.



Chapter 5

More on Induction and
Restriction: Theorems of Mackey

and Clifford

The results in this chapter go more deeply into the theory. They apply over fields of
arbitrary characteristic, and even over arbitrary rings in the case of Mackey’s decom-
position formula. We start with this formula, which is a relationship between induction
and restriction. After that we explain Clifford’s theorem, which shows what happens
when a simple representation is restricted to a normal subgroup. These results will
have many consequences later on. At the end of the chapter we will see the conse-
quence of Clifford’s theorem that simple representations of p-groups are induced from
1-dimensional representations of subgroups.

5.1 Double cosets

For Mackey’s theorem we need to consider double cosets. Given subgroups H and K
of G we define for each g € G the (H, K)-double coset

HgK = {hgk | h € H,k € K}.

If 2 is a left G-set we use the notation G\ for the set of orbits of G on €2, and denote
a set of representatives for the orbits by [G\(]. Similarly if Q is a right G-set we write
/G and [Q/G]. We will use all the time the fact that if Q is a transitive G-set and
w € Q then Q = G/ Stabg(w), the set of left cosets of the stabilizer of w in G.

Proposition 5.1.1. Let H K <G.

(1) Each (H, K)-double coset is a disjoint union of right cosets of H and a disjoint
union of left cosets of K.

(2) Any two (H, K)-double cosets either coincide or are disjoint. The (H, K)-double
cosets partition G.

74
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(8) The set of (H, K)-double cosets is in bijection with the orbits H\(G/K), and also
with the orbits (H\G)/K under the mappings

HgK — H(gK) € H\(G/K)
HgK — (Hg)K € (H\G)/K.

Proof. (1) If hgk € HgK and ki € K then hgk - k1 = hg(kk1) € HgK so that the
entire left coset of K that contains hgk is contained in HgK. This shows that HgK is
a union of left cosets of K, and similarly it is a union of right cosets of H.

(2) If higiki = hagoks € Hg1 K N Hgo K then g1 = hy *hagokoky' € Hgo K so that
Hg K C HgoK, and similarly HgoK C Hg1 K. Thus if two double cosets are not
disjoint, they coincide.

(3) In this statement G acts from the left on the left cosets G /K, hence so does H
by restriction of the action. We denote the set of H-orbits on G/K by H\(G/K). The

mapping
{double cosets} - H\(G/K)

HgK — H(gK)

is evidently well-defined and surjective. If H(g1 K) = H(g2K) then go K = hg1 K for
some h € H,s0 g2 € Hg1 K and Hg1 K = Hg2 K by (2). Hence the mapping is injective.
The proof that double cosets biject with (H\G)/K is similar. O

In view of (3) we denote the set of (H, K)-double cosets in G by H\G/K. We
denote a set of representatives for these double cosets by [H\G/K].

Example 5.1.2. Consider Sz = {(), (12)} as a subgroup of S3. We have

S2\S3/52 = {{(), (12)},{(123), (132), (13), (23) } },

while, for example,
[52\S3/52] = {(), (123)}.

Ss3 acts transitively on {1,2,3} with Stabg,(3) = Sa, so as S3-sets we have
S3/S2 = {1,2,3}.
Thus the set of orbits on this set under the action of Sy is

S2\(53/52) < {{1,2},{3}}.

We observe that these orbits are indeed in bijection with the double cosets S2\S3/Ss.

This example illustrates the point that when computing double cosets it may be
advantageous to identify G/K as some naturally occurring G-set, rather than as the
set of left cosets.

In the next result we distinguish between conjugation on the left and on the right:
Ir = grg~' and 29 = g~ 'zg. Later on we will write cy(z) = 9z, so that ¢, : H — 9H
is the homomorphism that is left conjugation by g, and cy-1(x) = 29.
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Proposition 5.1.3. Let H, K be subgroups of G and g € G an element. We have
isomorphisms
HgK/K = H/(HNYK) as left H-sets

and
H\HgK = (HIN K)\K as right K-sets.

Thus the double coset HgK is a union of |H : HNIK| left K-cosets and |K : HI N K|
right H-cosets. We have

G:K|= Y |H:HNK]
9€[H\G/K]
and
G:H|= Y |K:H'nK]|.
g€[H\G/K]

Proof. HgK is the union of a single H-orbit of left K-cosets. The stabilizer in H of

one of these is
Stabp (9K) ={h € H | hgK = gK}

={he H|WK =K}

={heH|KWecK}

=HNIYK.
Thus HgK/K = H/(H NIK) as left H-sets and the number of left K-cosets in HgK
equals |H : HNY9K|. By summing these numbers over all double cosets we obtain the

total number of left K-cosets |G : K.
The argument with right H-cosets is similar. O

5.2 Mackey’s theorem

We introduce conjugation of representations, a concept we have in fact already met with
induced representations. Suppose H is a subgroup of G, g € G and V is a representation
of H. We define a representation 9V of 9H by specifying that 9V =V as a set, and if
9h € 9H then 9h - v = hv. Thus if p: H — GL(V) was the original representation, the

C,—1
conjugate representation is the composite homomorphism 9H -2 H L)GL(V) where
cg-1(9h) = h.
When studying the structure of induced representations

Vig= P 9oV,
g€[G/H]

the subspace ¢ ® V' is in fact a representation for H; for
ghg™" - (g®@v) =ghg 'g@v=gh®v=g® hv.

When g ® V is identified with V' via the linear isomorphism g ® v — v, the action of
9H on V that arises coincides with the action we have just described on 9V.
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Theorem 5.2.1 (Mackey decomposition formula). Let H, K be subgroups of G and V
a representation for K over a commutative ring R. Then

V12 P OV L)) ok
g€[H\G/K]

as RH-modules.
Proof. We have V T;G(: @xe[G /K] T @ V. Consider a particular double coset HgK.

The terms
@ TRV

z€[G/K]
r€EHgK

form an R-submodule invariant under the action of H, since it is the direct sum of an
orbit of R-submodules permuted by H. Now

Stabp(g@ V) ={he H |hgaV =gV}
={he€H|g 'hg € Stabe(1®V) = K}
= HNYK.

Therefore as a representation for H this subspace is (g®V) Tgmg i by Proposition 4.3.2.
As observed before the statement of this theorem we have g @ V = 9(V [K ) as a
representation of H NY9K. Putting these expressions together gives the result. O

As an application of Mackey’s theorem we consider permutation modules arising
from multiply transitive G-sets. We say that a G-set 2 is n-transitive (or, more prop-
erly, the action of G on 2 is n-transitive) if Q has at least n elements and for every
pair of n-tuples (ai,...,ay) and (b1,...,by,) in which the a; are distinct elements of
Q) and the b; are distinct elements of €2, there exists ¢ € G with ga; = b; for every
i. For example, S,, acts n-transitively on {1,...,n}, and one may show that A,, acts
(n — 2)-transitively on {1,...,n} provided n > 3. Notice that if G acts n-transitively
on  then it also acts (n — 1)-transitively on €.

Lemma 5.2.2. Let Q) be a G-set with at least n elements (where n > 1) and let w € Q.
Then G acts n-transitively on Q0 if and only if G acts transitively on Q and Stabg(w)
acts (n — 1)-transitively on Q — {w}.

Proof. If G acts n-transitively then G also acts transitively, and if ao,...,a, and
by, ...,b, are two lists of n — 1 distinct points of 2, none of them equal to w, then
there exists ¢ € G so that g(w) = (w) and g(a;) = b; for all i. This shows that
Stabg(w) acts (n — 1)-transitively on Q — {w}.

Conversely, suppose G acts transitively on  and Stabg(w) acts (n — 1)-transitively
on Q — {w}. Let ai,...,a, and by,...,b, be two lists of n distinct points of 2. We
may find u,v € G so that uwa; = w and vw = by, by transitivity of G on 2. The
elements w, uas, . .., ua, are distinct, as are the points w,v"'bs,...,v71b,, so we can
find g € Stabg w so that gua; = v~ 'b; when 2 < i < n. Now vgua; = b; for 1 <i<n
and this shows that G acts n-transitively on €. O
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Proposition 5.2.3. Whenever () is a G-set the permutation module C§2 may be written
as a direct sum of CG-modules
CQ=CoV

for some module V. Suppose that |Q2] > 2, so V # 0. The representation V is simple if
and only if G acts 2-transitively on 2. In that case, V is not the trivial representation.

Proof. Pick any orbit of G on Q. It is isomorphic as a G-set to G/H for some subgroup
H < G and so C[G/H] is a direct summand of CS, with character 11%. Since

L1t e = (1,0 =1

by Frobenius reciprocity we deduce that C is a summand of C[G/H| and hence of C.

In the equivalence of statements that forms the third sentence, neither side is true
if G has more than one orbit on 2, so we may assume 2 = G/H. The character of CS2
is 1 Tg, and we compute

A1, 1156 = (119 15, Da
= Z (“1) TgmgHv Du

ge[H\G/H]

Z (1 TgmgHa 9%

ge[H\G/H]

= > (LDamwn

g€[H\G/H)|
— Z 1

g€[H\G/H]
= [H\G/H]|,

using Frobenius reciprocity twice and Mackey’s formula. Now |H\G/H]| is the number
of orbits of H (the stabilizer of a point) on G/H. By Lemma 5.2.2 this number is 2
if G acts 2-transitively on (2, and otherwise it is greater than 2 (since |2] > 2 was a
hypothesis). Writing C[G/H] = S1&---® S, as a direct sum of simple representations
we have

(115, 115 = n,

and we get the value 2 for the inner product if and only if there are 2 simple represen-
tations in this expression, and they are non-isomorphic. This is equivalent to requiring
that V is simple, because it could only be the trivial representation if G acts trivially
on G/H, which our hypotheses exclude. In any case we deduce that V' is not the trivial
representation. ]

Example 5.2.4. Let Q = {1,...,n} acted upon transitively by S, and also by A,.
Then CQ = C @ V where V is a simple representation of .S,,, which remains simple on
restriction to A, provided n > 4.
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5.3 Clifford’s theorem

We now turn to Clifford’s theorem, which we present in a weak and a strong form. The
weak form is used as a step in proving the strong form a little later, and as a result in
its own right it only has force in a situation where |G| is not invertible in the ground
ring. In these versions of Clifford’s theorem we make the hypothesis that the ground
ring is a field, but this is no loss of generality in view of Exercise 15 from Chapter 1.

Theorem 5.3.1 (Weak form of Clifford’s theorem). Let k be any field, U a simple
kG-module and N a normal subgroup of G. Then U if, is semisimple as a kN -module.

Proof. Let V be any simple kN-submodule of U i% For every g € G, gV is also a
kN-submodule since if n € N we have n(gv) = g(g~'ng)v € gV, using the fact that N
is normal. Evidently gV is also simple, since if W were a kN-submodule of gV then
g~ W would be a submodule of V. Now > gec 9V is a non-zero G-invariant subspace of
the simple kG-module U, and so deG gV =U. As a kN-module we see that U i% is
the sum of simple submodules, and hence U iﬁ is semisimple by the results of Chapter
1. O

The kN-submodules gV that appear in the proof of Theorem 5.3.1 are isomorphic to
modules we have seen before. Since N <G, the conjugate module 9V is a representation
for YN = N. The mapping

IV — gV
V= gU

is an isomorphism of kN-modules, since if n € N the action on 9V is n-v = g~ 'ngv

and the action on gV is n(gv) = g(¢g~'ngv). Recall also that these modules appeared
when we described induced modules. Part of Clifford’s theorem states that the simple
module U is in fact an induced module.

Theorem 5.3.2 (Clifford’s theorem). Let k be any field, U a simple kG-module and
N a normal subgroup of G. We may write U [§= S{* @ - @® S where the S; are
non-isomorphic simple kN -modules, occurring with multiplicities a;. (We refer to the
summands S;" as the homogeneous components.) Then

(1) G permutes the homogeneous components transitively;
(2) ag =az =+ =a, and dim S; = dim Sy = --- = dim S,; and
(8) if H = Stabg(Sy") then U =2 S{* 1% as kG-modules.

Proof. The fact that U L% is semisimple and hence can be written as a direct sum as
claimed follows from Theorem 5.3.1. We observe that, by Corollary 1.2.7, the homo-
geneous component S;" is characterized as the unique largest kN-submodule that is
isomorphic to a direct sum of copies of S;. If g € G then g(S;") is a direct sum of isomor-
phic simple modules ¢5;, and so by this characterization must be contained in one of the
homogeneous components: g(S;") C S;-lj for some j. Since U = ¢g(S7*)®---®g(Si), by
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counting dimensions we have g(S;") = S;j . Thus G permutes the homogeneous com-
ponents. Since ) . g(S]") is a non-zero G-invariant submodule of the simple module
U, it must equal U, and so the action on the homogeneous components is transitive.
This establishes (1), and (2) follows since for any pair (i,7) we can find g € G with
g(Si") = S;Lj , s0 a; = a; and dim S; = dim S;. Finally, (3) is a direct consequence of
Proposition 4.3.2. O

For now, we give just one application of Clifford’s theorem, which is Corollary 5.3.4.
In the proof of Corollary 5.3.4 we will need a fact about representations of abelian
groups that so far we have only proved when |G| is invertible in Corollary 2.1.7 (and
over C in Theorem 4.1.5).

Theorem 5.3.3. Let k be any algebraically closed field. If G is abelian then every
simple kG-module has dimension 1.

Proof. Consider a simple kG-module S and let ¢ € G. In its action on S, g has an
eigenvalue A\, with non-zero eigenspace Sy. Since all elements h € G commute with
g we have hSy = S\ (by the argument that if v € S\ then gv = Av, so g(hv) =
h(gv) = hAv = Ahv, so hv € Sy; but also the action of h is invertible). Thus S) is a
kG-submodule of S, so S\ =S by simplicity of S. It follows that every element g € G
acts by scalar multiplication on S, and such a simple module S must have dimension
1. O

As a consequence of the last result and Proposition 4.2.1, over an algebraically closed
field the degree 1 representations of any group G are the same as the representations
of G/G', lifted to G via the quotient homomorphism G — G'.

The next result about simple representations of p-groups is true as stated when k
has characteristic p, but it has no force in that situation because (as we will see in
the next section) the only simple representation of a p-group in characteristic p is the
trivial representation. We are thus only really interested in the following result over
fields of characteristic other than p, and in particular over fields of characteristic 0.

Corollary 5.3.4. Let k be any algebraically closed field and G a p-group. Then every
simple module for G has the form U Tfl where U is a 1-dimensional module for some
subgroup H.

Proof. We proceed by induction on |G|. Let p : G — GL(S) be a simple representation
of G over k and put N = ker p. Then S is really a representation of G/N. If N # 1 then
G/N is a group of smaller order than G, so by induction S has the claimed structure
as a representation of G/N, and hence also as a representation of G. Thus we may
assume N = 1 and G embeds in GL(S).

If G is abelian then all simple representations are 1-dimensional, so we are done.
Assume now that G is not abelian. Then G has a normal abelian subgroup A that is
not central. To construct this subgroup A, let Z2(G) denote the second center of G,
that is, the preimage in G of Z(G/Z(G)). If x is any element of Z3(G) — Z(G) then
A = (Z(G),z) is a normal abelian subgroup not contained in Z(G).
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We apply Clifford’s theorem:
SiG=54"@...0 8™

and S = V 1% where V = S{* and K = Stabg(S{"'). We argue that V must be
a simple kK-module, since if it had a proper submodule W then W Tf( would be a
proper submodule of S, which is simple. If K # G then by induction V = U Tg where
U is 1-dimensional, and so S = (U 1K) Tf(: U 1% has the required form.

We show finally that the case K = G cannot happen. For if it were to happen then
S ¢§: S7*, and since A is abelian dim S; = 1. The elements of A must therefore act
via scalar multiplication on S. Since such an action would commute with the action of
G, which is faithfully represented on S, we deduce that A C Z(G), a contradiction. []

The above result is useful if we are constructing the character table of a p-group,
because it says that we need look no further than induced characters. We note that the
conclusion of Corollary 5.3.4 also applies to supersolvable groups, which again have the
property, if they are not abelian, that they have a non-central normal abelian subgroup.

A representation of the form U Tg for some subgroup H and with U a 1-dimensional
representation of H is said to be monomial. A group G all of whose irreducible complex
representations are monomial is called an M-group. Thus p-groups (and also supersolv-
able groups) are M-groups.

5.4 Summary of Chapter 5

e The Mackey formula: induction followed by restriction is a sum over double cosets
of restriction followed by conjugation followed by induction.

e A permutation representation is 2-transitive if and only if the complex permuta-
tion module has two summands.

e (lifford’s theorem: the restriction of a simple module to a normal subgroup is
semisimple, and the module is induced from the stabilizer of a homogeneous
component.

e For a p-group over an algebraically closed field, every simple module is induced
from a 1-dimensional module.

5.5 Exercises for Chapter 5

1. Let k£ be any field, and g any element of a finite group G.
(a) If K < H < G are subgroups of G, V' a kH-module, and W a kK-module, show
that (9V) Lol 9(V JH) and (9W) 15822 9(W +1L). [This allows us to put conjugation
before, between, or after restriction and induction in Mackey’s formula.]
(b) If U is any kG-module, show that U = 9U by showing that one of the two mappings
U — 9U specified by u +— gu and u — ¢~ 'u is always an RG-module isomorphism.
[Find which one of these it is.]
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2. Let H and K be subgroups of G with HK = G and H N K = 1. Show that
for any kH-module U the module U T%MG( is a direct sum of copies of the regular
representation kK.

3. Let H and K be subgroups of G and consider the permutation modules R Tg
and R TIG< over a commutative ring R. Show that the space of homomorphisms
Hompa(R Tg, R T%) is free as an R-module, with a basis in bijection with the dou-
ble cosets H\G/K. Show that if R — S is a surjective ring homomorphism then the
induced homomorphism Hompa(R Tg,R T%) — Homgg (S Tg, S T[G() is surjective.
Deduce that every module homomorphism between SG-permutation modules lifts to a
homomorphism between RG-permutation modules.

4. Let k be a field. Show by example that it is possible to find a subgroup H of a
group G and a simple kG-module U for which U ig is not semisimple.

5. Find the complete list of subgroups H of the dihedral group Dg such that the 2-
dimensional simple representation over C can be written U T% for some 1-dimensional
representation U of H. Do the same thing for the quaternion group Qs.

6. Compute the character tables of the generalized quaternion group of order 16
Q16 = (x,y ‘ B=1, 2t =92 gyt =271
and the semidihedral group of order 16:
SDig = (z,y ‘ =y =1, yoy! =2°).

7. The following statements generalize Lemma 3.2.2 and Maschke’s theorem. Let
H be a subgroup of G and suppose that k is a field in which |G : H| is invertible. Let
V be a kG-module.

(a) Show that
1

|G : H|

is a well-defined map that is a projection of the H-fixed points onto the G-fixed
points. In particular, this map is surjective.

Z g: vH  y&
9€[G/H]

(b) Show that if V' | is semisimple as a kH-module then V is semisimple as a
kG-module.

8. Let H be a normal subgroup of G and suppose that k is a field of characteristic
.

(a) Let p * |G : H|. Show that if U is a semisimple kH-module then U 1% is a
semisimple kG-module.

(b) Let p | |G : H|. Show by example that if U is a semisimple kH-module then it
need not be the case that U Tg is a semisimple kG-module.
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9. Let H be a subgroup of G of index 2 (so that H is normal in G) and let k be
a field whose characteristic is not 2. The homomorphism G — {£1} C k with kernel
H is a 1-dimensional representation of GG that we will call e. Let S, T be simple kG-
modules and let U,V be simple KH-modules. You may assume that U Tg and V Tff
are semisimple (this is proved as Exercise 8(a)). Let g € G — H.

(a) Show that S |% is the direct sum of either 1 or 2 simple kH-modules.

(b) Show that U 14 is the direct sum of either 1 or 2 simple kG-modules.
In the following questions, notice that

SIS Skt =S (kde)=Sa (S e).
For some parts of the questions it may help to consider

Homgp (S 1%, T 1%) and  Hompg(U 14,V 1%).
c¢) Show that the following are equivalent:

(i) S is the induction to G of a kH-module,
(ii) S 1% is not simple,

(iii) S S®e.

(i) U is the restriction to H of a kG-module,
(ii) U 1% is not simple,

(
)
)
)
(d) Show that the following are equivalent:
)
)
(i) U
(e

) Show that S & and T ig have a summand in common if and only if S = T or
S=TRe.
(f) Show that U 1% and V 1% have a summand in common if and only if U = V
or U=9V.
(g) We place an equivalence relation ~; on the simple kG-modules and an equiva-
lence relation ~9 on the simple kH-modules:

S~ T SETorS=2TRe
U~y VeasU=VorlU=9V.

Show that induction Tg and restriction ifl induce mutually inverse bijections between
the equivalence classes of simple kG-modules and of simple kH-modules in such a way
that an equivalence class of size 1 corresponds to an equivalence class of size 2, and
vice-versa.

(h) Show that the simple kG-modules of odd degree restrict to simple kH-modules,
and the number of such modules is even.

(i) In the case where G = Sy, H = A4 and k = C, show that there are three
equivalence classes of simple characters under ~; and ~s. Verify that ¢ and T A, give
mutually inverse bijections between the equivalence classes.
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10. Let G = GL(3,2) be the group of 3 x 3 invertible matrices over k = [Fy and let

a b 0
H={|c d 0 |a,b,c,d,e,f,1€IF2, (ad — bec) # 0}
e f 1

You may assume from group theory that |G| = 168. Let V' be the natural 3-dimensional
space of column vectors on which G-acts.

(a)
(b)
()

Show that |H| = 24, so that |G : H| = 7.
Show that V is simple as a kG-module.

Show that as a KH-module V' Lg has a simple socle with trivial H action, and
such that the quotient of V' by the socle is a simple 2-dimensional module.

Show that dim Homyg (k 1%, V) = 1 and dim Homyg(V, k 1%) = 0.

Show that k T% is not semisimple, thereby showing that even if p * |G : H| it
need not be the case that the induction of a simple module is semisimple when
H is not normal.

Show that dim Homyg(k Tg,V*) = 0 and dim Homyg(V*, k Tg) = 1. Show
that V 2 V*. Show that k Tfl is the direct sum of the trivial module £ and a
6-dimensional module that has socle V* and socle quotient V.



Chapter 6

Representations of p-groups in
characteristic p and the radical

The study of representations of a group over a field whose characteristic divides the
group order is more delicate than the case of ordinary representation theory. Modules
no longer need be semisimple and we have to do more than count multiplicities of simple
direct summands to determine their isomorphism type. In this chapter we begin the
task of assembling techniques specifically aimed at dealing with this. As a first step
we focus on representations of p-groups in characteristic p. Specific things may be
said about them with very little background preparation, and they have impact on
representations of all groups. In subsequent chapters we will gradually fill in the rest of
the picture. We start by describing completely the representations of cyclic p-groups.
We show that p-groups have only one simple module in characteristic p. We introduce
the radical and socle series of modules and deduce that the regular representation is
indecomposable, identifying its radical as the augmentation ideal. We conclude with a
discussion of Jennings’ theorem on the radical series of the group algebra of a p-group
in characteristic p.

6.1 Cyclic p-groups

We describe all representations of cyclic p-groups over a field of characteristic p using
elementary methods. In the first proposition we reduce their study to that of modules
for a principal ideal domain. When G is cyclic of order N we have already made use of
an isomorphism between kG and k[X]/(X" —1) in Exercise 11 from Chapter 2. When

N is a power of p we can express this slightly differently.

Proposition 6.1.1. Let k be a field of characteristic p and let G = (g ‘ g"" =1) be
cyclic of order p™. Then there is a ring isomorphism kG = k[X]/(XP"), where k[X] is
the polynomial Ting in an indeterminate X .

85
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Proof. We define a mapping
G — k[X]/(XP")
g° — (X +1)°.

Since
(X + l)pn = X" +p(---)+1=1 (mod(Xpn)),

this mapping is a group homomorphism to the unit group of k[X]/(X?"), and hence it
extends to a linear map

kG — k[X]/(XP")

that is an algebra homomorphism. Since ¢° is sent to X? plus terms of lower degree,
the images of 1,...,¢?" ! form a basis of k[X]/(X?"). The mapping therefore gives a
bijection between a basis of kG and a basis of k[X]/(X?"), and so is an isomorphism.

O

Direct sum decompositions of modules are the first consideration in describing their
structure. We say that a module U for a ring A is indecomposable if it cannot be
expressed as a direct sum of two modules except in a trivial way, that is, if U 2 VoW
then either V"= 0 or W = 0. When A is an algebra over a field, by repeatedly
expressing summands of a module as further direct sums we can express any finite
dimensional module as a direct sum of indecomposable direct summands. It is useful
to know, but we will not prove it until Theorem 11.1.6, that for each module these
summands are determined up to isomorphism, independently of the choice of direct sum
decomposition. This is the content of the Krull-Schmidt Theorem. We point out that,
since we need not be in characteristic zero when group representations are semisimple,
indecomposable modules need not be simple. This is the point of introducing the new
terminology! An example of an indecomposable module that is not simple was given
Example 1.1.7, and we will see many more examples.

A module over a ring is said to be cyclic if it can be generated by one element. We
now exploit the structure theorem for finitely-generated modules over a principal ideal
domain, which says that such modules are direct sums of cyclic modules.

Theorem 6.1.2. Let k be a field of characteristic p. Every finitely-generated k[ X]/(XP")-
module is a direct sum of cyclic modules U, = k[X]/(X") where 1 <r < p"™. The only
simple module is the 1-dimensional module Uy. Each module U, has a unique compo-
sition series, and hence is indecomposable. From this it follows that if G is cyclic of
order p™ then kG has exactly p" indecomposable modules, one of each dimension i with

1 <1¢ < p", each having a unique composition series.

Proof. The modules for k[X]/(X?") may be identified with the modules for k[X] on
which XP" acts as zero. Every finitely-generated k[X]-module is a direct sum of modules
k[X]/I where I is an ideal. Hence every k[X]/(X?")-module is a direct sum of modules
k[X]/I on which XP" acts as zero, which is to say (XP") C I. The ideals I that satisfy
this last condition are the ideals (a) where a } XP". This forces I = (X") where
1 <r<p" and k[X]|/I = U,.
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The submodules of U, must have the form J/(X") where J is some ideal containing
(X7), and they are precisely the submodules in the chain

0C (X"H/(X") c(X)/(X) c-c (X)/(X") U

This is a composition series, since each successive quotient has dimension 1, and since
it is a complete list of submodules, it is the only one. If we could write U, =V & W as
a non-trivial direct sum, then U, would have at least 2 composition series, obtained by
taking first a composition series for V', then one for W, or vice-versa. Hence each U, is
indecomposable and we have a complete list of the indecomposable modules. The only
U, that is simple is U;, which is the trivial module.

The final identification of the indecomposable kG-modules comes from the isomor-
phism in Proposition 6.1.1. O

A module with a unique composition series is said to be uniserial. It is equivalent
to say that its submodules are linearly ordered by inclusion, and the equivalence of
these and other conditions is explored in Exercises 3 and 6 at the end of this chapter.

Example 6.1.3. We see from the description of k[X]/(X?")-modules that U, has a
basis 1+ (X7), X + (X"),..., X" + (X7") so that X acts on U, with matrix

0
1 0

1 0
Translating now to modules for kG where G is a cyclic p-group, the generator g acts
on U, as X 4 1, which has matrix

1 1
Thus we see that the indecomposable kG-modules are exactly given by specifying that

the generator g acts via a matrix that is a single Jordan block, of size up to p™. It is
helpful to picture U, using a diagram

X=g—1

X=g—-1

X=g—-1
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that may be interpreted by saying that the vertices are in bijection with a basis of U,
and the action of X or g — 1 is given by the arrows. Where no arrow is shown starting
from a particular vertex (as happens in this case only with the bottom vertex), the
interpretation is that X and g — 1 act as zero.

6.2 Simple modules for groups with normal p-subgroups

The following seemingly innocuous result has profound consequences throughout the
rest of this book.

Proposition 6.2.1. Let k be a field of characteristic p and G a p-group. The only
simple kG-module is the trivial module.

Proof. We offer two proofs of this.

Proof 1. We proceed by induction on |G|, the induction starting when G is the
identity group, for which the result is true. Suppose G # 1 and the result is true for
p-groups of smaller order. There exists a normal subgroup N of G of index p. If S is
any simple kG-module then by Clifford’s theorem S izc\:, is semisimple. By induction,
N acts trivially on S. Thus S is really a representation of G/N that is cyclic of order
p. We have just proved that the only simple representation of this group is the trivial
representation.

Proof 2. Let S be any simple kG-module and let 0 # = € S. The subgroup of S
generated by the elements {gx ‘ g € G} is invariant under the action of G, it is abelian
and of exponent p, since it is a subgroup of a vector space in characteristic p. Thus it
is a finite p group acted on by G. Consider the orbits of G on this finite group. Since
G is a p-group the orbits all have size a power of p (or 1), because the size of an orbit
is the index of the stabilizer of an element in the orbit. The zero element is fixed by G,
and we deduce that there must be another element fixed by G since otherwise the other
orbits would all have size p™ with n > 1, and their union would not be a p-group. Thus
there exists y € S fixed by G, and now (y) is a trivial submodule of S. By simplicity
it must equal S. O

As an application of this we can give some information about the simple represen-
tations of arbitrary finite groups in characteristic p. For this we observe that in every
finite group G there is a unique largest normal p-subgroup of G, denoted O,(G). For if
H and K are normal p-subgroups of GG then so is H K, and thus the subgroup generated
by all normal p-subgroups of G is a again a normal p-subgroup, that evidently contains
all the others.

Corollary 6.2.2. Let k be a field of characteristic p and G a finite group. Then
the common kernel of the action of G on all the simple kG-modules is Op(G). Thus
the simple kG-modules are precisely the simple k[G/O,(G)]-modules, made into kG-
modules via the quotient homomorphism G — G /O,(G).
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Proof. Let H be the kernel of the action of G on all simple kG-modules, that is,
H={gedqG ’ for all simple S and for all s € S, gs = s}.

By Clifford’s theorem, if S is a simple kG-module then S igp(G) is semisimple. There-
fore, by Proposition 6.2.1, O,(G) acts trivially on S, so that O,(G) € H. We show
that H contains no element of order prime to p. For, suppose h € H were to have
order prime to p. Then kG i(% would be a semisimple k(h)-module that is the direct

sum of modules S i% with S a simple kG-module. Since h acts trivially on all of
these, it must act trivially on kG, which is a contradiction. Therefore H is a p-group,
and since it is normal, O,(G) O H. We therefore have equality. The last sentence is
immediate. O

Example 6.2.3. When G has a normal Sylow p-subgroup H it is a semidirect product
G = H x K for some subgroup K of order prime to p, by the Schur-Zassenhaus theorem.
Groups with this structure include nilpotent groups, which are direct products of their
Sylow subgroups and, of course, abelian groups. In this situation O,(G) = H, and so
when k has characteristic p the simple kG-modules may be identified with the simple
kK-modules, lifted (or inflated) to representations of G via the quotient homomorphism
G — K. We obtain the simple modules for many groups in this way, such as for S3
over F3, where the two simple modules are the trivial and sign representations in
characteristic 3.

For a different example, let k be a field of characteristic 2, and consider the rep-
resentations of Ay over k. Since Oy(A4) = Co x Co, the simple kA4 modules are the
simple C3 = A4/O3(A4)-representations, made into representations of A4. Now kCj is
semisimple, and if k& contains a primitive cube root of unity w (i.e. if Fy C k) there are
three 1-dimensional simple representations, on which the generator of C3 acts as 1,w

or UJ2.

6.3 Radicals, socles and the augmentation ideal

At this point we examine further the structure of representations that are not semisim-
ple, and we work in the context of modules for a ring A, that is always supposed to
have a 1. At the end of Chapter 1 we defined the socle of an A-module U to be the sum
of all the simple submodules of U, and we showed (at least in the case that U is finite
dimensional) that it is the unique largest semisimple submodule of U. We now work
with quotients and define a dual concept, the radical of U. We work with quotients
instead of submodules, and use the fact that if M is a submodule of U, the quotient
U/M is simple if and only if M is a maximal submodule of U. We put

RadU = ﬂ{M | M is a maximal submodule of U}.

In our applications U will always be Noetherian, so provided U # 0 this intersection
will be non-empty and hence RadU # U . If U has no maximal submodules (for
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example, if U = 0, or in more general situations than we consider here where U might
not be Noetherian) we set RadU = U.

Lemma 6.3.1. Let U be a module for a ring A.

(1) Suppose that My, ..., M, are mazimal submodules of U. Then there is a subset
I C{1,...,n} such that

U/(Myn -0 M,) = @ U/M;
el

which, in particular, is a semisimple module.

(2) Suppose further that U has the descending chain condition on submodules. Then
U/RadU is a semisimple module, and RadU is the unique smallest submodule
of U with this property.

Proof. (1) Let I be a subset of {1,...,n} maximal with the property that the quo-
tient homomorphisms U/((,c; M;) — U/M; induce an isomorphism U/((;c; M;) =
@D,c; U/M;. We show that (,.; M; = My N ---N M, and argue by contradiction. If it
were not the case, there would exist M; with (,.; M; € M;. Consider the homomor-
phism

iel

f:U = (EPU/M) o U/M;
i€l
whose components are the quotient homomorphisms U — U/Mj. This has kernel
M; N (\;er Mi, and it will suffice to show that f is surjective, because this will imply
that the larger set I U {j} has the same property as I, thereby contradicting the
maximality of 1.

To show that f is surjective let g : U — U/(\;c; M; ® U/M; and observe that
(Mier Mi)+M; = U since the left-hand side is strictly larger than M}, which is maximal
in U. Thus if x € U we can write = y 4+ 2z where y € (,c; M; and z € M;. Now
g(y) = (0,2 + M;) and g(z) = (z + (\;e; M;,0) so that both summands U/(;c; M;
and U/M; are contained in the image of g and g is surjective. Since f is obtained
by composing g with the isomorphism that identifies U/ (;c; M; with @, ; U/M;, we
deduce that f is surjective.

(2) By the assumption that U has the descending chain condition on submod-
ules, Rad U must be the intersection of finitely many maximal submodules. Therefore
U/Rad U is semisimple by part (1). If V is a submodule such that U/V is semisimple,
say U/V =2 81 @ --- @ S, where the S; are simple modules, let M; be the kernel of

U— U/ij.'Si. Then M; is maximal and V = My N---NM,. Thus V O RadU, and
Rad U is contained in every submodule V' for which U/V is semisimple. O

We define the radical of a ring A to be the radical of the regular representation
Rad 4A and write simply Rad A. We present some identifications of the radical that
are very important theoretically, and also in determining what it is in particular cases.
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Proposition 6.3.2. Let A be a ring. Then,
(1) RadA={a € A|a-5=0 for every simple A-module S}, and
(2) Rad A is a 2-sided ideal of A.
(8) Suppose further that A is a finite dimensional algebra over a field. Then

(a) Rad A is the smallest left ideal of A such that A/Rad A is a semisimple
A-module,

(b) A is semisimple if and only if Rad A =0,
(c¢) Rad A is nilpotent, and is the largest nilpotent ideal of A.

(d) Rad A is the unique ideal U of A with the property that U is nilpotent and
A/U is semisimple.

Proof. (1) Given a simple module S and 0 # s € S, the module homomorphism
AA — S given by a — as is surjective and its kernel is a maximal left ideal M,. Now
if a € Rad A then a € M, for every S and s € S, so as = 0 and a annihilates every
simple module. Conversely, if a-S = 0 for every simple module S and M is a maximal
left ideal then A/M is a simple module. Therefore a-(A/M) = 0, which means a € M.
Hence a € mmaximalM M = Rad A.

(2) Being the intersection of left ideals, Rad A is also a left ideal of A. Suppose that
a € RadAand b € A, so a-S =0 for every simple S. Now a-bS Ca-S =0 so ab has
the same property that a does.

(3) (a) and (b) are immediate from Lemma 6.3.1. We prove (c). Choose any
composition series

0=A,CA,_1C---CA CAy=4A

of the regular representation. Since each A;/A;;1 is a simple A-module, Rad A - A; C
Ait+1 by part (1). Hence (Rad A)" - A C A, and (Rad A)" = 0.
Suppose now that [ is a nilpotent ideal of A, say I'"™ = 0, and let S be any simple
A-module. Then
0=Im.Scrmt.sc...cIscs

is a chain of A-submodules of S that are either 0 or S since S is simple. There must
be some point where 0 = I"S # I""1S = S. Then IS =1-1""18 = I"S = 0, so in
fact that point was the very first step. This shows that I C Rad A by part (1). Hence
Rad A contains every nilpotent ideal of A, so is the unique largest such ideal.

Finally (d) follows from (a) and (c): these imply that Rad A has the properties
stated in (d); and, conversely, these conditions on an ideal U imply by (a) that U D
Rad A, and by (c) that U C Rad A. O

Note that if I is a nilpotent ideal of A then it is always true that I C Rad(A)
without the assumption that A is a finite dimensional algebra. The argument given to
prove part 3c of Proposition 6.3.2 shows this.
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For any group G and commutative ring R with a 1, the ring homomorphism

€e: RG— R
g—1 forallge G

is called the augmentation map. As well as being a ring homomorphism it as a homo-
morphism of RG-modules, in which case it expresses the trivial representation as a ho-
momorphic image of the regular representation. The kernel of € is called the augmenta-
tion ideal, and is denoted IG. Evidently IG consists of those elements » 9eG 099 € RG
such that > geG 0g = 0. We now show that when £ is a field of characteristic p and G
is a p-group this construction gives the radical of kG.

Proposition 6.3.3. Let G be a finite group and R a commutative ring with a 1.
(1) Let R denote the trivial RG-module. Then IG = {z € RG | x - R=0}.
(2) IG is free as an R-module with basis {g — 1 ’ 1#geG}.

(3) If R =k is a field of characteristic p and G is a p-group then IG = Rad(kG). It
follows that IG is nilpotent in this case.

Proof. (1) The augmentation map € is none other than the linear extension to RG of
the homomorphism p : G — GL(1, R) that is the trivial representation. Thus each
x € RG acts on R as multiplication by e(z), and so will act as 0 precisely if ¢(z) = 0.

(2) The elements g — 1 where g ranges through the non-identity elements of G are
linearly independent since the elements g are, and they lie in IG. We show that they
span IG. Suppose ) . aq9 € IG, which means that ) _~ay =0 € R. Then

geG geqG
Zagg:Zagg—Zaglz Z ag(g —1)
geG geG geG 1#£g€G

is an expression as a linear combination of elements g — 1.
(3) When G is a p-group and char(k) = p we have seen in Proposition 6.2.1 that k
is the only simple kG-module. The result follows by part (1) and Proposition 6.3.2. [

Working in the generality of a finite dimensional algebra A again, the radical of A
allows us to give a further description of the radical and socle of a module. We present
this result for finite dimensional modules, but it is in fact true without this hypothesis.
We leave this stronger version to Exercise 77 at the end of this chapter.

Proposition 6.3.4. Let A be a finite dimensional algebra over a field k, and U a finite
dimensional A-module.

(1) The following are all descriptions of Rad U :

(a) the intersection of the maximal submodules of U,

(b) the smallest submodule of U with semisimple quotient,
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(c) RadA-U.
(2) The following are all descriptions of SocU :

(a) the sum of the simple submodules of U,
(b) the largest semisimple submodule of U,
(¢) {ue U |RadA-u=0}.

Proof. Under the hypothesis that U is finitely generated we have seen the equivalence
of descriptions (a) and (b) in Lemma 6.3.1 and Corollary 1.2.6. Our arguments below
actually work without the hypothesis of finite generation, provided we assume the
results of Exercises 13 and 14 from Chapter 1. The reader who is satisfied with a
proof for finitely generated modules can assume that the equivalence of (a) and (b) has
already been proved.

Let us show that the submodule Rad A - U in (1)(c) satisfies condition (1)(b).
Firstly U/(Rad A - U) is a module for A/ Rad A, which is a semisimple algebra. Hence
U/(Rad A - U) is a semisimple module and so Rad A - U contains the submodule of
(1)(b). On the other hand if V' C U is a submodule for which U/V is semisimple then
Rad A-(U/V') = 0 by Proposition 6.3.2, so V'O Rad A-U. In particular, the submodule
of (1)(b) contains Rad A - U. This shows that the descriptions in (1)(b) and (1)(c) are
equivalent.

To show that they give the same submodule as (1)(a), observe that if V is any
maximal submodule of U, then as above (since U/V is simple) V' O Rad A - U, so
the intersection of maximal submodules of U contains Rad A - U. The intersection of
maximal submodules of the semisimple module U/(Rad A - U) is zero, so this gives a
containment the other way, since they all correspond to maximal submodules of U. We
deduce that the intersection of maximal submodules of U equals Rad A - U.

For the conditions in (2), observe that {u € U | Rad A - u = 0} is the largest
submodule of U annihilated by Rad A. It is thus an A/Rad A-module and hence is
semisimple. Since every semisimple submodule of U is annihilated by Rad A, it equals
the largest such submodule. O

Example 6.3.5. Consider the situation of Theorem 6.1.2 and Proposition 6.1.1 in
which G is a cyclic group of order p™ and k is a field of characteristic p. We see that
RadU, 2 U,_1 and SocU, Z U; for 1 <r < p", taking Uy = 0.

We now iterate the notions of socle and radical: for each A-module U we define

inductively
Rad"(U) = Rad(Rad" }(U))

Soc™(U)/ Soc™ 1 (U) = Soc(U/ Soc™ 1 U).
It is immediate from Proposition 6.3.4 that
Rad®(U) = (Rad A)" - U
Soc™(U) ={u €U | (Rad A)" - u = 0}



CHAPTER 6. P-GROUPS AND THE RADICAL 94

and these submodules of U form chains

... CRad?U CRadU C U
0 C SocU CSoc*U C ---

that are called, respectively, the radical series and socle series of U. The radical series
of U is also known as the Loewy series of U. The quotients Rad"~!(U)/Rad™(U) are
called the radical layers, or Loewy layers of U, and the quotients Soc™(U)/ Soc™1(U)
are called the socle layers of U.

The next corollary is a deduction from Proposition 6.3.4, and again it is true without
the hypothesis that the modules be finite dimensional.

Corollary 6.3.6. Let A be a finite dimensional algebra over a field k, and let U
and V' be finite dimensional A-modules. Then for each n we have Rad"(U & V) =
Rad™(U) @ Rad™ (V) and Soc™(U & V') = Soc™(U) & Soc™ (V).

Proof. One way to see this is to use the identifications Rad"(U® V) = (Rad A)"-(UaV)
and Soc"(U ® V) = {(u,v) e U@V | (Rad A)" - (u,v) = 0}. O

The next result can be proved in various ways; it is also a consequence of Theo-
rem 7.3.9 in the next chapter.

Corollary 6.3.7. Let k be a field of characteristic p and G a p-group. Then the regular
representation kG is indecomposable.

Proof. If kG = U @ V is the direct sum of two non-zero modules then Rad kG =
RadU @ RadV where RadU # U and RadV # V, so the codimension of Rad kG in
kG must be at least 2. We know from Proposition 6.3.3 that Rad kG has codimension
1, a contradiction. O

Proposition 6.3.8. Let A be a finite dimensional algebra over a field k, and U an
A-module. The radical series of U is the fastest descending series of submodules of U
with semisimple quotients, and the socle series of U is the fastest ascending series of
U with semisimple quotients. The two series terminate, and if m and n are the least
integers for which Rad™ U = 0 and Soc™ U = U then m = n.

Proof. Suppose that --- C Uy C Uy C Uy = U is a series of submodules of U with
semisimple quotients. We show by induction on r that Rad"(U) C U,. This is true
when r = 0. Suppose that 7 > 0 and Rad"~(U) C U,_;. Then

Rad"™(U)/(Rad""!(U) NU;) = (Rad" ' (U) + U,) /Uy € Ur—1/U;

is semisimple, so Rad"}(U)NU, D Rad(Rad"~1(U)) = Rad"(U). Therefore Rad" (U) C
U,. This shows that the radical series descends at least as fast as the series U;. The
argument that the socle series ascends at least as fast is similar.

Since A is a finite dimensional algebra we have (Rad A)" = 0 for some r. Then

Rad"U = (RadA)" - U = 0 and Soc"U = {u € U ’ (Rad A)"u = 0} = U, so the two
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series terminate. By what we have just proved, the radical series descends at least as
fast as the socle series and so has equal or shorter length. By a similar argument (using
the fact that the socle series is the fastest ascending series with semisimple quotients)
the socle series ascends at least as fast as the radical series and so has equal or shorter
length. We conclude that the two lengths are equal. O

The common length of the radical series and socle series of U is called the Loewy
length of the module U, and from the description of the terms of these series we see it
is the least integer n such that (Rad A)" - U = 0.

6.4 Jennings’ theorem

We conclude this chapter by mentioning without proof the theorem of Jennings which
gives an explicit description of the radical series of kG when G is a p-group and k is a
field of characteristic p. For a proof see Benson’s book [3, Theorem 3.14.6]. Jennings
considers the series of normal subgroups &, of G that is the most rapidly descending
central series k1 D ko D K3 D --- with the properties

(1) k1 =G, and
(2) gP € Kip for all g € k; and 7 > 1.

It follows that [k, ks] C Kyris and k,/ko, is an elementary abelian p-group for all
r,s > 1. Furthermore we may generate k, recursively as

Kr = ([kr—1, G, H([i)/p]% k1 =G
where [7/p] is the least integer greater than or equal to r/p, and m(np ) is the set of pth
powers of elements of k.. After the first term k1 = G we see that the second term
kg is the Frattini subgroup (the smallest normal subgroup of G for which the quotient
is elementary abelian), but after that the terms need to be calculated on a case-by-
case basis. Note that because of standard properties of p-groups the series eventually
terminates at x,, = 1 for some r.

For each ¢ > 1 let d; be the dimension of the elementary abelian p-group x;/kit1,
regarded as a vector space over IF,,. Choose any elements z; ¢ € G such that, for each 1,
the set {z; skit1 } 1 < s < d;} forms a basis for k;/kiy1. Let T; s = ;s — 1 € kG. We
place these elements Z; ; in some arbitrary fixed order. If |G| = p™ there are n elements
Z; s and hence |G| products of the form [ f?;’s, where 0 < a; s < p—1, and the factors
are taken in the fixed order. The weight of such a product is defined to be > iy .

In the statement of Jennings’ theorem, note from Proposition 6.3.3 that the radical
of kG is the augmentation ideal: Rad(kG) = IG.

Theorem 6.4.1 (Jennings). Let G be a p-group and k a field of characteristic p. We
keep the above notation.
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(1) The Jennings groups have the description

kr(G)={9€G|g—1€(G)}.

(2) For each r > 0 the set of products Ha’:?és of weight at least r is a basis for (IG)".

(8) The dimension of the rth radical layer of kG is the coefficient of t" in the expres-
ston

. . . 1—¢P)\ %
> (dim(IG)"/ dim(IG)™ )t :H(M) :

>0 i>1
(4) The radical series of kG equals the socle series of kG.

The sets {g € G ’ g —1 € (IG)"} which appear in part (1) of this theorem are
subgroups which are known as the dimension subgroups of G. The series in part (3)
is a polynomial, which may be termed the Poincaré polynomial. The main work in
proving the theorem is in establishing parts (1) and (2), after which (3) is a formality
in view of the expansion

(1—tip) d; 2 —1\d 9 2p—1)\d
11 o) =@ R @ 20y
i>1

The deduction of part (4) uses the fact that kG = kG* (see Chapter 8), the fact that
the coefficients in this polynomial are the same when read from bottom to top or top
to bottom, and Exercise 7 at the end of this chapter.

Example 6.4.2. Let G be dihedral of order 8, which we take to be generated by an
element x of order 4 and an element y of order 2:

G=(zy|at=y*=1, yay=a"").

We have k1 = Dg, ky = (22), k3 = 1, so that r1/ke = Oy x Co and ko/k3 = Co

and di = 2, dy = 1,d3 = dy = --- = 0. We may choose 11 = z, 12 = v,
both of weight 1, and 291 = 22 of weight 2. Note that 72 = x2. Now the products
porigleaiger: = gorit2eaigen2 where 0 < a; < 1, form a basis of kG that is

compatible with the powers of the radical. These elements may be simplified, but we
choose not to do this. The Jennings basis of kG consists of the elements

1 (weight 0

)

)
weight 1)
weight 2)
)
)

y
Iy, 2
zx2, 22y (weight 3

(
(
(
(

22y (weight 4
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The Poincaré polynomial is
142t + 262 + 262 + 1 = (1 +1)*(1 + 12),

showing that the radical series of kG (also the socle series) has layers of dimensions
1,2,2,2,1.

In this particular example it is at least as quick to calculate the powers of the
augmentation ideal more directly, and this is done in Exercise 19 of this chapter, but

it is also interesting to see the general formalism provided by Jennings’ theorem.

6.5 Summary of Chapter 6

e The group ring of Cy» over a field k of characteristic p is isomorphic to k[X]/(X?").
The indecomposable modules are all cyclic and uniserial.

e The only simple module for a p-group in characteristic p is the trivial module.

e When £k is a field of characteristic p, simple kG modules are the same as simple
E[G/O,(G)]-modules.

e The radical of a finite dimensional algebra over a field is the largest nilpotent
ideal of the algebra.

e The radical series of a module is the fastest descending series with semisimple
factors, and the socle series is the fast ascending such series.

e When G is a p-group and k is a field of characteristic p the radical of kG is the
augmentation ideal. The radical series and socle series of kG coincide and the
ranks of the factors are given in terms of the Jennings series of G.

6.6 Exercises for Chapter 6

In these exercises k denotes a field and R is a commutative ring with a 1.
1. Let A be a ring. Prove that for each n, Soc™ 4 A is a 2-sided ideal of A.

2. Let G = >_gec 9 as an element of kG, where k is a field.

(a) Show that the subspace kG of kG spanned by G is an ideal.

(b) Show that this ideal is nilpotent if and only if the characteristic of k divides
|G|

(c) Deduce that if kG is semisimple then char(k) * |G]|.

(d) Assuming instead that G is a p-group and char(k) = p, show that kG = Soc(kG),
the socle of the regular representation.

3. Suppose that U is an indecomposable module with just two composition factors.
Show that U is uniserial.
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4. Show that for each RG-module U, U/(IG - U) is the largest quotient of U on
which G acts trivially. Prove also that U/(IG-U) =2 R®pa U.
[The first sentence means that G does act trivially on the given quotient; and if V' is
any submodule of U such that G acts trivially on U/V, then V D IG - U. By analogy
with the notation for fixed points, this largest quotient on which G acts trivially is
called the fized quotient of U and is denoted Ug := U/(IG - U).]

5. Prove that if N is a normal subgroup of G and k is a field then Rad(kN) =
kN N Rad(kG).

[Use the descriptions of the radical in Proposition 6.3.2 and also Clifford’s theorem.]

6. Show that the following conditions are equivalent for a module U that has a
composition series.

(a) U is uniserial (i.e. U has a unique composition series).

(b) The set of all submodules of U is totally ordered by inclusion.

(c) Rad" U/Rad" ! U is simple for all 7.
(d) Soc™ U/ Soc” U is simple for all 7.

7. Let U be a finitely generated kG-module and U* its dual. Show that for each n
Soc™(U*) = {f € U*| f(Rad"(U)) = 0}

and
Rad"(U*)={f e U" ‘ f(Soc™(U)) = 0}.

Deduce that Soc™(U*)/Soc™(U*) = (Rad™(U)/Rad™ ™ (U))* as kG-modules. [Hint:
recall Exercise 13 of Chapter 4.]

8. Let € be a transitive G-set and Rf) be the corresponding permutation module.
Thus if H = Stabg(w) for some w € Q then RQ = R 1% as explained in Example 4.3.4.
There is a homomorphism of RG-modules € : R — R defined as €(}_, cqaww) =
Y weq tw- Let Q=3 g w e RAQ.

(a) Show that every RG-module homomorphism R{2 — R is a scalar multiple of e.

(b) Show that the fixed points of G on RS2 are (RQ)Y = R - Q.

(c) Suppose now that R = k is a field. Show that €(Q2) = 0 if and only if char k
2], and that if this happens then Q € Rad k§2 and the trivial module k occurs as a
composition factor of k2 with multiplicity > 2.

(d) Again suppose that R = k is a field. Show that if ¢(€2) # 0 then ¢ is a split
epimorphism and Q ¢ Rad k€.

(e) Show that kG is semisimple if and only if the regular representation kG has the
trivial module k as a direct summand (i.e. k is a projective module).

(f) Suppose that G is a p-group and k is a field of characteristic p. Show that
Rad(k€?) has codimension 1 in kQ and that k€ is an indecomposable kG-module.

9. Let 2 be a transitive G-set for a possibly infinite group G and let RS} be the
corresponding permutation module. Show that € is infinite if and only if (RQ)E = 0
and deduce that G is infinite if and only if (RG)“ = 0.
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10. Let g be an endomorphism of a finite dimensional vector space V' over a field k
of characteristic p, and suppose that g has finite order p¢ for some d.

(a) Show that as a k(g)-module, V has an indecomposable direct summand of
dimension at least p?—1 + 1.
[You may assume the classification of indecomposable modules for cyclic p-groups in
characteristic p.]

(b) Deduce that if such an endomorphism ¢ fixes pointwise a subspace of V' of
codimension 1 then g has order p or 1.
[An endomorphism of finite (not necessarily of prime-power) order that fixes a subspace
of codimension 1 is sometimes referred to as a reflection in a generalized sense.]

11. Let A be a finite dimensional algebra over a field and let U be an A-module.
Write £(U) for the Loewy length of U.

(a) Suppose V is a submodule of U. Show that (V) < ¢(U) and £(U/V) < ¢(U).
Show by example that we can have equality here even when 0 <V < U.

(b) Suppose that Uy, ..., U, are submodules of U for which U = Uy + -+ + U,,.
Show that /(U) = max{¢(U;) | 1 <i < n}.

12. (This exercise extends the theorem of Burnside presented in Chapter 2 Ex-
ercise 10 to non-semisimple algebras.) Let A be a finite dimensional algebra over a
field k, let V' be an A-module so that the action of A on V is given by an algebra
homomorphism p : A — Endg (V) and let I = ker p.

(a) Show that if V' is simple then A/l is a semisimple ring with only one simple
module (up to isomorphism).

(b) Assuming that k is algebraically closed, show that p is surjective if and only if
V is simple.

(c) If A = kG is a group algebra, k is algebraically closed and dim V' = n, show that
V is simple if and only if there exist n? elements g1, . . ., g,2 of G so that p(g1), ..., p(gn2)
are linearly independent.

The next five exercises give a direct proof of the result that is part of Proposi-
tion 6.3.3, that for a p-group in characteristic p the augmentation ideal is nilpotent.

13. Show that if elements g1, ..., g, generate G as a group, then (¢g1—1),..., (g, —1)
generate the augmentation ideal IG as a left ideal of kG.
[Use the formula (gh — 1) =g(h—1) + (g — 1).]

14. Suppose that k is a field of characteristic p and G is a p-group. Prove that each
element (g — 1) is nilpotent. (More generally, every element of IG is nilpotent.)

15. Show that if N is a normal subgroup of G then the left ideal
RG-IN:{:L'-y|:U€RG,y€IN}

of RG generated by IN is the kernel of the ring homomorphism RG — R[G/N] and is
in fact a 2-sided ideal in RG.

[One approach to this uses the formula g(n — 1) = (9n — 1)g.]

Show that (RG - IN)" = RG - (IN)" for all r.
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16. Show that if a particular element (g — 1) appears n times in a product

(=1 g — 1)

then
(g1—1)(gr—1)=(¢9— 1" 2 modulokG - (IG)

for some z € kG, where G’ denotes the commutator subgroup.

[Use the formula (g — 1)(h — 1) = (h —1)(g — 1) + (ghg th~! — 1)hg]

Show that if G is a p-group and k a field of characteristic p then IG" C kG - IG' for
some power 7.

17. Prove that if G is a p-group and k is a field of characteristic p then (IG)" =0
for some power r.

18. Let k be a field of characteristic p. Show that the Loewy length of kC}}, the
group algebra of the direct product of n copies of a cycle of order p, is n(p — 1) + 1.

19. The dihedral group of order 2n has a presentation
Do = (z,y | 2> = y* = (zy)" = 1).

Let k be a field of characteristic 2. Show that when n is a power of 2, each power
(IDs,)" of the augmentation ideal is spanned modulo (IDa,)"*! by the two products
(z—Dy—(x—-1)(y—1)--- and (y —1)(z—1)(y —1)(z — 1) - - of length r. Hence
calculate the Loewy length of kDs,, and show that Rad(kDay,)/ Soc(kDay,) is the direct
sum of two kDsy,-modules that are uniserial.

20. When n > 3, the generalized quaternion group of order 2" has a presentation

n—1 n—2 _ _
Qo = (z,y|2®" =1, 9*=2" ", yay ' =27,

Let k be a field of characteristic 2. Show that when r > 1 each power (IQ2n)" of the
augmentation ideal is spanned modulo (IQ2-)"*! by (z — 1)" and (z — 1)""(y — 1).
Hence calculate the Loewy length of kQan.

21. Let H be a subgroup of G and let I H be the augmentation ideal of RH, which
we may regard as a subset of RG. Show that RG-IH = IH Tfl as RG-modules, and
that RG/(RG - IH) = R 1% as RG-modules. Show also that RG/(RG - IH) is the
largest quotient of RG on which H acts trivially when acting from the right.

22. (a) Let G be any group and IG C ZG the augmentation ideal over Z. Prove
that IG/(IG)* = G/G' as abelian groups.
[Consider the homomorphism of abelian groups IG — G/G’ given by g —1 +— ¢gG’. Use
the formula ab—1 = (a—1)+(b—1)+(a—1)(b—1) to show that (IG)? is contained in the
kernel, and that the homomorphism G/G’ — IG/(IG)? given by ¢G' — g — 1+ (IG)?
is well defined.]

(b) For any group G write d(G) for the smallest size of a set of generators of G as
a group, and if U is a ZG-module write d(U) for the smallest size of a set of generators
of U as a ZG-module. Use Exercise 13 to show that d(G/G’) < d(IG) < d(G) with
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equality when G is a p-group. [For the final equality use properties of the Frattini
subgroup of G.]

(c¢) If now R is any commutative ring with 1 and /G C RG is the augmentation
ideal of G over R, show that IG/(IG)? = R ®z G/G' as R-modules. When G is a
p-group and R is a field of characteristic p, show again that d(G) = d(IG).

23. Let U, be the indecomposable kC),-module of dimension r, 1 < r < p, where k
is a field of characteristic p. Prove that U, = S"~1(Us), the (r — 1) symmetric power.
[One way to proceed is to show that if C, = (g) then (g — 1)"~! does not act as zero
on S"~1(Uy) and use the classification of indecomposable kC,-modules.]

24. Let k be a field of characteristic p and let G = Cp» be a cyclic group of order
p". Suppose that H < G is the subgroup of order p?, for some ¢ < n, and for each r
with 1 < r < p write U, g for the indecomposable kH-module of dimension 7.

(a) Show that U, g Tf]% Ug:m|r,c @ kG-modules, so that indecomposable modules
induce to indecomposable modules. [Exploit the fact that if V' is a cyclic module then
sois V Tg, by Chapter 4 Exercise 12.]

(b) Write r = ap™~ ' + b where 0 < b < p"~'. Show that

n—t_b

Up 192 Uar1,1)’ ® (Ua, )P

as kH-modules. [If G = (z), H = (zP" ") use the fact that 2" " —1 = (z — 1)’ to
show that the largest power of 2P"~" — 1 that is non-zero on U, q is the ath power, and
use this to identify the summands in a decomposition of U, g ig]

25. Let G = SL(2,p), the group of 2 x 2 matrices over F,, that have determinant 1,
where p is a prime. The subgroups

a-{l Jnes. ae{f Yires)

have order p. Let Uy be the natural 2-dimensional module on which G acts.

(a) When 0 < r < p — 1 prove that S”(Us) is a uniserial F, Pi-module, and also a

uniserial F), P,-module, but that the only subspaces of S"(Usz) that are invariant under
both P; and P are 0 and S"(Us). Deduce that S"(Us) is a simple F,G-module.
— 0
0 -1
S"(Us) if and only if r is even, and hence that we have constructed (p 4+ 1)/2 simple
representations of

(b) Show further, when p is odd, that the matrix [ acts as the identity on

PSL(2,p) i= SL(2,p)/ {j: [(1) (1)] } .

[Background to the question that is not needed to solve it: |G| = p(p? — 1); both Py
and P, are Sylow p-subgroups of G. In fact, the simple modules constructed here form
a complete list of the simple F,SL(2, p)-modules.]

26. Let k be a field of characteristic p and suppose that G has a normal Sylow
p-subgroup N. Show that Rad kG = kG - Rad kN.
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[Use Exercises 5 and 15, and show that k[G/N] is the largest semisimple quotient of
kEG.]

27. Let A be a finite dimensional algebra over a field and let U be an arbitrary
A-module. As in the text, we define RadU to be the intersection of the maximal
submodules of U.

(a) Use Exercises 13 and 14 from Chapter 1 to show that Proposition 6.3.4 holds
without the hypothesis of finite generation. That is, show that RadU = Rad A - U,
and that Rad U is the smallest submodule of U with semisimple quotient. Show also
that Soc U, defined as the sum of the simple submodules of U, is the largest semisimple
submodule of U, and it is the set of elements of U annihilated by Rad A. [It is a
question of copying the arguments from Proposition 6.3.4. Note that the property of
A being used is that A/ Rad A is semisimple.]

(b) Show that if U # 0 then U has a non-zero finite dimensional homomorphic
image. [Use the fact that Rad A is nilpotent.]

(c) Show that each proper submodule of U is contained in a maximal submodule.



Chapter 7

Projective modules for finite
dimensional algebras

In previous sections we have seen the start of techniques to describe modules that are
not semisimple. The most basic decomposition of such a module is one that expresses
it as a direct sum of modules that cannot be decomposed as a direct sum any further.
These summands are called indecomposable modules. We have also examined the
notions of radical series and socle series of a module, which are series of canonically
defined submodules that may shed light on submodule structure. We combine these
two notions in the study of projective modules for group rings, working at first in the
generality of modules for finite dimensional algebras over a field. In this situation the
indecomposable projective modules are the indecomposable summands of the regular
representation. We will see that they are identified by the structure of their radical
quotient. The projective modules are important because their structure is part of the
structure of the regular representation. Since every module is a homomorphic image
of a direct sum of copies of the regular representation, by knowing the structure of the
projectives we gain some insight into the structure of all modules.

7.1 Characterizations of projective and injective modules

Recall that a module M over a ring A is said to be free if it has a basis; that is, a
subset {x; } i € I} that spans M as an A-module, and is linearly independent over A.
To say that {z; } i € I} is a basis of M is equivalent to requiring M = @, ; Az; with
A = Ax; via an isomorphism a +— ax; for all &. Thus M is a finitely generated free
module if and only if M = A™ for some n. These conditions are also equivalent to the
condition in the following proposition:

Proposition 7.1.1. Let A be a ring and M an A-module. The following are equivalent
for a subset {z; ’ iel} of M:

(1) {xi|i€ I} is a basis of M,

103
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(2) for every module N and mapping of sets ¢ : {z; ‘ i € I} — N there ezists a
unique module homomorphism ¢ : M — N that extends ¢.

Proof. The proof is standard. If {x; | i € I} is a basis, then given ¢ we may define
Y(D e airi) = > ;e aid(x;) and this is evidently the unique module homomorphism
extending ¢. This shows that (1) implies (2). Conversely if condition (2) holds we
may construct the free module F' with {z; ‘ i € I} as a basis and use the condition
to construct a homomorphism from M — F' that is the identity on {z; } i € I}. The
fact just shown that the free module also satisfies condition (2) allows us to construct
a homomorphism F' — M that is again the identity on {z; ’ i € I}, and the two
homomorphisms have composites in both directions that are the identity, since these
are the unique extensions of the identity map on {x; ‘ i € I}. They are therefore
isomorphisms and from this condition (1) follows. O

We define a module homomorphism f : M — N to be a split epimorphism if
and only if there exists a homomorphism g : N — M so that fg = 1y, the identity
map on N. Note that a split epimorphism is necessarily an epimorphism since if
x € N then x = f(g(x)) so that z lies in the image of f. We define similarly f
to be a split monomorphism if there exists a homomorphism g : N — M so that
gf = 1p7. Necessarily a split monomorphism is a monomorphism. We are about to
show that if f is a split epimorphism then N is (isomorphic to) a direct summand of
M. To combine both this and the corresponding result for split monomorphisms it
is convenient to introduce short exact sequences. We say that a diagram of modules

and module homomorphisms L—— M PN is exact at M if Sa = ker B. A short exact

sequence of modules is a diagram 0 — L&MﬂN — 0 that is exact at each of L, M
and N. Exactness at L and N means simply that « is a monomorphism and S is an
epimorphism.

Proposition 7.1.2. Let 0 — LLM&N — 0 be a short exact sequence of modules
over a ring. The following are equivalent:

(1) « is a split monomorphism,
(2) B is a split epimorphism,
(3) there is a commutative diagram

0 » L % M 2N S5 o0

H | ||
0 - L % LeaN = N = 0

where 11 and wo are inclusion into the first summand and projection onto the
second summand,
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(4) for every module U the sequence
0 — Hom (U, L) — Homu (U, M) — Homu (U, N) — 0
18 exact,

(4') for every module U the sequence
0 — Homu4(N,U) — Homy(M,U) — Homu(L,U) — 0
1s ezact.

In any diagram such as the one in (3) the morphism = is necessarily an isomorphism.
Thus if any of the listed conditions is satisfied it follows that M = L & N.

Proof. Condition (3) implies the first two, since the existence of such a commutative
diagram implies that « is split by 7y and 8 is split by v~ !so, and it also implies the
last two conditions because the commutative diagram produces similar commutative
diagrams after applying Hom4 (U, —) and Homy(—,U).

Conversely if condition (1) is satisfied, so that da = 17, for some homomorphism
0 : M — L, we obtain a commutative diagram as in (3) on taking the components of ~
to be 6 and S. If condition (2) is satisfied we obtain a commutative diagram similar to
the one in (3) but with a homomorphism ¢ : L& N — M in the wrong direction, whose
components are « and a splitting of 5. We obtain the diagram of (3) on showing that
in any such diagram the middle vertical homomorphism must be invertible.

The fact that the middle homomorphism in the diagram must be invertible is a
consequence of both the ‘five lemma’ and the ‘snake lemma’ in homological algebra.
We leave it here as an exercise.

Finally if (4) holds then on taking U to be N we deduce that the identity map on
N is the image of a homomorphism € : U — M, so that 15 = Be and [ is split epi, so
that (2) holds. Equally if (4’) holds then taking U to be L we see that the identity map
on L is the image of a homomorphism ¢ : M — U, so that 1;, = da and (1) holds. [

In the event that o and 3 are split, we say that the short exact sequence in Propo-
sition 7.1.2 is split. Notice that whenever 8 : M — N is an epimorphism it is part

of the short exact sequence 0 — ker § — M i>N — 0, and so we deduce that if § is
a split epimorphism then N is a direct summand of M. A similar comment evidently
applies to split monomorphisms.

Proposition 7.1.3. The following are equivalent for an A-module P.
(1) P is a direct summand of a free module.

(2) Every epimorphism V- — P is split.
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(8) For every pair of morphisms

P
Ja
v 2ow

where [ is an epimorphism, there exists a morphism v : P — V with 5~y = a.

(4) For every short exact sequence of A-modules 0 —V — W — X — 0 the corre-
sponding sequence

0 — homy (P, V) — homa(P, W) — homy (P, X) — 0
15 exact.

Proof. This result is standard and we do not prove it here. In condition (4) the se-
quence of homomorphism groups is always exact at the left-hand terms homyu (P, V)
and hom 4 (P, W) without requiring any special property of P (we say that homa(P, )
is left exact). The force of condition (4) is that the sequence should be exact at the
right-hand term. O

We say that a module P satisfying any of the four conditions of Proposition 7.1.3
is projective. Notice that direct sums and also direct summands of projective modules
are projective. An indecomposable module that is projective is an indecomposable
projective module, and these modules will be very important in our study. In other
texts the indecomposable projective modules are also known as PIMs, or Principal
Indecomposable Modules, but we will not use this terminology here.

We should also mention injective modules, which enjoy properties similar to those
of projective modules, but in a dual form. We say that a module I is injective if and
only if whenever there are morphisms

I
Ta
v Low

with 8 a monomorphism, then there exists a morphism ~ : V. — [ so that v = a.
Dually to Proposition 7.1.3, it is equivalent to require that every monomorphism I — V
is split; and also that hom4(__, I') sends exact sequences to exact sequences. When A is
an arbitrary ring we do not have such a nice characterization of injectives analogous to
the property that projective modules are direct summands of free modules. However,
for group algebras over a field we will show in Corollary 8.13 that injective modules are
the same thing as projective modules, so that in this context they are indeed summands
of free modules.
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7.2 Projectives by means of idempotents

One way to obtain projective A-modules is from idempotents of the ring A. If €2 =
e € Athen g4A = Ae® A(1 —e) as A-modules, and so the submodules Ae and A(1 —e)
are projective. We formalize this with the next result, which should be compared
with Proposition 3.6.1 in which we were dealing with ring summands of A and central
idempotents.

Proposition 7.2.1. Let A be a ring. The decompositions of the reqular representation
as a direct sum of submodules

AA=A1D - DA,

biject with expressions 1 = e; + --- + e, for the identity of A as a sum of orthogonal
idempotents, in such a way that A; = Ae;. The summand A; is indecomposable if and
only if the idempotent e; is primitive.

Proof. Suppose that 1 = e; + --- + e, is an expression for the identity as a sum of
orthogonal idempotents. Then

AA=Ae; @ D Ae,,

for the Ae; are evidently submodules of A, and their sum is A since if + € A then
xr = xe; + -+ ze,. The sum is direct since if x € Ae; N Z#i Ae; then z = ze; and
also x =3, ajej sox =we; =) ., ajeje; = 0.

Conversely, suppose that 44 = A1 ®--- @ A, is a direct sum of submodules. We
may write 1 = e; + --- + e, where ¢; € A; is a uniquely determined element. Now
e; = e;1 = eje1 + - - -+ eje, is an expression in which e;e; € A;, and since the only such
expression is e; itself we deduce that

e; ifi=7j,
eje; =
© 0 otherwise.

The two constructions just described, in which we associate an expression for 1 as a
sum of idempotents to a module direct sum decomposition and vice-versa, are mutually
inverse, giving a bijection as claimed.

If a summand A; decomposes as the direct sum of two other summands, this gives
rise to an expression for e; as a sum of two orthogonal idempotents, and conversely.
Thus A; is indecomposable if and only if e; is primitive. ]

In Proposition 3.6.1 it was proved that in a decomposition of A as a direct sum
of indecomposable rings, the rings are uniquely determined as subsets of A and the
corresponding primitive central idempotents are also unique. We point out that the
corresponding uniqueness property need not hold with module decompositions of 4 A
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that are not ring decompositions. For an example of this we take A = Ms(R), the ring
of 2 X 2-matrices over a ring R, and consider the two decompositions
10 00 0 1 1 -1
AA:A[O O] @A[O J :A[O J @A[O 0].
The submodules here are all different. We will see later that if A is a finite dimen-
sional algebra over a field then in any two decompositions of 4 A as a direct sum of
indecomposable submodules, the submodules are isomorphic in pairs.

We will also see that when A is a finite dimensional algebra over a field, every inde-
composable projective A-module may be realized as Ae for some primitive idempotent
e. For other rings this need not be true: an example is ZG, for which it is the case
that the only idempotents are 0 and 1 (see Exercise 1 in Chapter 8). For certain finite
groups (an example is the cyclic group of order 23, but this takes us beyond the scope

of this book) there exist indecomposable projective ZG-modules that are not free, so
such modules will never have the form ZGe for any idempotent element e.

Example 7.2.2. We present an example of a decomposition of the regular represen-
tation in a situation that is not semisimple. Many of the observations we will make
are consequences of theory to be presented in later sections, but it seems worthwhile
to show that the calculations can be done by direct arguments.

Consider the group ring F453 where F, is the field of 4 elements. The choice of Fy is
made because at one point it will be useful to have all cube roots of unity available, but
in fact many of the observations we are about to make also hold over the field Fy. By
Proposition 4.2.1 the 1-dimensional representations of S5 are the simple representations
of S3/55 = Cs, lifted to S3. But F4C5 has only one simple module, namely the trivial
module, by Proposition 6.2.1, so this is the only 1-dimensional F4.S3-module. The 2-
dimensional representation of S constructed in Chapter 1 over any coefficient ring is
now seen to be simple here, since otherwise it would have a trivial submodule; but the
eigenvalues of the element (1,2,3) on this module are w and w?, where w € Fy is a
primitive cube root of 1, so there is no trivial submodule.

Let K = ((1,2,3)) be the subgroup of S3 of order 3. Now F4K is semisimple with
three 1-dimensional representations on which (1,2,3) acts as 1, w and w?, respectively.
In fact

FyK =F1Ke) ®FyKes b FyKes

where

e1=()+(1,2,3)+(1,3,2)
() +w(1,2,3) +w?(1,3,2)
e3 = () +w?(1,2,3) +w(1,3,2)

are orthogonal idempotents in F4 K. We may see that these are orthogonal idempotents
by direct calculation, but it can also be seen by observing that the corresponding

elements of CK with w replaced by e are orthogonal and square to 3 times themselves
27
(Theorem 3.6.2), and lie in Z[e s | K. Reduction modulo 2 gives a ring homomorphism
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27i

Zle s | — F4 that maps these elements to e, ez and es, while retaining their properties.
Thus
FyS3 = F4Sse; @ FuSsex @ FySzes

and we have constructed modules F4Sse; that are projective. We have not yet shown
that they are indecomposable.
We easily compute that

(1,2,3)e1 = e1,  (1,2,3)es = w?es, (1,2,3)e3 = wes

and from this we see that K - Fye; = Fye; for all i. Since S3 = K U (1,2)K we have
FySse; = Fae; @ Fy(1,2)e;, which has dimension 2 for all i. We have already seen that
when i = 2 or 3, e; is an eigenvector for (1,2, 3) with eigenvalue w or w?, and a similar
calculation shows that the same is true for (1,2)e;. Thus when ¢ = 2 or 3, F4S3e; has
no trivial submodule and hence is simple by the observations made at the start of this
example. We have an isomorphism of F4.S53-modules

F4Sg€2 — F45363
ez — (1,2)es
(1, 2)62 — e3.

On the other hand FySse; has fixed points Fy > 985 9 of dimension 1 and so has two
composition factors, which are trivial. On restriction to F4((1,2)) it is the regular
representation, and it is a uniserial module.

We see from all this that FyS3 = 1 @ 2@ 2, in a diagrammatic notation. Thus the
2-dimensional simple FyS3-module is projective, and the trivial module appears as the
unique simple quotient of a projective module of dimension 2 whose socle is also the
trivial module. These summands of F4S3 are indecomposable, and so e1, es and e
are primitive idempotents in F4S3. We see also that the radical of F4.S3 is the span of

Zg€53 g

7.3 Projective covers, Nakayama’s lemma and lifting of
idempotents

We now develop the theory of projective covers. We first make the definition that an
essential epimorphism is an epimorphism of modules f : U — V with the property
that no proper submodule of U is mapped surjectively onto V by f. An equivalent
formulation is that whenever g : W — U is a map such that fg is an epimorphism, then
g is an epimorphism. One immediately asks for examples of essential epimorphisms,
but it is probably more instructive to consider epimorphisms that are not essential.
If U — V is any epimorphism and X is a non-zero module then the epimorphism
U @& X — V constructed as the given map on U and zero on X can never be essential.
This is because U is a submodule of U @& X mapped surjectively onto V. Thusif U — V
is essential then U can have no direct summands that are mapped to zero. One may
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think of an essential epimorphism as being minimal, in that no unnecessary parts of U
are present.

The greatest source of essential epimorphisms is Nakayama’s lemma, given here in
a version for modules over non-commutative rings. Over an arbitrary ring a finiteness
condition is required, and that is how we state the result here. We will see in Exercise 10
at the end of this chapter that, when the ring is a finite dimensional algebra over a
field, the result is true for arbitrary modules without any finiteness condition.

Theorem 7.3.1 (Nakayama’s Lemma). If U is any Noetherian module, the homomor-
phism U — U/RadU is essential. Equivalently, if V' is a submodule of U with the
property that V 4+ RadU = U, then V =U.

Proof. Suppose V is a submodule of U. If V % U then V C M C U where M is a
maximal submodule of U. Now V + RadU C M and so the composite V — U —
U/RadU has image contained in M/Rad U, which is not equal to U/RadU since
(U/RadU)/(M/RadU) = U/M # 0. O

When U is a module for a finite dimensional algebra it is always true that every
proper submodule of U is contained in a maximal submodule, even when U is not
finitely generated. This was the only point in the proof of Theorem 7.3.1 where the
Noetherian hypothesis was used, and so in this situation U — U/RadU is always
essential. This is shown in Exercise 10 of this chapter.

The next result is not at all difficult and could also be proved as an exercise.

Proposition 7.3.2. (1) Suppose that f : U — V and g : V. — W are two module
homomorphsms. If two of f, g and gf are essential epimorphisms then so is the

third.

(2) Let f : U — V be a homomorphism of Noetherian modules. Then f is an essential
epimorphism if and only if the homomorphism of radical quotients U/ RadU —
V/RadV is an isomorphism.

(38) Let f; : Uy — V; be homomorphisms of Noetherian modules, where i = 1,...,n.
The f; are all essential epimorphisms if and only if

is an essential epimorphism.

Proof. (1) Suppose f and g are essential epimorphisms. Then gf is an epimorphism
also, and it is essential because if Uy is a proper submodule of U then f(Uy) is a proper
submodule of V since f is essential, and hence g(f(Up)) is a proper submodule of S
since ¢ is essential.

Next suppose f and gf are essential epimorphisms. Since W = J(gf) C S(g) it
follows that ¢ is an epimorphism. If V; is a proper submodule of V then f~!(Vp) is a
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proper submodule of U since f is an epimorphism, and now g(Vp) = gf(f~1(Vo)) is a
proper submodule of S since gf is essential.

Suppose that g and gf are essential epimorphisms. If f were not an epimorphism
then f(U) would be a proper submodule of V', so gf(U) would be a proper submodule
of W since gf is essential. Since gf(U) = W we conclude that f is an epimorphism.
If Uy is a proper submodule of U then gf(Uy) is a proper submodule of W, since gf is
essential, so f(Up) is a proper submodule of V since ¢ is an epimorphism. Hence f is
essential.

(2) Consider the commutative square

U — Vv

! l

U/RadU — V/RadV

where the vertical homomorphisms are essential epimorphisms by Nakayama’s lemma.
Now if either of the horizontal arrows is an essential epimorphism then so is the other,
using part (1). The bottom arrow is an essential epimorphism if and only if it is an
isomorphism; for U/ Rad U is a semisimple module and so the kernel of the map to
V/RadV has a direct complement in U/ Rad U, which maps onto V/Rad V. Thus if
U/RadU — V/RadV is an essential epimorphism its kernel must be zero and hence
it must be an isomorphism.
(3) The map
(@:U;)/ Rad(®:U;) — (@4V;)/ Rad(®;V;)

induced by @ f; may be identified as a map

P/ RadU;) — @ (Vi/ Rad V),

1
and it is an isomorphism if and only if each map U;/ RadU; — V;/RadV; is an iso-
morphism. These conditions hold if and only if ®f; is an essential epimorphism, if and
only if each f; is an essential epimorphism by part (2). O

We define a projective cover of a module U to be an essential epimorphism P — U,
where P is a projective module. Strictly speaking the projective cover is the homo-
morphism, but we may also refer to the module P as the projective cover of U. We
are justified in calling it the projective cover by the second part of the following result,
which says that projective covers (if they exist) are unique.

Proposition 7.3.3. (1) Suppose that f : P — U is a projective cover of a module
U and g : Q — U is an epimorphism where Q) is a projective module. Then we
may write Q = Q1 ® Q2 so that g has components g = (g1,0) with respect to this
direct sum decomposition and g1 : Q1 — U appears in a commutative triangle

Q1
>
r L v
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where v is an isomorphism.

(2) If any exist, the projective covers of a module U are all isomorphic, by isomor-
phisms that commute with the essential epimorphisms.

Proof. (1) In the diagram
Q

g

r U

we may lift in both directions to obtain maps o : P — @ and 8 : Q — P so that
the two triangles commute. Now ffa = ga = f is an epimorphism, so S« is also an
epimorphism since f is essential. Thus S is an epimorphism. Since P is projective
splits and @ = Q1 ® Q2 where Q2 = ker 5, and § maps ()1 isomorphically to P. Thus
g = (fBlg,,0) is as claimed with v = f|g,.

(2) Supposing that f: P — U and g : Q@ — U are both projective covers, since @1
is a submodule of @) that maps onto U and f is essential we deduce that @@ = ;. Now
~v: @ — P is the required isomorphism. O

Corollary 7.3.4. If P and Q are Noetherian projective modules over a ring then P = ()
if and only if P/Rad P =2 @/ Rad Q.

Proof. By Nakayama’s lemma P and @ are the projective covers of P/Rad P and
Q/Rad@Q. 1t is clear that if P and @ are isomorphic then so are P/Rad P and
@/ Rad @, and conversely if these quotients are isomorphic then so are their projective
covers, by uniqueness of projective covers. O

If P is a projective module for a finite dimensional algebra A then Corollary 7.3.4
says that P is determined up to isomorphism by its semisimple quotient P/ Rad P. We
are going to see that if P is an indecomposable projective A-module, then its radical
quotient is simple, and also that every simple A-module arises in this way. Further-
more, every indecomposable projective for a finite dimensional algebra is isomorphic
to a summand of the regular representation (something that is not true in general for
projective ZG-modules, for instance). This means that it is isomorphic to a module A f
for some primitive idempotent f € A, and the radical quotient P/ Rad P is isomorphic
to (A/ Rad A)e where e is a primitive idempotent of A/ Rad A satisfying e = f+Rad A.
We will examine this kind of relationship between idempotent elements more closely.

In general if I is an ideal of a ring A and f is an idempotent of A then clearly
e = f+1 is an idempotent of A/I, and we say that f lifts e. On the other hand, given
an idempotent e of A/I it may or may not be possible to lift it to an idempotent of A.
If, for every idempotent e in A/I, we can always find an idempotent f € A such that
e = f + I then we say we can lift idempotents from A/I to A.

We present the next results about lifting idempotents in the context of a ring with a
nilpotent ideal I, but readers familiar with completions will recognize that these results
extend to a situation where A is complete with respect to the I-adic topology on A.
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Theorem 7.3.5. Let I be a nilpotent ideal of a ring A and e an idempotent in A/I.
Then there exists an idempotent f € A with e = f + I. If e is primitive, so is any lift

1.

Proof. We define idempotents e; € A/I* inductively such that e; + I*~1/I* = ¢; 1 for
all 4, starting with e; = e. Suppose that e; 1 is an idempotent of A/I*~1. Pick any
element a € A/I' mapping onto e;_1, so that a®> —a € I*"1/I'. Since (I'"1)2 C I* we
have (a? — a)? =0 € A/I'. Put e¢; = 3a® — 2a>. This does map to e¢; 1 € A/I*"! and
we have
e? —e; = (3a® — 2a%)(3a* — 2a® — 1)
= —(3 - 2a)(1 + 2a)(a* — a)?
= 0.

This completes the inductive definition, and if I” = 0 we put f = e,.

Suppose that e is primitive and that f can be written f = f; + fo where f; and
fo are orthogonal idempotents. Then e = e; + eo, where e; = f; 4+ I, is also a sum of
orthogonal idempotents. Therefore one of these is zero, say, e; = 0 € A/I. This means
that f12 = f; € I. But [ is nilpotent, and so contains no non-zero idempotent. ]

We will very soon see that in the situation of Theorem 7.3.5, if f is primitive, so is
e. It depends on the next result, which is a more elaborate version of Theorem 7.3.5.

Corollary 7.3.6. Let I be a nilpotent ideal of a ring A and let 1 = e; + --- + e, be
a sum of orthogonal idempotents in A/I. Then we can write 1 = fi + -+ fp in A,
where the f; are orthogonal idempotents such that f; + 1 = e; for all i. If the e; are
primitive then so are the f;.

Proof. We proceed by induction on n, the induction starting when n = 1. Suppose that
n > 1 and the result holds for smaller values of n. We will write 1 = e;+F in A/I where
E =eg+---+e, is an idempotent orthogonal to e;. By Theorem 7.3.5 we may lift e; to
an idempotent f; € A. Write I = 1— f1, so that F' is an idempotent that lifts £. Now F’
is the identity element of the ring F'AF which has a nilpotent ideal F I F'. The composite
homomorphism FAF < A — A/I has kernel FAF N I and this equals FIF, since
clearly FAFNI D FIF,andifx € FAFNI thenx = FoeF € FIF,so FAFNI C FIF.
Inclusion of FFAF in A thus induces a monomorphism FAF/FIF — A/I, and its
image is E(A/I)E. In E(A/I)E the identity element E is the sum of n — 1 orthogonal
idempotents, and this expression is the image of a similar expression for F' 4+ FIF in
FAF/FIF. By induction, there is a sum of orthogonal idempotents F' = fo +---+ f,
in FAF that lifts the expression in FAF/FIF and hence also lifts the expression for
E in A/I, so we have idempotents f; € A, i = 1,...,n with f; + I = e;. These f;
are orthogonal: for fa,..., f, are orthogonal in FFAF' by induction, and if ¢ > 1 then
Ff; = fi so we have f1f; = fiF'fi = 0.

The final assertion about primitivity is the last part of Theorem 7.3.5. ]

Corollary 7.3.7. Let f be an idempotent in a ring A that has a nilpotent ideal I.
Then f is primitive if and only if f + I is primitive.
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Proof. We have seen in Theorem 7.3.5 that if f+1 is primitive, then so is f. Conversely,
if f+ I can be written f+ I = e; + e2 where the e; are orthogonal idempotents of A/I,
then by applying Corollary 7.3.6 to the ring fAf (of which f is the identity) we may
write f = g1 + g2 where the g; are orthogonal idempotents of A that lift the e;. O

We now classify the indecomposable projective modules over a finite dimensional
algebra as the projective covers of the simple modules. We first describe how these
projective covers arise, and then show that they exhaust the possibilities for indecom-
posable projective modules. We postpone explicit examples until the next section, in
which we consider group algebras.

Theorem 7.3.8. Let A be a finite dimensional algebra over a field and S a simple
A-module.

(1) There is an indecomposable projective module Ps with Pg/Rad Ps = S, of the
form Ps = Af where f is a primitive idempotent in A.

(2) The idempotent f has the property that fS # 0 and if T is any simple module
not isomorphic to S then fT = 0.

(8) Pg is the projective cover of S, it is uniquely determined up to isomorphism by
this property and has S as its unique simple quotient.

(4) It is also possible to find an idempotent fs € A so that fsS =S and fsT =0 for
every simple module T mot isomorphic to S.

Proof. Let e € A/Rad A be any primitive idempotent such that eS # 0. It is possible
to find such e since we may write 1 as a sum of primitive idempotents and some term in
the sum must be non-zero on S. Let f be any lift of e to A, possible by Corollary 7.3.7.
Then f is primitive, fS = eS # 0 and fT = eI’ = 0 if T 2 S since a primitive
idempotent e in the semisimple ring A/ Rad A is non-zero on a unique isomorphism
class of simple modules. We define Ps = Af, an indecomposable projective module.
Now

Ps/Rad Ps = Af/(Rad A- Af) = (A/Rad A) - (f + Rad A) = S,

the isomorphism arising because the map Af — (A/Rad A) - (f + Rad A) defined by
af — (af+Rad A) has kernel (Rad A) - f. The fact that Pg is the projective cover of S
is a consequence of Nakayama’s lemma, and the uniqueness of the projective cover was
dealt with in Proposition 7.3.3. Any simple quotient of Pg is a quotient of Ps/Rad Pg,
so there is only one of these. Finally we observe that if we had written 1 as a sum of
primitive central idempotents in A/ Rad A, the lift of the unique such idempotent that
is non-zero on S is the desired idempotent fg. O

Theorem 7.3.9. Let A be a finite dimensional algebra over a field k. Up to isomor-
phism, the indecomposable projective A-modules are exactly the modules Pg that are
the projective covers of the simple modules, and Pg =2 Pr if and only if S =2 T. Fach
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projective Pg appears as a direct summand of the regular representation, with multi-
plicity equal to the multiplicity of S as a summand of A/Rad A. As a left A-module
the reqular representation decomposes as

Az @ @y
simple S

where ng = dimy, S if k is algebraically closed, and more generally ng = dimp S where
D = Endy/(S).

In what follows we will only prove that finitely generated indecomposable projective
modules are isomorphic to Pg, for some simple S. In Exercise 10 at the end of this
chapter it is shown that this accounts for all indecomposable projective modules.

Proof. Let P be an indecomposable projective module and write
P/RadP = S, @@ Sp.
Then P — S1 @ --- @ .S, is a projective cover. Now
Ps,® - @®Ps, >51®--®Spn
is also a projective cover, and by uniqueness of projective covers we have
P=Pg &---& Ps,.

Since P is indecomposable we have n =1 and P = Pg,.

Suppose that each simple A module S occurs with multiplicity ng as a summand
of the semisimple ring A/ Rad A. Both A and @Simple g Pg® are the projective cover
of A/Rad A, and so they are isomorphic. We have seen in Corollary 2.1.4 that ng =
dimy S when k is algebraically closed, and in Exercise 5 of Chapter 2 that ng = dimp S
in general. O

Theorem 7.3.10. Let A be a finite dimensional algebra over a field k, and U an
A-module. Then U has a projective cover.

Again, we only give a proof in the case that U is finitely generated, leaving the
general case to Exercise 10 of this chapter.

Proof. Since U/ Rad U is semisimple we may write U/RadU = S1 @ --- @ S,,, where
the S; are simple modules. Let Ps, be the projective cover of S; and h : Ps, @ --- @
Ps, — U/RadU the projective cover of U/RadU. By projectivity there exists a
homomorphism f such that the following diagram commutes:

Ps, ®---® Ps,
f
% [

v <% U/RadU

Since both g and h are essential epimorphisms, so is f by Proposition 7.3.2. Therefore
f is a projective cover. ]
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We should really learn more from Theorem 7.3.10 than simply that U has a projec-
tive cover: the projective cover of U is the same as the projective cover of U/ RadU.

Example 7.3.11. The arguments that show the existence of projective covers have
a sense of inevitability about them and we may get the impression that projective
covers always exist in arbitrary situations. In fact they fail to exist in general for
integral group rings. If G = {e, g} is a cyclic group of order 2, consider the submodule
3Z-e+Z-(e+g) of ZG generated as an abelian group by 3e and e+ g. We rapidly check
that this subgroup is invariant under the action of G (so it is a ZG-submodule), and
it is not the whole of ZG since it does not contain e. Applying the augmentation map
€:ZG — Z we have €(3e) =3 and e(e+g) =2s0€(3Z-e+Z-(e+g)) = 3Z+2Z = L.
This shows that the epimorphism € is not essential, and so it is not a projective cover
of Z. If 7Z were to have a projective cover it would be a proper summand of ZG by
Proposition 7.3.3. On reducing modulo 2 we would deduce that FoG decomposes, which
we know not to be the case by Corollary 6.3.7. This shows that Z has no projective
cover as a ZG-module.

7.4 The Cartan matrix

Now that we have classified the projective modules for a finite dimensional algebra we
turn to one of their important uses, which is to determine the multiplicity of a simple
module S as a composition factor of an arbitrary module U (with a composition series).
If

0=UycU,c---CcU,=U

is any composition series of U, the number of quotients U;/U;_; isomorphic to S is
determined independently of the choice of composition series, by the Jordan—Hoélder
theorem. We call this number the (composition factor) multiplicity of S in U.

Proposition 7.4.1. Let S be a simple module for a finite dimensional algebra A with
projective cover Pg, and let U be a finite dimensional A-module.

(1) If T is a simple A-module then

- -
dimhomA(P&T):{dlm nda(S) if ST,

otherwise.
(2) The multiplicity of S as a composition factor of U is

dim hom 4 (Ps, U)/ dim End 4(.5).

(3) If e € A is an idempotent then dimhom4(Ae,U) = dimeU.

We remind the reader that if the ground field & is algebraically closed then dim End 4(S) =
1 by Schur’s lemma. Thus the multiplicity of S in U is just dimhom(Ps,U) in this
case.
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Proof. (1) If Pg — T is any non-zero homomorphism, the kernel must contain Rad Ps,
being a maximal submodule of Pg. Since Pg/Rad Ps = S is simple, the kernel must
be Rad P and S = T. Every homomorphism Pg — S is the composite Pg —
Ps/Rad Ps — S of the quotient map and either an isomorphism of Ps/Rad Ps with
S or the zero map. This gives an isomorphism hom 4 (Ps, S) = End 4(5).
(2) Let
0=UycU,c---CcU,=U
be a composition series of U. We prove the result by induction on the composition

length n, the case n = 1 having just been established. Suppose n > 1 and that the
multiplicity of S in U,_1 is dimhomy(Ps, U,—1)/ dim End 4(S). The exact sequence

0—=>Up1—U—-U/Up—1 =0
gives rise to an exact sequence
0 — homy(Ps, Uy,—1) — hom(Ps,U) — homy(Ps,U/Up—1) — 0
by Proposition 7.1.3, so that
dim hom 4 (Ps,U) = dim hom(Ps, Uy—1) + dimhom 4 (Ps, U/Up_1).

Dividing these dimensions by dim End 4(S) gives the result, by part (1).

(3) There is an isomorphism of vector spaces homy(Ae,U) = eU specified by ¢ —
¢(e). Note here that since ¢(e) = ¢(ee) = ep(e) we must have ¢(e) € eU. This
mapping is injective since each A-module homomorphism ¢ : Ae — U is determined
by its value on e as ¢(ae) = ag(e). It is surjective since the equation just written down
does define a module homomorphism for each choice of ¢(e) € eU. O

Again in the context of a finite dimensional algebra A, we define for each pair of
simple A-modules S and T the integer

csT = the composition factor multiplicity of S in Pr.

These are called the Cartan invariants of A, and they form a matrix C' = (cgr) with
rows and columns indexed by the isomorphism types of simple A-modules, called the
Cartan matriz of A.

Corollary 7.4.2. Let A be a finite dimensional algebra over a field, let S and T be
simple A-modules and let eg, ep be idempotents so that Ps = Aeg and Pr = Aep are
projective covers of S and T. Then

cst = dimhomy (Pg, Pr)/ dim End 4 (S) = dimegAer/ dim End 4(.5).
If the ground field k is algebraically closed then csp = dimhom 4 (Ps, Pr) = dimegAer.

While it is rather weak information just to know the composition factors of the
projective modules, this is at least a start in describing these modules. We will see later
on in the case of group algebras that there is an extremely effective way of computing
the Cartan matrix using the decomposition matrix.
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7.5 Summary of Chapter 7

e Direct sum decompositions of 4A as an A-module (with indecomposable sum-
mands) correspond to expressions for 14 as a sum of orthogonal (primitive) idem-
potents.

e U — U/RadU is essential.

e Projective covers are unique when they exist. For modules for a finite dimensional
algebra over a field they do exist.

e Idempotents can be lifted through nilpotent ideals.

e The indecomposable projective modules for a finite dimensional algebra over a
field are exactly the projective covers of the simple modules. Each has a unique
simple quotient and is a direct summand of the regular representation. Over an
algebraically closed field Pg occurs as a summand of the regular representation
with multiplicity dim S.

7.6 Exercises for Chapter 7

1. Let A be a finite dimensional algebra over a field. Show that A is semisimple if
and only if all finite dimensional A-modules are projective.

2. Let Pg be an indecomposable projective module for a finite dimensional algebra
over a field. Show that every non-zero homomorphic image of Pg

(a) has a unique maximal submodule,

(b) is indecomposable, and

(c) has Pg as its projective cover.

3. Let A be a finite dimensional algebra over a field, and suppose that f, f’ are
primitive idempotents of A. Show that the indecomposable projective modules A f and
Af’ are isomorphic if and only if dim fS = dim f’S for every simple module S.

4. Let A be a finite dimensional algebra over a field and f € A a primitive idem-
potent. Show that there is a simple A-module S with fS # 0, and that S is uniquely
determined up to isomorphism by this property.

5. Let A be a finite dimensional algebra over a field, and suppose that @ is a
projective A-module. Show that in any expression

Q:Pgll@...@Pg:
where S, ..., S, are non-isomorphic simple modules, we have

n; = dimhom4(Q, S;)/ dim End 4(.5;).
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6. Let A be a finite dimensional algebra over a field. Suppose that V is an A-
module, and that a certain simple A-module S occurs as a composition factor of V'
with multiplicity 1. Suppose that there exist non-zero homomorphisms S — V and
V — S. Prove that S is a direct summand of V.

7. Let G = S, let k be a field of characteristic 2 and let Q@ = {1,2,...,n} permuted
transitively by G.

(a) When n = 3, show that the permutation module k€2 is semisimple, being the
direct sum of the one-dimensional trivial module and the 2-dimensional simple module.
[Use the information from Example 7.2.2 and Exercise 8 from Chapter 6.]

(b) When n = 4 there is a normal subgroup V < Sy with S4/V = S3, where V =
((1,2)(3,4),(1,3)(2,4)). Show that the simple kSs;-modules are precisely the two simple
kS3-modules, made into kSs-modules via the quotient homomorphism to S3. Show
that k€2 is uniserial with three composition factors that are the trivial module, the
2-dimensional simple module and the trivial module.

[Use Exercise 8 from Chapter 6.]

8. Show by example that if H is a subgroup of GG it need not be true that Rad kH C
Rad kG.

[Compare this result with Exercise 5 from Chapter 6.]

9. Suppose that we have module homomorphisms U i)Vi>W. Show that part
of Proposition 7.3.2(1) can be strengthened to say the following: if ¢gf is an essential
epimorphism and f is an epimorphism then both f and g are essential epimorphisms.

10. Let U and V be arbitrary (not necessarily Noetherian) modules for a finite
dimensional algebra A. Use the results of Exercise 27 of Chapter 6 to show the following.

(a) Show that the quotient homomorphism U — U/ Rad U is essential.

(b) Show that a homomorphism U — V is essential if and only if the homomorphism
of radical quotients U/RadU — V/Rad V is an isomorphism.

(c) Show that U has a projective cover.

(d) Show that every indecomposable projective A-module is finite dimensional, and
hence isomorphic to Pg for some simple module S.

(e) Show that every projective A-module is a direct sum of indecomposable projec-
tive modules.

11. In this question U, V and W are modules for a finite dimensional algebra over a
field and Py is the projective cover of W. Assume either that these modules are finite
dimensional, or the results from the last exercise.

(a) Show that U — W is an essential epimorphism if and only if there is a surjective
homomorphism Py — U so that the composite Py — U — W is a projective cover of
W. In this situation show that Py — U must be a projective cover of U.

(b) Prove the following ‘extension and converse’ to Nakayama’s lemma: let V' be
any submodule of U. Then U — U/V is an essential epimorphism < V C Rad U.



Chapter 8

Projective modules for group
algebras

We focus in this chapter on facts about group algebras that are not true for finite
dimensional algebras in general. The results are a mix of general statements and specific
examples describing the representations of certain types of groups. At the beginning of
the chapter we summarize the properties of projective modules for p-groups and also
the behavior of projective modules under induction and restriction. Towards the end
we show that the Cartan matrix is symmetric (then the field is algebraically closed) and
also that projective modules are injective. In the middle we describe quite explicitly
the structure of projective modules for many semidirect products and we do this by
elementary arguments. It shows that the important general theorems are not always
necessary to understand specific representations, and it also increases our stock of
examples of groups and their representations.

Because of the diversity of topics it is possible to skip certain results in this chapter
without affecting comprehension of what remains. For example, the reader who is more
interested in the general results could skip the description of representations of specific
groups between Example 8.2.1 and Theorem 8.4.1.

8.1 The behavior of projective modules under induction,
restriction and tensor product

We start with a basic fact about group algebras of p-groups in characteristic p.

Theorem 8.1.1. Let k be a field of characteristic p and G a p-group. The regular
representation is an indecomposable projective module that is the projective cover of
the trivial representation. Fvery finitely generated projective module is free. The only
idempotents in kG are 0 and 1.

Proof. We have seen in 6.12 that kG is indecomposable and it also follows from 7.14.
By Nakayama’s lemma kG is the projective cover of k. By 7.13 and 6.3 every indecom-
posable projective is isomorphic to kG. Every finitely generated projective is a direct

120
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sum of indecomposable projectives, and so is free. Finally, every idempotent e € kG
gives a module decomposition kG = kGe @ kG(1 —e). If e # 0 then we must have
kG = kGe, so kG(1 —e) =0 and e = 1. O

The next lemma is a consequence of the fact that induction is both the left and the
right adjoint of restriction, as shown in Lemma 4.12. Without using that language we
give a direct proof.

Lemma 8.1.2. Let H be a subgroup of G.
(1) If P is a projective RG-module then P Lg s a projective RH-module.
(2) If Q is a projective RH-module then Q Tg is a projective RG-module.

Proof. (1) As a RH-module,

RG g @ RHg= (RH)%H,
gelH\C]

which is a free module. Hence a direct summand of RG™ on restriction to H is a direct
summand of RHIGHI" and so is projective.
(2) We have
(RH) 152 (R1{') 15 R 17 RG

so that direct summands of RH™ induce to direct summands of RG™. O

We now put together Theorem 8.1.1 and Lemma 8.1.2 to obtain an important
restriction on projective modules.

Corollary 8.1.3. Let k be a field of characteristic p and let p® be the exact power of
p that divides |G|. If P is a projective kG-module then p® ‘ dim P.

Proof. Let H be a Sylow p-subgroup of G and P a projective kG-module. Then P i%}
is projective by Lemma 8.1.2, hence free as a kH-module by Theorem 8.1.1, and of
dimension a multiple of |H|. O

We are about to describe in detail the structure of projective modules for some
particular groups that are semidirect products, and the next two results will be used
in our proofs. The first is valid over any commutative ring R.

Proposition 8.1.4. Suppose that V is any RG-module that is free as an R-module
and P is a projective RG-module. Then V &g P is projective as an RG-module.

Proof. f P® P’ =~ RG™ then V@ RG" =V @ P®V ® P’ and it suffices to show that
V @ RG" is free. We offer two proofs of the fact that V ® RG = RG™%V  The first is
that V@ RG =2 V®(R1Y) =2 (VoR) 1¥= V 1¢, with the middle isomorphism coming
from Corollary 4.13. As a module for the identity group, V is just a free R-module and
soV T?g (R T?)rankv o RGrankV.
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The second proof is really the same as the first, but we make the isomorphism
explicit. Let V'Y be the same R-module as V, but with the trivial G-action, so
ytriv o prankV o RG-modules. We define a linear map

V ®RG — V™ ® RG
vRg— g lu®g 7
which has inverse gw ® g < w ® g. One checks that these mutually inverse linear maps
are RG-module homomorphisms. Finally V" ® RG = RG™"kV O

In the calculations that follow we will need to use the fact that for representations
over a field, taking the tensor product with a fixed representation preserves exactness.

Lemma 8.1.5. Let 0 - U -V — W — 0 be a short exact sequence of kG-modules
and X another kG-module, where k is a field. Then the sequence

02U X2V X=>W® X —0

is exact. Thus if U is a submodule of V' then (V/U) @ X = (V @i X)/(U @ X).

Proof. Since the tensor products are taken over k, the question of exactness is inde-
pendent of the action of G. As a short exact sequence of vector spaces 0 — U —
V. — W — 0 is split, so that V =2 U & W with the morphisms in the sequence as
two of the component inclusions and projections. Applying — ®; X to this we get
Ver X =2 (U X)® (W ®, X) with component morphisms given by the morphisms
in the sequence 0 - U ®r X - V®r X — W ®; X — 0. This is enough to show
that the sequence is (split) exact as a sequence of vector spaces, and hence exact as a
sequence of kG-modules.

Another approach to the same thing is to suppose that U is a submodule of V' and
take a basis v1,...,v, for V such that v1,...,vy is a basis for U and let z1,...,z, be
a basis for X. Now the v; ®; z; with 1 <¢ <nand 1 < j < m form a basis for V ®; X,
and the same elements with 1 < i < d and 1 < j < m form a basis for U ®; X. This
shows that U ®; X is a submodule of V ®; X, and the quotient has as a basis the
images of the v; ® x; with d +1 <4 <mn and 1 < j < m, which is in bijection with a
basis of W ®;, X. L]

8.2 Projective and simple modules for direct products of
a p-group and a p’-group

Before continuing with the general development of the theory we describe in detail the
projective modules for groups that are a semidirect product with one of the terms a
Sylow p-subgroup, since this can be done by direct arguments with the tools we already
have at hand. This will be done in general in the next sections, and in this section we
start with the special case of a direct product.
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Example 8.2.1. Let k£ be a field of characteristic p and let G = H x K, where H is
a p-group and K has order prime to p. In this example the only tensor products that
appear are tensor products ®j over the field & and we supress the suffix £ from the
notation. We make use of the following general isomorphism (not dependent on the
particular hypotheses we have here, and seen before in the remark after Theorem 4.1.2):

k[H x K| = kH ® kK as k-algebras,

which arises because kG has as a basis the elements (h, k) where h € H, k € K, and
kH ® kK has as a basis the corresponding elements h ® k. These two bases multiply
together in the same fashion, and so we have an algebra isomorphism.

Let us write kK = S{* @ --- & S;', where S, ..., S, are the non-isomorphic simple
kK-modules, bearing in mind that kK is semisimple since K has order relatively prime
to p. Since H = Op(G), these are also the non-isomorphic simple kG-modules, by
Corollary 6.4. We have

kG=kH®kK =(kH®S1)" @---& (kH ® S,)"

as kG-modules, and so the kH ® S; are projective kG-modules. Each does occur with
multiplicity equal to the multiplicity of S; as a summand of kG/ Rad(kG), and so must
be indecomposable, using 7.14. We have therefore constructed all the indecomposable
projective kG-modules, and they are the modules Ps, = kH ® S;.

Suppose that 0 C P, C --- C P, = kH is a composition series of the regular
representation of H. Since H is a p-group, all the composition factors are the trivial
representation, k. Because _ ®j S; preserves exact sequences, the series 0 C P ® S; C

- C P, ®S5; = Pg, has quotients k ® S; = S;, which are simple, and so this is a
composition series of Pg,. There is only one isomorphism type of composition factor.

We can also see this from the ring-theoretic structure of kG. Assuming that k is
algebraically closed (to make the notation easier) we have Endyg(S;) = k for each i
and kK = @._, M, (k) as rings where n; = dim S;. Now

T
kG =kH @ kK = 5 M,,(kH)
i=1
as rings, since kH ® M, (k) = M, (kH). The latter can be proved by observing that the
two sides of the isomorphism have bases that multiply together in the same way. The
projective kG-modules Ps, = kH ® S; are now identified in this matrix description as
column vectors of length n; with entries in kH.
We next observe that

Rad kG = Rad(kH) ® kK = B M,, (Rad(kH)).
i=1
The first equality holds because the quotient

(kH ® kK)/(Rad(kH) ® kK) = (kH/Rad kH) ® kK = k @ kK
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is semisimple, since kK is semisimple, so that
Rad(kH ® kK) C Rad(kH) ® kK.

On the other hand Rad(kH) ® kK is a nilpotent ideal of kH ® kK, so is contained
in the radical, and we have equality. To look at it from the matrix point of view,
@D;_, M,,(Rad(kH)) is a nilpotent ideal with quotient @;_; M, (k), which is semisim-
ple, so again we have correctly identified the radical. Computing the powers of these
ideals we have

Rad" kG = Rad"(kH) ® kK = @5 My, (Rad" (kH))

i=1
for each n.

Example 8.2.2. As a very specific example, suppose that H is cyclic of order p®. Then
kH has a unique composition series by Theorem 6.2, with terms P; = Rad(kH Y kH.
We see from the above discussion and the fact that Rad kG = Rad(kH) ® kK that the
terms in the composition series of Pg, are P; ® S; = Rad(kG)? - Ps,. Thus the radical
series of Pg, is in fact a composition series, and it follows (as in Exercise 6 of Chapter
6) that Pg, also has a unique composition series, there being no more submodules of
Ps, other than the ones listed.

8.3 Projective modules for groups with a normal Sylow
p-subgroup

We move on now to describe the projective kG-modules where k is a field of character-
istic p and where G is a semidirect product with Sylow p-subgroup H, doing this first
in this section when G has the form G = H x K and afterwards in the next section
doing it when G = K x H. Before this we give a module decomposition of the group
ring of a semidirect product that holds in all cases.

Lemma 8.3.1. Let R be a commutative ring and G = H x K a semidirect product.
There is an action of RG on RH such that H acts on RH by left multiplication and
K acts by conjugation. With this action, RH = R T?(% RG - K as RG-modules, where
K =Y .xx. We have a tensor decomposition of RG-modules

RG = (R1%) ®r (R19)

where the structure of R T% has just been described, and R 157= RK with H acting
trivially.

Proof. We may take R T;G<= RG ®rk R to have as R-basis the tensors h ® 1 where
h € H. The action of an element z € H on such a basis element is z(h®1) = zh®1, and
the action of an element k € K is given by k(h®1) =kh®1 =kh®k 1 =khk '®1
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since the tensor product is taken over RK. Note here that although kh ® 1 is defined,
it is not one of our chosen basis elements (unless k = 1), whereas khk~! ® 1 is one of
them. We see from this that the R-linear isomorphism RH — R T% given by h — h®1
is in fact an isomorphism of RG-modules with the specified action on RH, and indeed
this specification does give an action.

The identification of R T?( with RG - K was seen in 4.9 and in Exercise 11 from
Chapter 4, but we give the argument here. The submodule RG - K is spanned in RG
by the elements G- K = HK - K = H - K. However the elements hK are independent
in RG as h ranges over H, since they have disjoint supports, so these elements form a
basis of RG - K. The basis elements are permuted transitively by G and the stabilizer
of K is K, so the RG'?%RT?{.

Since RH ®r RK has an R-basis consisting of the basic tensors h ® k here h € H
k € K and every element of G is uniquely written in the form hk with h € H, k € K,
the mapping RH ® g RK — RG specified by h ® k — hk is an R-linear isomorphism.
This map commutes with the action of G, since if uv € G with v € H, v € K then

w(h® k) = (uw) - h @ (w) - k = u("h) @ vk

since v acts by conjugation of H and u acts trivially on K. This is mapped to u(*h)vk =
(uv)(hk) € RG so the map commutes with the action of G. O

We now suppose that & is a field of characteristic p and G = H x K where H is
a Sylow p-subgroup. We shall see that several of the properties of projective modules
that we identified in the case of a direct product G = H x K still hold for the semidirect
product, but not all of them.

Proposition 8.3.2. Let k be a field of characteristic p and let G = H x K where H
18 a p-group and K has order prime to p.

(1) Let ex = ﬁ > zcx . Then the indecomposable projective Py, has the form

P, = kGeg = kH = k1€

where kH 1is taken to have the kG-module action where H acts by multiplication
and K acts by conjugation, as in Lemma 8.3.1.

(2) Rad(kG) is the kernel of the ring homomorphism kG — kK given by the quotient
homomorphism G — K, so that kG/Rad(kG) = kK as rings, and also as kG-
modules. Furthermore, Rad(kG) is generated both as a left ideal and a right ideal
by Rad(kH) = IH, the augmentation ideal of kH .

(8) The simple kG-modules are precisely the simple kK -modules, regarded as kG-
modules via the quotient homomorphism G — K. If S is any simple kG-module
with projective cover Pg then Pg = P, @ S = S Tf( as kG-modules.
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(4) For each simple kG-module S with projective cover Ps, the radical series of Ps
has terms Rad"(Ps) = (IH)"®S with radical layers (IH)"~'/(IH)")®S, where
IH is taken to have the restriction of the action on RH given in Lemma 8.3.1.
Consequently all of the indecomposable projective modules have the same Loewy
length.

(5) There is an isomorphism of kG-modules Py, ® kK = kG.

Proof. (1) Since |K| is invertible in k we have kGeyx = kG - K (with the notation of
Lemma 8.3.1), and since ex is an idempotent this is a projective kG-module, and it
has the stated identifications by Lemma 8.3.1. This module is indecomposable as a
kH-module since H is a p-group, by Theorem 8.1.1, so it is indecomposable as a kG-
module. Since its unique simple quotient is represented by 1 € H, and K conjugates
this trivially, kGeg is the projective cover of the trivial module.

(2) Since H = O,(G) the simple kG-modules are precisely the simple kK -modules,
by 6.4. Now G acts on these via the ring surjection kG — kK, so the kernel of this
map acts as zero on all simple modules and hence is contained in Rad kG. But also
kK is a semisimple ring, so the kernel equals Rad kG.

The fact that the kernel of the ring homomorphism kG — kK (and hence Rad kG)
has the description kG - IH is shown in Exercise 15 of Chapter 6, and we also give
the argument here. We know that Rad kH = I H from Proposition 6.3.3. Taking coset
representatives G = | | geic/m 9H and writing k[gH] for the span in kG of the elements
gh, h € H, we have that

KG-TH=| > klgH]|-IH= Y gIH= P g¢IH,
9€[G/H] 9€[G/H] 9€[G/H]

the sum being direct since each term g/ H has basis {g(h — 1) | h € H} with support
in the coset gH. The span of the elements of K inside kG is a space complementary
to kG - I H that is mapped isomorphically to kK. From this we see that kG - [ H is the
kernel of the homomorphism kG — kK. From the fact that H is a normal subgroup we
may calculate directly that kG-Rad(kH) = kG-Rad(kH)-kG = Rad(kH)-kG. We may
also show this by observing that kG - Rad(kH) is the kernel of a ring homomorphism,
hence is a 2-sided ideal and so kG - Rad(kH) = kG - Rad(kH) - kG. We could have
argued with Rad(kH) - kG just as well, and so this also is equal to kG - Rad(kH) - kG.

(3) The fact that the simple kG-modules are the same as the simple kK-modules
was observed at the start of the proof of (2). If S is a simple module, by Propositon 8.1.4
P, ® S is projective. Tensoring the epimorphism P, — k with S gives an epimorphism
P.®S5 — S, s0o P,®S contains Pg as a summand. We show that P, ® S equals Ps.
Now

Rad(Pk ® S) = Rad(k:G) . (Pk X S) = Rad(k‘H) - kG - (P]c X S) =JH- (Pk ® S).

We show that this equals (IH - P;) ® S. The reason for this is that I H is spanned by



CHAPTER 8. PROJECTIVE MODULES FOR GROUP ALGEBRAS 127

elements h — 1 where h € H, and if x ® s is a basic tensor in P, ® S then

(h—=1)-z2®@s=h-(z®s)—1-(x®s)

=hr@hs—2xQs
=hr®h-1)s+(h-1)z®s
=h-1zr®s

since H is a normal p-subgroup which thus acts trivially on S. Note that this argument
does not depend on the first module in the tensor product being P;. To continue the
argument, we have

(IH-Pk) QS = (IH . kG-Pk) QS = (Rad(k:G) . Pk) QS = Rad(Pk) ® S.

Now Rad(Py) has codimension 1 in Py, so Rad(P;)®S has codimension dim S in P, ®.S.
From all this it follows that P, ® S is the projective cover of S, and so is isomorphic
to Pg. We have k T% ®S =S T% by 4.13.

(4) We have seen in the proof of part (3) that Rad(Ps) = (IH - P;) ® S. It was
observed there that the validity of the equation Rad(P, ® S) = (IH - P,) ® S did
not depend on upon the particular structure of P;. Thus we see by induction that
Rad"(Ps) = ((IH)" - P;) ® S. Using the identification of P, as kH that we established
in (1) gives the result.

(5) This is immediate from Lemma 8.3.1 and part (1). O

Note in Proposition 8.3.2(1) that when Py is identified with kH using the module
action from Lemma 8.3.1, it is not being identifed with the subring kH of kG, which
does not immediately have the structure of a kG-module.

Proposition 8.3.2 allows us to give very specific information in the case of groups
with a normal Sylow p-subgroup that is cyclic. This extends the description of the
projectives that we already gave in Example 8.2.1 for the case when the Sylow p-
subgroup is a direct factor (as happens, for instance, when G is cyclic). We recall from
Chapter 6 that a uniserial module is one with a unique composition series, and that
some equivalent conditions to this were explored in Exercise 6 of Chapter 6.

Proposition 8.3.3. Let k be a field of characteristic p and let G = H x K where
H = (z) = Cpn is cyclic of order p™ and K is a group of order relatively prime to
p. Let ¢ : G — GL(W) be the 1-dimensional representation of kG on which H acts
trivially and K acts via its conjugation action on H/(xP). Thus if y € K conjugates
x as Yx = x" then ¢(y) is multiplication by r. If S is any simple kG-module then
the projective cover Ps is uniserial with radical quotients Rad’ Pg / Rad“*! Pg given as
SWRSW2gs,... Wer-lg§=23.

Proof. We know from 6.2 that the powers I H® are a complete list of the kH-submodules
of Py, and since they are also kG-submodules in the action described in Lemma 8.3.1 we
have a complete list of the kG-submodules of P,. We thus have a unique composition
series for Py as a kG-module.
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For each element y € K as in the statement of the theorem the action of y on
IH/(IH)? is multiplication by r, as the following calculation shows:
ylz—1)=Y%z -1
=z" -1
(- "+l -r)+r(z—1)
=r(z—1) (modIH?).

More generally for some a € I H?,
ylx —1)" = (2" = 1)°
=(r(z—-1)+a)°
iz —1)°4sr(z—1)°"a+---
=r¥(z—1)° (mod]HsH),

and so y acts on the quotient IH*®/IH**! as multiplication by 7°. One way to describe
this is that TH®/TH*T! = W®* the s-fold tensor power. Thus by Proposition 8.3.2(4)
the radical layers of Pg are of the form W® @ S. These are simple because W has
dimension 1, so the radical series of Pg is its unique composition series, by Exercise 6
from Chapter 6. 0

An algebra for which all indecomposable projective and injective modules are unis-
erial is called a Nakayama algebra, so that we have just shown that k[H x K] is a
Nakayama algebra when k has characteristic p, H is a cyclic p-group and K has order
prime to p. At least, we have shown that the projectives are uniserial, and the injectives
are uniserial because they are the duals of the projectives. We will see in Corollary 8.5.3
that for group algebras over a field, injective modules and projective modules are, in
fact, the same thing. In Proposition 11.8 we will give a complete description of the
indecomposable modules for a Nakayama algebra. It turns out they are all uniserial
and there are finitely many of them.

Let us continue further with our analysis of the composition factors of the inde-
composable projective module Pg in the situation of Proposition 8.3.3. Observe that
the isomorphism types of these composition factors occur in a cycle that repeats itself:
for each element y € K the map x — Yz = 2" is an automorphism of Cy» and there
is a least positive integer f, such that rfv =1 (modp™). This f, divides p" — 1, and
letting f be the lL.c.m. of all f, with y € K we put p" —1 = ef. Then the modules
B, W, W®2 W®3, _ give rise to f different representations. They repeat e times in Py,
except for k which appears e+1 times. A similar repetition occurs with the composition
factors W& @ S of Pg.

Example 8.3.4. As a specific example of this, consider the non-abelian group

G=(zy|a"=y*=1yay ' =2%) = Cr x Cs
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of order 21 over the field F7. For the element y we have » = 2 and f, = 3, so that f =3
and e = 2. There are three simple F;G-modules by Proposition 8.3.2, all 1-dimensional,
which we will label k1, k2, k4. The element x acts trivially on all of these modules, and
y acts trivially on k1, as multiplication by 2 on ko and as multiplication by 4 on k4. In
the previous notation, W = kg, W®? = k4 and W®3 = k;. The three projective covers
are uniserial with composition factors as shown.

.k‘l .k'Q .k‘4
| | |
.]{,‘2 .]{,‘4 Q]{,‘l
| | |
.k4 .kl .]{22

oko ok, ok
| | |
.k4 .kl .]{j2
| | |
.kl .kz .]{;4

Indecomposable projectives for F7G, where G is non-abelian of order 21.

8.4 Projective modules for groups with a normal p-complement

We next consider the projective modules for groups that are a semidirect product of
a p-group and a group of order prime to p, but with the roles of these groups the
opposite of what they were in the last example. We say that a group G has a normal
p-complement if and only if it has a normal subgroup K < G of order prime to p with
|G : K| a power of p. Necessarily in this situation, if H is a Sylow p-subgroup of G
then G = K x H by the Schur-Zassenhaus theorem. In this situation we also say that
G is a p-nilpotent group, a term that has exactly the same meaning as saying that
G has a normal p-complement. To set this property in a context, we mention that a
famous theorem of Frobenius characterizes p-nilpotent groups as those groups G with
the property that for every p-subgroup @, Ng(Q)/Cq(Q) is a p-group. This is not a
result that we will use here, and we refer to standard texts on group theory for this
and other criteria that guarantee the existence of a normal p-complement.

Theorem 8.4.1. Let G be a finite group and k a field of characteristic p. The following
are equivalent.

(1) G has a normal p-complement.

(2) For every simple kG-module S, the composition factors of the projective cover Ps
are all isomorphic to S.
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(8) The composition factors of Py are all isomorphic to k.

Proof. (1) = (2): Let G = K x H where p [ |K| and H is a Sylow p-subgroup of
G. We show that kH, regarded as a kG-module via the homomorphism G — H, is a
projective module. In fact, since kK is semisimple we may write kK = k ® U for some
kK-module U, and now kG = kK Tf(: k T% eU T% Here k TIG(% kH as kG-modules
(they are permutation modules with stabilizer K) and so kH is projective, being a
summand of kG.

Now if S is any simple kG-module then S ®; kH is also projective by Proposi-
tion 8.1.4, and all its composition factors are copies of S = S®; k since the composition
factors of kH are all k (using Proposition 6.2.1 and Lemma 8.1.5). The indecomposable
summands of S ®j kH are all copies of Pg, and their composition factors are all copies
of S.

(2) = (3) is immediate.

(3) = (1): Suppose that the composition factors of Py are all trivial. If g € G is
any element of order prime to p (we say such an element is p-regular) then Py ¢g>% Kt
for some t, since k(g) is semisimple. Thus ¢ lies in the kernel of the action on Py and
if we put

K=(geG ‘ g is p-regular)

then K is a normal subgroup of G, G/K is a p-group and K acts trivially on P,. We
show that K contains no element of order p: if g € K were such an element, then as
P, ¢<Gg> is a projective k(g)-module, it is isomorphic to a direct sum of copies of k(g)

by Theorem 8.1.1, and so g does not act trivially on Py. It follows that p * | K|, thus
completing the proof. O

In Example 7.2.2 we have already seen an instance of the situation described in
Theorem 8.4.1. In that example we took G = S3 = K x H where H = ((1,2))
and K = ((1,2,3)) and we worked with a field k£ of characteristic 2, which for a
technical reason was [F4. Note that if V' is the 2-dimensional simple kSs-module then
VekH =V @V since V is projective. We see from this that the module S ® kH that
appeared in the proof of Theorem 8.4.1 need not be indecomposable.

8.5 Symmetry of the group algebra

Group algebras are symmetric, a term that will be defined before Theorem 8.5.5, and
this has a number of important consequences for group representation theory. Some of
these consequences may also be deduced in a direct fashion from weaker conditions than
symmetry and we present these direct arguments first. Over a field k, the following
properties of the dual U* = Homy(U, k) are either well known or immediate.

Proposition 8.5.1. Let k be a field and U a finite dimensional kG-module. Then

(1) U** =2 U as kG-modules,
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(2) U is semisimple if and only if U* is semisimple,
(8) U is indecomposable if and only if U* is indecomposable, and

(4) a morphism f : U — V is a monomorphism (epimorphism) if and only if f* :
V* — U* is an epimorphism (monomorphism).

The first part of the next proposition has already been proved in two different ways
in Exercises 6 and 14 from Chapter 4. The proof given here is really the same as one
of those earlier proofs, but it is presented a little differently.

Proposition 8.5.2. Let k be a field. Then
(1) kG* = kG as kG-modules, and

(2) a finitely generated kG-module P is projective if and only if P* is projective as a
kG-module.

Proof. (1) We denote the elements of kG* dual to the basis elements {g | g € G} by g,
so that g(h) = 0,4, € k, the Kronecker §. We define an isomorphism of vector spaces

kG — kG*

Zagg — Zagg

geG geG

To see that this is a kG-module homomorphism we observe that if x € G then
(2g)(h) = gz~ h) = 0y 4-1p, = dagn = Tg(h)

for g,h € G, so that 2§ = zg.
(2) Since P** = P as kG-modules it suffices to prove one implication. If P is a
summand of kG" then P* is a summand of (kG™)* = kG"™, and so is also projective. [J

From part (1) of Proposition 8.5.2 we might be led to suppose that P = P* when-
ever P is finitely generated projective, but this is not so in general. We will see in
Corollary 8.5.6 that if Pg is an indecomposable projective with simple quotient S then
Pg = (Pg)* if and only if S = S*.

We now come to a very important property of projective modules for group algebras
over a field, which is that they are also injective.

Corollary 8.5.3. Let k be a field.

(1) Finitely generated projective kG-modules are the same as finitely generated injec-
tive kG-modules.

(2) Each indecomposable projective kG-module has a simple socle.
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The result is true without the hypothesis of finite generation. It may be deduced
from the finitely generated case and Exercise 10(e) from Chapter 7 which says that
every projective kG-module is a direct sum of indecomposable projectives (and, dually,
every injective kG-module is a direct sum of indecomposable injectives).

Proof. (1) Suppose that P is a finitely generated projective kG-module and that there
are morphisms

P
Ta
v <&ow
with [ injective. Then in the diagram
p*
la*
ve o

B* is surjective, and so by projectivity of P* there exists f : P* — V* such that
B*f = a*. Since f* = a we see that P is injective.

To see that all finitely generated injectives are projective, a similar argument shows
that their duals are projective, hence injective, whence the original modules are pro-
jective, being the duals of injectives.

(2) One way to proceed is to quote Exercise 7 of Chapter 6 which implies that
Soc(P) = (P*/Rad P*)*. If P is an indecomposable projective module then so is P*
and P*/Rad P* is simple. Thus so is Soc(P).

Alternatively, since homomorphisms S — P are in bijection (via duality) with
homomorphisms P* — S*, if P is indecomposable projective and S is simple then P*
is also indecomposable projective and

dim Homy; (S, P) = dim Homy g (P*, S*)
B {dim End(S*) if P* is the projective cover of S*,

0 otherwise.

Since dim End(S*) = dim End(S) this implies that P has a unique simple submodule
and Soc(P) is simple. O

An algebra for which injective modules and projective modules coincide is called
self-injective or quasi-Frobenius, so we have just shown that group rings of finite groups
over a field are self-injective. An equivalent condition on a finite dimensional algebra
A that it should be self-injective is that the regular representation 4A should be an
injective A-module.

Corollary 8.5.4. Suppose U is a kG-module, where k is a field, for which there are
submodules Uy C Uy C U with Uy /Uy = P a projective module. Then U = P & U’ for
some submodule U’ of U.
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Proof. The exact sequence 0 — Uy — U; — P — 0 splits, and so Uy = P®Uy. Thus P
is isomorphic to a submodule of U, and since P is injective the monomorphism P — U
must split. ]

We will now sharpen part (2) of Corollary 8.5.3 by showing that Soc P¢ = S for
group algebras, and we will also show that the Cartan matrix for group algebras is
symmetric. These are properties that hold for a class of algebras called symmetric
algebras, of which group algebras are examples. We say that a finite dimensional
algebra A over a field k is a symmetric algebra if there is a non-degenerate bilinear
form ( , ):Ax A — ksuch that

(1) (symmetry) (a,b) = (b,a) for all a,b € A,
(2) (associativity) (ab,c) = (a,bc) for all a,b,c € A.

The group algebra kG is a symmetric algebra with the bilinear form defined on the

basis elements by
1 if gh=1,
) =
(9: 1) {O otherwise,

as is readily verified. Notice that this bilinear form may be described on general
elements a,b € kG by (a,b) = coefficient of 1 in ab. Having learned that group alge-
bras are symmetric it will be no surprise to learn that matrix algebras are symmetric.
When A = M, (k) is the algebra of n x n matrices over a field k, the trace bilinear form
(A, B) = tr(AB) gives the structure of a symmetric algebra.

We will use the bilinear form on kG in the proof of the next result. Although we
only state it for group algebras, it is valid for symmetric algebras in general.

Theorem 8.5.5. Let P be an indecomposable projective module for a group algebra
kG. Then P/Rad P = Soc P.

Proof. We may choose a primitive idempotent e € kG so that P = kGe as kG-modules.
We claim that Soc(kGe) = Soc(kG) - e, since Soc(kG) - e C Soc(kG) and Soc(kG) -e C
kGe so Soc(kG) - e C kGe N Soc(kG) = Soc(kGe), since the last intersection is the
largest semisimple submodule of kGe. On the other hand Soc(kGe) C Soc(kG) since
Soc(kGe) is semisimple so Soc(kGe) = Soc(kGe) - e C Soc(kG) - e

Next, Hom(kGe, Soc(kG)e) and e Soc(kG)e have the same dimension by 7.17(3),
and since Soc(kG)e is simple, by Corollary 8.5.3, this is non-zero if and only if Soc(kG)e
kGe/Rad(kGe) by Theorem 7.13. We show that e Soc(kG)e # 0.

If e Soc(kG)e = 0 then

>~

= (1,eSoc(kQG)e)

= (e, Soc(kQG)e)

= (Soc(kG)e, e)

= (kG - Soc(kG)e, e)
= (kG,Soc(kG)e - e)
= (kG,Soc(kGe)).
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Since the bilinear form is non-degenerate this implies that Soc(kGe) = 0, a contradic-
tion. O

Recall that for any RG-module U we have defined the fized points of G on U to be
UG :={uclU ‘ gu = u for all g € G}. We also define the fized quotient of G on U to
be Ug :=U/{(g — 1)u ‘ 1# g € G}. Then UY is the largest submodule of U on which
G acts trivially and Ug is the largest quotient of U on which G acts trivially.

Corollary 8.5.6. Let k be a field.

(1) If P is any projective kG-module and S is a simple kG-module, the multiplicity
of S in P/Rad P equals the multiplicity of S in Soc P. In particular

dim PY = dim Pg = dim(P*)% = dim(P*)g.

(2) For every simple kG-module S, (Pg)* = Pgx.

Proof. (1) This is true for every indecomposable projective module, hence also for every
projective module. For the middle equality we may use an argument similar to the one
that appeared in the proof of Corollary 8.5.3(2).

(2) We have seen in the proof of Corollary 8.5.3 that (Pg)* is the projective cover of
(Soc Pg)*, and because of Theorem 8.5.5 we may identify the latter module as S*. [

From this last observation we are able to deduce that, over a large enough field,
the Cartan matrix of kG is symmetric. We recall that the Cartan invariants are the
numbers

csT = multiplicity of S as a composition factor of Pp

where S and T are simple. The precise condition we require on the size of the field is
that it should be a splitting field, and this is something that is discussed in the next
chapter.

Theorem 8.5.7. Let k be a field and let S, T be simple kG-modules. The Cartan
invariants satisfy
cst - dim Endgg(T) = erg - dim Endgg(S).

If dim Endyg(S) = 1 for all simple modules S (for example, if k is algebraically closed)
then the Cartan matriz C = (cst) is symmetric.

Proof. We recall from 7.18 that
cst = dim Homyg(Ps, Pr)/ dim Endg(.5)
and in view of this we must show that dim Homyg(Ps, Pr) = dim Homyg (Pr, Ps). Now
Homyg (Ps, Pr) = Homy(Ps, Pr)® = (P§ ®y, Pr)©

by 3.3 and 3.4. Since Pg ®; Pr is projective by Proposition 8.1.4, this has the same
dimension as
(P§ @ Pr)*® = (Ps @ Py)® = Homya(Pr, Ps),

using Corollary 8.5.6. O
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We conclude this chapter by summarizing some further aspects of injective modules.
We define an essential monomorphism to be a monomorphism of modules f : V — U
with the property that whenever g : U — W is a map such that gf is a monomorphism
then ¢ is a monomorphism. An injective hull (or injective envelope) of U is an essential
monomorphism U — I where I is an injective module. By direct arguments, or by
taking the corresponding results for essential epimorphisms and projective covers and
applying the duality U — U™*, we may establish the following properties for finitely-
generated kG-modules.

8.6

The inclusion SocU — U is an essential monomorphism.

Given homomorphisms Wiﬂ/i)U , if two of f, g and fg are essential monomor-
phisms then so is the third.

A homomorphism f : V' — U is an essential monomorphism if and only if f|gecy :
SocV — Soc U is an isomorphism.

U — I is an injective hull if and only if I* — U™ is a projective cover. Injective
hulls always exist and are unique. From Theorem 8.5.5 we see that S — Pg is
the injective hull of the simple module S.

The multiplicity of a simple module S as a composition factor of a module U

equals dim Hom(U, Pg)/ dim End(.5).

Summary of Chapter 8

When G is a p-group and k is a field of characteristic p, the regular representation
kG is indecomposable.

The property of projectivity is preserved under induction and restriction.
Tensor product with a projective modules gives a projective module.

When £ is a field of characteristic p we have an explicit description of the projec-
tive kG-modules when G has a normal Sylow p-subgroup, and also when G has
a normal p-complement. When G has a cyclic normal Sylow p-subgroup kG is a
Nakayama algebra.

G has a normal p-complement if and only if for every simple module S the com-
position factors of Pg are all isomorphic to S.

Projective kG-modules are the same as injective kG-modules.

kG is a symmetric algebra. Soc Pg =2 S always. The Cartan matrix is symmetric.
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8.7 Exercises for Chapter 8

1. Let G be a finite group.

(a) Prove that if P is a finitely generated ZG-module then ranky P is divisible by
|G|

(b) Prove that the only idempotents in ZG are 0 and 1.
[Observe that the rank of P as a free abelian group is the dimension of the image of P
under the homomorphism ZG — FF,G for each prime p dividing |G|, and this image is a
projective F,G-module. After deducing (a), let e be an idempotent in ZG and consider
the projective ZG-module ZGe.]

2. (a) Let H = Cy x C and let k be a field of characteristic 2. Show that (I H)? is
a one-dimensional space spanned by >, -y h.
(b) Let G = Ay = (Cy x C3) x C5 and let Fy be the field with four elements. Compute
the radical series of each of the three indecomposable projectives for F4 A4 and identify

each of the quotients
Rad" Pg/ Rad™"! Pg.

Now do the same for the socle series. Hence determine the Cartan matrix of F4A4.
[Start by observing that F4A4 has 3 simple modules, all of dimension 1, which one
might denote by 1, w and w?. This exercise may be done by applying the kind of
calculation that led to Proposition 8.3.3.]

(¢c) Now consider FoA4 where Fy is the field with two elements. Prove that the 2-
0 1] . .
1 1| sa simple
FoC3-module. Calculate the radical and socle series for each of the two indecomposable
projective modules for F3 A4 and hence determine the Cartan matrix of FoAy.

dimensional Fso-vector space on which a generator of C5 acts via

3. Let G = H x K where H is a p-group, K is a p/-group, and let k be a field of
characteristic p. Regard kH as a kG-module via its isomorphism with Py, so H acts
as usual and K acts by conjugation.

(a) Show that for each n, (IH)" is a kG-submodule of kH, and that (IH)"/(IH)"*!
is a kG-module on which H acts trivially.
(b) Show that

P.=kHDIHD(IH)* D> (IH)?---

is the radical series of P as a kG-module.
(c) Show that there is a map

IH/(IH)* @) (IH)"/(IH)"" — (IH)"" /(1H)""?
r+(TH?@y+ TH)" v xy + (TH)"?

that is a map of kG-modules. Deduce that (IH)"/(IH)"*! is a homomorphic image
of (TH/(IH)2)®",

(d) Show that the abelianization H/H' becomes a ZG-module under the action g-zH' =
grg~'H'. Show that there is a map IH/(IH)? — k ®z H/H' specified by the formula



CHAPTER 8. PROJECTIVE MODULES FOR GROUP ALGEBRAS 137

(r—1)+ (IH)? — 1 ® xH' of Chapter 6 Exercise 22, and this map is an isomorphism
of kG-modules.

4. The group SL(2,3) is isomorphic to the semidirect product Qg x C3 where the
cyclic group Cs acts on Qg = {£1, i, =7, £k} by cycling the three generators 7, j and k.
Assuming this structure, compute the radical series of each of the three indecomposable
projectives for F4SL(2,3) and identify each of the quotients

Rad" Pg/ Rad™"! Pg.

[Use Chapter 6 Exercise 20.]

5. Let G = P x S3 be a group that is the semidirect product of a 2-group P and
the symmetric group of degree 3. (Examples of such groups are Sy = V x S5 where
V =1{((1,2)(3,4),(1,3)(2,4)), and GL(2,3) = Qg x S3 where Qg is the quaternion group
of order 8.)

(a) Let k be a field of characteristic 2. Show that kG has two non-isomorphic simple
modules.

(b) Let eq,eq,e3 € FyS3 be the orthogonal idempotents that appeared in Exam-
ple 7.2.2. Show that each e; is primitive in F4G and that dim[F4Ge; = 2|P| for all i.
[Use the fact that the F4Ge; are projective modules.]

(c) Show that if e; = () + (1,2,3) + (1,3,2) then F4Sse; is the projective cover
of the trivial module and that F4Sses and F4S4e3 are isomorphic, being copies of the
projective cover of a 2-dimensional module.

(d) Show that F4Ge; = Fy4((1,2,3))e; Tgl 5,3 for each i.

6. Let A be a finite dimensional algebra over a field k and suppose that the left
regular representation 4 A is injective. Show that every projective module is injective
and that every injective module is projective.

7. Let U be an indecomposable kG-module, where k is a field, and let P, be the
projective cover of the trivial module. Prove that

dim((Y_g)-U) =

vt 0 otherwise.

{1 it U= B,

For an arbitrary finite dimensional module V', show that dim((3_,cq9) - V) is the
multiplicity with which P, occurs as a direct summand of V.

[Observe that kG = PkG =k- dec g. Remember that Py is injective and has socle
isomorphic to k.]

8. Let k be a field of characteristic p and let G = H x K where H is a p-group and
K has order prime to p. Show that Rad"(kG) = Rad™(kH) 1% as kG-modules.

9. Let A be a finite dimensional algebra over a field k, and let A* = Homy(A, k) be
the vector space dual. Regarding A as a right module A4 gives (A4)* the structure of
a left A-module via the action (af)(b) = f(ba) where a € A, b € Ay and f € (Ax)*.
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Similarly, regarding A as a left module 4A gives (4A)* the structure of a right A-
module. In fact, both A and A* are (A, A)-bimodules. Consider a k-bilinear form
(, ):AxA— k. It determines, and is determined by, a linear map ¢ : A — A*,
where ¢(b)(a) = (a,b). Consider three conditions such a form may satisfy:

1
(2

symmetry) (a,b) = (b,a) for all a,b € A,
associativity) (ab,c) = (a,bc) for all a,b,c € A.
(3

a) Show that if any two of conditions (1), (2) and (3) hold, then so does the third.
b) Show that ¢ is a map of left A-modules if and only if (2) holds.
c¢) Show that ¢ is a map of right A-modules if and only if (3) holds.

(d) Show that the following are equivalent (an algebra satisfying any of these con-
ditions is called a Frobenius algebra):

) (

) (

) (ba,c) = (a,cb) for all a,b,c € A.
(a)

(b)

(

(i) there is a non-degenerate form on A satisfying (2),

(ii)) A = A* as left A-modules,

)

)
(iii) A= A* as right A-modules,
(iv) there is a non-degenerate form on A satisfying (3).
(e

) For a Frobenius algebra (as in (d)), show that the left A-module 4A is injective.
(f) Show that A is a symmetric algebra (that is, there is a non-degenerate form on
A satisfying both (1) and (2)) if and only if A = A* as (A, A)-bimodules.
10. Let S and T be simple kG-modules, with projective covers Pg and Pr, where
k is an algebraically closed field.
(a) For each n prove that

Homyg (Pr, Soc™ Ps) = Homyg(Pr/Rad™ Pr,Soc™ Pg)
= Homyg(Pr/ Rad™ Pp, Ps).

(b) Deduce Landrock’s theorem: the multiplicity of 7" in the nth socle layer of Pg
equals the multiplicity of S in the nth radical layer of Pr.

(c) Use Exercise 7 of Chapter 6 to show that these multiplicities equal the multiplicity
of T* in the nth radical layer of Pg«, and also the multiplicity of S* in the nth socle
layer of Prx.

11. Let U be a finite dimensional kG-module, where k is a field, and let Pg be
an indecomposable projective kG-module with simple quotient S. Show that in any
decomposition of U as a direct sum of indecomposable modules, the multiplicity with
which Pg occurs is equal to

dim Homyg(Ps, U) — dim Homyq(Ps/ Soc P, U)
dim Endy(S)
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and also to
dim Homy (U, Ps) — dim Homy (U, Rad Ps)

dim Endga(S)

12. Let k be an algebraically closed field of characteristic p and suppose that G has
a normal p-complement, so that G = K x H where H is a Sylow p-subgroup of G. Let
S1,...,5, be the simple kG-modules with projective covers Pg,.

(a) Show that there is a ring isomorphism kG = @' | Mgim s, (Endie(Ps,)) where
the right hand side is a direct sum of matrix rings with entries in the endomorphism
rings of the indecomposable projectives. [Copy the approach of the proof of Wedder-
burn’s theorem.]

(b) For each i, show that if Ps, = P, ® S; then Endyg(Ps;) = kH as rings. [Show
that dim Endgq(Ps,) = |H|. Deduce that the obvious map Endig(P;) — Endigg(Pr ®
S;) is an isomorphism.|

(c) Show that if dimS; = 1 then Ps, = P, ® S;, and that if Pg, = P, ® S; then
S; 1% is a simple kK-module. [Use the identification Py = k 1¢.]

(d) Show that if Pg, 2 P, ® S; then Endgg Ps, has dimension smaller than |H]|.

13. (a) Show that F3A, has just two isomorphism types of simple modules, of
dimensions 1 and 3, and that the simple module of dimension 3 is projective.
[Eliminate modules of dimension 2 by observing that a projective cover of such a module
must have dimension at least 6. Assume the results of Exercise 12]

(b) Show that F3 Ay = F3C5 @ M3(F3) as rings.

14. Let D3y be the dihedral group of order 30. By using the fact that D3y =
Cs x Dg has a normal Sylow 5-subgroup, show that FsDsy has three simple modules
of dimensions 1, 1 and 2. We will label them k1, k. and U, respectively, with k; the
trivial module. Use the method of Proposition 8.3.3 to show that the indecomposable
projectives have the form

ok ok, oU
| | |
ok, ok oU
| | |

qu = 0]{1 Pke = Oke PU =oU
| | |

ok, ok o/
| | |
ok ok, o
3 2 0
Deduce that the Cartan matrix is |2 3 0| and that F5D39 = F5 D19 ® M2 (F5C5) as
0 0 5

rings.



Chapter 9

Changing the ground ring:
splitting fields and the
decomposition map

We examine the relationship between the representations of a fixed group over different
rings. Often we have have assumed that representations are defined over a field that
is algebraically closed. What if the field is not algebraically closed? Such a question
is significant because representations arise naturally over different fields, which might
not be algebraically closed, and it is important to know how they change on moving to
an extension field such as the algebraic closure. It is also important to know whether
a representation may be defined over some smaller field. We introduce the notion of a
splitting field, showing that such a field may always be chosen to be a finite extension
of the prime field.

After proving Brauer’s theorem, that over a splitting field of characteristic p the
number of non-isomorphic simple representations equals the number of conjugacy classes
of elements of order prime to p, we turn to the question of reducing representations from
characteristic 0 to characteristic p. The process involves first writing a representation
in the valuation ring of a p-local field and then factoring out the maximal ideal of the
valuation ring. This gives rise to the decomposition map between the Grothendieck
groups of representations in characteristic 0 and characteristic p. We show that this
map is well-defined, and then construct the so-called cde triangle. This provides a very
effective way to compute the Cartan matrix in characteristic p from the decomposition
map.

In the last part of this chapter we describe in detail the properties of blocks of defect
zero. These are representations in characteristic p that are both simple and projective.
They always arise as the reduction modulo p of a simple representations in characteristic
zero, and these are also known as blocks of defect 0. The blocks of defect zero have
importance in character theory, accounting for many zeroes in character tables, and
they are also the subject of some of the deepest investigations in representation theory.

140
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9.1 Some definitions

Suppose that A is an algebra A over a commutative ring R and that U is an A-module.
If R — R’ is a homomorphism to another commutative ring R’ we may form the R'-
algebra R’ @g A, and now R’ @ g U becomes an R’ ® g A-module in an evident way. In
this chapter we study the relationship between U and R’ ® g U. When we specialize to
a group algebra A = RG we will identify R’ ® g RG with R'G.

We will pay special attention to two particular cases of this construction, the first
being when R is a subring of R’. If U is an A-module, we say that the module V =
R' ®p U is obtained from U by extending the scalars from R to R'; and if an R’ @ A-
module V has the form R’ ®g U we say it can be written in R. In this situation, when
U is free as an R-module we may identify U with the subset 1z ® g U of R ®@p U,
and an R-basis of U becomes an R'-basis of R’ @ g U under this identification. In case
A = RG is a group ring, with respect to such a basis of V= R’ ®g U the matrices that
represent the action of elements g € GG on V have entries in R, and are the same as the
matrices representing the action of these elements on U (with respect to the basis of
U). Equally, if we can find a basis for an R'G-module V so that each g € G acts by a
matrix with elements in R then RG preserves the R-linear span of this basis, and this
R-linear span is an RG-module U for which V = R’ ® g U. Thus an R’-free module V'
can be written in R if and only if V' has an R’-basis with respect to which G acts via
matrices with entries in R.

The second situation to which we will pay particular attention arises when R’ = R/T
for some ideal I in R. In this case applying R’ ®z __ to a module U is the same as
reducing U modulo I. If V is an R’ ® g A-module of the form R’ ® U for some A-
module U we say that V' can be lifted to U, and that U is a lift of V. Most often we
will perform this construction when R is a local ring and I is the maximal ideal of R.

9.2 Splitting fields

We start by considering the behavior of representations over a field. It is often a help
to know that a representation can be written in a small field.

Proposition 9.2.1. Let F' C E be fields where E is algebraic over F and let A be a
finite dimensional F-algebra. Let V be a finite dimensional E®p A-module. Then there
exists a field K with FF C K C E, of finite degree over F', so that V can be written in
K.

Proof. Let al,...,a™ be a basis for A and let a’ act on V with matrix (a!;) with respect

to some basis of V. Let K = Flaj;, 1 <t <n, 1 <i,j <d]. Then [K : F] is finite since
K is an extension of F' by finitely many algebraic elements, and A acts by matrices
with entries in K. O

Let A be a finite dimensional F-algebra, where F is a field. A simple A-module U
is said to be absolutely simple if and only if £ @ U is a simple ¥ ® p A-module for all
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extension fields F of F. We say that an extension field E of F' is a splitting field for A
if and only if every simple F ®r A-module is absolutely simple. If A is a group algebra,
we say that F is a splitting field for G, by extension of the terminology.

Example 9.2.2. The kind of phenomenon that these definitions are designed to address
is exemplified by cyclic groups. If G = (g) is cyclic of order n then g acts on CG as a
direct sum of 1-dimensional eigenspaces with eigenvalues e, Since these lie outside
Q (if n > 3), the regular representation of QG is a direct sum of simple modules but
some of them have dimension greater than 1. On extending scalars to a field containing
e® these simple modules decompose as direct sums of 1-dimensional modules. Thus
Q is not a splitting field for G if n > 3, but any field containing Q(e%) is a splitting
field since the simple modules are now 1-dimensional and remain simple on extension
of scalars.

Example 9.2.3. We will use several times the fact that if we let F' be any field, then
F is a splitting field for the matrix algebra M, (F'). In fact, if E D F'is a field extension
then E®@p M, (F) = M,(FE), an isomorphism that is most easily seen by observing that
M, (F) has a basis consisting of the matrices E;; that are non-zero only in position (4, j),
where the entry is 1. Thus E®p M, (F') has a basis consisting of the elements 1®p Fj;.
Since these multiply together in the same fashion as the corresponding basis elements of
M,,(E) we obtain the claimed isomorphism. Every simple M, (F")-module is isomorphic
to the module of column vectors of length n over F', and on extending the scalars to
we obtain column vectors of length n over E, which is a simple module for EQr M, (F).
This shows that F' is a splitting field for M, (F).

Example 9.2.4. As another example, the prime field F, is a splitting field for every
p-group, since the only simple IF,,G-module here is [F),, which is absolutely simple.

Proposition 9.2.5. Let U be a simple module for a finite dimensional algebra A over
a field F. The following are equivalent.

(1) U is absolutely simple.
(2) Enda(U) = F.

(8) The matriz algebra summand of A/Rad A corresponding to U has the form
M, (F), where n = dimU.

Proof. (2) = (3): If the matrix summand of A/Rad A corresponding to U is M, (D)
for some division ring D then D = End4(U). The hypothesis is that D = F' so the
matrix summand is M, (F') and since U identifies as column vectors of length n we
have n = dimU.

(3) = (1): The hypothesis is that A acts on U via a surjective ring homomorphism
A — M, (F) where U is identified as F". Now if £ D F is an extension field then
E® A acts on E® U = E™ via the homomorphism F ® A - E ® M, (F) = M,(E),
which is also surjective. Since E™ is a simple M, (F)-module it follows that £ ®@p U is
a simple F ® p A-module.
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(1) = (2): We prove this implication here only in the situation where F' is a perfect
field, so that all irreducible polynomials with coefficients in I are separable. The result
is true in general and is not difficult but requires some technicality that we wish to
avoid (see [10, Theorem 3.43]). This implication will not be needed for our application
of the result.

Suppose that End 4 (U) is larger than F', so there exists an endomorphism ¢ : U — U
that is not scalar multiplication by an element of F'. Let « be a root of the characteristic
polynomial of ¢ in some field extension £ O F': in other words, « is an eigenvalue of
¢. Then lp® ¢ : E®r U — E ®p U is not scalar multiplication by «, because if
it were the minimal polynomial of « over F' would be a factor of (X — «)” where
n = dimg U and by separability of the minimal polynomial we would deduce o € F'.
Now lp ® ¢ —a® 1y € Endgga(E ®F U) is a non-zero endomorphism with non-zero
kernel, and since F ®p U is simple this cannot happen, by Schur’s lemma. ]

The next theorem is the main result about splitting fields that we will need for the
process of reduction modulo p to be described later in this chapter.

Theorem 9.2.6. Let A be a finite dimensional algebra over a field F. Then A has a
splitting field of finite degree over F. If G is a finite group, it has splitting fields that
are finite degree extensions of Q (in characteristic zero) or of Fy, (in characteristic p).

Proof. The algebraic closure F of F is a splitting field for A, since by Schur’s lemma
condition (2) of Proposition 9.2.5 is satisfied for each simple F ®p A-module. By
Proposition 9.2.1 there is a finite extension E D F so that every simple F ®r A-module
can be written in E. The simple F @ p A-modules U that arise like this are absolutely
simple, because if K O FE is an extension field for which K ® g U is not simple then
K ®p U is not simple, where K is an algebraic closure of K, and since K contains a
copy of F, F ®p U cannot be simple since F is a splitting field for A, a contradiction.

It is also true that every simple E ® p A-module is isomorphic to one of the simple
modules U that arise in this way from the algebraic closure F. For, if V is a simple
E ®p A-module let e = e € E ®r A be an idempotent with the property that eV # 0
but eV’ = 0 for all simple modules V'’ not isomorphic to V. Let W be a simple F @ A-
module that is not annihilated by e. We must have W = F ®p V since V is the only
possible simple module that would give a result not annihilated by e.

Group algebras are defined over the prime field Q or F,, (depending on the charac-
teristic), and by what we have just proved QG and F,G have splitting fields that are
finite degree extensions of the prime field. O

We see from the above that every simple representation of a finite group may be
written over a field that is a finite degree extension of the prime field. In charac-
teristic zero this means that every representation can be written in such a field, by
semisimplicity. It is not always true that every representation of a finite group in pos-
itive characteristic can be written in a finite field, and an example of this is given as
Exercise 5 of this chapter.
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Some other basic facts about splitting fields are left to the exercises at the end of
this chapter. Thus, if A is a finite dimensional algebra over a field F' that is a splitting
field for A and E D F'is a field extension, it is the case that every simple E® g A-module
can be written in F' (Exercises 4 and 8). It is also true for a finite dimensional algebra
that no matter which splitting field we take, after extending scalars we always have the
same number of isomorphism classes of simple modules (Exercise 8). Thus in defining
the character table of a finite group, instead of working with complex representations
we could have used representations over any splitting field and obtained the same table.

In positive characteristic the situation is not so straightforward. It is usually not
the case that indecomposable modules always remain indecomposable under all field
extensions (those that do are termed absolutely indecomposable), even when all fields
concerned are splitting fields. We can, however, show that if we are working over a
splitting field the indecomposable projective modules remain indecomposable under
field extension (Exercise 11). The consequence of this is that the Cartan matrix does
not change once we have a splitting field, being independent of the choice of the splitting
field. Just as when we speak of the character table of group we mean the character
table of representations over some splitting field, so in speaking of the Cartan matrix
of a group algebra we usually mean the Cartan matrix over some splitting field.

In the case of group algebras there is a finer result about splitting fields than
Theorem 9.2.6. It was first conjectured by Schur and later proved by Brauer as a
deduction from Brauer’s induction theorem. We state the result, but will not use it
and do not prove it. The exponent of a group G is the least common multiple of the
orders of its elements.

Theorem 9.2.7 (Brauer). Let G be a finite group, F a field, and suppose that F
contains a primitive mth root of unity, where m is the exponent of G. Then F is a

splitting field for G.

This theorem tells us that Q(e%) and [, (¢) are splitting fields for G, where ( is a
primitive mth root of unity in an extension of F,. Often smaller splitting fields than
these can be found, and the determination of minimal splitting fields must be done on
a case-by-case basis. For example, we may see as a result of the calculations we have
performed earlier in this text that in every characteristic the prime field is a splitting
field for S3 — the same is in fact true for all the symmetric groups. However, if we
require that a field be a splitting field not only for G' but also for all of its subgroups,
then Q(e%) and Fp(¢) are the smallest possibilities, since as we have seen earlier that
a cyclic group of order n requires the presence of a primitive nth root of 1 in a splitting
field.

Again we will not use it, but it is important to know the following theorem about
field extensions. For a proof see [10, Exercise 6.6].

Theorem 9.2.8 (Noether-Deuring). Let A be a finite dimensional algebra over a field
F and let E D F be a field extension. Suppose that U and V' are A-modules for which
EQrUZ2EQrV as EQp A-modules. Then U =V as A-modules.
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9.3 The number of simple representations in positive
characteristic

Our next aim is to show that, over a splitting field of characteristic p, the number of non-
isomorphic simple representations of a group G equals the number of conjugacy classes
of p-regular elements. Several proofs of this result are available, the first appearing in
a paper of Brauer from 1932. The proof we shall present is also due to Brauer, coming
from 1956. This proof is appealing because it is technically elementary, and could
have appeared earlier in this text once we knew that the radical of a finite dimensional
algebra is nilpotent.

We start with some lemmas. These have to do with a finite dimensional algebra A
over a field k of characteristic p, and we will write

S = linear span in A of {ab— ba ‘ a,be A}
T:{TGA‘TPHESforsomen>O}.

Lemma 9.3.1. T is a linear subspace of A containing S.

Proof. We show first that if a,b € A then (a + b)P = a” + bP (mod S). To prove this
we use a modification of the familiar binomial expansion argument, but we must be
careful because S need not be an ideal of A, and so it might not be true, for instance,
that aabab = aaabb (mod S). On expanding (a+ b)? we obtain a sum of terms that are
products of length p. Letting a cyclic group of order p permute these products by op-
erating on the positions in the product, two terms are fixed (namely o and b?) and the
remaining terms all occur in orbits of length p, such as aabab, baaba, abaab, babaa, ababa
when p = 5. The difference of any two of these terms can be expressed as a commu-
tator, such as aabab — baaba = (aaba)b — b(aaba), and so lies in S. It follows that all
the terms in an orbit of length p are equal modulo S, and so their sum lies in .S, since
p = 0 in the ground field k.
We next observe that if a,b € A then

(ab — ba)? = (ab)? — (ba)? = a(b(ab)?~) — (b(ab)?"1)a =0 (mod 9),

so that commutators lie in 7. We deduce that S C T since if > \j¢; is a linear
combination of commutators then

(Z ;)P = Z)\fcf =0 (mod )

using both formulas we have proved, so that in fact pth powers of elements of S lie in
S.

The proof will be completed by showing that T is a linear subspace. Let a,b € T,
so that a?" € S, bP" € S with m > n, say. Then

(Aa+ pb)P" = X" " + """ =0 (mod S),

showing that T is closed under taking linear combinations. Here we used the fact that
a?" = (a?")P"" € S because pth powers of elements of S lie in S. O
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Lemma 9.3.2. If A = M, (k) is a matriz algebra where k is a field then S = T =
matrices of trace zero.

Proof. Since tr(ab — ba) = 0 we see that S is a subset of the matrices of trace zero.
On the other hand when i # j every matrix E;; (zero everywhere except for a 1 in
position (i,7)) can be written as a commutator: E;; = E;,E; — Ei;E, and also
E;; — Ej; = EijFE;; — EjEi;. Since these matrices span the matrices of trace zero we
deduce that S consists exactly of the matrices of trace 0. Now S C T C A and S has
codimension 1 so either T'= S or T' = A. The matrix F1; is idempotent and does not
lieinT,soT =S. O

Proposition 9.3.3. Let A be a finite dimensional algebra over a field of characteristic
p that is a splitting field for A. The number of non-isomorphic simple representations
of A equals the codimension of T in A.

Proof. Let us write T'(A), S(A), T(A/Rad(A)), S(A/Rad(A)) for the constructions
S,T applied to A and A/ Rad(A). Since Rad(A) is nilpotent it is contained in T'(A).
Also

(S(A) + Rad(A))/Rad(A) = S(A/Rad(A))

is easily verified. We claim that T'(A)/Rad(A) = T(A/Rad(A)). For, if a?" € S(A)
then (a + Rad(A))?" € (S(A) + Rad(A))/Rad(A4) = S(A/Rad(A)) and this shows
that the left-hand side is contained in the right. Conversely, if (a + Rad(A))P" €
S(A/Rad(A)) then a?" € S(A) + Rad(A) C T(A) so T(A/Rad(A)) C T(A)/Rad(A).

Now A/Rad(A) is a direct sum of matrix algebras. It is apparent that both S and
T preserve direct sums, so the codimension of T'(A/Rad(A4)) in A/ Rad(A) equals the
number of simple A-modules, and this equals the codimension of T'(A4) in A. O

Let p be a prime. An element in a finite group is said to be p-reqular if it has order
prime to p, and p-singular if it has order a power of p. The only element that is both
p-regular and p-singular is the identity.

Lemma 9.3.4. Let G be a finite group and p a prime. Fach element x € G can be
uniquely written © = st where s is p-reqular, t is p-singular and st = ts. If r1 = sit;
is such a decomposition of an element x1 that is conjugate to x then s is conjugate to
s1, and t is conjugate to ti.

Proof. If x has order n = aff where « is a power of p and  is prime to p then we may
write 1 = Aa + uf for integers A, and put s = 22 and t = 2P, If = st = s1t; is a
second such decomposition then s; commutes with x and hence commutes with s and
t which are powers of x. Similarly ¢; commutes with s and ¢. Thus sfls =1t~ and
now 81_18 is p-regular and t1¢~! is p-singular, so these products equal 1, and s; = s,
ti1 =t. If &y = grg~' then 21 = gsg 'gtg~ " is a decomposition of z; as a product of
commuting p-regular and p-singular elements. Hence s; = gsg~! and t; = gtg~' by
uniqueness of the decomposition. O
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Lemma 9.3.5. Let k be a field and G a group. Then S is the set of elements of kG
with the property that the sum of coefficients from each conjugacy class of G is zero.

Proof. S is spanned by elements ab — ba with a,b € G. Now ab — ba = a(ba)a™! — ba is
the difference of an element and its conjugate. Such elements exactly span the elements
of kG that have coefficient sum zero on conjugacy classes. O

We come now to the result that is the goal of these lemmas.

Theorem 9.3.6 (Brauer). Let k be a splitting field of characteristic p for a finite group
G. The number of non-isomorphic simple kG modules equals the number of conjugacy
classes of p-reqular elements of G.

Proof. We know that the number of simple kG modules equals the codimension of T’
in kG. We show this equals the number of p-regular conjugacy classes by showing that
if x1,...,x, is a set of representatives of the conjugacy classes of p-regular elements of
G then 1+ T,...,z, + T is a basis of kG/T.

If we write x = st where s is p-regular and ¢ is p-singular, s and ¢ commute, then
(st —s)P" = sP"tP" — sP" = sP" — sP" = 0 for sufficiently large n, so that s +7 = st +T.
The elements g+ 7', g € G do span kG /T, and now it follows from the last observation
that we may throw out all except the p-regular elements and still have a spanning set.
We show that the set that remains is linearly independent.

Suppose that } > Ajz; € T so that for sufficiently large n, (> /T\Li:ni)pn € S. From
the proof of Lemma 9.3.1 we know that (3 Az;)?" = S A z¥ (mod S) so that

7

Z)xfnxfn € 5. We can find n sufficently large so that :Bfn = x; for all 4, since
the x; are p-regular. Now Y AP nxi € S. But x1,...,x, are independent modulo S
by Lemma 9.3.5 so A " = 0 for all 7, and hence \; = 0 for all <. This shows that
x1+7T,...,x, + T are linearly independent. O

Corollary 9.3.7. Let k be a splitting field of characteristic p for a finite groups G
and Gy. The simple k[G1 x Ga]-modules are precisely the tensor products S; ® So
where S; is a simple kG;-module, i = 1,2, and the action of G1 x Ga is given by
(91,92)(s1 ® s2) = g151 ® g2s2. Two such tensor products S; ® Sz and S| ® Sh are
isomorphic as k(G x Ga]-modules if and only if S; = S] as kG;-modules, i = 1,2.

We have commented before, after Theorem 4.1.2, that this kind of result is a special
case of a more general statement about the simple modules for a tensor product of
algebras, and this can be found in [10, Theorem 10.38]. The general argument is not
hard, but we can use our expression for the number of simple representations of a group
to eliminate half of it.

Proof. We verify that the modules S; ® So are simple. This is so since the image of
each kG; in Endg(S;) given by the module action is the full matrix algebra Endg(.S;),
by the theorem of Burnside that was presented as Exercise 10 in Chapter 2, and which
follows from the Artin—-Wedderburn theorem. The image of k[G1 X G2| in Endg(S1 ®
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Sy) contains Endg(S1) ® Endg(S2) and so by counting dimensions it is the whole of
Endg(S1 ® S3). This implies that S} ® Sy is simple.

On restriction to Gy, S1 ® S9 is a direct sum of copies of S, and similarly for Go,
$0 S1® Sy 2 5] ® S} as k[G1 x Ga]-modules if and only if S; = S} as kG1-modules and
Sy 22 S as kGa-modules.

We conclude by checking that this gives the right number of simple modules for
G1 X G9. By Brauer’s theorem this is the number of p-regular conjugacy classes of
G1 x Gs. Since (g1,92) is p-regular if and only if both g; and go are p-regular, and
this element is conjugate in G X Ga to (¢4, ¢5) if and only if g1 ~¢, ¢} and g2 ~a, g5,
the number of p-regular classes in G; x G2 is the product of the numbers for G; and
Go. O

9.4 Reduction modulo p and the decomposition map

We turn now to the theory of reducing modules from characteristic zero to characteristic
p, for some prime p. This is a theory developed principally by Richard Brauer. There
is inherent interest in studying the relationships between representations in different
characteristics, but aside from this our more specific goals include a remarkable way to
compute the Cartan matrix of a group algebra, and a second proof of the symmetry of
this matrix. After that we study the simple characters whose degree is divisible by the
order of a Sylow p-subgroup of G (the so-called ‘blocks of defect zero’). In the next
chapter the same ideas will be used in a proof that the Cartan matrix is non-singular.

There will be three rings in the set-up for reducing modules to characteristic p.
We list them as a triple (F, R, k) where F is a field of characteristic zero equipped
with a discrete valuation, R is the valuation ring in F' with maximal ideal (7), and
k = R/(m) is the residue field of R, which is required to have characteristic p. A quick
introduction to valuations and valuation rings is given in an appendix. Such a triple
is called a p-modular system. We may find such systems by taking F' to be a finite
extension of Q — the complex numbers will not work — and this is one of the reasons
that we have studied representations over arbitrary fields.

Given a finite group G, if both F and k are splitting fields for G we say that the
triple is a splitting p-modular system for G. If F' contains a primitive mth root of unity,
where m is the exponent of GG, then necessarily R and k also contain primitive mth
roots of unity because roots of unity always have valuation 1, and according to Brauer’s
Theorem 9.2.7 both F' and k are then splitting fields. If we do not wish to use Brauer’s
theorem we may still deduce from Theorem 9.2.6 the existence of splitting p-modular
systems where F' is a finite extension of  and k is a finite field.

We start by studying representations of a finite group over a discrete valuation ring
R. In Propositions 9.4.3 and 9.4.5 we assume R is complete, but in other results this is
not necessary, and sometimes all we need is that R is a principal ideal domain with the
field k as a factor ring. We comment also that in the next few results nothing specific
about group representations is used, except for the fact that the group algebra of G
over a field of characteristic zero is semisimple. Many results apply in the generality of
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an order in a finite dimensional semisimple algebra.

Lemma 9.4.1. Let R be a discrete valuation ring with mazimal ideal (7) and residue
field k = R/(m). Let G be a finite group.

(1) If S is a simple RG-module then ™S = 0.

(2) The simple RG-modules are exactly the simple kG-modules made into RG-modules
via the surjection RG — kG.

(8) For each RG-module U, 71U C Rad(U), and in particular tRG C Rad(RG).
(4) For each RG-module U we have (RadU)/nU = Rad(U/wU).

Proof. (1) mS is an RG-submodule of S, so 7S = S or 0. Since Rad R = () the R-
module homomorphism S — S/7S is essential by Nakayama’s lemma, so that 75 # S.
Therefore 75 = 0.

(2) This follows from (1) since kG = RG/(w)G and (7w)G annihilates the simple
RG-modules.

(3) This again follows from (1) since if V' is a maximal submodule of U then U/V
is simple so that 7U C V, and it follows that wU is contained in all of the maximal
submodules of U and hence in their intersection.

(4) Rad U is the intersection of kernels of all the homomorphisms from U to simple
modules. These homomorphisms all factor through the quotient homomorphism U —
U/mU, and so Rad U is the preimage in U of the radical of U/7U, which is what we
have to prove. O

Corollary 9.4.2. Let R be a discrete valuation ring with mazimal ideal () and residue
field k = R/(m). Let G be a finite group. Let P and @ be finitely generated projective
RG-modules. Then P = @Q as RG-modules if and only if P/7P = Q/7Q as kG-
modules.

Proof. If P/7P = Q/7Q as kG-modules then by Lemma 9.4.1 the radical quotients of
P and @ are isomorphic, P/Rad P = )/ Rad Q. Now P and @ are projective covers
of their radical quotients, by Nakayama’s Lemma 7.3.1, so P = ) by uniqueness of
projective covers. The converse implication is trivial. ]

In the next pair of results we see that some important properties of idempotents
and projective modules, that we have already studied in the case of representations
over a field, continue to hold when we work over a complete discrete valuation ring.
For our proofs to work it is important that the discrete valuation ring be complete.
The idea of the proofs is the same as for the corresponding results over a field.

Proposition 9.4.3. Let R be a complete discrete valuation ring with maximal ideal (1)
and residue field k = R/(m). Let G be a finite group. Every expressionl =ej+---+ep,
as a sum of orthogonal idempotents in kG can be lifted to an expression 1 = é1+---+é,
in RG, where the é; € RG are orthogonal idempotents with é; + (7) - RG = e;. Fach
idempotent e; is primitive if and only if its lift €; is primitive.
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Proof. The proof is very like the proofs of Theorem 7.3.5 and Corollaries 7.3.6 and 7.3.7.
We start by showing simply that each idempotent e € kG can be lifted to an idempotent
é € RG. Consider the surjections of group rings (R/(7"))G — (R/(7"1))G for each
n > 2. Here (7" 1)G/(7™)G is a nilpotent ideal in (R/(7"))G and so by Theorem 7.3.5,
any idempotent e,_1 + (7" 1)G € (R/(7"1))G can be lifted to an idempotent e,, +
(7™)G € (R/(7™))G. Starting with an element e; € RG for which e; + (7)G = e we
obtain a sequence eq, es, ... of elements of RG that successively lift each other modulo
increasing powers of (7), and so is a Cauchy sequence in RG. (The metric on RG
comes from the valuation on R by taking the distance between two elements to be the
maximum of the distances in the coordinate places.) This Cauchy sequence represents
an element é € RG, since R is complete. Evidently é is idempotent, because it is
determined by its images modulo the powers of (7) and these are idempotent. It also
lifts e.

The argument that sums of orthogonal idempotents can be lifted now proceeds by
analogy with the proof of Corollary 7.3.6, and the assertion that e is primitive if and
only if € is primitive is proved as in Corollary 7.3.7. O

We have seen before in Example 7.3.11, taking Z as the ground ring, that ZG-
modules do not always have projective covers. It is also the case that indecomposable
projective ZG-modules do not always have the form ZGe where e is idempotent. To
give an example of this phenomenon will take us too far afield, but we have seen in
Exercise 1 of Chapter 8 that the only non-zero module of the form ZGe is ZG itself,
since 0 and 1 are the only idempotents. By using facts from number theory one can
show, for example, that when G is cyclic of order 23 there is an indecomposable non-
free projective ZG-module [16, Theorem 6.24]. Such a module cannot be a summand
of Z(G because the only non-zero summand is ZG itself. There is also an example due
to Swan [19], when G is the generalized quaternion group of order 32, of a projective
ZG-module P for which ZG & P = ZG & ZG but P 2 ZG. In the next result we show
that, when the ground ring R is a complete discrete valuation ring, such examples can
no longer be found.

We will be examining the relationship between RG-modules and their reductions
modulo the ideal (7). To facilitate this we introduce some terminology. Working over
a principal ideal domain R, an RG-module L is called an RG-lattice if it is finitely-
generated and free as an R-module. (In more general contexts an RG-lattice is merely
supposed to be projective as an R-module, but since projective modules are free over a
principal ideal domain we do not need to phrase the definition that way here. We also
sometimes encounter the term mazimal Cohen-Macaulay module instead of lattice.)

The reason we introduce RG-lattices is that we can reduce them modulo ideals of
R. Given an ideal I of R and an RG-lattice L evidently, V= L/(I - L) is an (R/I)G-
module. We say that V is the reduction modulo I of the lattice L, and also that L is a
lift from R/I to R of V. Not every (R/I)G-module need be liftable from R/I to R, as
the following example shows.

Example 9.4.4. Let R = Z and let I = (p) with p > 3. The group GL(2,p) has a
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faithful 2-dimensional representation over I, that cannot be lifted to Z. Such a lifted
representation would have to be faithful also, and on extending the scalars from Z to
R would provide a faithful 2-dimensional representation over R. It is well known that
the only finite subgroups of 2 x 2 real matrices are cyclic and dihedral, and when p > 3,
GL(2,p) is not one of these, so there is no such faithful representation. On the other
hand the 2-dimensional faithful representation of GL(2,2) (which is dihedral of order
6) over Fq does lift to Z.

Proposition 9.4.5. Let R be a complete discrete valuation ring with mazximal ideal
(m) and residue field k = R/(w). Let G be a finite group.

(1) For each simple RG-module S there is a unique indecomposable projective RG-
module Pg that is the projective cover of S. It has the form Ps = RGég where
és 1s a primitive idempotent in RG for which ég - S # 0.

(2) The kG-module Ps /(- Ps) = Ps is the projective cover of S as a kG-module and
Pg is the projective cover of Ps as an RG-module. Furthermore, S is the unique
simple quotient of Pg. Thus for simple kG-modules S and T, Pg = Pr if and
only if S=T.

(3) Every finitely-generated RG module has a projective cover.

(4) Every finitely-generated indecomposable projective RG-module is isomorphic to
Pg for some simple module S.

(5) Every finitely generated projective kG-module can be lifted to an RG-lattice. Such
a lift is unique up to isomorphism, and necessarily projective. Consequently an
RG-lattice L is a projective RG-module if and only if L/(mw - L) is a projective
kG-module, and projective RG-modules Ly, Lo are isomorphic if and only Ly /(-
L) = Li/(m- L1) as kG-modules.

Proof. (1) Let eg € kG be a primitive idempotent for which eg-S # 0 and let és € RG
be an idempotent that lifts eg (as in Proposition 9.4.3), so that ég - S = eg-S # 0.
We define Py = RGég. Then Pg is projective, and it is indecomposable since ég is
primitive. Furthermore PS /(7 - ]55) = kGeg, and defining this module to be Pg it is a
projective cover of S as a kG-module by Theorem 7.3.8.

(2) Now Ps/Rad(Ps) = Ps/Rad(Ps) by part (4) of Lemma 9.4.1, and this is
isomorphic to S. Thus each of the three morphisms ]55 — Pg, f’g — S and Pg — S is
essential, by Nakayama’s lemma, and so they are all projective covers . Since S is the
radical quotient of Pg it is the unique simple quotient of this module. This quotient
determines the isomorphism type of Pg by the uniqueness of projective covers.

(3) Let U be a finitely-generated RG-module. Then U/RadU is a kG-module by

Lemma 9.4.1, and it is semisimple, so U/ Rad U = S1®- - - S; for various simple modules
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S;. Consider the diagram ) .
Ps, @@ P,

l

U —  U/RadU

where the vertical arrow is the projective cover of S1 & ---S; as an RG-module. By
projectivity we obtain a homomorphism f’sl P -EBPSt — U that completes the triangle
and it is an essential epimorphism by Proposition 7.3.2. Thus it is a projective cover.

(4) Let P be a finitely-generated projective RG-module. By part (3) it has a
projective cover, of the form « : 1551 DB Pst — P. Since P is projective a must
split, and there is a monomorphism 5 : P — PSI G- P Pst with af = 1p. Since « is
an essential epimorphism S must be an epimorphism also, so it is an isomorphism. If
we suppose that P is indecomposable, then t =1 and P = ]551.

(5) It is sufficient to prove the assertion for indecomposable projective kG-modules.
The indecomposable projective kG-modules all have the form Pg for some simple mod-
ule S, and we have seen that such a module lifts to Pg, which is a lattice and is the
projective cover of Pg. Suppose that L is any RG-lattice for which L/mL = Pg. Since
wL, C Rad L the radical quotient of L is S. The projective cover morphism Ps = S
factors as Pg — L — S, giving an isomorphism on radical quotients. It follows that
Py — Lis surjective by Nakayama’s lemma, and since the ranks of Pg and L are the
same, this map is an isomorphism. The remaining deductions are immediate. O

We next examine the relationship between RG-modules and F'G-modules where R
is a principal ideal domain and F' is its field of fractions. Given an RG-lattice L we may
regard L as a subset of F®pg L. In this situation the FG-module F'®r L may be written
in R, according to the terminology introduced at the start of this chapter. Conversely,
if U is an FG-module, a full RG-lattice Uy in U is defined to be an RG-lattice Uy C U
that has an R basis which is also an F-basis of U. In this situation U = F ®g Uy and
we say that Uy is an R-form of U. Thus an F'G-module that has an R-form can be
written in R. We now show that every finitely-generated F'G-module has an R-form.

Lemma 9.4.6. Let R be a principal ideal domain with field of fractions F', and let U
be a finite dimensional F-vector space. Any finitely-generated R-submodule of U that
contains an F-basis of U is a full lattice in U.

Proof. Let Uy be a finitely-generated R-submodule of U that contains an F-basis of
U. Since Uy is a finitely-generated torsion-free R-module, Uy =2 R™ for some n, and it
has an R-basis z1,...,x,. Since Uy contains an F-basis of U it follows that x1,...,z,
span U over F. We show that z1,...,z, are independent over F. Suppose that
AMx1+ - Az, = 0 for certain \; € F. We may write \; = % where a;,b; € R, since F'is
the field of fractions of R. Now clearing denominators we have (TTo:)(Aixi+- - Apzy) =
0 which implies that (J]b;)A; = 0 for each i since 1, ..., z, is an R-basis. This implies
that A; = 0 for all ¢ and hence that n = dimU and z1,...,z, is an F-basis of U. O
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The kind of phenomenon that the last result is designed to exclude is exemplified by
considering subgroups of R generated by elements that are independent over Q, such as
the subgroup (1, \/5) =~ 72. This is a free abelian group, but its basis is not an R-basis
for R. According to the last lemma, such a phenomenon would not occur if R were the
field of fractions of Z; indeed, the finitely-generated subgroups of QQ are all cyclic.

Corollary 9.4.7. Let R be a principal ideal domain with field of fractions F, and let
U be a finite dimensional FG-module. Then there exists an RG-lattice Uy that is an
R-form for U.

Proof. Let u1,...,u, be any basis for U and let Uy be the R-submodule of U spanned
by {gu; ! i=1,...,n, g € G}. This is a finitely-generated R-submodule of U that
contains an F-basis of U. Since R is a principal ideal domain with field of fractions F’,
by the last result Uy is a full RG-lattice in U, which is what we need to prove. O

We should expect that much of the time when p } |G| an FG-module U will contain
various non-isomorphic full sublattices. To show how such non-isomorphic sublattices
may come about, consider an indecomposable projective RG-module P. 1t often hap-
pens that F ®g P is not simple as an FG-module. Writing F ®gr P=S@® - -®5 as
a direct sum of simple F'G-modules and taklng a full RG-lattice in each S;, the direct
sum of these lattices will not be isomorphic to P because P is indecomposable. In this
manner we may construct non-isomorphic R-forms of F' ®p P.

For another specific example, consider a cyclic group G = (g) of order 2 and let
(F, R, k) be a 2-modular system. The regular representation F'G contains the full lattice
R -1+ R- g that is indecomposable since its reduction kG is indecomposable. It also
contains the full lattice R(1+ g) + R(1 — g), which is a direct sum of RG-modules and
hence is decomposable.

The following result is crucial to the definition of the decomposition map, which
will be given afterwards.

Theorem 9.4.8 (Brauer-Nesbitt). Let (F,R,k) be a p-modular system, G a finite
group, and U a finitely-generated FG-module. Let L1, Lo be full RG-lattices in U. Then
Li/mLy and Ly/mLy have the same composition factors with the same multiplicities,
as kG-modules.

Proof. We observe first that L 4+ Lo is also a full RG-lattice in U, by Lemma 9.4.6, so
by proving the result first for the pair of lattices L1 and Ly + Lo and then for Ls and
L1 + Ly we see that it suffices to consider the case of a pair of lattices, one contained
in the other. We now assume that L1 C Lo.

As R-modules, L1 and Lo are free of the same rank, and so Ly/L; is a torsion
module. Hence Ly/L; has a composition series as an R-module, and hence also as an
RG-module, because every series of RG-modules can be extended to give a composition
series of R-modules. By working down the terms in a composition series, we see that
it suffices to assume that L is a maximal RG-submodule of Ly, and we now make this
assumption.
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Since Ly/L; is a simple RG-module we have mLs C Lq, by Lemma 9.4.1, and we
consider the chain of sublattices Ly O L1 O wLy O wLi. We must show that Lo /7 Lo
and L;/mL; have the same composition factors. The composition factors of L;/m Lo
are common to both Lo/mLy and Ly /7Ly, and we will complete the proof by showing
that Lo/Ly & wLo/wLy. In fact, the map

L2 — 7TL2/7TL1

T+ mx+mwlq
is a surjection with kernel L. O

We now define the decomposition matrix for a group G in characteristic p. Suppose
that (F, R, k) is a splitting p-modular system for G. The decomposition matriz D is
the matrix with rows indexed by the simple F'G-modules and columns indexed by the
simple kG-modules whose entries are the numbers

drs = multiplicity of S as a composition factor of Ty /7 Tp

where S is a simple kG-module, T is a simple F'G-module and Tj is a full RG-lattice
inT.

By the theorem of Brauer and Nesbitt these multiplicities are independent of the
choice of full lattice Ty in T'. Although it would be possible to define a decomposition
matrix without the assumption that the p-modular system should be splitting, this is
never done, because apart from the inconvenience of having possibly more than one
decomposition matrix, the important relationship that we will see between the Cartan
matrix and the decomposition matrix in Corollary 9.5.6 does not hold without the
splitting hypothesis.

Example 9.4.9. At the moment the only technique we have to compute a decompo-
sition matrix is to construct all simple representations in characteristic 0, find lattice
forms for them, reduce these modulo the maximal ideal and compute composition fac-
tors. A less laborious method, in general, is to use Brauer characters as described in
Chapter 10. The approach we have for now does at least allow us to construct the
decomposition matrices for S3 in characteristic 2 and characteristic 3. They are:

10 10
10 and 0 1
0 1 11

In Example 2.1.6 we observed that S3 has three simple representations over a field of
characteristic 0: the trivial representation, the sign representation and a 2-dimensional
representation that we constructed in Chapter 1 as a ZSs-lattice. These three rep-
resentations index the rows of the decomposition matrices. In characteristic 2 the
simple representations are the trivial module and the 2-dimensional irreducible with
the same matrices as in characteristic 0, but with the entries interpreted as lying in
Fy (see Example 7.2.2). In characteristic 3 the simple representations are the trivial
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representation and the sign representation, as seen in Example 6.2.3. The fact that
these lists are complete also follows from Theorem 9.3.6. Another approach is to say
that all 1-dimensional representations are representations of the abelianization Cy of
S3, giving one such representation in characteristic 2 and two in characteristic 3. Now
use a count of dimensions of the simple modules together with Theorem 7.3.9 to show
that the lists are correct.

It is now a question of calculating composition factors of the reductions from char-
acteristic 0. The 1-dimenional representations remain simple on reduction. The 2-
dimensional representation has been given as a Z-form, and it suffices to compute
composition factors when the matrices are interpreted as have entries in Fo and Fs.
Over Fy this representation is simple, as has been observed.

Example 9.4.10. When G is a p-group and k has characteristic p, the decomposition
matrix has a single column and an entry for each ordinary simple character, that entry
being the degree of the character. This is a consequence of Proposition 6.2.1.

The third example is sufficiently important that we state it as a separate result.
It describes the situation when |G| is invertible in k, so that both FG and kG are
semisimple.

Theorem 9.4.11. Let (F, R, k) be a splitting p-modular system for the group G and
suppose that |G| is relatively prime to p. Then each simple FG-module reduces to a
simple kG-module of the same dimension. This process establishes a bijection between
the simple FG-modules and the simple kG-modules, so that when the two sets of simple
modules are taken in corresponding order, the decomposition matriz is the identity
matriz. The bijection preserves the decomposition into simples of tensor products, Hom
spaces as well as induction and restriction of modules.

Proof. If necessary we may extend (F, R, k) to a larger p-modular system in which R
is complete by completing R with respect to its maximal ideal and replacing F' by
the field of fractions of the completion (k remains unchanged in this process). Since
F and k are splitting fields, distinct simple modules remain distinct simple modules
under field extension, and their properties under taking tensor products, Hom groups,
induction and restriction do not change. We thus assume R is complete.

Let T be a simple FG-module with full RG-lattice Ty. Then Ty/7Ty = S1 & --- @
S, for various simple kG-modules S;, since kG is semisimple. For the same reason
these modules are projective, so by Proposition 9.4.5 they lift to projective RG-lattices
Sl, ceey S,, that are the projective covers of Si,....S,. Thus the projective cover of T
is a homomorphism Si@-®8, > Ty, and this is an isomorphism since the R-ranks
of the two modules are the same. We deduce that T = (F®QrS1)®---® (F Qg Sy), and
son = 1 since T is simple. Thus every reduction of a simple module is simple. Equally,
every simple kG-module is a composition factor of the reduction of some simple F'G-
module, since it is a composition factor of the reduction of F'G, and so every simple
kG-module does appear as the reduction of a simple F'G-module.
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For any FG-modules U and V with R-forms Uy and Vy, Uy ®g V) is an R-form of
U®pV and
(Uo ®@r Vo)/m(Uo @R Vo) = (Uo/7Uo) @k (Vo/ Vo).

From this we can see that if U ®p V decomposes in a certain way as a direct sum of
simple modules, on reduction modulo 7 it gives rise to a corresponding decomposition
of (Up/mUp) ®p (Vo/mVp) as a direct sum of simple modules. In a similar way we see
that Homp (U, V') and Homy (Uy/7wUp, Vo/7Vp) decompose in a corresponding fashion,
as do the induction and restriction of corresponding modules. O

Coming out of the proof of the last result we see that in the situation where |G|
is relatively prime to p, an RG-module L is projective if and only if it is projective
as an R-module, and furthermore that for each F'G-module U, all R-forms of U are
isomorphic as RG-modules. We leave the details of this as Exercise 14.

When |G] is divisible by p the decomposition matrix cannot be the identity, because
as a consequence of Theorem 9.3.6 it is not even square. We state without proof a
theorem which says that when G is p-solvable the decomposition matrix does at least
contain the identity matrix as a submatrix of the maximum possible size. A group G
is said to be p-solvable if it has a chain of subgroups

IZGn<1~~-<IG1<1G0:G

so that each factor G;/G;1 is either a p-group or a group of order prime to p. A proof
can be found in [10, Theorem 22.1].

Theorem 9.4.12 (Fong, Swan, Rukolaine). Let (F, R, k) be a splitting p-modular sys-
tem for a p-solvable group G. Then every simple kG-module is the reduction modulo
(m) of an RG-lattice.

9.5 The cde triangle

It is conceptually helpful to express the decomposition matrix as the matrix of a linear
map, and to this end we introduce three groups, which are instances of Grothendieck
groups. These groups should properly be defined in an abstract fashion after which we
would prove that they have a certain structure under the hypotheses in force. For our
purposes it is more direct to skip the abstract step and define the Grothendieck groups
in terms of this structure.

Let (F, R, k) be a splitting p-modular system for a finite group G, and suppose that
F and R are complete with respect to the valuation. We define

Go(FG) = the free abelian group with the isomorphism types
of simple F'G-modules as a basis,

Go(kG) = the free abelian group with the isomorphism types
of simple kG-modules as a basis,

Ky(kG) = the free abelian group with the isomorphism types

of indecomposable projective kG-modules as a basis.
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Thus Go(F'G) has rank equal to the number of conjugacy classes of G, and both
Go(kG) and Ky(kG) have rank equal to the number of p-regular conjugacy classes of
G. If T is a simple FG-module we write [T] for the corresponding basis element of
Go(FG@G). Similarly if S is a simple kG-module we write [S] for the corrsponding basis
element of Go(kG), and if P is an indecomposable projective kG-module we write [P]
for the corresponding basis element of Ky(kG). Extending this notation, if U is any
kG-module with composition factors Sy, ..., S, occurring with multiplicities n, ..., n,
in some composition series of U, we write

[U] = ni[S1] + - - - + ne[Sy] € Go(kG).

The fact that this is well defined depends on the Jordan—Holder theorem. There is
a similar interpretation of [V] € Go(FG) if V happens to be an FG-module. This
time because V is semisimple it is the direct sum of its composition factors, and so if
V=T"& --&T" weput [V]=n[T1] + - -- + n,[T;] € Go(FG). In the same way if
P =P" @&---@ P where the P; are indecomposable projective kG-modules we put

[P] = nl[Pl] +-+ TZT[PT} € KQ(kG)

Since simple FG-modules biject with their characters, we may identify Go(FG) with
the subset of the space of class functions C(%) consisting of the Z-linear combinations
of the characters of the simple modules as considered in Chapter 3. Such Z-linear
combinations of characters are termed virtual characters of G, so Go(FG) is the group
of virtual characters of F'G.

We now define the homomorphisms of the cde triangle, which is as follows:

Go(FG)
e d

/ ¢
Ko(kG) — Go(kQG)

The cde triangle.

The definition of the homomorphism e on the basis elements of Ky(kG) is that if Pg
is an indecomposable projective kG-module then e([Ps]) = [F ®g Ps]. As observed
in Proposition 9.4.5 the lift Pg is unique up to isomorphism, and so this map is well-
defined. The decomposition map d is defined thus on basis elements: if V' is a simple F'G-
module containing a full RG-lattice Vp, we put d([V]) = [Vo/7nVs]. By Theorem 9.4.8
this is well-defined, and in fact the formula works for arbitrary finite dimensional F'G-
modules V', not just the simple ones. This definition means that the matrix of d is
the transpose of the decomposition matrix. The homomorphism c is called the Cartan
map and is defined by ¢([Ps]) = [Ps], where on the left the symbol [Pg] means the
basis element of K((kG) corresponding to the indecomposable projective Pg, and on
the right [Ps] is an element of Go(kG). From the definitions we see that the matrix of
c is the Cartan matrix: [Pr] =} g ¢ csr[S] for each simple kG-module T'.

Proposition 9.5.1. ¢ = de.



CHAPTER 9. SPLITTING FIELDS AND THE DECOMPOSITION MAP 158

Proof. Tt is simply a question of following through the definitions of these homomor-
phisms. If Pg is an indecomposable projective kG-module then e[Ps] = [F ®g Ps].
To compute d[F ®@p PS] we choose any full RG-sublattice of F' ®p Pg and reduce it
modulo (). Taking Ps to be that lattice, its reduction is Pg and so de([Ps]) = [Ps] =
c([Ps)). O

To investigate the properties of the cde triangle we study the relationship between
homomorphisms between lattices and between their reductions modulo (7).

Proposition 9.5.2. Let (F,R,k) be a p-modular system. Let U,V be FG-modules
containing full RG-lattices Uy and Vj.

(1) Hompa(Uoy, Vo) is a full R-lattice in Hompg (U, V).
(2) mHompg(Uy, Vo) = Hompa (U, Vo) as a subset of Hompa(Uy, Vo)
(3) Suppose that Uy is a projective RG-lattice. Then

Hompgg(Uy, Vo) /7 Hompga (U, Vo) = Hompa (U, Vo /7Vo)
= Homyg(Uo/mUo, Vo /7V0).

Proof. (1) We should explain how it is that Hompq (Up, Vp) may be regarded as a subset
of Hompg (U, V). The most elementary approach is to take R-bases uq,...,u, for Uy
and vy, ...,vs for V. These are also F-bases for U and V. Any RG-homomorphism
Uop — Vp can be represented with respect to these bases by a matrix with entries in R.
Regarding it as a matrix with entries in F', it represents an F'G-module homomorphism
U—=V.

To see that Hompgag(Up, Vp) is in fact a sublattice of Hompg(U, V'), we observe that
Hompa(Up, Vo) € Homp(Uy, Vo) = R™ where r = dimU, s = dim V. The latter is a
free R-module, so Hompg(Up, Vo) is an R-lattice since R is a principal ideal domain.
We show that it is full in Hompg(U, V). Using the bases for Uy, Vo, let ¢ : U — V
be an FG-module homomorphism. Then ¢(u;) = > Ajv; with Aj; € F. Choose
a € R so that a)j; € R for all 7,j. Then a¢ : Uy — Vp, showing that ¢ belongs to
F - Hompgg(Uy, Vo). Therefore Hompga(Ug, Vo) spans Hompq (U, V') over F.

(2) The map Vy — V) given by x — 7z is an RG-isomorphism so the morphisms
Uy — mVy are precisely those that arise as composites Uy — Vo5mVp, which are in
turn the elements of m Hompa(Uy, Vo).

(3) Consider Hom(Uy, Vo) — Hom(Uy, Vo/7Vp). Its kernel is Hom(Up, 7Vp), which
equals m Hom(Uy, Vp). Since Uy is projective, the map is surjective, and it gives rise to
the first isomorphism. For the second, all homomorphisms « : Uy — Vp/7Vp contain
wUp in the kernel, and so factor as Uy — Uy /ongVo /mVh. The correspondence of «
and S provides the isomorphism. ]

Corollary 9.5.3. Suppose Uy and Vi are full RG-lattices in U and V, and Uy is
projective. Then

dimF HOHng(U, V) = dimk Homkg(Uo/ﬂ'Uo, V()/T['Vb)
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Proof. Both sides equal rankz Hompgq (U, Vo) by parts (1) and (3) of the last result. [

We now identify the map e as the transpose of d.

Theorem 9.5.4. Let (F, R, k) be a splitting p-modular system for G and suppose that
R is complete with respect to its valuation.

(1) Let S be a simple kG-module and let T be a simple FG-module containing a full
RG-lattice Ty. The multiplicity of T in F' ®p Ps equals the multiplicity of S as a
composition factor of Ty/mTp.

(2) With respect to the given bases of Go(FG), Go(kG) and Ky(kG) the matrixz of e

is D and the matriz of d is DT, where D is the decomposition matriz.

The given bases of the Grothendieck groups are the bases whose elements are the
symbols [T], [S] and [Ps] where T is a simple FG-module and S is a simple kG-module.

Proof. (1) Applying the last corollary to the full RG-lattice Pg of F ®g Ps we ob-
tain dimp Hompg(F ®g Ps,T) = dimy, Homyg(Ps, To/7nTp). The left side equals
dimp Endpg(7T) times the multiplicity of T' in F ®p Pg, and the right side equals
dimy Endge(S) times the multiplicity of S as a composition factor of Ty/7Ty. The
splitting hypothesis implies that the endomorphism rings both have dimension 1, and
the result follows.

(2) We have already observed when defining d that its matrix is D?. The entries
ers in the matrix of e are defined by

e([Ps]) = [F ®r PS Z ersT,

so that epg is the multiplicity of T in F Qg Ps. By part (1), ers = drgs. O

We comment that part (1) of the above theorem gives a second proof of the Brauer-
Nesbitt Theorem 9.4.8 that the decomposition numbers (dpg = the multiplicity of S as
a composition factor of Ty /7Ty) are defined independently of the choice of lattice Ty,
since they have just been shown to be equal to quantities that do not depend on this
choice. It also shows that the decomposition numbers are independent of the choice of
p-modular system (F, R, k), provided it is splitting.

Example 9.5.5. This result allows us to compute the characters of the indecomposable
projective RG-modules Py (or more properly the characters of the FG-modules F ®p
]55). Using the decomposition matrices for S3 that were previously computed we see
that in characteristic 2,

Xp, = X1 + Xe

X]52 = X2,
and in characteristic 3

Xp, = X1 1+ X2

Xp, = Xe + Xa2-
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We now have a second proof of the symmetry of the Cartan matrix, but perhaps
more importantly an extremely good way to calculate it. The effectiveness of this
approach will be increased once we know about Brauer characters, which are treated in
Chapter 10. We will also prove in Corollary 10.2.4 that the Cartan matrix is invertible.

Corollary 9.5.6. Let (F, R, k) be a splitting p-modular system for G. Then the Cartan
matriz C = DTD. Thus C is symmetric.

Example 9.5.7. When G = S5 the Cartan matrices in characteristic 2 and in charac-
teristic 3, expressed as a product DT D, are

{110}}8_{20} " [101}(1)(1)_{21]
00101 0 1 01111 1 2

The decomposition matrices were calculated in Example 9.4.9. In characteristic 2
the Cartan matrix follows from Example 7.2.2, and in characteristic 3 it follows from
Proposition 8.3.3. The decomposition matrix factorization provides a new way to
compute the Cartan matrices.

Example 9.5.8. Theorem 9.5.4 and Corollary 9.5.6 fail without the hypothesis that
the p-modular system is splitting. An example of this is provided by the alternating
group A4 with the 2-modular system (Qg,Z2,F3). The Cartan matrix of FoA4 was
computed in Exercise 2 of Chapter 8, and we leave it as a further exercise to compute
the matrices of d and e here.

The equality of dimensions that played the key role in the proof of Theorem 9.5.4 can
be nicely expressed in terms of certain bilinear pairings between the various Grothendieck
groups. On the vector space of class functions on G we already have defined a Hermitian
form and on the subgroup Go(F'G) it restricts to give a bilinear form

( , ):Go(FG)xGy(FG)—=1Z

specified by ([U], [V]) = dimHompg(U, V) when U and V are F'G-modules. We also
have a pairing

() Ko(kG) x Go(kG) — Z

specified by ([P],[V]) = dim Homyg(P, V) when P is a projective kG-module and V'
is a kG-module. By Proposition 7.4.1 this quantity depends only on the composition
factors of V, not on the actual module V', and so this pairing is well-defined. We
claim that each of these bilinear pairings is non-degenerate, since in each case the free
abelian groups have bases that are dual to each other. Thus if U and V are simple
FG-modules we have ([U], [V]) = djp},v), and if S and T are simple kG-modules we
have ([Ps], [T]) = 0g),;7)- The equality of dimensions that appeared in the proof of
Theorem 9.5.4 can now be expressed as follows. If z € Ko(kG) and y € Go(FG) then
(e(x),y) = (x,d(y)). This formalism is an expression of the fact that e and d are the
transpose of each other.
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9.6 Blocks of defect zero

Blocks of a group algebra were introduced in Chapter 3 as the ring direct summands of
that algebra, or equivalently the primitive central idempotents to which the summands
correspond. They will be studied in a much more complete fashion in Chapter 12.
Before that we study the properties of a special kind of block, known as a block of defect
zero. Taking a splitting p-modular system (F, R, k) for a group G, a block of defect zero
may be defined as a ring summand of kG having a projective simple module. We will
see that such a block can have only one simple module, it is a matrix algebra, and there
is a unique ordinary simple character that reduces to it. These simple representations,
over k and over F', are also called blocks of defect zero, by abuse of terminology. The
notion of the defect of a block will be explained in Chapter 12, and for now we must
accept this term as nothing more than a name. The theory to be explained generalizes
the situation of Theorem 9.4.11, which described the case where all blocks have defect
Zero.

We will find that blocks of defect zero have a useful consequence in predicting zeros
in the character table of G: such a simple complex character (of degree is divisible by
the p-part of |G]) is zero on all elements of G of order divisible by p. It is easy to identify
from the character table and it happens quite often that the zeros in a character table
arise from blocks of defect zero. This will be explained in Corollary 9.6.3. Blocks of
defect zero are also useful because they remain simple on reduction mod p, which is
helpful when calculating decomposition matrices. They arise naturally in the context
of representations of groups of Lie type in defining characteristic in the form of the
Steinberg representation. Blocks of defect zero are one of the main ingredients in
one of the most significant conjectures in the representation theory of finite groups:
Alperin’s weight conjecture.

We will make the hypothesis in Theorem 9.6.1 that R should be complete, but
this is just a convenience and the assertions are still true without this hypothesis. The
result can be proved without this hypothesis by first completing an arbitrary p-modular
system.

Theorem 9.6.1. Let (F, R, k) be a splitting p-modular system in which R is complete,
and let G be a group of order p’q where q is prime to p. Let T be an FG-module of
dimension n, containing o full RG-sublattice Ty. The following are equivalent.

(1) p* | n and T is a simple FG-module.

(2) The homomorphism RG — Endg(Ty) that gives the action of RG on Ty identifies
Endr(Tb) = M, (R) with a ring direct summand of RG.

(8) T is a simple FG-module and Ty is a projective RG-module.

(4) The homomorphism kG — Endy(Tp/mTy) identifies Endy(To/nTo) = My (k) with
a ring direct summand of kG.

(5) As a kG-module, Ty /7Ty is simple and projective.
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Proof. (1) = (2) Suppose that (1) holds. We will use the formula obtained in Theo-
rem 3.6.2 for the primitive central idempotent e associated to 1', namely

n
GZEZXT(Q !

geG

where x7 is the character of T. Observe that n/|G| € R because p? | n, and also
x7(g~!) lies in R since it is a sum of roots of unity, and roots of unity (in some
extension ring if necessary) have valuation 1, so lie in R. Thus e € RG. It follows that
RG = eRG ® (1 — e)RG as a direct sum of rings.

The homomorphism p : FFG — Endp(7T) that expresses the action of G on T
identifies eF'G with the matrix algebra Endp(T"), and has kernel (1 — e)F'G. The
restriction of p to RG takes values in Endg(7p) because Tp is a full RG-sublattice of T'.
The kernel of this restriction is (1 —e) FGNRG = (1 —e) RG which is a direct summand
of RG. We will show that this restricted homomorphism is surjective to End(7p) and
from this it will follow that e RG = Endg(Ty) = M,(R), a direct summand of RG.

As an extension of the formula in Theorem 3.6.2 for the primitive central idempotent
corresponding to T, we claim that if ¢ € Endp(T) then

]G| Ztr p(g).

geG

To demonstrate this it suffices to consider the case ¢ = p(h) where h € G, since these
elements span Endp(7"). In this case

Z tr(p h))p(g) Z tr(p p(h™'g)
HEG gEG

— p(h)ole)

= p(h)

using the previously obtained formula for e. This shows that the claimed formula holds
when ¢ = p(h), and hence holds in general.

Finally we may see that the restriction of p is a surjective homomorphism RG —
Endg(7p), since any ¢ € End R(T()) is the image under p of

Ztr ®)g € RG.

geG

]

This completes the proof of this implication.

(2) = (3) Certainly Ty is projective as a module for Endg(7p) since it identifies
with the module of column vectors for this matrix algebra. Assuming (2), we have that
Ty is a projective RG-module, since RG acts via its summand eRG which identifies
with the matrix algebra. Furthermore, F'G acts on T' = F' ®g T as column vectors for
a matrix algebra over F', so T is a simple FG-module.

(2) = (4) The decomposition RG = eRG & (1 — ¢)RG with eRG = M,(R) is
preserved on reducing modulo (7), and we obtain kG = ekG @ (1 — €)kG where € is
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the image of e in kG. Furthermore ekG = M, (k) because it is the reduction module
(m) of M, (R), and the action of kG on Ty/nTy is via projection onto ekG.

(3) = (5) Since T is a direct summand of a free RG-module it follows that Ty /7Ty is
a direct summand of a free kG-module, and hence is projective. Furthermore, we claim
that Ty /7 Tp is indecomposable. To see this, write Ty /7Ty = Ps, @ - - - @ Ps, where the
Pg, are indecomposable projectives, so that Tp/ mly is the projective cover of S16- - EBSt
as an RG-module. It follows that Ty =2 PS1 ®-- @Pgt and T = F®RP51 - - @F@RPSt
Hence t = 1 since T is simple. Theorem 9.5.4 the column of the decomposition matrix
corresponding to S7 consists of zeros except for an entry 1 in the row of 7. Since
C = DT D, the multiplicity of S; as a composition factor of Pg, is 1. We know from
Theorem 8.5.5 that Soc Pg, = S; and also Ps, /Rad Ps, = Si, so that S occurs as a
composition factor of Ps, with multiplicity at least 2 unless Pg, = S;. This shows that
To/7Ty is simple.

(4) = (5) This is analogous to the proof (2) = (3).

(5) = (1) Since Ty/nTy is projective its dimension is divisible by p? by Corol-
lary 8.1.3, and this dimension equals rankg Ty = dimT. If T were not simple as an
FG-module we would be able to write T'= U @ V, and taking full RG-lattices Uy, Vy
the composition factors of Typ/nTy would be the same as those of Uy /Uy @ Vy/7Vo.
Since Ty /7Ty is in fact simple, this situation cannot occur, and 7' is simple. O

Part (5) of Theorem 9.6.1 appears to depend on the FG-module T, but this is
not really the case. If P is any Slmple projective kG-module, it can be lifted to an
RG-module P and taking T' = F ®p P we have a module with a full RG-lattice T}
for which Ty/nTy = P. Thus every simple projective kG-module is acted on by kG
via projection onto a matrix algebra direct summand of kG, and the module T just
constructed is always simple.

Notice in Theorem 9.6.1 that since the full RG-sublattice Ty is arbitrary, every full
RG-sublattice of T is projective. Since such a full lattice T is the projective cover of
To/7 Ty, which is a simple module defined independently of the choice of Tj, all such
lattices Ty are isomorphic as RG-modules.

Looking at the various equivalent parts of Theorem 9.6.1, one might be led to
suspect that if k is a field of characteristic p and S is a simple kG-module of dimension
divisible by the largest power of p that divides |G| then S is necessarily projective, but
in fact this conclusion does not always hold. It is known from [20] that McLaughlin’s
simple group has an absolutely simple module in characteristic 2 of dimension 29 * 7.
The module is not projective and the 2-part of the group order is 27.

We present the consequence of Theorem 9.6.1 for character tables in Corollary 9.6.3,
with a preliminary lemma about character values of projective modules before that.

Lemma 9.6.2. Let (F, R, k) be a p-modular system qnd G a finite group. Let P bea
projective RG-module and x the character of F ®r P. Then x(1) is divisible by the
order of a Sylow p-subgroup of G, and if g € G has order divisible by p then x(g) = 0.

Proof. Since P / 7P is a projective kG-module it has dimension divisible by the order
of a Sylow p-subgroup of G (Corollary 8.1.3), and this dimension equals the rank of P,
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that in turn equals x(1) = dim F @5 P.

Consider now an element g € G of order divisible by p. To show that x(g) = 0 it
suffices to consider P as an R({g)-module, and as such it is still projective. We may
suppose that Pis an indecomposable projective R{g)-module.

Let us write ¢ = st where s is p-regular, t is p-singular and st = ts, as in
Lemma 9.3.4, so (g) = (s) x (t). As in Example 8.2.1 we can write P/7P = S ® k(t)
where S is a simple k(s)-module. Since k(s) is semisimple and S is projective as a
k(s)-module, we can lift S to a projective R(s)-module S for which §/78 = S. Now

P/rP = S®klt) =Sk ngiz S ng;. This lifts to S TE‘Z;, which is a projective
R(g)-module. It is the projective cover of P / 7r15, so by uniqueness of projective covers

pPx~s Tg;. We deduce that x = xg Té‘z;. It follows that x(g) = 0 from the formula for

an induced character, since no conjugate of g lies in (s). O

Corollary 9.6.3. Let T be a simple FG-module, where F is a splitting field for G of
characteristic 0, and let x7 be the character of T. Let p be a prime, and suppose that
the highest power of p that divides |G| also divides the degree xr(1). Then if g is any
element of G of order divisible by p we have x7(g) = 0.

Proof. This combines Lemma 9.6.2 with Theorem 9.6.1. If F' does not initially appear
as part of a p-modular system, we may replace F' by a subfield that is a splitting field
and which is a finite extension of Q, since QG has a splitting field of this form and by
the argument of Theorem 9.2.6 it may be chosen to be a subfield of F'. We may write T’
in this subfield without changing its character x7 and the hypothesis about the power
of p that divides x7(1) remains the same. Take the valuation on F' determined by a
maximal ideal p of the ring of integers for which p N Z = (p), and complete F' with
respect to this valuation to get a splitting, complete, p-modular system. We may now
apply Theorem 9.6.1. 0

Example 9.6.4. The character table information given by the last corollary can be
observed in many examples. Thus the simple character of degree 2 of the symmetric
group S3 is zero except on the 2-regular elements, and the simple characters of Sy of
degree 3 are zero except on the 3-regular elements. All of the zeros in the character table
of As may be accounted for in this way, and all except one of the zeros in the character
table of GL(3,2). It is notable that in order to prove this result about representations
in characteristic zero we have used technical machinery from characteristic p.

9.7 Summary of Chapter 9

e Every finite dimensional algebra over a field has a splitting field of finite degree.

e If two modules are isomorphic after extending the ground field, they were origi-
nally isomorphic.

e If k is a splitting field of characteristic p, the number of simple kG-modules equals
the number of p-regular conjugacy classes in G.
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e Idempotents lift from the group ring over the residue field to the group ring over
a complete discrete valuation ring.

e Projective covers exist over RG when R is a complete discrete valuation ring.
The indecomposable projective RG-modules are the projective covers Pg, where
S is simple.

e When R is a principal ideal domain with field of fractions F', every FG-module
can be written in R.

e The decomposition map is well defined and C = DT D. The decomposition matrix
also computes the ordinary characters of the projectives Pg. We obtain a second
proof that the Cartan matrix is symmetric.

e If k is a splitting field of characteristic p where p * |G|, the representations of G
over C and over k are ‘the same’ in a certain sense.

e Blocks of defect zero are identified by the fact that the degree of their ordinary
character is divisible by the p-part of |G|. Such characters vanish on elements of
order divisible by p. They remain irreducible on reduction mod p, where they
give a projective module and a matrix ring summand of kG.

9.8 Exercises for Chapter 9

1. Let E =TF,(t) be a transcendental extension of the field with p elements and let
F be the subfield F,(t?). Write a =t € F, so that t# —a = 0. Let A = E, regarded
as an F-algebra.

(a) Show that A has a simple module that is not absolutely simple.

(b) Show that E is a splitting field for A, and that the regular representation of
E ®p A is a uniserial module. Show that Rad(E ®r A) # E ®p Rad(A).
[Notice that F @ Rad(A) is always contained in the radical of E ® p A when A is a
finite dimensional algebra, being a nilpotent ideal.]

(c) Show that A is not isomorphic to F'G for any group G.

2. Let R be a complete discrete valuation ring with residue field k£ of characteristic
p. Let g € GL(n, k) be an n X n-matrix with entries in k. Suppose g has finite order s
and suppose that both R and k contain primitive sth roots of unity. Show that there
is an n X n-matrix § € GL(n, R) of order s whose reduction to k is g.

3. Let G be a cyclic group, F' a field and S a simple FG-module. Show that
E = Endpg(S) is a field with the property that £ ®p S is a direct sum of modules
that are all absolutely simple.

4. Let A be a finite dimensional algebra over a field F' and suppose that F' is a
splitting field for A. Let £ D F be a field extension. Prove that Rad(E ®p A) =
E ®r Rad(A).

[The observation at the end of Exercise 1(b) may help here.]
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5. Let G = (U3 x Cy be generated by elements a and b, and let F be a field of
characteristic 2. Let ¢ € E be any element, which may be algebraic or transcendental
over Fa. Let p: G — GL2(E) be the representation with

O O N

Show that this representation is absolutely indecomposable, meaning that it remains
indecomposable under all field extensions. Show also that this representation cannot
be written in any proper subfield of Fa(t).

6. Let (F,R,k) be a p-modular system and G a finite group. Show that if U =
U1 ® U is a finite dimensional F'G-module and L is a full RG-lattice in U then LN Uq,
L N Us are full RG-lattices in U; and U, but that it need not be true that L =
(LNTUy) & (LNUy).
[Consider the regular representation when G = Cy.]

7. Show that, over a splitting 2-modular system (F, R, k), the dihedral group D3
has seven 2-blocks of defect zero and two further 1-dimensional ordinary characters.
Hence find the degrees of the simple kDsg-modules. Find the decomposition matrix
and Cartan matrix in characteristic 2. Show that kDsg = kCy @ M(k)7 as rings.

8. Let A be a finite dimensional F-algebra.

(a) Suppose that F'is a splitting field for A, and let £ O F be a field extension.
Show that every simple £ ®p A-module can be written in F'. Deduce that A and EQp A
have the same number of isomorphism classes of simple modules.

[Bear in mind the result of Exercise 4.]

(b) Show that if E; and FEs are splitting fields for A then Fy ®@p A and Fo @p A
have the same number of isomorphism classes of simple modules.
[Assume that E; and Es are subfields of some larger field.]

9. Let A be a finite dimensional F-algebra and let E O F' be a field extension.

(a) Suppose that S is an A module with the property that £ ®p S is an absolutely
simple F @ p A-module. Show that S is absolutely simple as an A-module.

(b) Suppose now that F is a splitting field for A and that every simple A-module
remains simple on extending scalars to E. Show that F' is a splitting field for A.

10. Let A be a finite dimensional F-algebra and E O F a field extension.

(a) Show that if U — V is an essential epimorphism of A-modules then F ®@p U —
E ®p V is an essential epimorphism of £ ® p A-modules.

(b) Show that if P — U is a projective cover then sois E @p P — E ®p U.

11. Let A be a finite dimensional F-algebra where F' is a splitting field for A. Let P
be an indecomposable projective A-module. Show that if ¥ O F' is any field extension
then F ®p P is indecomposable and projective as an E ®p A-module. Show further
that every indecomposable projective ¥ ® p A-module can be written in F'.

12. Let U be the 2-dimensional representation of S3 over Q that is defined by
requiring that with respect to a basis uj,us the elements (1,2,3) and (1,2) act by
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0 -1 1 -1
[1 _1] and [O _1] .
Let Uy be the ZSs-lattice that is the Z-span of uq and us in U.

(a) Show that Uy/3Uj has just 3 submodules as a module for (Z/3Z)S3, namely 0,
the whole space, and a 1-dimensional submodule. Deduce that Uy/3Uj is not semisim-
ple.

(b) Now let U; be the Z-span of the vectors 2u; + uz and —uj + ug in U. Show
(for example, by drawing a picture in which the angle between u; and ug is 120°, or
else algebraically) that U is a ZSs-lattice in U, and that it has index 3 in Uy. Write
down matrices that give the action of (1,2,3) and (1,2) on U; with respect to the new
basis. Show that U;/3U; also has just 3 submodules as a (Z/3Z)Ss-module, but that
it is not isomorphic to Uy/3Uy. Identify Uy/U; as a (Z/3Z)Ss-module.

(c) Prove that Uy is the unique ZSs-sublattice of Uy of index 3.

(d) Show that the ZsSs-sublattices of Zz ®g Uy are totally ordered by inclusion.

matrices

13. Let (F, R, k) be a splitting p-modular system and G a finite group. Let T be
an F'G-module with the property that every full RG-sublattice of T is indecomposable
and projective. Show that T is simple of dimension divisible by p", where p™ ‘ |G|,

p”"‘l“G\.

14. Let (F, R, k) be a splitting p-modular system for the group G and suppose that
|G| is relatively prime to p.
(a) Let

FG = @Mai(}?), kG = @Mbi(ls)

be the decompositions into direct sums of matrix algebras given by Wedderburn’s
theorem 2.1.3. Show that m = n and that the list of numbers a4, ..., a,, is the same
as the list of numbers by, ..., b, after reordering them.

(b) Let L be a finitely generated RG-module. Show that L is projective if and
only if it is projective as an R-module. Show further that for each finite dimensional
FG-module U, all R-forms of U are isomorphic as RG-modules.

15. Consider the cde triangle for A4 with the 2-modular system (Qg, Z2,F3). Com-
pute the matrices DT and E of the maps d and e with respect to the bases for the
Grothendieck groups described in this chapter. Verify that £ # D, but that the Cartan
matrix does satisfy C' = DT E and is not symmetric. [Compare Chapter 8 Exercise 2.
You may assume that Q2 contains no primitive third root of 1. This fact follows from
the discussion of roots of unity at the start of the next chapter, together with the fact
that Fo does not contain a primitive third root of 1.]

16. Give a proof of the following result by following the suggested steps.

Theorem. Let E D F be a field extension of finite degree and let A be an F-algebra.
Let U and V be A-modules. Then

E ®p Homy(U,V) = HomggA(E @p U, EQp V)
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via an isomorphism A ®p f — (L @p u — A ®@p f(u)).

(a) Verify that there is indeed a homomorphism as indicated.

(b) Let x4, ...,y be a basis for E as an F-vector space. Show that for any F-vector
space M, each element of E ®p M can be written uniquely in the form )" | z; ® p m;
with m; € M.

(c) Show that if an element ) ", z; ® f; € E @p Homy(U,V) maps to 0 then
Yo @ fi(u) =0 for all uw € U. Deduce that the homomorphism is injective.

(d) Show that the homomorphism is surjective as follows: given an F ® p A-module
homomorphism ¢ : E®p U — E®p V, write g(1 ®p u) = Y 1 z; ® fi(u) for some
elements f;(u) € V. Show that this defines A-module homomorphisms f; : U — V.
Show that g is the image of Y " | ; @ f;.

17. Let E D F be a field extension of finite degree and let A be an F-algebra.

(a) Let 0 > U — V — W — 0 be a short exact sequence of A-modules. Show that
the sequence is split if and only if the short exact sequence 0 - FQprU — EQpV —
EFrW — 0 is split.

(b) Let U be an A-module. Show that U is projective if and only if F ®@p U is
projective as an F ®p A-module.

(c) Let U be an A-module, S an absolutely simple A-module and let Lg(U) denote
the largest submodule of U that is a direct sum of copies of S, as in Corollary 1.2.6.
Show that Lpg,s(E®rU) = E®r Ls(U). Deduce for fixed points that (E @p U)¢ =
E®p (UY). Prove a similar result for the largest quotient of U that is a direct sum of
copies of S and hence a similar result for the fixed quotient of U.

(d) Show that if F' is assumed to be a splitting field for A and U is an A-module
then Rad(F ®@p U) =2 E ®p Rad(U) and Soc(F ®@p U) =2 E ®p Soc(U). Explain why
this does not contradict the conclusion of Exercise 1.

[Hint: use the most promising of the equivalent conditions of Propositions 7.1.2 and
7.1.3 in combination with the result of Exercise 16.]



Chapter 10

Brauer characters

After the success of ordinary character theory in computing with representations over
fields of characteristic zero we wish for a corresponding theory of characters of repre-
sentations in positive characteristic. Brauer characters provide such a theory and we
describe it in this chapter, starting with the definition and continuing with their main
properties, which are similar in many respects to those of ordinary characters. We
arrange the Brauer characters in tables that satisfy orthogonality relations, although
of a more complicated kind than what we saw with ordinary characters. We will find
that the information carried by Brauer characters is exactly that of the composition
factors of a representation, but not more. They are very effective if that is the informa-
tion we require, but they do not tell us anything more about the range of complicated
possibilities that we find with representations in positive characteristic. Using Brauer
characters is, however, usually the best way to compute a decomposition matrix, and
hence a Cartan matrix in view of Corollary 9.5.6. We obtain in Corollary 10.2.4 the
deductions that the Cartan matrix is invertible and the decomposition matrix has
maximum rank.

10.1 The definition of Brauer characters

Whenever we work with Brauer characters for a finite group G in characteristic p we
will implicitly assume that we have a p-modular system (F, R, k) where both F' and
k are splitting fields for G and all of its subgroups. This has the implication that F
and k both contain a primitive ath root of unity, where a is the l.c.m. of the orders
of the p-regular elements of G (the elements of order prime to p). If we wish to define
the Brauer character of a kG-module U where k or F do not contain a primitive ath
root of unity, we first extend the scalars so that the p-modular system does have this
property.

We now examine the relationship between the roots of unity in F' and in k. Let us
put

wr = {ath roots of 1 in F'}

ur = {ath roots of 1 in k.}

169
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Lemma 10.1.1. With the above notation:
1. ur C R, and
2. the quotient homomorphism R — R/(m) = k gives an isomorphism pp — .

We will write the bijection between ath roots of unity in F' and in k as A A\, so
that if A is an ath root of unity in £ then A is the root of unity in R which maps onto
it.

Proof. We have purp C R since roots of unity have value 1 under the valuation. The
polynomial X®* — 1 is separable both in F[X] and k[X] since its formal derivative
%(X“ — 1) = aX? ! is not zero and has no factors in common with X — 1, so both
up and py are cyclic groups of order a. We claim that the quotient homomorphism
R — R/(m) = k gives an isomorphism pup — pg. This is because the polynomial X —1
over F' reduces to the polynomial that is written the same way over k, and so its linear
factors over F' must reduce to the complete set of linear factors over k. This gives
a bijection between the sets of linear factors. We obtain a bijection between the two
groups of roots of unity, in such a way that X — A\ reduces to X — . O

Let g € G be a p-regular element, and let p : G — GL(U) be a representation over
k. Then p(g) is diagonalizable, since k(g) is semisimple and all eigenvalues of p(g) lie
in k, being ath roots of unity. If the eigenvalues of p(g) are Aq,..., A, we put

du(g) = A+ -+ An,

and this is the Brauer character of U. It is a function that is only defined on the
p-regular elements of G, and takes values in a field of characteristic zero, which we may
always take to be C.

1
Example 10.1.2. Working over Fy, the specification p(g) = [(1) J provides a 2-

dimensional representation U of the cyclic group (g) of order 3. The characteristic
polynomial of this matrix is 2 + ¢ + 1 and its eigenvalues are the primitive cube roots
of unity in Fy. These lift to primitive cube roots of unity in C, and so ¢y(g) =
e2mi/3 1 Ami/3 — _1. Tt is very tempting in this situation to observe that the trace of
p(g) is 1, which can be lifted to 1 € C, and thus to suppose that ¢y(g) = 1; however,
this supposition would be incorrect. A correct statement along these lines appears as
part of Exercise 6.

We list the immediate properties of Brauer characters.

Proposition 10.1.3. Let (F, R, k) be a p-modular system, let G be a finite group, and
let U, V, S be finite dimensional kG-modules.

(1) ¢y(1l) =dim, U.

(2) ¢u is a class function on p-reqular conjugacy classes.
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(3) ¢u(g™h) = dulg) = du-(g).
(4) dvev = ¢u - dv.

(5) If0 = U -V — W — 0 is a short exact sequence of kG-modules then ¢y = ¢y+
ow . In particular, ¢y depends only on the isomorphism type of U. Furthermore,
if U has composition factors S, each occurring with multiplicity ng, then ¢y =

Zs nsos-

(6) If U is liftable to an RG-lattice U (soU =U/nU) and the ordinary character of
U is X, then ¢u(g) = xp(g) on p-regular elements g € G.

Proof. (1) In its action on U the identity has dimy U eigenvalues all equal to 1. They
all lift to 1 and the sum of the lifts is dim U.

(2) This follows because g and gz ! have the same eigenvalues.

(3) The eigenvalues of g~! on U are the inverses of the eigenvalues of g on U, as
are the eigenvalues of g on U* (since here g acts by the inverse transpose matrix). The
lifting of roots of unity is a group homomorphism, so the result follows since if X lifts
A then A~ lifts A~

(4) If g is a p-regular element then U and V have bases ui,...,u, and vy,...,vs
consisting of eigenvectors of ¢ with eigenvalues Aq,..., A\ and y,, ..., us, respectively.
Now the tensors u; ® u; form a basis of eigenvectors of U ® V' with eigenvalues A;p;.
Their lifts are );/7] = j\iﬂj since lifting is a group homomorphism, and Z” ;\iﬂj =
(32 M) (X2 1) so that ¢uev(g) = du(g)ev(9)-

(5) If g is a p-regular element then k(g) is semisimple so that V = U @ W as k(g)-
modules. It follows that the eigenvalues of g on V' are the union of the eigenvalues on
V and on W (taken with multiplicity), and from this ¢y (g) = ¢u(g) + dw(g) follows.
If U =2 U; we may consider the sequence 0 =+ U; — U — 0 — 0 to see that ¢y = ¢y, .
The final sentence follows by an inductive argument.

(6) If g is p-regular and acts with eigenvalues p1, ..., u, on U then g acts on
U =U/nU with eigenvalues pj + (7), ..., pn + (7). Since ¢y(g) is the sum of the lifts
of these last quantities we have ¢(g) = p1 + -+ i = x5 (9)- O

We arrange the Brauer characters in tables but, unlike the case of ordinary char-
acters, there are now two significant tables that we construct: the table of values of
Brauer characters of simple modules, and the table of values of Brauer characters of in-
decomposable projective modules. By Theorems 9.3.6 and 7.3.9, if F' and k are splitting
fields, both these tables are square. We will eventually establish that they satisfy or-
thogonality relations that generalize those for ordinary characters, but we first present
some examples.

Example 10.1.4. Let G = S3. We have seen that in both characteristic 2 and charac-
teristic 3 the simple representations of Ss lift to characteristic zero (Example 9.4.9), and
so the Brauer characters of the simple modules form tables that are part of the ordi-
nary character table of S3. The indecomposable projective modules for a group always
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lift to characteristic zero, but if we do not have some information such as the Cartan
matrix or the decomposition matrix it is hard to know a prior: what their characters
might be. In the case of S3 we have already computed the decomposition matrices in
Example 9.4.9, and the Cartan matrices in Example 9.5.7. The Brauer characters of
indecomposable projective modules are obtained by forming the linear combinations of
simple Brauer characters given by the columns of the Cartan matrix. We now present
the tables of Brauer characters of the simple and indecomposable projective modules.

Ss Ss Ss
ordinary characters Brauer simple p = 2 Brauer projective p = 2
g () (12) (123) g () (123) g () (123)
ICal9)) | 6 2 3 Calg) | 6 3 |Calg)l | 6 3
X1 I 1 1 o1 1 1 m 2 2
Xsign I -1 1 ¢2 2 -1 2 2 -1
X2 2 0 -1

53 SS

Brauer simple p = 3 Brauer projective p =3

g () (12) g () (12)

[Calg)] | 6 2 [Ca(g)] | 6 2

o1 1 1 m 3 1

Qbsign 1 -1 Tlsign 3 —1

Example 10.1.5. When G = S4 the ordinary character table was constructed in
Example 3.3.5 and it is as follows.

Sy

ordinary characters

g () (12) (12)(34) (1234) (123)
|Ca(g)] | 24 4 8 4 3
X1 1 1 1 1 1
Xsign 1 -1 1 -1 1
X2 2 0 2 0 -1
X3a 3 —1 -1 1 0
X3b 3 1 —1 -1 0

In characterstic 2, Sy has two simple modules, namely the trivial module and the 2-
dimensional module of S3, made into a module for Sy via the quotient homomorphism
S4 — S3. Both of these lift to characteristic zero, and so the Brauer characters of the
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simple 2-modular simple representations are

Sy

Brauer simple p = 2
g () (123)
ICalg)] | 24 3
o1 1 1
®2 2 -1

which is the same as for S3. The Brauer characters of the reductions modulo 2 of the
ordinary characters of Sy are

Sy

Reductions from characteristic 0 to 2
g (0 (123)

ICalg)] | 24 3

X1 1 1

Xsign 1 1

X2 2 -1

X3a 3 0

X3b 3 0

We see from this that the sign representation reduces modulo 2 to the trivial rep-
resentation, and reductions of the two 3-dimensional representations each have the
2-dimensional representation and the trivial representation as composition factors with
multiplicity 1. This is because the corresponding Brauer characters are expressible as
sums of the simple Brauer characters in this way, and since the simple Brauer char-
acters are visibly independent there is a unique such expression. This expression has
to be the expression given by the composition factor multiplicities in the manner of
Proposition 10.1.3(5). It follows that the decomposition and Cartan matrices for Sy at
the prime 2 are

1 0 10
10 10
11 011 4 2
D=0 1 and C:{ ]01:[ }
11 00111 11 2 3
1 1 1 1

Knowing the Cartan matrix and the simple Brauer characters we may now compute
the Brauer characters of the indecomposable projective representations by taking the
linear combinations of the simple Brauer characters given by the columns of the Cartan
matrix.

In characteristic 3 the trivial representation and the sign representation are distinct
1-dimensional representations, and we also have two non-isomorphic 3-dimensional rep-
resentations that are the reductions modulo 3 of the two 3-dimensional ordinary rep-
resentations. This is because these 3-dimensional representations are blocks of defect
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zero, and by Theorem 9.6.1 they remain simple on reduction modulo 3. This constructs
four simple representations in characteristic 3, and this is the complete list by Theo-
rem 9.3.6 because Sy has four 3-regular conjugacy classes. Thus the table of Brauer
characters of simple modules in characteristic 3 is

S

Brauer simple p = 3

g 0 (12) (12)(34) (1234)
Colg)l | 24 4 8 4
o1 1 1 1 1
¢sign 1 -1 1 -1
¢3a 3 -1 -1 1
P3p 31 -1 -1

and each is the reduction of a simple module from characteristic zero. The remaining
2-dimensional ordinary representation has Brauer character values 2,0,2,0 and since
this Brauer character is uniquely expressible as a linear combination of simple char-
acters, namely the trivial Brauer character plus the sign Brauer character, these two
1-dimensional modules are the composition factors of any reduction modulo 3 of the
2-dimensional representation. We see that the decomposition and Cartan matrices for
Sy in characteristic 3 are

1 000 5 10 0
0100 L2 0 0
D=1]11 0 0| and C=D'D=
0010
0010 00 01
00 0 1

This information now allows us to compute the Brauer characters of the projective
representations.

10.2  Orthogonality relations and Grothendieck groups

In the last examples we exploited the fact that the Brauer characters of the simple
representations turned out to be independent. In fact they always are, and we prove
this as a consequence of orthogonality relations for Brauer characters. The development
is similar to what we did with ordinary characters, the extra ingredient being that
some of the modules we work with must be projective, since these can be lifted from
characteristic p to characteristic 0. We start with an expression for dimensions of
homomorphism spaces in terms of character values.

Proposition 10.2.1. Let (F, R, k) be a p-modular system and let G be a finite group.
Suppose that P and U are finite dimensional kG-modules and that P is projective.
Then

dim Homyg (P, U) = |Cl;‘ Z ¢P(9_1)¢U(9).

p—regular geG
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Proof. We may assume without loss of generality that R is complete. For, if necessary,
replace R by its completion at (7), and let F' be the field of fractions of R. Making this
change does not alter the residue field & or the Brauer characters of representations, so
the equation we have to establish is unaltered. Assuming that R is complete we may
now lift projective modules from kG to RG.

We make use of the isomorphism Homyg(U, V) = Homyg(U ®k V*, k) whenever
U and V are finite dimensional kG-modules, which holds since both sides are isomor-
phic to (U* @, V)¢, using Proposition 3.1.3 and Lemma 3.2.1. Now Homyg(P,U) =
Homyq(P ® U*, k) and P ® U* is a projective kG-module by Proposition 8.1.4. Thus

it lifts to a projective RG-lattice ng\U* and we have
dim Homyg(P,U) = dim Homgg(P @ U™, k)
= rank Hong(ng\U*, R)
= dim Hompg(F @ (P @5, U*), F)
1 -1
=@ %;XF@R(P@*)(Q )xk(9)-
g

1

_ - -1
~ G| D Xpoprmn@ )
geG
We claim that
X . (g—l) _ ¢P(g_1)¢U(g) if g is p’regUIara
For(PeRU") 0 otherwise,

and from this the result follows. If g is not p-regular it has order divisible by p and
the character value is zero by Proposition 9.6.2, since P ®j U* is projective. When g is
p-regular we calculate the character value by using the fact that it depends only on the
structure of P and U as k(g)-modules. Since k(g) is a semisimple algebra both P and
U* are now projective, and they lift to R(g)-lattices whose tensor product Pog U* is
isomorphic to ng\U* as R(g)-modules, since both of these are projective covers as
R(g)-modules of P ®; U*. From this we see that

1y _ -1
XF@RP@* (g ) = X(F@P)@(F@U*)(g )
= Xpep(0 Wper ()
= ¢plg~")oulg)

as required. ]

It is convenient to interpret the formula of the last proposition in terms of an
inner product on a space of functions, in a similar way to what we did with ordinary
characters. Let p—reg(G) denote the set of conjugacy classes of p-regular elements of
G, so that p—reg(G) C cc(G) where the latter denotes the set of all conjugacy classes of
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(. Since Brauer characters are constant on the conjugacy classes of p-regular elements
we may regard them as elements of the vector space CP~"8(%) of functions

p—reg(G) — C.

We define a Hermitian form on this vector space by

G == S agel)

’G| p—regular geG
and just as with the similarly-defined bilinear form on C°(%) we note that

(90,¢) = (¢,07¢)

where 0*(g) = 0(g) is the complex conjugate of 0(g). If ¢ and ¢ are the Brauer char-
acters of representations we have ¢*(g) = ¢(g~!) so that (¢,) = (1, ¢) = (¢*,¢*) =
(*, ¢*). With the notation of this bilinear form the last result now says that if P and
U are finite dimensional kG-modules with P projective then

dim Homy (P, U) = (ép, dv).

Theorem 10.2.2 (Row orthogonality relations for Brauer characters). Let G be a finite
group and k a splitting field for G of characteristic p. Let S1,...,5S, be a complete list
of non-isomorphic simple kG-modules, with projective covers Ps,,...,Ps, . Then the
Brauer characters ¢g,,...,¢s, of the simple modules form a basis for crree@) | g
do also the Brauer characters qﬁpsl ;o> Opg, Of the indecomposable projective modules.
These two bases are dual to each other with respect to the bilinear form, in that

(Pps,, s;) = 0ij.
The bilinear form on CP~"8() s non-degenerate.

Proof. Since Pg, has S; as its unique simple quotient we have Homyg(Ps,, Sj) = 0 unless
i = j, in which case Homyg(Ps,, S;) = Endi(S;). Because k is a splitting field, this
endomorphism ring is k and so (d)psi ;¢s;) = 0; 5. Everything follows from this and the
fact that the number of non-isomorphic simple modules equals the number of p-regular
conjugacy classes of G. Thus if Y77 | A\jds, = 0 we have \; = (Pps,, Yo Nids;) =0,
which shows that the ¢g; are independent, and hence form a basis. By a similar
argument the ¢p; also form a basis. The matrix of the bilinear form with respect to
these bases is the Zidentity matrix and it is non-degenerate. O

This result says that the rows of the matrices of Brauer characters of simples and
projectives are orthogonal to each other, provided that entries from each column are
weighted by the reciprocal of the centralizer order of the element that parametrizes the
column, this being the number of conjugates of the element divided by |G|. We will
give examples of this later. The result implies, of course, that the Brauer characters
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of the simple kG-modules are linearly independent as functions on the set of p-regular
conjugacy classes of GG, a fact we observed and used in the earlier examples. It has
the consequence that the information contained in a Brauer character is exactly that
of composition factor multiplicities and we see this as part (3) of the next result.
Since there is the tacit assumption with Brauer characters that we extend the field
of definition to include roots of unity, we describe the behavior of composition factors
under field extension.

Corollary 10.2.3. Let E D k be a field extension and let U and V' be finite dimensional
kG-modules.

(1) If S and T are non-isomorphic simple kG-modules then E ®y, S and E @i T have
no composition factors in common.

(2) U and V have the same composition factors as kG-modules if and only if E @ U
and E ® V have the same composition factors as EG-modules.

(8) U and V' have the same composition factors if and only if their Brauer characters
ou and ¢y are equal.

Proof. (1) As in Theorem 7.3.8, let fs € kG be an idempotent such that fgS =S and
fsT =0. Now fs(E®,S) = FE ® S and fs(F ® T) = 0, so fs acts as the identity
on all composition factors of E ®; S, but as zero on all composition factors of F ®; T.
Thus F ®; S and E ®; T can have no composition factors in common.

(2) The implication from left to right is immediate since extending scalars is exact.
Conversely, the composition factors of £ ®j U are precisely the composition factors of
the F ®; S where S is a composition factor of U. Since non-isomorphic S and T give
disjoint sets of composition factors in F ®; S and E ®; T, if the composition factors
of E®, U and E ®; V are the same, the composition factors of U and V' that give rise
to them must be the same.

(3) By part (2) we may extend k if necessary to assume that it is a splitting field.
We know from part (5) of Proposition 10.1.3 that ¢y is the sum of the Brauer characters
of the composition factors of U, and similarly for ¢y, so if U and V have the same
composition factors then ¢y = ¢y. Conversely, the composition factors of U are
determined by ¢y since by Theorem 10.2.2 the Brauer characters of simple modules
form a basis for CP~"8(G), Hence if ¢y = ¢y then U and V must have the same
composition factors. ]

Computing the Brauer character of a module and expressing it as a linear combi-
nation of simple characters is a very good way of finding the composition factors of the
module, and some examples of this appear in the exercises. As another application we
may deduce that if S is a simple kG-module then S =2 S* if and only if the Brauer
character ¢g takes real values, since this is the condition that ¢g = ¢g = ¢pg-.

It also follows from Theorem 10.2.2 that the Brauer characters of the indecom-
posable projective modules are independent functions on p—reg(G), and so Brauer
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characters enable us to distinguish between projective modules. Since the Brauer char-
acters of a module are determined by its composition factors this has the following
consequence.

Corollary 10.2.4. Let P and Q be finitely generated projective kG-modules, where k
1s a splitting field of characteristic p. Then P and Q are isomorphic if and only if they
have the same composition factors. The Cartan matriz is invertible. The decomposition
matriz has mazximum rank. The mapping e in the cde triangle is injective.

By invertibility of the Cartan matrix we mean invertibility as a matrix with entries
in Q or, equivalently, that its determinant is non-zero.

Proof. Write P = P! @ --- @ P& and Q = P& ©--- @ P so that ¢p = Y1, aidps,
and ¢g = Z?:l bi¢p, . Then P = @ if and only if a; = b; for all 4, if and only
if Yo aidpy = Z?:; bipps since the ¢p, are linearly independent, if and only if
op = ¢q. B§ the last corollzary this happefls if and only if P and @ have the same
composition factors.

We claim that the kernel of the Cartan homomorphism ¢ : Ko(kG) — Go(kG) is
zero. Any element of Ky(kG) can be written [P] — [Q] where P and @ are projective
modules, and such an element lies in the kernel if and only if P and @) have the same
composition factors. This forces P = (), so that the kernel is zero. It now follows that
the Cartan homomorphism is an isomorphism.

For the assertion about the decomposition matrix we use the fact (Corollary 9.5.6)
that C = DTD. Thus rankC < rank D. The number of columns of D equals the
number of columns of C, and this number must be the rank of D. By Theorem 9.5.4
the matrix of e is D, so that e is injective. O

A finer result than this is true. The determinant of the Cartan matrix over a
splitting field of characteristic p is known to be a power of p, and the decomposition
map d : Go(FG) — Go(kG) is, in fact, a surjective homomorphism of abelian groups.
The assertion in Corollary 10.2.4 that its matrix has maximum rank implies only that
the cokernel of the decomposition map is finite. These stronger results may be proved
by a line of argument that originates with the induction theorem of Brauer, a result
that we have omitted. The surjectivity of of the decomposition map is also implied by
the Fong-Swan-Rukolaine Theorem 9.4.12 in the case of p-solvable groups.

We may write the row orthogonality relations in various ways. The most rudimen-
tary way, for simple kG-modules S and T, is the equation

|(1;| 3 ¢pT<g—1>¢s<g>={

p—regular geG

1 if ST,

0 otherwise.

We can also express this as a matrix product. Let ® be the table of Brauer character
values of simple kG-modules, II the table of Brauer character values of indecomposable
projective modules, and let B be the diagonal matrix whose entries are |C(;1(g)| as ¢
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ranges through the p-regular classes. The row orthogonality relations may now be
written as

nBaT = 1.

Note that the independence of the Brauer characters of simple modules and of pro-
jective modules is equivalent to the property that ® and II are invertible matrices,
and also that II = C'® where C' is the Cartan matrix. From this we now deduce the
column orthogonality relations for Brauer characters, which say that each column of II
is orthogonal to the remaining columns of ®, and has product with the corresponding
column of ® equal to the order of the centralizer of the group element that indexes the
column.

Proposition 10.2.5 (Column orthogonality relations for Brauer characters). With the
above notation,

|Ca(x1)] 0 e 0
. 0 Ca(xa
S| 0 [Catm)
0 o [Calan)l
where x1,...,x, are representatives of the p-reqular conjugacy classes of elements of

G. Thus

> bslg dps(h) =

) 0 otherwise.
simple S

{]Cg(gﬂ if g and h are conjugate,

Proof. We take the equation IIB®” = I and multiply on the left by T ' and on the
right by (®7)~! to get B = ﬁ_l(q)T)_l. Inverting both sides gives B~ = ®TTI. We
finally take the complex conjugate of both sides, observing that B is a real matrix. [

The orthogonality relations can be used to determine the composition factors of a
representation in a similar way to the procedure with ordinary characters. The idea is
that we obtain the composition factor multiplicity of a simple kG-module S in another
module U as (¢py, pur) (assuming k is a splitting field). However this possibility is
less useful than in characteristic zero because we need to know the Brauer characters
of the indecomposable projective Pg to make it work. Usually we would only have
this information once we already have fairly complete information about the simple
modules, so that we know the decomposition matrix, the Cartan matrix and hence
the table II of Brauer characters of projectives. Such an approach is less useful in
constructing the table of simple Brauer characters. By contrast, in characteristic zero
we can test for simplicity of a character and subtract known character summands from
a character of interest without complete character table information.

The orthogonality relations can also be used to decompose a module that is known
to be projective into its projective summands, and here they are perhaps more useful.
Working over a splitting field, the idea is that if P is a projective kG-module and S
is a simple kG-module, then the multiplicity of Pg as a direct summand of P equals
(¢p, ds) (assuming k is a splitting field).
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Example 10.2.6. We present an example in which the orthogonality relations for
Brauer characters are used to find the composition factors of a module, and also the
decomposition of a projective module into indecomposable projective summands. We
have already seen that the table ® of simple Brauer characters of Sy in characteristic
3is

S

Brauer simple p = 3

g () (12) (12)(34) (1234)
ICalg)| | 24 4 8 4
P 1 1 1 1
Gsign 1 -1 1 -1
®3a 3 -1 -1 1
®3b 3 1 -1 -1

and the Cartan matrix C = DTD is

Sy
Cartan matrix p = 3

M1 Tsign "M3a  "3b
01 2 1 0 0
Gsign | 1 2 0 0
®3a 0O 0 1 0
®3b 0O 0 0 1
Thus the table II of Brauer characters of projectives is
Sy
Brauer projective p = 3
g () (12) (12)(34) (1234)
Coo)l | 24 4 8 4
m 3 1 3 1
Tlsign 3 —1 3 -1
N3 3 -1 -1 1
N3 3 1 -1 -1

In these tables of Brauer characters of projective modules we are writing ng = ¢pg for
the Brauer character of the projective cover of S. Consider the first of the 3-dimensional
simple modules, which we denote 3a. It is a block of defect zero, being the reduction
mod 3 of a 3-dimensional simple module in characteristic zero, and hence is projective.
The Brauer character of its tensor square is

g
[Ca(g)] 24 4 8 4
$3a03a = P3aP3a | 9 1 1 1
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Taking first the inner products (¢py, $34234) With the Brauer characters of projectives
we obtain the numbers

24 4 8 4
27 1+3 1_1
24 4 8 4
27 1 1+1_1
24 4 8 4
w+1 1 1_1
24 4 8 4

which means that 3a®3a has composition factors 1 (with multiplicity 2), €, 3a, 3b where
€ is the sign representation. On the other hand 3a ® 3a is itself projective, and we get
more information if we take the inner products (¢s.g3q,¢s) with the simple Brauer
characters, giving numbers

9+1 1+1_1
24 4 8 4

9 1+1 1_O
24 4 8 4

27 1 1 1
24 4 8 4

27 1 1 1_1
24 4 8 4

This shows that 3, ® 3, =& P; @ 3a @ 3b as kG-modules.

10.3 The cde triangle in terms of Brauer characters

The spaces of functions defined on conjugacy classes of G that we have been considering
are very closely related to the Grothendieck groups defined in Section 9.5. As always,
(F,R,k) is a p-modular system containing primitive ath roots of unity, where a is the
l.c.m. of the orders of the p-regular elements of G. We know that as S ranges through
the isomorphism classes of simple kG-modules the Grothendieck group Go(kG) has the
elements [S] as a basis, the group Ky(kG) has the elements [Pg| as a basis, and the
space CP78(G) hag the Brauer characters ¢g and also the Brauer characters Opg as
bases. Similarly when T ranges through the isomorphism classes of simple F'G-modules
the Grothendieck group Go(FG) has the elements [T] as a basis, and the space C(¢)
has the ordinary characters yr as a basis. There are thus group homomorphisms

Ko(kG) — CPres(@)
Go(kG) — CP~ reg(G)
Go(FG) — cee(@

(k

defined on the basis elements [P] € Ky(kG), [S] € Go(kG) and [T] € Go(FG), by

[Pl — ¢p, [S]— ¢s, and [T]~— xr
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and in fact these same formulas hold whenever P is an arbitrary finitely-generated
projective module and S, T are arbitrary finitely-generated modules. Extending scalars
from Z to C they define isomorphisms of vector spaces

C ®z Ko(kG) = CPr8(@)
C @z Go(kG) = cPree(@)
C @z Go(FG) = €9,

There is further structure that we have not mentioned yet, which is that there is
a multiplication defined on the three Grothendieck groups by [U] - [V] := [U ® V], the
same formula working for all three groups but with the modules U and V interpreted
suitably over F'G or kG and projective or not as appropriate. Since tensor product
over the ground field preserves exact sequences, this definition makes sense for arbitrary
(finitely generated) modules. This multiplication makes Go(F'G) and Go(kG) into rings
with identity, the identity element being the class of the trivial module. We see that
the isomorphisms just given preserve the product structure.

Proposition 10.3.1. After extending scalars to C, the Grothendieck groups C ®gz
Go(FG) and C®z Go(kG) are semisimple rings.

Proof. The isomorphisms to C¢(&) and CP~8(G) are ring isomorphisms, and the latter
algebras are direct sums of copies of C, which are semisimple. O

This means that after extending scalars to C we may identify the cde triangle of
Section 9.5 with the following diagram of vector spaces

CCC(G)
e d

/ pN

Cp—reg(G) LN Cp—reg(G)

where, as before, the maps ¢, d, e have matrices C, DT and D, respectively.

Proposition 10.3.2. Let (F, R, k) be a splitting p-modular system for G and consider
the cde triangle as a diagram of complex vector spaces, as above. The mappings d
and e are described as follows: if ¢ € CP~8(%) then e(¢) is the function that is the
same as ¢ on p-reqular conjugacy classes and is zero on the other conjugacy classes.
If x € C(%) then d(x) is the restriction of x to the p-reqular conjugacy classes. The
Cartan homomorphism c is an isomorphism, the decomposition map d is surjective,
and e is injective. The image of e is the space of class functions that are non-zero only
on p-reqular classes.

Proof. The description of e(¢) follows from Proposition 9.6.2 and the definition of e,
whereas the description of d comes from part (6) of Proposition 10.1.3. The Cartan
homomorphism is an isomorphism because the Cartan matrix is non-singular, and
because the decomposition matrix D has maximal rank, d is surjective and e is injective.
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The image of e is a space whose dimension is the number of p-regular conjugacy classes
of G, and it is contained in the space of maps whose support is the set of p-regular
conjugacy classes, so we must have equality. O

Corollary 10.3.3. Let (F, R, k) be a splitting p-modular system for G. Two finitely
generated projective RG-modules P and @ are isomorphic if and only if FF ®pr P and
F ®r Q are isomorphic as FG-modules, which happens if and only if the ordinary
characters of P and Q) are equal.

Proof. By Corollary 10.2.4 the elements [Pg] form a basis of Go(kG). They are sent
by e to the [ps], and since e is injective the latter elements are linearly independent
in Go(FG). From the identification of C ®z Go(FG) with the class functions on G we
see that the ordinary characters of the Pg are linearly independent. Since P and @ are
direct sums of the 155 by Proposition 9.4.5, the multiplicities of the direct summands and

hence the isomorphism types of P and () are determined by their ordinary characters.
O

We conclude by explaining how the decomposition matrix is computed using Brauer
characters. In fact, we have already seen this done in Examples 10.1.4 and 10.1.5, but
the missing ingredient there was that we did not know that the Brauer characters of
the simple representations are linearly independent. In those examples this fact was
observed directly by inspection of the values of the characters. The entries of the de-
composition matrix are the composition factor multiplicities of the simple kG-modules
S when the simple F'G-modules T are reduced to k. Given the Brauer characters ¢g
and an ordinary character yr the Brauer character of a reduction of 7" is d(xr), which
is the truncation of x7 to the p-regular elements of G. Expressing d(x1) = > ¢ drs¢s
as a linear combination of the ¢g gives the decomposition numbers dpg. This lin-
ear combination may be computed by the usual techniques of linear algebra since the
Brauer characters of the indecomposable projective modules are not usually known at
this point, making the orthogonality relations unvailable. This approach is generally
the most effective way to compute the decomposition matrix, and hence the Cartan
matrix.

10.4 Summary of Chapter 10

e Brauer characters take values in C. They satisfy similar properties to ordinary
characters, except that they are only defined on p-regular elements of G.

e Two Brauer characters ¢y and ¢y are equal if and only if U and V' have the same
composition factors.

e The tables of Brauer characters of simple modules and of projective modules
satisfy orthogonality relations.

e Brauer characters are a very useful tool in computing the decomposition and
Cartan matrices.
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e The Cartan matrix is invertible. The decomposition matrix has maximal rank
and the mapping e in the cde triangle is injective.

10.5 Exercises for Chapter 10

1. The simple group GL(3,2) has order 168 = 8 -3 - 7. The following is part of its
ordinary character table (the numbers that label the conjugacy classes of elements in
the top row indicate the order of the elements):

GL(3,2)
ordinary characters

3
S

[Calg)l | 168

1
68 &8
X1 11
X3 3 —1
6 2
7 —1

8

X?
X6
X7
X8

= Q|

|
—_
=
—_

Here a = (7 + C? + C? where (7 = €2™/7. Note that o2 = @ — 1 and aa = 2.
(a) Obtain the complete character table of GL(3,2).
(b) Compute the table of Brauer characters of simple Fo[GL(3, 2)]-modules.
(c) Find the decomposition matrix and Cartan matrix of GL(3,2) at the prime 2.
(d) Write down the table of Brauer characters of projective Fo[GL(3,2)]-modules.
(e) Determine the direct sum decomposition of the module 8 ® 3 (where 8 and 3
denote the simple Fo[GL(3,2)]-modules of those dimensions shown in the table), as a
direct sum of indecomposable modules.
(f) Determine the composition factors of 3 ® 3 and 3 ® 3*.
[Note that 3 can be taken to be the natural 3-dimensional Fo[GL(3,2)]-module. One
approach is to use the orthogonality relations.]

2. Tt so happens that GL(3,2) = PSL(2,7). In this exercise we regard this group
as PSL(2,7) and assume the construction of the simple modules over Fr; given in
Exercise 25 of Chapter 6.

(a) Construct the table of Brauer characters of simple F7[PSL(2,7)]-modules.

[It will help to observe that all elements of order prime to 7 in SL(2,7) act semisim-
ply on F% by Maschke’s theorem. From this it follows that there is a unique element
of order 2 in SL(2,7), namely —I, since its eigenvalues must both be —1, and it is
semisimple. We may deduce that an element of order 8 in SL(2,7) represents an ele-
ment of order 4 in PSL(2,7), and its square represents an element of order 2, since —1
represents 1 in PSL(2,7). We may now determine the eigenvalues of 7-regular elements
in their action on the symmetric powers of the 2-dimensional module.|
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(b) Compute the decomposition and Cartan matrices for PSL(2, 7) in characteristic
7. Show that the projective cover of the trivial module, P;, has just four submodules,
namely 0, P, and two others.

3. Let k be a splitting field for D3y in characteristic 3. Using the fact that D3y =
C3 x Dig has a normal Sylow 3-subgroup, show that kD3 has four simple modules of
dimensions 1, 1, 2 and 2 and that the values of the Brauer characters on the simple
modules are the same as the ordinary character table of D1g. We will label the simple
modules k1, ke, Ua and Ub respectively. Using the method of Proposition 8.3.3, show
that the indecomposable projectives have the form

ok ok, olUa oUb

| | | |
Pkl — .ke P’i‘e = .kl PU(Z = .U(Z PUb = .Ub

| | | |
ok ok, oUa oUb

Deduce that the Cartan matrix is

2100
1 200
C'_0030
00 0 3

and that kDgy = kDg @& Ma(kCs) & Ma(kCs) as rings. Compute the decomposition
matrix and calculate a second time the Cartan matrix as DT D.

4. Let H be a subgroup of G. If § € CP~"&() js a function defined on the set of
p-regular conjugacy classes of elements of H we may define an induced function 6 Tfl
on the p-regular conjugacy classes of elements of G by

015 W= X 0

teG
t—lgteH

= Y ot 'gt).

te[G/H]
t—lgteH
This is the same as the formula in Proposition 4.3.5 that was used to define induction
of ordinary class functions.
(a) Let U be a finite dimensional kH-module with Brauer character ¢y, where k is
a field of characteristic p. Prove that d)UTg = ¢y Tg, and that e(6 Tg) =e(0) Tfl and
d(x 15) = d(x) 1% if x is a class function.
(b) Similarly define the restriction v |$ where ¢» € CP7*8(G) and show that similar
formulas hold.
(c) Using the Hermitian forms defined on these spaces of functions, show that

(0 Tg,w) = (0,¢ ig) always holds.
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5. Let (F,R,k) be a splitting p-modular system for G. Let P and @ be finitely-
generated projective RG-modules such that FF ®r P =2 F ®p Q as FFG-modules. Show
that P = Q.

6. Let (F,R,k) be a p-modular system for some prime p. For the following two
statements, show by example that the first is false in general, and that the second is
true.

(a) Suppose that A is an invertible matrix with entries in R and let A be the
matrix with entries in k obtained by reducing the entries of A modulo (m). Then the
eigenvalues of A are the lifts of the eigenvalues of A.

(b) Suppose that A is an invertible matrix with entries in R and let A be the matrix
with entries in k obtained by reducing the entries of A module (7). Suppose further
that A has finite order, and that this order is prime to p. Then the eigenvalues of A
are the lifts of the eigenvalues of A. Furthermore, the order of A is the same as the
order of A.

7. Show that when k is an arbitrary field of characteristic p, the number of iso-
morphism classes of simple kG-modules is at most the number of p-regular conjugacy
classes in G.

8. Let (F,R,k) be a splitting p-modular system for G. Show that the primitive
central idempotents in kG are given by a formula similar to that of Theorem 3.6.2:

e = Zwm(g—l) +(m))g € kG,
geG
where x1,..., X, are the simple characters of G in characteristic zero.

9. (Modular version of Molien’s Theorem. Copy the approach of Chapter 4 Exer-
cise 19 and assume Exercise 6.) Let G be a finite group and let (F, R, k) be a splitting
p-modular system for G, for some prime p.

(a) Let p: G — GL(V) be a representation of G over k, and for each n let ¢gn ()
1§z\the Brauer character of the nth symmetric power of V. For each p-regular g € G let

p(g) be a matrix with entries in R of the same order as p(g) that reduces modulo ()
to p(g). Show that for each p-regular g € G there is an equality of formal power series

> 1
n tn =
;fbs O = =)

Here t is an indeterminate, and the determinant that appears in this expression is of a
matrix with entries in the polynomial ring C[t], so that the determinant is a polynomial
in t. On expanding the rational function on the right we obtain a formal power series
that is asserted to be equal to the formal power series on the left.

[Choose a basis for V' so that g acts diagonally, with eigenvalues &1, . ..,&;. Show that
on both sides of the equation the coefficient of ¢" is equal to Ziﬁ,__ﬂ-d:n Ail o f;d.]
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(b) If W is a simple kG-module we may write the multiplicity of W as a composition
factor of S™(V') as (¢py, psn(vy) and consider the formal power series

[e.9]

My (W) = (bpy, dsn))t"

=0

Show that .

—_— .

’G| gep—reg(G) det(l - tp(g))
(c) When G = S3 and V is the 2-dimensional simple [F3.S3-module show that

1413
My (k) =
A )
=1+ +28 4+t 4200+ 35 + 26" + 33 + 4 + 310+ ...
tH1+ ¢
My (V) = ( )

(1—1t2)(1—1¢3)
=t+2 4+ 3+ 2 42600 + 265 + 37 + 3¢5 + 3t + 4410 4 ...

Show that S8(V) is the direct sum as a FyS3-module of three copies of V and a 3-
dimensional module whose composition factors are all trivial. [Note that the ring of
invariants (S*(V))% has series m in this case, that is not the same as My (k).

(d) When G = GL(3,2) and V is the natural 3-dimensional FoG L(3, 2)-module, use
the information from Exercise 1 to show that

1—t+t*— 17+ 48

My (k) = 1—0)(1—)(1—1t7)
M) = e T

My(V) = <1ti(1><+1t—_t§jgt—5 "
My (8) = v

(1—-t)(1—=3)(1—1¢7)



Chapter 11

Indecomposable modules

We recall from Chapter 6 that a module is said to be indecomposable if it cannot be
expressed as the direct sum of two non-zero submodules. We have already considered
many indecomposable modules, but mainly only those that are projective or simple.
An exception to this in Chapter 6 is that we classified in their entirety the indecom-
posable modules for a cyclic p-group over a field of characteristic p. To understand
indecomposable modules in general might be considered one of the goals of represen-
tation theory, because such understanding would enable us to say something about all
finite dimensional representations, as they are direct sums of indecomposables. We
will explain in this chapter that this goal is not realistic, but that nevertheless there is
much that can be said. We try to give an overview of the theory, much of which has
as its natural context the abstract representation theory of algebras. We can only go
into detail with a small part of this general theory, focusing on what it has to say for
group representations, and the particular techniques that are available in this case.

Our first task is to understand the structure of the endomorphism rings of indecom-
posable modules. This leads to the Krull-Schmidt theorem, which specifies the extent
to which decompositions as direct sums of indecomposable modules are unique. We
go on to describe in detail the indecomposable modules in a particular situation: the
case of a group with a cyclic normal Sylow p-subgroup. We next describe the theory of
relative projectivity and discuss representation type, from which the conclusion is that
most of the time we cannot hope to get a description of all indecomposable modules.
Vertices, sources, Green correspondence and the Heller operator complete the topics
covered.

11.1 Indecomposable modules, local rings and the Krull-
Schmidt theorem

We start with an extension of Proposition 7.2.1.

Proposition 11.1.1. Let U be a module for a ring A with a 1. Expressions
U=Uea---aU,

188
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as a direct sum of submodules biject with expressions 1y = ey + - - -+ e, for the identity
ly € Enda(U) as a sum of orthogonal idempotents. Here e; is obtained from U; as
the composite of projection and inclusion U — U; — U, and U; is obtained from e; as
U; = e;(U). The summand U; is indecomposable if and only if e; is primitive.

Proof. We must check several things. Two constructions are indicated in the statement
of the proposition: given a direct sum decomposition of U we obtain an idempotent
decomposition of 1y, and vice-versa. It is clear that the idempotents constructed from
a module decomposition are orthogonal and sum to 1. Conversely, given an expression
ly = e; + -+ e, as a sum of orthogonal idempotents, every element u € U can be
written u = equ + - - - + e,u where e;u € ;U = U;. In any expression v = uy + - - - up,
with u; € ;U we have eju; € eje;U = 0 if i # j so e;u = e;u; = u;, and this expression
is uniquely determined. Thus the expression 1y = e; + - - - + e, gives rise to a direct
sum decomposition.

We see that U; decomposes as U; = V @ W if and only if e; = ey + ey can be
written as a sum of orthogonal idempotents, and so U; is indecomposable if and only
if e; is primitive. O
Corollary 11.1.2. An A-module U is indecomposable if and only if the only non-zero
idempotent in EndA(U) is 1y.

Proof. From the proposition, U is indecomposable if and only if 1 is primitive, and
this happens if and only if 1y and 0 are the only idempotents in End4(U). This
last implication in the forward direction follows since any idempotent e gives rise to

an expression 1y = e + (1y — e) as a sum of orthogonal idempotents, and in the
opposite direction there simply are no non-trivial idempotents to allow us to write
1y =e1 + eo. ]

The equivalent conditions of the next result are satisfied by the endomorphism ring
of an indecomposable module, but we first present them in abstract. The connection
with indecomposable modules will be presented in Corollary 11.1.5.

Proposition 11.1.3. Let B be a ring with 1. The following are equivalent.
(1) B has a unique mazximal left ideal.
(2) B has a unique mazximal right ideal.
(8) B/Rad(B) is a division ring.
(4) The set of elements in B that are not invertible forms a left ideal.
(5) The set of elements in B that are not invertible forms a right ideal.

(6) The set of elements in B that are not invertible forms a 2-sided ideal.
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Proof. (1) = (3) Let I be the unique maximal left ideal of B. Since Rad(B) is the
intersection of the maximal left ideals, it follows that I = Rad(B). If a € B — I
then Ba is a left ideal not contained in I, so Ba = B. Thus there exists x € B with
za = 1. Furthermore x ¢ I, so Bx = B also and there exists y € B with yx = 1. Now
yra = a = y so a and z are 2-sided inverses of one another. This implies that B/I is
a division ring.

(1) = (6) The argument just presented shows that the unique maximal left ideal I is
in fact a 2-sided ideal, and every element not in [ is invertible. This implies that every
non-invertible element is contained in I. Equally, no element of I can be invertible, so
I consists of the non-invertible elements, and they form a 2-sided ideal.

(3) = (1) If I is a maximal left ideal of B then I O Rad(B) and so corresponds to
a left ideal of B/ Rad(B), which is a division ring. It follows that either I = Rad(B)
or I = B, and so Rad(B) is the unique maximal left ideal of B.

(4) = (1) Let J be the set of non-invertible elements of B and I a maximal left
ideal. Then no element of I is invertible, so I C J. Since J is an ideal, we have equality,
and [ is unique.

(6) = (4) This implication is immediate, and so we have established the equivalence
of conditions (1), (3), (4) and (6).

Since conditions (3) and (6) are left-right symmetric, it follows that they are also
equivalent to conditions (2) and (5), by analogy with the equivalence with (1) and
(4). O

We will call a ring B satisfying any of the equivalent conditions of the last propo-
sition a local ring. Any commutative ring that is local in the usual sense (i.e. it has
a unique maximal ideal) is evidently local in this non-commutative sense. As for non-
commutative examples of local rings, we see from Proposition 6.3.3 part (3) that if G is
a p-group and k is a field of characteristic p then the group algebra kG is a local ring.
This is because its radical is the augmentation ideal and the quotient by the radical is
k, which is a division ring, thus verifying condition (3) of Proposition 11.1.3.

We have seen in Corollary 11.1.2 a characterization of indecomposable modules as
modules whose endomorphism ring only has idempotents 0 and 1. We now make the
connection with local rings.

Proposition 11.1.4. (1) In a local ring the only idempotents are 0 and 1.

(2) Suppose that B is an R-algebra that is finitely generated as an R-module, where
R is a complete discrete valuation ring or a field. If the only idempotents in B
are 0 and 1 then B is a local ring.

Proof. (1) In a local ring B, any idempotent e other than 0 and 1 would give a non-
trivial direct sum decomposition of B = Be @ B(1 — e) as left B-modules, and so B
would have more than one maximal left ideal, a contradiction.

(2) Suppose that 0 and 1 are the only idempotents in B, and let (7) be the maximal
ideal of R. Just as in the proof of part (1) of Proposition 9.4.1 we see that 7 annihilates
every simple B-module, and so 7B C Rad(B). This implies that B/ Rad(B) is a finite
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dimensional R/(m)-algebra. If e € B/ Rad(B) is idempotent then by the argument of
Proposition 9.4.3 it lifts to an idempotent of B, which must be 0 or 1. Since e is the
image of this lifting, it must also be 0 or 1. Now B/ Rad(B) = My, (A1)&®--- &M, (A+)
for certain division rings A;, since this is a semisimple algebra, and the only way this
algebra would have just one non-zero idempotent is if ¢ = 1 and n; = 1. This shows
that condition (3) of the last proposition is satisfied. O

We put these pieces together:
Corollary 11.1.5. Let U be a module for a ring A.
(1) If Enda(U) is a local ring then U is indecomposable.

(2) Suppose that R is a complete discrete valuation ring or a field, A is an R-algebra,
and U is finitely-generated as an R-module. Then U is indecomposable if and
only if EndA(U) is a local ring. In particular this holds if A = RG where G is a
finite group.

Proof. (1) This follows from Corollary 11.1.2 and Proposition 11.1.4.

(2) From Corollary 11.1.2 and Proposition 11.1.4 again all we need to do is to show
that End4(U) is finitely-generated as an R-module. Let R™ — U be a surjection
of R-modules. Composition with this surjection gives a homomorphism End4(U) —
Hompg(R™,U), and it is an injection since R™ — U is surjective (using the property
of Hom from homological algebra that it is ‘left exact’ and the fact that A-module
homomorphisms are a subset of R-module homomorphisms). Thus End 4 (U) is realized
as an R-submodule of Hompg(R™,U) = U™, which is a finitely generated R-module.
Since R is Noetherian, the submodule is also finitely-generated. O

The next result is a version of the Krull-Schmidt theorem. We first present it in
greater generality than for group representations.

Theorem 11.1.6 (Krull-Schmidt). Let A be a ring with a 1, and suppose that U is an
A-module that has two A-module decompositions

U:Ul@“'@UTZVl@'”@VS

where, for each i, End4(U;) is a local ring and V; is an indecomposable A-module. Then
r = s and the summands U; and V; are isomorphic in pairs when taken in a suitable
order.

Proof. The proof is by induction on max{r, s}. When this number is 1 we have U =
U1 = V1, and this starts the induction.

Now suppose max{r,s} > 1 and the result is true for smaller values of max{r,s}.
For each j let m; : U — Vj be projection onto the jth summand with respect to the
decomposition U = V1 @ --- @ V;, and let ¢; : V; < U be inclusion. Then ijl LTy =
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1y. Now let 8 : U — U; be projection with respect to the decomposition U = U; &
-+ @ U, and a: Uy = U be inclusion so that Sa = 1y,. We have

ly, = B(Z L) = Zﬁijjoz

j=1 j=1

and since End4(Uy) is a local ring it follows that at least one term [ijmjo must be
invertible. By renumbering the Vj if necessary we may suppose that j = 1, and we
write ¢ = Buymia. Now (¢~ 'Bu1)(ma) = 1y, and so ma : Uy — Vi is split mono
and ¢~ 181 : Vi — Uy is split epi. It follows that mia(Ur) is a direct summand of
Vi. Since Vj is indecomposable we have mia(U;) = Vi and mia : U — Vi must be an
isomorphism.

We now show that U = Uy @& Vo @ --- @ V5. Because mi« is an isomorphism,
is one-to-one on the elements of U;. Also w1 is zero on Vo @ --- @ Vi and it follows
that Uy N (Vo @ --- @ V5) = 0, since any element of the intersection is detected by its
image under 71, and this must be zero. The submodule Uy 4+ V5 + - -+ + V5 contains
Vo4 -+ Vs = ker m; and so corresponds via the first isomorphism theorem for modules
to a submodule of 71 (U) = V4. In fact 7 is surjective and so Uy + Vo + -+ Vy =U.
It follows that U = U1 & Vo @ - P V.

We now deduce that U/Uy 2 Us @ --- U, 2 Vo @ --- @ Vs. It follows by induction
that » = s and the summands are isomorphic in pairs, which completes the proof. [

Note that the proof of Theorem 11.1.6 shows that an ‘exchange lemma’ property
holds for the indecomposable summands in the situation of the theorem. After the
abstraction of general rings, we state the Krull-Schmidt theorem in the context of
finite group representations, just to make things clear.

Corollary 11.1.7. Let R be a complete discrete valuation ring or a field and G a finite
group. Suppose that U is a finitely-generated RG-module that has two decompositions

U=U:®---0U,=Vid- &V

where the U; and V; are indecomposable RG-modules. Then r = s and the summands
U; and V; are isomorphic in pairs when taken in a suitable order.

Proof. We have seen in Corollary 11.1.5 that the rings Endrg(U;) are local, so that
Theorem 11.1.6 applies. O

11.2  Groups with a normal cyclic Sylow p-subgroup

Before developing any more abstract theory we present an example where we can
describe explicitly all the indecomposable modules. The example will help to inform
our later discussion. Let k be a field of characteristic p and suppose that G has a normal
cyclic Sylow p-subgroup H. Thus, by the Schur-Zassenhaus theorem, G = H x K where
H = (x) = Cpn is cyclic of order p™ and K is a group of order relatively prime to p. In
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this situation we have seen in Proposition 8.3.3 that all the indecomposable projective
modules are uniserial, and we also gave a description of their composition factors. Since
projective and injective modules are the same thing for a group algebra over a field,
it follows that all the indecomposable injective modules are uniserial too. Such an
algebra, where the indecomposable projective and injective modules are all uniserial is
called a Nakayama algebra.

Proposition 11.2.1. Let A be a finite dimensional Nakayama algebra over a field.
Then every indecomposable module is uniserial and is a homomorphic image of an
indecomposable projective module. Thus the homomorphic images of indecomposable
projectives form a complete list of indecomposable modules.

Proof. Let M be an indecomposable A-module and let £ be its Loewy length. Consider
any surjective homomorphism A¢ — M where A% is a free module of some rank d. At
least one indecomposable summand P of A% must have image with Loewy length ¢ in
M (otherwise M would have shorter Loewy length than ¢). Let U be the image of
this P — M, so U is a uniserial submodule of M of Loewy length ¢. Consider now
the injective hull U — I of U. Since U has a simple socle the injective module [ is
indecomposable. By the property of injectivity we obtain a factorization U — M — I.
The image of M in I can have Loewy length no larger than ¢, and since this is the
Loewy length of U the image must have Loewy length equal to £. Because I is uniserial
and has a unique submodule of each Loewy length, it follows that U and M have the
same image in U. Composing with the inverse of the isomorphism from U to its image
in I, we get a homomorphism M — U that splits U — M, so that U is a direct
summand of M. Since M is indecomposable, U = M.

We have just established that M is a homomorphic image of an indecomposable
projective. Equally, any such module is indecomposable since it has a unique simple
quotient, so we have a complete list of indecomposables. O

Corollary 11.2.2. Let k be a field of characteristic p and suppose that G has a normal
cyclic Sylow p-subgroup H, so that G = H x K where H = (x) = Cpn is cyclic of
order p" and K is a group of order relatively prime to p. The number of isomorphism
classes of indecomposable kG-modules equals p™ - lj,(K) where l;(K) is the number of
isomorphism classes of simple kK -modules.

Proof. We have seen in Proposition 8.3.3 that each indecomposable projective is unise-
rial of Loewy length p™, so has p™ non-isomorphic homomorphic images. Since there are
I (K) simple kG-modules and hence indecomposable projectives, the result follows. [

Example 11.2.3. From these results we can immediately describe all the indecom-
posable modules for cyclic groups or, indeed, abelian groups with a cyclic Sylow p-
subgroup, the dihedral group Ds), in characteristic p when p is odd, or for groups such
as the non-abelian group of order 21 in characteristic 7 (as well as other more compli-
cated groups). For the groups just mentioned the subgroup K is abelian of order prime
to p, so lx(K) = |K| and the number of isomorphism classes of indecomposable mod-
ules happens to equal |G|. Thus when p is odd, Ds, has 2p indecomposable modules
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and when p is 7, C7 x C3 has 21 indecomposable modules: they are the homomorphic
images of the three projectives shown in Example 8.3.4.

11.3 Relative projectivity

The relationship between the representations of a group and those of its subgroups are
one of the most important tools in representation theory. In the context of modular
representations of groups this relationship shows itself in a refinement of the notion of
projectivity, namely relative projectivity. We will use it to give a criterion for actual
projectivity and to determine the group rings of finite representation type. Finally
we will describe the theory of vertices and sources of indecomposable modules, which
appear as part of Green correspondence.

Let H be a subgroup of G and R a commutative ring with 1. An RG-module is
said to be H-free if it has the form V' Tg for some RH-module V. It is H -projective,
or projective relative to H, if it is a direct summand of a module of the form V' T% for
some RH-module V.

For example, the regular representation RG = R TlG is 1-free, and projective mod-
ules are 1-projective. If R is a field then every 1-projective module is projective, but
if R is not a field and V is an R-module that is not projective as an R-module, then
V 1§ is 1-free but not projective as an RG-module. Every RG-module is G-projective.

In order to investigate relative projectivity we first deal with some technicalities.
We have seen the pervasive importance of the group ring element | gec g at every stage
of the development of representation theory. As an operator on any representation of
G it has image contained in the G-fixed points. We now consider something more
general: for a subgroup H of G and an RG-module U we define the relative trace map
trfl : UH — U%. To define this we choose a set of representatives g1, ..., g, of the left
cosets of H in G, s0 G =g HU---Ug,H. If u € U¥ we define tr§(u) = 31, giu.
To complete the picture we mention that when H < G there is an inclusion of fixed
points that we denote resf[ :U% — UH. When H < G and ¢ € G there is also a map
Cq UH — UCH) given by u — gu. These operations behave like induction, restriction
and conjugation of modules.

Lemma 11.3.1. Let U be an RG-module and let K < H < G and L be subgroups of
G.

(1) The homomorphism trG : UM — UY is well-defined.

Gy H _ .G
(2) tritrg = try,
restiresy = res?,
H _ 1 9H
cgtrKH— trgKgcg,
Cylesy = resycqy and

H __ 1 _ H
triy = 1 =resy;.

(3) tritrestt is multiplication by the index |H : K.
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(4) (Mackey formula) resgtrg = de[L\G/H} trﬁmgHresiﬁchg.

Proof. (1) We could have chosen different coset representatives of H in G, in which case
the different set we might have picked would have the form gih1,..., g, h, for certain
elements Ry, ..., R in H. Now the definition of tr% would be tr% (u) = Y>¢_, g;hsu, but
this equals Zle g;u as before, since u is fixed by all of the h;.

(2) Many of these formulas are quite straightforward and we only prove the first
and the third. For the first, if we take left coset representatives hi,...,h,, of K in H
and left coset representatives g1,...,g, of H in G then the set of all elements g;h; is a
set of left coset representatives for K in G and their sum is (g1 +-- - gn)(h1 + - -+ hm).
Now

65 (u) = (g1 + - gn) (a4 -+ b )u = (g1 + -~ gn)trif (u) = 0 tri (w).

For the third formula, the elements 9h1, ..., 9h,, are a set of left coset representatives
for YK in 9H and so tryteg(u) = 31 Ihigu = 3| ghiu = cytril(u).
(3) Continuing with the notation in use, if u is fixed by H then

trifrestt(u Zhu-Zu—mu

where m = |H : K|.

(4) Considering the action from the left of L on the cosets G/H, for any g €
G the L-orbit containing the coset gH consists of the cosets agH where a lies in L
and ranges through representatives of the cosets L/(L N9H). This is because the
cosets in the L-orbit are the agH with a € L, and ajgH = asgH if and only if
a2_1a1 € Stabr(¢9H) = L N9H, which happens if and only if a; and as lie in the same
coset of LNY9H in L. Thus on partitioning the cosets G/H into L-orbits we see that
Ugeina/mfag | a € [L/(LNYH)]} is a set of left coset representatives for H in G.
Hence if u € U”,

trgu = Z Z agu = Z tr%chgu.

geL\G/H] a€[L/(LNIH)] gE[L\G/H]
]

The most important situation where we will use the relative trace map is when
the RG-module U is a space of homomorphisms Homp(X,Y) between RG-modules
X and Y. In this situation Homp(X,Y)? = Hompy(X,Y) for any subgroup H,
so that the relative trace map from H to G is a homomorphism of R-modules trg :
HOIHRH(X, Y) — HOInRg(X, Y)

In the following result it would have been technically correct to insert resg in several
places, but since this operation is simply the inclusion of fixed points it seems more
transparent to leave it out.
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Lemma 11.3.2. Suppose that o : U — V and v : W — X are homomorphisms of
RG-modules and that 8 : V ig—> w ig is an RH-module homomorphism. Then

(tr%B8) o =tr%(Boa) and yo (1% B) = tr&(y 0 B).

Proof. Let g1,...,9, be a set of left coset representatives for H in G and u € U.
Then (tr§B)a(u) = i, g:ifg; 'au) = i, gibalg; 'u) = trfj(Ba)(u). Similarly
Y(erGB) (w) =7 307 6iBg; ) = iy 9ivBg; u) = trf(16) (w). O

Corollary 11.3.3. Let U be an RG-module and let H be a subgroup of G.
(1) The image of tr$ : Endry (U) — Endgg(U) is an ideal.
(2) The map res$; : Endrg(U) — Endgrpy(U) is a ring homomorphism.

Proof. The first property is immediate from Lemma 11.3.2, which implies that the

image of tr§; is closed under composition with elements of Endge(U). The second

statement is not a corollary, but it is immediate because resg is the inclusion map. O

It will help us to consider the adjoint properties of induction and restriction of
modules in detail. We have seen in Corollary 4.3.8 that when H < G, U is an RH-
module and V is an RG-module, we have

Hompa(U 15, V) = Hompy (U, V 15).

There may be many such isomorphisms, but there is a choice that is natural in U and
V. This means that whenever Uy — Us is an RG-module homomorphism the resulting

square -
Hompqg(Uy Tg,V) — HomRH(Ul,Vig)

I |

Hompa(Uz 14,V) — Hompgy(Us,V |$)

commutes, as does the square

Hompa (U 1%, V1) = Homppy (U, Vi 1$)

! |

Hompe (U 1%, V2) = Hompy (U, V2 1)

whenever Vi — V5 is a homomorphism of RG-modules. In this situation we say that
the operation Tg: RH-modules — RG-modules is left adjoint to ig: RG-modules —
RH-modules. (These ‘operations’ are in fact functors.) We say also that ifl is right
adjoint to Tg, and this relationship is called an adjunction.

We have also seen in Corollary 4.3.8 that

Hompe(V,U 1) = Hompg (V 15, U)

in the same circumstances. Again, if this isomorphism can be given naturally in both U
and V' (meaning that the corresponding squares commute) then induction Tf] is right
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adjoint to restriction ig. It is, in fact, the case for representations of finite groups that
induction is both the left and right adjoint of restriction.

In Proposition 11.3.4 we will need to know in detail about the natural isomorphisms
that arise in these adjunctions, and we now describe them. They depend on certain
distinguished homomorphisms called the unit and counit of the adjuntions. For each
RH-module U we will define RH-module homomorphisms

peU— UGG

v:U 9= U
and for each RG-module V' we will define RG-module homomorphisms

Vo= VGG

eV IgG— V.

In the language of category theory, u and € are the unit and counit of the adjuntion that
shows that T% is left adjoint to ig, and 7, v are the unit and counit of the adjuntion
that shows that Tfl is right adjoint to ig.

To define these homomorphisms, choose a set of left coset representatives {g1,...,gn}
of H in G with gy = 1. For each RH-module U let

piU—=UGlGi=@auoU
=1

be the inclusion into the summand 1 ® U, so pu(u) = 1 ® u, and let v : U Tgig%
U be projection onto this summand. We see that p is a monomorphism, v is an
epimorphism and their composite is the identity. If V is an RG-module we define
the RG-module homomorphisms n : V. — V ig?fl and € : V J,ng% V by n(v) =
S gi®g; v and €Y \pr@u) = 3 A\yzu. In fact, regarding tr$ : Hompy (V,V [G1%
) = Hompg(V,V J51%) we have n = tr$ (1) where p has domain V regarded as an
RH-module by restriction. Similarly ¢ = tr%(v), and this shows that 7 and e are
defined independently of the choice of coset representatives. We see directly that n is a
monomorphism, € is an epimorphism and their composite is multiplication by |G : H]|.
We now construct mutually inverse natural isomorphisms

Hompa(U 1%, V) = Hompy (U, V 1%).
Given an RG-module homomorphism « : U Tfl—> V we obtain an RH-module homo-
morphsim
# GG W G
U=UTilg— VI

and given an RH-module homomorphism 8 : U — V ¢§ we obtain an RG-module
homomorphism

G
U152 v GG S v
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We check that these two constructions are mutually inverse, and are natural in U and
V. These are the desired isomorphisms.
We next construct mutually inverse natural isomorphisms

Hompa(V,U 1%) = Homgy(V 1S, U)

whenever U is an RH-module and V is an RG-module. Given an RG-module homo-
morphism v : V — U T% we obtain an RH-module homomorphism
VIGHUAGIGSH U

and given an RH-module homomorphism ¢ : V if]—> U we obtain an RG-module
homomorphism

7 G
VS VAGE—5 UG
Again we check that these operations are natural and mutually inverse.

The conditions in the next result characterize relative projectivity in a way that
extends familiar characterizations of projectivity.

Proposition 11.3.4. Let G be a finite group with a subgroup H. The following are
equivalent for an RG-module U.

(1) U is H-projective.
(2) Whenever we have homomorphisms
U
v
¢
Vv — W

where ¢ is an epimorphism and for which there exists an RH-module homo-
morphism U ¢§—> |4 ig making the diagram commute, then there exists an
RG-module homomorphism U — V making the diagram commute.

(8) Whenever ¢ : V- — U is a homomorphism of RG-modules such that ¢ ig: Vv ig—>
U ig is a split epimorphism of RH-modules, then ¢ is a split epimorphism of
RG-modules.

(4) The surjective homomorphism of RG-modules

U 1$1%= RG@ryp U = U
T QU r— xTU

1s split.

(5) U is a direct summand of U [$1¢.
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(6) (Higman’s criterion) 1y lies in the image of tr% : Endgry (U) — Endgra(U).

Proof. (1) = (2) We first prove this implication in the special case when U is an
induced module T' Tg. Suppose we have a diagram of RG-modules

1%
lw
v 2 ow

and a homomorphism of RH-modules o : T Tgig—) |4 Lg so that ¥ = ¢a. Under the
adjoint correspondence 1 corresponds to the composite

T % 716155 W 1§
and we have a commutative triangle of RH-module homomorphisms

T
e

N lw.
vig Mg
‘i ‘i
By the adjoint correspondence (and its naturality) this corresponds to a commutative
triangle of RG-module homomorphisms

T 14
e(ap)t
AR
@

vV — w
which proves this implication for the module T Tg.
Now consider a module U that is a summand of T’ Tfl, and let
UST155 U
be inclusion and projection. We suppose there is a homomorphism
a:U G-V 1%

so that ¢a = . The homomorphism ¢m : T Tg—> W has the property that ¢ = ¢(am)
and so by what we proved there is a homomorphism of RG-modules 8 : T Tg—> %4
so that ¢80 = yYm. Now ¢ft = ¢Yme = 9 so that v : U — V is an RG-module
homomorphism that makes the triangle commute.

(2) = (3) This follows immediately on applying (2) to the diagram

U

[

Vv — U
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(3) = (4) We know that € : U |%1%— U is split as an RH-module homomorphism
byu:U —U ifﬁg. Applying condition (3) it splits as an RG-module homomorphism.

(4) = (5) and (5) = (1) are immediate.

(5) = (6) We let u,v denote the maps defined prior to this proposition. We will
prove that 1;; 164G = trfl(/w) by direct computation. Writing U ing: V1 @&V, where
V1 = U, we can represent puv as a matrix

i fa
= [fm f22]

where f;; : V; = V. Then

0 () =

tr f11 tr%le} _ [1 0]
trgfu trgfgz 01

and from this we see that for every summand of U L%T% (and in particular for U) the
identity map on that summand is in the image of trg.

(6) = (5) Write 1y = trfa for some morphism o : U |%— U |%. Now a
corresponds by the adjoint correspondence to the composite homomorphism

atG
U5 U LGG—5 U L5
We claim that « T% 7 splits e: for

ea 1y n =t (v)a tf n = uf(vatfn) = uf(a) = 1v.
O

Condition (6) of Proposition 11.3.4 is in fact equivalent to the surjectivity of trg :
Endgy (U) — Endgg(U) This is because the image of tr$ is an ideal in Endpg(U),
and so it equals Endgg(U) if and only if it contains 1;7. Conditions (2), (3) and (4)
are modeled on conditions associated with the notion of projectivity. There are dual
conditions associated with the notion of an injective module, obtained by reversing
the arrows and interchanging the words ‘epimorphism’ and ‘monomorphism’. These
conditions are also equivalent to the ones listed in this result. In fact, the notion
of relative projectivity in the context of group algebras of finite groups is the same
as that of relative injectivity. We leave the proof to the reader, bearing in mind
Corollary 4.3.8(5), which says that induction and coinduction are the same.

Proposition 11.3.5. Suppose that H is a subgroup of G and that |G : H| is invertible
in the ring R. Then every RG-module is H-projective.

Proof. For any RG-module U we may write 1y = ﬁtr% 1y, thus verifying condition
(6) of the last result. O

Corollary 11.3.6. Suppose that H is a subgroup of G for which |G : H| is invertible
in the ring R, and let U be an RG-module. Then U is projective as an RG-module if
and only if U Lfl s projective as an RG-module.
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Proof. We already know that if U is projective then U ¢§ is projective, no matter
what subgroup H is. Conversely, if U ¢f1 is projective it is a summand of a free module
RH™. Since U is H-projective it is a summand of U ing, which is a summand of
RH™ ng RG™. Therefore U is projective. O

Example 11.3.7. This criterion for projectivity would have simplified matters when
we were considering the projective modules for groups of the form G = H x K in
Chapter 8. In this situation we saw that RH becomes an RG-module where H acts by
left multiplication and K acts by conjugation. If K has order prime to p and R is a
field of characteristic p (or a discrete valuation ring with residue field of characteristic
p) it follows from the corollary that RH is projective as an RG-module, because on
restriction to H it is projective and the index of H in G is invertible. On the other
hand, we may also regard RK as an RG-module via the homomorphism G — K,
and if now H has order prime to p then RK is a projective RG-module, because it is
projective on restriction to RK and the index of K in G is prime to p.

Example 11.3.8. In the exercises to Chapter 6 the simple [,SL(2, p)-modules were
considered. The goal of Exercise 25 of Chapter 6 was to show that the symmetric
powers S"(Us) are all simple F,SL(2, p)-modules when 0 < r < p — 1, where Uy is the
2-dimensional space on which SL(2, p) acts as invertible transformations of determinant
1. The order of SL(2,p) is p(p?> — 1) and so a Sylow p-subgroup of this group is cyclic
of order p. From Exercise 23 of Chapter 6 it follows that, on restriction to the Sylow
p-subgroup of upper uni-triangular matrices, S"(Usz) is indecomposable of dimension
r+ 1 when 0 < r < p—1. From the classification of indecomposable modules for
a cyclic group of order p we deduce that SP~!(Us) is projective as a module for the
Sylow p-subgroup. It follows from the last corollary that SP~1(Us) is projective as an
F,SL(2,p)-module. This module is thus a simple projective F,SL(2, p)-module or, in
other words, a block of defect zero, which therefore lifts to characteristic zero. Starting
from information in characteristic p we have thus deduced the existence of an ordinary
simple character of SL(2,p) of degree p.

11.4 Finite representation type

In trying to understand the representation theory of a ring we might hope to be able
to describe all the indecomposable modules, since this would allow us to construct all
modules up to isomorphism by taking direct sums. The possibility of such a description
depends on there being sufficiently few indecomposable modules for a classification to
be a reasonable goal, and its utility would depend on there being a description of them
that can be understood in some way. Unfortunately, for the majority of group rings
we encounter in positive characteristic, a classification of the indecomposable modules
that is understandable seems to be an unreasonable expectation. On the other hand,
there are some special cases where the indecomposable modules can indeed be classified
and we will indicate in this section and the next what these are.
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We say that a ring A has finite representation type if and only if there are only
finitely many isomorphism classes of indecomposable A-modules; otherwise we say that
A has infinite representation type. We have seen in Theorem 6.1.2 that if G is a cyclic
p-group and k is a field of characteristic p, then kG has finite representation type. Our
immediate goal in this section is to characterize the groups for which kG has finite
representation type. We first reduce it to a question about p-groups.

Proposition 11.4.1. Let R be a discrete valuation ring with residue field of charac-
teristic p or a field of characteristic p, and let P be a Sylow p-subgroup of a finite group
G. Then RG has finite representation type if and only if RP has finite representation

type.

Proof. Since |G : P| is invertible in R, by Proposition 11.3.5 every indecomposable
RG-module is a summand of some module T TIGJ, and we may assume that 7' is inde-
composable, since if T'= T} @& 15 then T Tg: T TIGD @1 T]GD, and by the Krull-Schmidt
theorem the indecomposable summands of T’ Tg are the indecomposable summands of
T TIGD together with the indecomposable summands of T5 Tg. If RP has finite represen-
tation type then there are only finitely many modules T’ Tg with T indecomposable, and
these have only finitely many isomorphism types of summands by the Krull-Schmidt
theorem. Hence RG has finite representation type.

Conversely, every RP-module U is a direct summand of U Tgig and hence is a
direct summand of some module V ig If U is indecomposable, we may assume V is
indecomposable. Now if RG has finite representation type there are only finitely many
isomorphism types of summands of modules V' ig, by the Krull-Schmidt theorem, and
hence RP has finite representation type. O

We have already seen in Theorem 6.1.2 that cyclic p-groups have finite represen-
tation type over a field of characteristic p, so by Proposition 11.4.1 groups with cyclic
Sylow p-subgroups have finite representation type. We will show the converse in The-
orem 11.4.3, and as preparation for this we now show that k[C), x C}] has infinitely
many non-isomorphic indecomposable modules, where k is a field of characteristic p.
Apart from the use of this in establishing infinite representation type, it is useful to see
how indecomposable modules may be constructed, and in the case of Cy x Cs it will
lead to a classification of the indecomposable modules.

We will first describe infinitely many modules of different dimensions for k[C}, x C],
and after that we will prove that they are indecomposable. Let G = C) x C) =
(a) x (b). For each n > 1 we define a module My, 1 of dimension 2n + 1 with basis
U,y ..., Un, Vo, - ..,V and an action of G given as follows:

a(u;) = u; +vi—1, b(uw;)) =u;j+v; where 1 <i<mn
a(v;) = v, b(vi) = v; where 0 < ¢ < n.

It is easier to see what is going on if we write this as

(a—1Du; =vi—1, (b—1u;=v; wherel <i<n
(a —1)v; =0, (b—1)v;=0 where0<i<n



CHAPTER 11. INDECOMPOSABLE MODULES 203

and describe My, 1 diagrammatically:

We may check that this is indeed a representation of G' by verifying that
(a—1)b-1)z=0b-1)(a—1)z=0

and
(a—1DPr=(b—-1)Pz=0

for all x € Mosy,y1, which is immediate. This is sufficient to show that we have a
representation of G since the equations (a —1)(b—1) = (b—1)(a — 1) and (a — 1) =
0 = (b — 1)P are defining relations for kG as a k-algebra with generators a,b and, in
particular, they imply the relations which define G as a group.

We now show that My, is indecomposable.

Proposition 11.4.2. The quotient Endgg(Map+1)/ Rad Endgg(Map+1) has dimension
1. Thus Endgg(Man+1) is a local ring and May,y1 is indecomposable.

Proof. We will show that Endyg(May,+1)/1 has dimension 1 for a certain nilpotent ideal
I. Such an ideal I must be contained in the radical, being nilpotent, and the fact that
it has codimension 1 will then force it to equal the radical. This will prove the result.
Observe that
Soc(Map+1) = Rad(Map41) = kvg + - - - kvy,.

The ideal I in question is Homgg(Map+1,Soc(Map41)). This squares to zero since if
¢ : Mapy1 — Soc(May 1) then Rad(May41) C ker ¢ and so ¢ Soc(Map4+1) = 0.

We now show that I has codimension 1. It is easy to get an intuitive idea of why
this is so, but not so easy to write it down in technically correct language. The intuitive
idea is that the basis elements of My, 41 lie in a string as shown diagrammatically, each
element related to those on either side by the action of a—1 and b—1. Modulo elements
of I, any endomorphism must send this string to a linear combination of strings of
elements that are similarly related. If an endomorphism shifts the string either to the
left or the right, then part of the string must fall off the end of the module, or in other
words be sent to zero. The connection between adjacent basis elements then forces the
whole shift to be zero, so that no shift to the left or right is possible. From this we
deduce that, modulo I, endomorphisms are scalar multiples of the identity.

We now attempt to write down this intuitive idea in formal terms. If ¢ is any
endomorphism of My, 11 then ¢(Soc(Ma,t1)) € Soc My, 41 so ¢ induces an endomor-
phism ¢ of May, 1/ Soc(Ma,11). We show that ¢ is necessarily a scalar multiple of the
identity. To establish this we will exploit the equations

(a—1Du;=(b—-1u;i—1 when2<i<n
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and also the fact that (a — 1) and (b — 1) both map ku; + - - - 4+ ku,, injectively into
Soc(Map+1). Applying ¢ to the last equations we have for 2 < i < n,

P((a —Du;y) = (a — 1)p(us) = ¢((b — Nui—1) = (b— 1)d(ui—1).

It follows from this that ¢ is completely determined once we know ¢(u1), since then
(a—=1)p(uz) = (b—1)p(u1) determines ¢(uz) by injectivity of @ — 1 on the span of the

ui, (a —1)o(ug) = (b — 1)p(uz) determines ¢(us) similarly, and so on.
Suppose that

d(u1) = Mur + -+ + My (mod Soc(Mapy1))

where the \; are scalars and A, # 0. Multiplying both sides by b — 1 and using the
equations (a—1)¢(u;) = (b—1)p(ui—1) as before, as well as injectivity of multiplication
by a — 1 on the span of the u;, we see that

d(u2) = Mug + - -+ + Mtp41 (mod Soc(Map41))
and inductively
O(Un—rt1) = MUp—rs1 + -+ + Aty (mod Soc(Map1)).
If it were the case that r > 1 then the equation

(b - 1)¢(un—r+1) = (CL - 1)¢(un—r+2) = MUp—prp1+ -+ AUy

would have no solution, since no such vector where the coefficient of v, is non-zero lies
in the image of a — 1.

We conclude that » = 1 and ¢(u;) = Aju; (mod Soc(May,1)) for some scalar A,
for all 7 with 1 <4 <n. Thus

(f) — >\11M2n+1 : M2n+1 — SOC(M2n+1)
and so Endgg(May+1)/ Homga(Mayy1, Soc(May+1)) has dimension 1. O

We can now establish the following;:

Theorem 11.4.3 (D.G. Higman). Let k be a field of characteristic p. Then kG has
finite representation type if and only if Sylow p-subgroups of G are cyclic.

Proof. By Proposition 11.4.1 it suffices to show that if P is a p-group then kP has finite
representation type if and only if P is cyclic. We have seen in Theorem 6.1.2 that kP
has finite representation type when P is cyclic. If P is not cyclic then P has the group
C, x C), as a homomorphic image. (This may be proved using the fact that if ®(P) is the
Frattini subgroup of P then P/®(P) = (C,)¢ for some d and that P can be generated by
d elements. Since P cannot be generated by a single element, d > 2 and so (C'p)2 is an
image of P.) The infinitely-many non-isomorphic indecomposable k[C), x Cp]-modules
become non-isomorphic indecomposable kP-modules via the quotient homomorphism,
and this establishes the result. O
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Even when the representation type is infinite, the arguments that we have been
using still yield the following result.

Theorem 11.4.4. Let k be a field of characteristic p. For any finite group G, the num-
ber of isomorphism classes of indecomposable kG-modules that are projective relative
to a cyclic subgroup is finite.

11.5 Infinite representation type and the representations

of CQ X 02

We now turn to group rings of infinite representation type, namely the group rings in
characteristic p for which the Sylow p-subgroups of the group are not cyclic. We might
expect that, even though the technical difficulties may be severe, a classification of
indecomposable modules is about to be revealed. Perhaps the surprising thing about
infinite representation type is that in some sense, most of the time, a classification of
indecomposable modules is not merely something that is beyond our technical capabili-
ties, it is rather something that may never be possible in any meaningful sense, because
of inherent aspects of the problem.

Discussion of such matters raises the question of what we mean by a classification.
There are many instances of classification in mathematics, but whichever one we are
considering, we might reasonably understand that it is a description of some objects
that is simpler than the objects themselves and that allows us to identify in a reasonable
way some significant aspects of the situation. It would be inadequate to say that we
had parametrized indecomposable modules by using the set of indecomposable modules
itself to achieve the parametrization, because this would provide no simplification. It
would also be inadequate to put the set of isomorphism classes of indecomposable
modules in bijection with some abstract set of the same cardinality. Although we could
certainly do this, and for some people it might be a classification, it would provide no
new insight. Those who maintain that it is always possible to classify perhaps have
such possibilities in mind. In reality it might be very difficult or impossible to classify
objects in any meaningful sense because there are simply too many of them to classify:
if we were to put the objects in a list in a book, the list would simply be too long and
lacking in structure to have any meaning. Of course, just because we cannot see how
to make sense of a set of objects does not mean it cannot be done. However, it remains
the case that for most group algebras in positive characteristic no one has been able to
provide any reasonable classification of the indecomposable modules. Furthermore, we
will present reasons why it would be hard to do so.

Infinite representation type divides up into two possibilities: tame and wild. For
the tame group algebras we can (in principle) classify the indecomposable modules.
For the wild algebras no one can see how to do it. Before we address these general
questions we will describe the indecomposable representations of Co x Cs over a field
k of characteristic 2, since this exemplifies tame representation type. In constructing
infinitely many indecomposable modules for C), x C), we already constructed some of
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the indecomposable k[Cy x C3]-modules, but now we complete the picture. As before
we let G = Cy x Cy = (a) x (b) and we exhibit the modules diagrammatically by the
action of a — 1 and b — 1 on a basis. Here are the indecomposable modules:

KG=(+7 Meo). andforn>1
N

Wanrr = ("N 0 TN o 27

In these diagrams each node represents a basis element of a vector space, a southwest
arrow ~ emanating from a node indicates that a — 1 sends that basis element to the
basis element at its tip, and similarly a southeast arrow “\, indicates the action of b —1
on a basis element. Where no arrow in some direction emanates from a node, the
corresponding element a — 1 or b — 1 acts as zero.

The even-dimensional indecomposable representations Ey, require some further
explanation. They are parametrized by pairs (f,n) where f € k[X] is an irreducible
monic polynomial and n > 1 is an integer. Let the top row of nodes in the diagram cor-
respond to basis elements uq, ..., u,, and the bottom row to basis elements vy, ..., v,.
Let

(f(X))n — xmn + amn_lenfl + -+ ap.

The right-most arrow \, starting at w,,, that has no terminal node is supposed to
indicate that (b — 1)Uy = Umn+1 where

Umn+1 = —0mn—1Umn—1 — -+ — @1V2 — QQV1,

so that with respect to the given bases b — 1 has matrix

0 0 1
—ao T —Amnp-1

The significance of this matrix is that it is an indecomposable matrix in rational canon-
ical form with characteristic polynomial f".

Theorem 11.5.1. Let k be a field of characteristic 2. The k[Cy x Ca]-modules shown
are a complete list of indecomposable modules.
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Proof. We describe only the strategy of the proof, and refer to Exercises 3, 18, 19 and
20 at the end of this section and [3] for more details. The first step is to use the fact that
the regular representation is injective, with simple socle spanned by deG g. IfU is
an indecomposable module for which (> e g)U # 0 then there is a vector u € U with
oo e g)u # 0. The homomorphism kG — U specified by « +— zu is a monomorphism,
since if its kernel were non-zero it would contain 9eG 9 but this element does not lie
in the kernel. Since kG is injective, the submodule kGu is a direct summand of U, and
hence U =2 k(G since U is indecomposable. From this we deduce that apart from the
regular representation, every indecomposable module is annihilated by > 9eG 95 and
hence is a module for the ring kG /(3_ . g), which has dimension 3 and is isomorphic
to k[a, B]/(a?, a3, 3%), where a corresponds to a — 1 € kG and B to b—1 € kG.
Representations of this ring are the same thing as the specification of a vector
space U with a pair of linear endomorphisms «, 8 : U — U that annihilate each other
and square to zero. The classification of such pairs of matrices up to simultaneous
conjugacy of the matrices (which is the same as isomorphism of the module) was
achieved by Kronecker in the 19th century, and he obtained the indecomposable forms
that we have listed. O

The modules Ma,+1 and Wa,+1 have become known as string modules and the
Et, as band modules, in view of the form taken by the diagrams that describe them.
More complicated classifications, but along similar lines, have been achieved for repre-
sentations of the dihedral, semidihedral and generalized quaternion 2-groups in charac-
teristic 2. For dihedral 2-groups, all the modules apart from the regular representation
are string modules or band modules (see [18]).

Provided the field k is infinite, k[Co x Cs] has infinitely many isomorphism types
of indecomposable modules in each dimension larger than 1. They can nevertheless be
grouped into finitely many families, as we have seen intuitively in their diagrammatic
description. As a more precise version of this idea, consider the infinite dimensional
k[Ca x C3]-module M with diagram

Ul ug
Y I
1 2 v3

and basis w1, us,...,v1,v2,... This module has an endomorphism 7 that shifts each of
the two rows one place to the right, specified by n(u;) = u;4+1 and n(v;) = vi4+1, so that
M becomes a (k[Cy x Cy], k[X])-bimodule, where the indeterminate X acts via n. As
k[X]-modules we have M = k[X] @ k[X]. Given an irreducible polynomial f € k[X]
and an integer n > 1 we may construct the k[Cy x Co]-module M ®yx] k[X]/(f"),
which is a module isomorphic to (k[X]/(f™))? as a k[X]-module, and which is acted
on by k[Cy x (3] as a module isomorphic to E f,n. This construction accounts for all

but finitely many of the indecomposable k[Cy x C3]-modules in each dimension.
With our understanding improved by the last example, we now divide infinite rep-
resentation type into two kinds: tame and wild. Let A be a finite dimensional algebra
over an infinite field k. We say A has tame representation type if it has infinite type
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and for each dimension d there are finitely many (A, k[X])-bimodules M; that are free
as k[X]-modules so that all but finitely many of the indecomposable A-modules of di-
mension d have the form M; ®yx] k[X]/(f") for some irreducible polynomial f and
integer n. If the bimodules M; can be chosen independently of d (as happens with rep-
resentations of Cy x Cy) we say that A has domestic representation type, and otherwise
it is non-domestic.

We say that the finite dimensional algebra A has wild representation type if there is
a finitely-generated (A, k(X,Y))-bimodule M that is free as a right k(X,Y’))-module,
such that the functor M ®;(x yy — from finite dimensional k(X,Y’)-modules to finite
dimensional A-modules preserves indecomposability and isomorphism classes. Here
kE(X,Y) is the free algebra on two non-commuting variables, having as basis the non-
commutative monomials XY X%Y?b2 ... where a;,b; > 0.

In view of the following theorem it would have been possible, over an algebraically
closed field, to define wild to be everything that is not finite or tame. We state the
next three results without proof, since they take us outside the scope of this book.

Theorem 11.5.2 (Drozd [11]; Crawley-Boevey [9]). Let A be a finite dimensional
algebra over an algebraically-closed field. Then A has either finite, tame or wild repre-
sentation type.

When A has wild representation type, the functor M ®y,x,y) — appearing in the
definition of wild type has as its image a subcategory of the category of A-modules with
indecomposable modules in bijection with those of k(X,Y’), suggesting that a classi-
fication of indecomposable A-modules would imply one of indecomposable k(X ,Y)-
modules. On the other hand, Brenner [8] has shown that, given any finite dimensional
algebra A, there is a full subcategory of the category of k(X,Y)-modules naturally
equivalent to the category of A-modules, and also a finite-dimensional k(X,Y)-module
B so that Endyx yy(B) = A. This suggests that classifying indecomposable k(X,Y)-
modules is at least as difficult as classifying all finite dimensional local algebras, as well
as their indecomposable representations. In quantifying how difficult these problems
are, Prest has shown in [15] that the theory of finite dimensional k(X,Y)-modules is
undecidable, meaning that there exists a sentence in the language of finite dimensional
k(X,Y)-modules that cannot be decided by any Turing machine.

In the context of group algebras the division into finite, tame and wild representa-
tion type is given by the following theorem, in which we include the result of D.G. Hig-
man already proven.

Theorem 11.5.3 (Bondarenko, Brenner, Drozd, Higman, Ringel). Let k be an infinite
field of characteristic p and let G be a finite group with Sylow p-subgroup P. Then kG
has finite representation type if and only if P is cyclic, and tame representation type
if and only if p = 2 and P is dihedral, semidihedral or generalized quaternion. In all
other cases kG has wild representation type.

We include C5 x Cs as a dihedral group in this theorem. The first step in the proof
of this theorem we have already seen, and it is to identify the group algebras of finite



CHAPTER 11. INDECOMPOSABLE MODULES 209

representation type. Next, certain group algebras were established as being wild. This
is implied by the following result; for this implication see [15]. There is another account
in [17], using a differently worded definition of wild representation type.

Theorem 11.5.4 (Brenner [7]). Let P be a finite p-group having either C, x C}, (p
odd), Co x Cy or Cy x Cy x Co as a homomorphic image, let k be a field of characteristic
p, and let E& be any finite dimensional algebra over k. Then there exists a finite dimen-
sional kP-module M such that Endgp(M) has a nilpotent ideal J and a subalgebra E'
isomorphic to E, with the property that the quotient map sends E' isomorphically to
Endkp(M)/J

A theorem of Blackburn [6, p. 74] implies that if P is a 2-group that is not cyclic
and does not have Cy X Cy or Co x Cy x (5 as a homomorphic image, then P is dihedral,
semidihedral or generalized quaternion. Groups with these as Sylow 2-subgroups were
the only groups whose representation type was in question at this point. The represen-
tation type in these cases has been decided by classifying explicitly the indecomposable
modules, showing that it is tame, and it was done by Bondarenko, Drozd and Ringel.
A later approach can be found in the work of Crawley-Boevey.

11.6  Vertices, sources and Green correspondence

Having just given an impression of the difficulty of classifying indecomposable modules
in general, we now explain some positive techniques that are available to understand
them better.

Theorem 11.6.1. Let R be a field or a complete discrete valuation ring, and let U be
an indecomposable RG-module.

(1) There is a unique conjugacy class of subgroups @ of G that are minimal subject
to the property that U is Q-projective.

(2) Let Q be a minimal subgroup of G such that U is Q-projective. There is an inde-
composable RQ-module T that is unique up to conjugacy by elements of Ng(Q)
such that U is a summand of T Tg. Such a T is necessarily a summand of U ig.

Proof. (1) We offer two proofs of this result, one employing module-theoretic tech-
niques, and the other a ring-theoretic approach. Both proofs exploit similar ideas, in
that the Mackey formula is a key ingredient.

First proof: we start by supposing that U is both H-projective and K-projective
where H and K are subgroups of G. Then U is a summand of U ing and also of
U i?{Tg’;, so it is also a summand of

Uitalits = @ (UG Lnn) Thnon) 1%
g€[K\G/H]

= @ ‘U iIG(mH)) T[GmgH

ge[K\G/H]
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using transitivity of restriction and induction. Hence U must be a summand of some
module induced from one of the groups KNY9H. If both H and K happen to be minimal
subject to the condition that U is projective relative to these groups, we deduce that
KNY9H = K, so K C 9H. Similarly H C 9K for some ¢’ and so H and K are
conjugate.

Second proof: we start the same way and suppose that U is both H-projective
and K-projective. We may write 1y = tra = tr% 3 for certain a € Endgy(U) and
B € EndRK(U). Now

Ly = (o) (rff) = tr ((trfre)B)
=t (trf (aB))
= Z tr%no m (cgaB).

ge[K\G/H]

Since U is indecomposable its endomorphism ring is local and so some term tr%’;mg y(cga3)
must lie outside the unique maximal ideal of Endrg(U) and must be an automorphism.
This implies that tr?mgH : Endgixno g1 (U) — Endre(U) is surjective, since the image
of trIGmgH is an ideal, and so U is K NY9H-projective.

We now deduce as in the first proof that if K and H are minimal subgroups relative
to which U is projective, then H and K are conjugate.

(2) Let @ be a minimal subgroup relative to which U is projective. We know that U
is a summand of U ¢8Tg and hence it is a summand of T’ Tg for some indecomposable
summand T of U ¢8 Suppose that 7" is another indecomposable module for which U
is a summand of T” Tg. Now T is a summand of 7" Tgig: @ge[Q\G/Q] (T Lgsng

)) TgmgQ and hence a summand of some (9(7" lgsnQ)) TgmgQ. For this element g we
deduce that U is Q N9Q-projective and by minimality of ) we have Q = Q N9Q and
g € Ng(Q). Now T is a summand of 97", and since both modules are indecomposable
we have T = 9T'. We deduce from the fact that T is a summand of U ig that
T' = 9T must be a summand of (g_lU) ig and hence of U ig, since U = U as
RG-modules. O

A minimal subgroup @ of G relative to which the indecomposable module U is
projective is called a wverter of U, and it is defined up to conjugacy in G. We write
vtx(U) to denote a subgroup @ that is a vertex of U. An RQ-module T for which U
is a summand of T’ Tg is called a source of U and, given the vertex @, it is defined up
to conjugacy by elements of Ng(Q).

We record some immediate properties of the vertex of a module.

Proposition 11.6.2. Let R be a field of characteristic p or a complete discrete valua-
tion ring with residue field of characteristic p.

(1) The vertex of every indecomposable RG-module is a p-group.

(2) An indecomposable RG-module is projective if and only if it is free as an R-module
and its vertex is 1.
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(3) A vertex of the trivial RG-module R is a Sylow p-subgroup of G.

Proof. (1) We know from Proposition 11.3.5 that every module is projective relative to
a Sylow p-subgroup, and so vertices must be p-groups.

(2) If an indecomposable module is projective it is a summand of RG, which is
induced from 1, so it must be free as an R-module and have vertex 1. Conversely, if U
has vertex 1 it is a summand of U L?TG, so if U is free as an R-module it is a summand
of R T?: RG and hence is projective.

(3) Let @ be a vertex of R and P a Sylow p-subgroup of G containing (). Then R is a
summand of R Tg, so R ig is a summand of R Tgig: é 9€[P\G/Q] R TgmgQ and hence
is a summand of R TgmgQ for some g € G. We claim that for every subgroup H < P,
R Tf] is an indecomposable RP-module. From this it will follow that R = R T?mgQ
and that Q = P. The only simple RP-module is the residue field k£ with the trivial
action (in case R is a field already, R = k), and Hompgp(R 14, k) = Homgpy (R, k) = k
is a space of dimension 1. This means that R Tfl has a unique simple quotient, and
hence is indecomposable. O

We extract the final claim from the proof of Proposition 11.6.2(3).

Corollary 11.6.3. Let R be a field of characteristic p or a complete discrete valuation
ring with residue field of characteristic p. Let P be a p-group and let H be a subgroup
of P. Then R TE is an indecomposable RP-module.

The vertices of indecomposable modules partition the collection of all indecompos-
able RG-modules into subclasses, namely, for each p-subgroup H the modules with
vertex H. The class of modules with vertex 1 that are free over R consists of the
projective modules, and in this case we have identified the isomorphism types of the
individual modules. Identifying the isomorphism types of modules with cyclic vertex
is also possible in many instances and by Theorem 11.4.4 there are only finitely many
of them (Exercise 10 at the end of this chapter). Aside from this, every other class
contains infinitely many isomorphism types, and they may be beyond our capabilities
to classify.

We now bring in Green correspondence. This allows us to reduce many questions
about indecomposable modules to a situation where the vertex of the module is a normal
subgroup. The theory will be used when we come to consider blocks in Chapter 12,
and it is very helpful in many other situations. The philosophy that many questions
in modular representation theory of finite groups are determined by normalizers of
p-subgroups is one of the most important themes in this area.

Green correspondence gives a bijection (denoted f in what follows, with inverse g)
from isomorphism types of indecomposable RG-modules with vertex a given p-subgroup
@ to isomorphism types of indecomposable RNg(Q)-modules with vertex @Q. It also
gives an isomorphism between certain groups of homomorphisms, but we omit this part
of the statement.
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Theorem 11.6.4 (Green correspondence). Let R be a field of characteristic p or a
complete discrete valuation ring with residue field of characteristic p. Let Q) be a p-
subgroup of G and L a subgroup of G that contains the normalizer Ng(Q).

(1) Let U be an indecomposable RG-module with vertex Q). Then in any decom-
position of U ig as a direct sum of indecomposable modules there is a unique
indecomposable summand f(U) with vertex Q. Writing U ng fU)® X, each
summand of X 1is projective relative to a subgroup of the form L N*Q) where
xeG— L.

(2) LetV be an indecomposable RL-module with vertex Q. Then in any decomposition
of V Tf as a direct sum of indecomposable modules there is a unique indecompos-
able summand g(V) with vertex Q. Writing V 1¢= g(V) @Y, each summand of
Y is projective relative to a subgroup of the form Q N*Q where x € G — L.

(3) In the notation of parts (1) and (2) we have gf(U) = U and fg(V) = V.

As a preliminary to the proof, notice that if x € G — L then Q N*Q is a strictly
smaller group than @, since Ng(Q) C L so x does not normalize Q). On the other hand,
L N7*Q might be a group of the same size as ), and in that case it is conjugate to @
in G (by the element x). However, it will be important in step 1 of the proof to know
that L N*Q cannot be conjugate to () in L. The argument is that if L N*Q) = *Q for
some z € L then 2712 € Ng(Q) C L so x € 2L = L, which contradicts € G — L.

Proof. We will prove (2) before (1). Let V be an indecomposable RL-module with
vertex Q).

Step 1. We show that in any decomposition as a direct sum of indecomposable RL-
modules, V Tf¢g has a unique summand with vertex ), the other summands being
projective relative to subgroups of the form L N*Q with z ¢ L. To show this, let T" be
a source for V, so that T Té% V & Z for some RL-module Z. Put

VAIE =V eV,
Z1E =207

for certain RL-modules V'’ and Z’. Then

TG = VG @2 1717
=VeVaezZaoZ

= D T no) g -
z€[L\G/Q)]

There is one summand in the last direct sum with € L and it is isomorphic to
T Té: V @ Z. The remaining summands are all induced from subgroups L N*Q with
x & L, and it follows that all indecomposable summands of V/ and Z’ are projective
relative to these subgroups. This in particular implies the assertion we have to prove
in this step, since such subgroups cannot be conjugate to @ by elements of L.
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Step 2. We show that in any decomposition as a direct sum of indecomposable
modules, V Tg has a unique indecomposable summand with vertex ) and that the
remaining summands are projective relative to subgroups of the form @ N *Q) where
x & L. To show this, write V' Tg as a direct sum of indecomposable modules and pick
an indecomposable summand U for which U ig has V as a summand. This summand
U must have vertex @); for it is projective relative to @), since V is, and if U were
projective relative to a smaller group then V' would be also, contradicting the fact that
Q is a vertex of V. This shows that the direct sum decomposition of V' Tg has at least
one summand with vertex Q).

Let U’ be another summand of V 1¢. Then U’ |¥ must be a summand of V', in the
notation of Step 1, and every indecomposable summand of U’ ¢§ is projective relative
to a subgroup LNYQ with y ¢ L. Since U’ is a summand of T’ Tg it is projective relative
to @, and hence has a vertex @' that is a subgroup of Q). Since L D @’ it follows that
U’ ig has an indecomposable summand that on restriction to Q" has a source of U’ as
a summand, and so @’ is a vertex of this summand. It follows that some L-conjugate
of Q" must be contained in one of the subgroups L N¥YQ with y € L. In other words
2Q' C LNYQ for some z € L. Thus Q' C # '¥(Q where z = 2~y ¢ L. This shows that
Q' C QN*Q and completes the proof of assertion (2) of this theorem.

Step 3. We establish assertion (1). Suppose that U is an indecomposable RG-
module with vertex Q. Letting T be a source of U, there is an indecomposable summand
Vof T Té for which U is a summand of V' Tg. This is because U is a summand of
T Tg: (T Té) Tg. This RG-module V' must have vertex @, since it is projective
relative to ), and if it were projective relative to a smaller subgroup then so would
U be. Now U ig is a direct summand of V T%Lg, and by Step 1 this has just one
direct summand with vertex @, namely V. In fact U ig must have an indecomposable
summand that on further restriction to () has T as a summand, and this summand has
vertex (). It follows that this summand must be isomorphic to V', and in any expression
for U ig as a direct sum of indecomposable modules, one summand is isomorphic to V'
and the rest are projective relative to subgroups of the form L N*Q with x ¢ L. This
completes the proof of assertion (1) of the theorem.

Step 4. The final assertion of the theorem follows from the first two and the fact
that U is isomorphic to a summand of U ing and V is isomorphic to a summand of
V1ELE. O

The use of Green correspondence is to allow us to understand the indecomposable
modules for G in terms of the indecomposable modules for a subgroup of the form
N¢g(Q) where @ is a p-group. The easiest situation where we may apply this result is
when the characteristic of k is p and @ is a Sylow p-subgroup of G of order p. The
detailed structure of the modules in this situation depends on the ‘Brauer tree’ of the
block to which they belong, which is outside the scope of this book. We can, however,
use Green correspondence together with the information we already have about groups
with a normal Sylow p-subgroup to say how many indecomposable modules there are.

We will write {;(G) for the number of isomorphism classes of simple kG-modules.
By Theorem 7.3.9 this equals the number of isomorphism classes of indecomposable
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projective kG-modules and when £ is a splitting field it equals the number of p-regular
conjugacy classes, by Theorem 9.3.6. We will consider I (Ng(Q)) = Ix(Q x K) where
K is a group of order prime to p, and this equals [ (K) by Corollary 6.2.2.

Corollary 11.6.5. Let k be a field of characteristic p and let G be a group with a
Sylow p-subgroup @ of order p. Then the number of indecomposable kG-modules is

(p = DIk(Ne(Q)) + k(G).

Proof. By the Schur-Zassenhaus theorem we may write Ng(Q) = @ x K for some
subgroup K of order prime to p, and [ (Ng(Q)) = I K. By Corollary 11.2.2 there are
pl(Ng(Q)) indecomposable kN¢g(Q)-modules and [ (Ng(Q)) of these are projective,
so (p—1)lk(Ng(Q)) indecomposable modules have vertex Q. By Green correspondence
this equals the number of indecomposable kG-modules with vertex (). The remaining
indecomposable kG-modules are projective, and there are I;(G) of them, giving (p —
1)ik(Na(Q)) + I (G) indecomposable modules in total. O

Example 11.6.6. When G = S4 and p = 3 we determined the simple and projective
F3.54-modules in Example 10.1.5 and there are four of them. If @) is a Sylow 3-subgroup
then Ng,(Q) = Ss, which has two simple modules in characteristic 3. Therefore the
number of indecomposable F3S -modules is (3 —1)2 + 4 = 8. However, examination
of the Cartan matrix of F3S; shows that it is a direct sum of two blocks of defect
zero and a Nakayama algebra isomorphic to F3S3, so we did not need to invoke Green
correspondence to obtain this result: we could have used Proposition 11.2.1 instead.

Example 11.6.7. When p is odd the group SL(2,p) has order p(p?> — 1)(p — 1) and

has the subgroup @ of matrices [é ﬂ with a € F, as a Sylow p-subgroup with

normalizer the matrices {g 5%1] with o, 8 € [, and B # 0. This can be seen by

direct calculation. Thus N(Q) = C, x Cp—1 and [x(N(Q)) = p — 1 for any field k
of characteristic p. We have seen in Chapter 6 Exercise 25 that SL(2,p) has at least
p-simple modules in characteristic p, and in fact this is the complete list. It follows
that kSL(2,p) has (p — 1)? + p = p? — p+ 1 indecomposable modules.

The case of PSL(2,p) = SL(2,p)/{xI} when p is odd is similar. Now N(Q) =
Cp % Cp_1)/2 has (p—1)/2 simple modules, so the number of indecomposable modules

1S

(p-1* p+l_ p’-p+2
2 2 2

This applies, for instance, to the alternating group As = PSL(2,5) in characteristic 5

which has 52_% = 11 indecomposable modules.
Further calculations with these modules will be found in the exercises.

We present in Theorem 11.6.9 a refinement of one part of Green correspondence,
known as the Burry—Carlson—Puig theorem, whose proof illustrates a number of tech-
niques that are regularly used in this theory. The approach is ring-theoretic and it



CHAPTER 11. INDECOMPOSABLE MODULES 215

is interesting to compare this with the module theoretic approach of our proof of the
Green correspondence. Before that we single out a result that we will use a number of
times.

Lemma 11.6.8. (1) Suppose that B is a local ring and that {I; | j € J} is a family
of ideals of B. If 1 € Zje]lj then 1 € I for some j, so that I; = B.

(2) (Rosenberg’s Lemma) Suppose that B is an R-algebra that is finitely generated as
an R-module, where R is a complete discrete valuation ring or a field. Let e be a
primitive idempotent in B and suppose that {I; ‘ Jj € J} is a family of ideals of
B. Ife € 3 ;c; 1 then e € I; for some j.

Proof. (1) If 1 ¢ I; for all j then every I; is contained in the unique maximal ideal of
Bandsol¢>’ jes 1j since 1 does not lie in the maximal ideal.

(2) The only idempotents in eBe are 0 and e since e is primitive. By Proposi-
tion 11.1.4 since eBe is finitely generated as an R-module, it is a local ring. It contains
the family of ideals {el;e } j € J} and e lies in their sum. Therefore by part (1), e lies
in one of the ideals. ]

Theorem 11.6.9 (Burry—Carlson—Puig). Let R be a field of characteristic p or a
complete discrete valuation ring with residue field of characteristic p. Let V be an
indecomposable RG-module, Q) a p-subgroup of G, and H a subgroup of G containing
Na(Q). Suppose V i%: M @& N where M is indecomposable with verter (). Then V
has vertex @), from which it follows that M is the Green correspondent of V.

Proof. We only need to show that V' has vertex @ because the conclusion about Green
correspondence then follows from Theorem 11.6.4. We will use Higman’s criterion to
verify this, as well as the Mackey formula, the fact that the image of the relative trace
map between endomorphism rings is an ideal, and Rosenberg’s lemma.

For each subgroup K of G we will write Ex (V') for the endomorphism ring Hompg (V, V),
because this simplifies the notation. For each subgroup K of H the subset tril Ex (V)
is an ideal of Ey (V). We will put

J = trifnigEi(V),
9¢H

and this is an ideal of Ey (V).
We show that for all a« € Eg(V),

resgtrg(a) = trg(a) (mod J).
This is a consequence of the Mackey formula, for

resgtrg(a) = Z trgmgQres;{%chg(a)
9EH\G/Q)]

and all of the terms in the sum lie in J except for the one represented by 1 which gives
tri(a).
Q
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Let e € Ex(V) be the idempotent that is projection onto M. We claim that
e € trgEQ(V) and also that e € J. These come about because () is a vertex of M
and e is the identity in the ring eEg(V )e, which may be identified with the local ring
Eg(M). Thus e € trgEQ(M) - trgEQ(V) since M is projective relative to Q. If e
were to lie in J, which is a sum of ideals trgmgQEgQ(V) with g ¢ H, it would lie in one
of them by Rosenberg’s Lemma, and hence M would be projective relative to H N9Q)
for some g ¢ H. The vertex ) of M must be conjugate in H to a subgroup of H NYQ),
so that 9Q = "Q for some h € H. This implies that g~'h € Ng(Q) C H,so g € H, a
contradiction. Therefore e & J.

Let ¢ be the composite ring homomorphism Eg(V)ﬁEH(V) — En(V)/J where
the second morphism is the quotient map. Since it is the image of a local ring, ¢(Eg(V'))
is also a local ring. It contains the ideal ¢(trgEQ(V)). We claim that this ideal contains
the non-zero idempotent e 4+ J. This is because we can write e = trg (a) for some
a € Eg(V) so that

P otri(e) = qbtrgtrg(a) = gbtrg(a) = trg(a) =e (mod J)

by an earlier calculation.
Any ideal of a local ring containing a non-zero idempotent must be the whole ring,
so that qﬁ(trgEQ(V)) = ¢(Eq(V)). Again since Eg(V) is local, trgEQ(V) = Eq(V).
We have just shown that V is projective relative to @), so ) contains a vertex of
V. The vertex cannot be smaller than ) because otherwise, by a calculation using the
Mackey formula, M would have vertex smaller than ). We conclude that @ is a vertex
of V. O

11.7 The Heller operator

The Heller or syzygy operator ) provides a way to construct new indecomposable
modules from old ones, obtaining modules QM that have importance in the context of
homological algebra. Moving beyond the scope of this text, the stable module category
of a group algebra has the structure of a triangulated category, and the shift operator
is Q1. Although we cannot describe that here, it is still important to know about the
Heller operator simply as a useful tool in handling indecomposable modules. It will be
used in Exercises 14 and 15 at the end of this chapter.

Suppose that R is either a field or a complete discrete valuation ring. Given an
RG-module M we define QM to be the kernel of the projective cover Py; — M, so that
there is a short exact sequence 0 — QM — Py — M — 0. Since projective covers are
unique up to isomorphism of the diagram, QM is well-defined up to isomorphism. We
can immediately see that QM = 0 if and only if M is projective, so that the operator
Q) is not invertible on all modules. On the other hand if we exclude certain modules
from consideration then we do find that €2 is invertible. In case R is a field, all we need
to do is exclude the projective modules, which are also injective. We may define for
any module N a module Q!N to be the cokernel of the injective hull of N, so that
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there is a short exact sequence 0 — N — Iy — Q7 'N — 0. In the other situation
where R is a complete discrete valuation ring we restrict attention to RG-lattices. In
this situation there is always a ‘relative injective hull’ N — Iy for any RG-lattice N
that may be constructed as the dual of the projective cover Py« — N*, identifying N
with its double dual and Iy with (Py+)*. Again we define Q!N to be the cokernel,
so that there is a short exact sequence 0 — N — Iy — Q7 'N — 0. Note that since
(RG)* 2 RG as RG-modules, the module Iy is in fact projective, as well as having an
injective property relative to RG-lattices.

We state the next result for RG-lattices. If R happens to be a field, an RG-lattice
is the same as a finitely generated RG module.

Proposition 11.7.1. Let R be a field or a complete discrete valuation ring and G a
finite group.

(1) Let 0 - U -V — W — 0 be a short exact sequence of RG-lattices. If W has no
non-zero projective summand and V. — W is a projective cover then U — V is a
(relative) injective hull. If U has no non-zero projective summand and U — V is
a (relative) injective hull then V- — W is a projective cover.

(2) For any RG-lattice M we have (Q~1M)* = Q(M*).
(3) If M is an RG-lattice with no non-zero projective summands then

QM) = M = Q0 Y (M).

(4) When My and My are RG-lattices we have Q(M; & Ms) = QM & QMs and
Qil(Ml D MQ) = QilMl D QilMg

(5) Let M be an RG-lattice with no non-zero projective summands. Then M is
indecomposable if and only if QM is indecomposable, if and only if Q™ M is
indecomposable.

Proof. (1) The short exact sequence splits as a sequence of R modules, because W is
projective as an R-module, and so the dual sequence 0 — W* — V* — U* — 0 is
exact. Suppose that V' — W is a projective cover and W has no non-zero projective
summand. Then V* is projective, and if V* — U* is not a projective cover then by
Proposition 7.3.3 we may write V* = X @Y where X — U” is a projective cover and
Y maps to zero. This would mean that W* = Q(U*) @ Y where Y is projective, and
on dualizing we deduce that W has a non-zero projective summand, which is not the
case. Hence V* — U™ is a projective cover, so that U — V is a (relative) injective
hull. The second statement follows from the first on applying it to the dual sequence
0—-W*—=V*—>U"—=0.
(2) The dual of the sequence 0 — Q(M*) — Py« — M* — 0 that computes Q(M*

is 0 — M — (Py+)* — QM*)* — 0 and it computes Q~}(M). Thus Q (M) =
Q(M*)* and dualizing again gives the result.
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(3) These isomorphisms follow immediately from (1) since the same sequence that
constructs QM also constructs Q~'Q(M) and the sequence that constructs Q1M also
constructs QQ~1(M).

(4) This comes from the fact that the projective cover of M; & Ms is the direct sum
of the projective covers of My and Ms, and similarly with (relative) injective hulls.

(5) If Q(M) were to decompose then so would M = Q~1Q(M) by (4), so the
indecomposability of M implies the indecomposability of QM. The reverse implication
and the equivalence with the indecomposability of Q="M follow similarly. O

We see from this that €2 permutes the isomorphism types of indecomposable RG-
lattices, with inverse permutation Q~!. Let us write €° for the ith power of € when
i > 0 and the —ith power of Q! when i < 0. When i = 0 we put Q°M = M.

We sketch the role of 2 in homological algebra. A key notion in homological algebra
is that of a projective resolution of a module M. This is a sequence of projective modules

d: d d d d_
P2 P %050

that is exact everywhere except at Py, where its homology (in this case the cokernel
of the map dj) is M. When R is a field or a complete discrete valuation ring we
can construct always a minimal projective resolution, which has the further defining
property that each map P; — kerd;_; is a projective cover. We see by induction that
for a minimal projective resolution, Q°M = kerd;_; when i > 1.

We will use properties of €2 in the exercises as part of a proof that the list of
indecomposable modules for k[Cy x (5] is complete, where k is a field of characteristic
2. Before we leave ) we mention its properties under the Kronecker product.

Proposition 11.7.2. Let R be a field or a complete discrete valuation ring and G a
finite group. For any RG-lattice M we have M @ Q'R = Q'M @ Q; for each i, where
Qi is a projective RG-module.

Proof. Let --- — P, - P; — Py — 0 be a projective resolution of k. We claim that
the sequence -+ = M Qr P, - M ®r P, =& M ®r Py — 0 is exact except in position
0. This is because every map in the resolution must split as a map of R-modules since
M is projective as an R-module. The homology in position 0 is M ®g k = M for the
same reason. Furthermore, all of the modules M ®p P; are projective RG-modules by
Proposition 8.1.4. Thus we have a projective resolution of M, but there is no reason
why it should be minimal. Assuming inductively that the kernel of the map in position
i — 1 has the form Q'M @& Q; for some projective module Q; (and this is true when
i =0), we deduce from Proposition 7.3.3(1) that the kernel in position ¢ has the form
QM @ Q;41, which completes the proof by induction on i when i > 0. When i < 0
we can deduce the result by duality using part (2) of Proposition 11.7.1. O

We see from this result that up to isomorphism the modules Q'R where i € Z,
together with the projective modules, are closed under the operations of taking inde-
composable summands of tensor products. As a final comment we mention that 2
preserves vertices and Green correspondents of indecomposable modules. We leave this
to Exercise 13 at the end of this chapter.
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11.8 Some further techniques with indecomposable mod-
ules

There are many further techniques for handling indecomposable modules that have
been developed, but at this point they start to go beyond the basic account we are
attempting in this book and move into more specialist areas. Here is a pointer to some
further topics. Where no other reference is given, and account of the topic can be found
in the book by Benson [3].

e Green’s indecomposability theorem. This states for a p-group, working with
an algebraically closed field, that indecomposable modules remain indecomposable un-
der induction. More generally the result is true, over an arbitrary field, for modules
that are ‘absolutely indecomposable’. This means for p-groups (over algebraically closed
fields) that if a module has a certain subgroup as a vertex then the module is induced
from that subgroup. It also has the consequence for arbitrary groups that if an inde-
composable module has a certain subgroup as a vertex then its dimension is divisible
by the index of the vertex in a Sylow p-subgroup.

e Blocks with cyclic defect. We have not yet defined the defect of a block (it
is done in the next section) but this concept includes the case of all representations
of groups with cyclic Sylow p-subgroups. Each block of cyclic defect is described by a
tree, called the Brauer tree, and from this tree it is possible to give a complete listing
of indecomposable modules together with their structure. An account of this theory
can be found in the book by Alperin [2].

e Auslander-Reiten theory. The theory of almost split sequences (also known
as Auslander-Reiten sequences) and the Auslander-Reiten quiver has been one of the
fundamental tools in the abstract representation theory of algebras since they were
introduced. They provide a way to describe some structural features of indecomposable
modules even in situations of wild representation type, giving information that is more
refined than the theory of vertices, for example. In the context of group representations
they have been used in several ways, and most notable is the theory developed by
Erdmann [12] in classifying the possible structures of blocks of tame representation
type.

e The Green ring. This is a Grothendieck group of modules that has a basis in
bijection with the isomorphism classes of indecomposable modules, and it is a useful
home for constructions that extend classical results about the character ring. Notable
are induction theorems of Conlon and Dress, generalizing the theorems for the character
ring of Artin and Brauer. They have had various applications including a technique
for computing group cohomology.

e Diagrams for modules. In this chapter and in some other places we have
drawn diagrams with nodes and edges to indicate the structure of representations, but
nowhere have these diagrams been defined in any general way. FEvidently this is a
useful approach to representations, and the reader may wonder what kind of theory
these diagrams have. The trouble is that it is not easy to make a general definition that
is sufficiently broad to apply to all modules that might arise. If we do give a general
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definition we find that the diagrams can be so complicated that they are no easier to
understand than other ways of looking at representations. The reader can find more
about this in the work of Alperin, Benson, Carlson and Conway [1, 4, 5].

11.9 Summary of Chapter 11

Throughout, R is a complete discrete valuation ring with residue field of characteristic
p (or a field of characteristic p) and k is a field of characteristic p.

e The indecomposable summands in any direct sum decomposition of a finitely
generated RG-module have isomorphism type and multiplicity determined inde-
pendently of the particular decomposition (the Krull-Schmidt theorem).

e Every RG-module is projective relative to a Sylow p-subgroup. An RG-module
is projective if and only if it is projective on restriction to a Sylow p-subgroup.

e The representation type of kG is characterized in terms of the Sylow p-subgroups
of G. It is finite if and only if Sylow p-subgroups are cyclic. It is tame if and
only if p = 2 and Sylow 2-subgroups are dihedral, semidihedral or generalized
quaternion. Otherwise the representation type is wild.

e When G has a normal cyclic Sylow p-subgroup, kG is a Nakayama algebra and
the indecomposable modules are completely described.

e When k has characteristic 2 the indecomposable representations of k[Cy x Co]
are classified as string or band modules. Modules for other tame 2-groups can be
classified over k. It is not reasonable to expect to classify modules for an algebra
of wild representation type.

e Every indecomposable RG-module has a vertex and a source. A vertex is always
a p-subgroup. A module is projective if and only if it has vertex 1 and is R-free.
There are only finitely many isomorphism types of indecomposable kG-modules
with cyclic vertex. A vertex of the trivial module is a Sylow p-subgroup.

e Green correspondence gives a bijection between isomorphism types of indecom-
posable RG-modules with vertex D and indecomposable R[N¢g(D)]-modules with
vertex D. It allows us to give a complete listing of indecomposable kG-modules
with cyclic vertex

e The Heller operator 2 provides a bijection from the set of isomorphism classes
of non-projective indecomposable modules to itself. It preserves vertices, sources
and Green correspondents.



CHAPTER 11. INDECOMPOSABLE MODULES 221

11.10 Exercises for Chapter 11

We will assume throughout these exercises that the ground ring R is either a complete
discrete valuation ring with residue field of characteristic p, or a field k of characteristic
p, so that the Krull-Schmidt theorem holds.

1. Write out proofs of the following assertions. They refer to subgroups H < K < G
and J < G, an RG-module U and an RK-module V.
(a) If U is H-projective then U is K-projective.
(b) If U is H-projective and W is an indecomposable summand of U ig then W is
J N9 H-projective for some element g € G. Deduce that there is a vertex of W that is
contained in a subgroup J N9H.
(c) If U is a summand of V ¢ and V is H-projective then U is H-projective.
(d) For any g € G, U is H-projective if and only if YU is 9 H-projective.
(e) If U is H-projective and W is any RG-module then U ® W is H-projective.

2. Let A be a ring with a 1.

(a) Suppose that U is an A-module with two decompositions U = Uy & Uy = V1 & V3
as left A-modules corresponding to idempotent decompositions 1y = e +es = f1 + fo
in End4(U). Show that U; = V; and Uy = Vs if and only if fi = aeja™! for some
a € Auty(U).

(b) Suppose that e, f € A are idempotents. Show that Ae =2 Af and A(1 —e) =
A(1 — f) as left A-modules if and only if f = cea™! for some unit o € A*.

(c) Suppose that A is Noetherian as a left module over itself and suppose <A is a 2-
sided ideal of A with I C Rad A. Let e, f € A be idempotents for which e+ 1 = f + 1.
Show that f = aea~! for some unit o € AX. [Use part (b) and the uniqueness of
projective covers.]

3. Let U be an indecomposable module for a finite dimensional algebra A over a
field. Assuming that U is not simple, show that SocU C Rad U. Deduce that if U has
Loewy length 2 then SocU = Rad U.

4. Let @ be a subgroup of G. Suppose that U is an indecomposable RG-module that
is Q-projective and that U ig has an indecomposable summand that is not projective
relative to any proper subgroup of (). Show that @) is a vertex of U.

5. Suppose that @ is a vertex of an indecomposable RG-module U and that H is a
subgroup of G that contains Q.

(a) For each subgroup @' C H that is conjugate in G to @, show that U ig has
an indecomposable summand with vertex Q’. Deduce that if U ig is indecomposable
then subgroups of H that are conjugate in G to @ are all conjugate in H.

(b) Show that there is an indecomposable RH module V' with vertex @ so that U
is a direct summand of V' Tg.

6. Suppose that H is a subgroup of GG and that V is an indecomposable RH-module
with vertex @), where Q < H. Show that V' Tg has an indecomposable direct summand
with vertex ). Show that for every p-subgroup @ of G there is an indecomposable RG-
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module with vertex Q.

7. Let H be a subgroup of G.

(a) Show that R Tg has an indecomposable summand for which a Sylow p-subgroup
of H is a vertex. In particular, R has vertex a Sylow p-subgroup of G.

(b) Let U be an indecomposable summand of R Tg. Show that the source of U is
the trivial module (for the subgroup that is the vertex of U).
[Because of this, the indecomposable summands of permutation modules (over a field)
are sometimes called trivial source modules, and also p-permutation modules when the
field k£ has characteristic p.]

8. Let U be an indecomposable trivial source RG-module with vertex @ (see ques-
tion 7). Show that the Green correspondent f(U) with respect to Ng(Q) is a projective
module for R[Ng(Q)/Q], made into a k[Ng(Q)]-module via inflation along the quo-
tient map Ng(Q) — Ng(Q)/Q. Show, conversely, that these inflated projectives are
a complete list of the Green correspondents of trivial source modules. Deduce that
the number of trival source RG-modules equals the sum, over conjugacy classes of
p-subgroups @ of G, of I;(Ng(Q)), where [ (H) denotes the number of isomorphism
classes of simple kH-modules.

9. Given an indecomposable RG-module U, let X be the set of pairs (@, T") such
that @ is a vertex of U and T is a source of U with respect to Q). For each g € G define
9(Q,T) := (9Q,9T). Show that this defines a permutation action of G on X, and that
it is transitive.

10. Let H be a non-cyclic p-subgroup of G and k a field of characteristic p. Show
that there are infinitely many isomorphism types of indecomposable kG-modules with
vertex H.

11. Let U be an indecomposable kG-module where k is a field. Assuming that U
is not projective, show that U/ Rad U = Soc QU.

12. Let k be a field of characteristic p and suppose that U is a kG-module with the
property that for every proper subgroup H < G, U Lg is a projective kH-module.

(a) Show that if G is a cyclic p-group of order > p then U must be a projective
kG-module.

(b) Show by example that if G = Cy x Cy is the Klein four-group and p = 2 then
U need not be a projective kG-module.

13. Let U be an indecomposable RG-module with vertex @, let H O Ng(Q) and
let V= f(U) be the RH-module that is the Green correspondent of U.

(a) Show that U and QU have the same vertex.

(b) Show that f(QU) = Q(f(U)) and g(QV) = Q(g(V)).

(¢) Show that f(U*) = f(U)* and g(V*) = g(V)*.

14. The group G := PSL(2,5) (which is isomorphic to As) has three simple modules
over k = F5, of dimensions 1, 3 and 5, and has Cartan matrix (with the simples taken
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in the order just given)

2 0
1 0
0 1

o O W =

You may assume that a Sylow 5-subgroup is cyclic of order 5 and that its normalizer
H is dihedral of order 10.

(a) Show that  has two orbits, each of length 4, on the non-projective kDo-
modules. Deduce that for kG there are 8 indecomposable non-projective modules in
two Q orbits of length 4.

(b) Show that apart from a block of defect zero, each indecomposable projective
module for kG has Loewy length 3, and that its radical series equals its socle series.

(c) Show that each non-projective indecomposable module for kG has Loewy length
at most 2.

(d) Identify the socle and the radical quotient of each of the 8 indecomposable

non-projective kG-modules.

15. The group G := PSL(2,7) (which is isomorphic to GL(3,2)) has four simple
modules over k = F7, of dimensions 1, 3, 5 and 7, and has Cartan matrix (with the
simples taken in the order just given)

S = O N
S = Ww o
SN = =
— o O O

You may assume that a Sylow 7-subgroup is cyclic of order 7 and that its normalizer
H is a non-abelian group (z,y ‘ 2" =93 =1, yry~! = 2?2) of order 21.

(a) Show that €2 has three orbits, each of length 6, on the non-projective kH-
modules. Deduce that for kG there are 18 indecomposable non-projective modules in
three ) orbits of length 6.

(b) Show that apart from a block of defect zero, each indecomposable projective
module for kG has Loewy length 3, and that its radical series equals its socle series.

(c) Show that each non-projective indecomposable module for kG has Loewy length
at most 2.

(d) Identify the socle and the radical quotient of each of the 18 indecomposable
non-projective kG-modules.

16. Let k£ be a field of characteristic p and suppose that G = H x K where H =
(x) = Cpn is cyclic of order p™ and K is a group of order relatively prime to p (as in
Corollary 11.2.2).

(a) Let U, be the indecomposable kH-module of dimension r, 1 <r <p". If J < H,
show that J is a vertex of U, if and only if » = |H : J|q where ¢ is prime to p. [Use
the fact, shown in Exercise 24 of Chapter 6, that indecomposable k.J-modules induce
to indecomposable kH-modules.]
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(b) Using the description of projective kG-modules in Proposition 8.3.3 and the de-
scription of indecomposables in Proposition 11.2.1, show that if V' is an indecomposable
kG-module then V ig is a direct sum of copies of a single indecomposable kH-module
U,, for some r, the number of copies being dim S for some simple kK -module S. Let
J < H be a vertex of V. Show that r = |H : J|q for some number ¢ prime to p. As-
suming that k is a splitting field for G, show that dimV = |H : J|¢’ for some number
¢’ prime to p.

17. Let H be a subgroup of G and let U, V be RG-modules. We say that an RG-
module homomorphism f : U — V factors through an H-projective module if there

is an H-projective RG-module M and RG-module homomorphisms U LA VA V so
that f = ¢0.

(a) Similarly to Proposition 11.3.4, show that the following conditions are equiva-
lent:

(1) f factors through an H-projective module,

(2) f factors through an induced module N 1% for some RH-module N,

(3) f factors as U 4y ifﬁgg V for some RG-module homomorphism ¢, where 7
is the map constructed after Corollary 11.3.3,

(4) f factors as U Sy 191% S V for some RG-module homomorphism 6, where €
is the map constructed after Corollary 11.3.3,

(5) f lies in the image of tr% : Hompgy (U, V) — Hompgg(U, V).

(b) When R is a field or a complete discrete valuation ring, use Exercise 7 from
Chapter 8 to show that the space of homomorphisms U — V that factor through a
projective has dimension equal to the multiplicity of Pr as an RG-module summand
of Hompg (U, V).

18. Let k be a field of characteristic 2, and let U be an indecomposable k[Co x
C]-module that is not simple or projective. By considering the Loewy length of U,
dim SocU and dimU/SocU show that one of the following three possibilities must
occur:

(a) dim QU < dimU < dim Q~'U, or

(b) dim QU > dimU > dim Q~!U, or

(c) dim QU = dimU = dim Q~'U.

In cases (a) and (b) show that U = Q(k) for some i. Deduce that dimU is odd
and |dim SocU — dim U/ SocU| = 1.

In case (c) show that dim SocU = dim U/ SocU so that dim U is even.

19. Consider one of the even-dimensional k[Cy x Cs]-modules Ef,, (in the notation

used before Theorem 11.5.1) where k is a field of characteristic 2, and suppose that
f # 0,00. The goal of this question is to show that Ey, is indecomposable. Define



CHAPTER 11. INDECOMPOSABLE MODULES 225

Umnt1l = —Gmn—1Umn—1 — **+ — a1ug — agup and let n : By, — E¢, be the linear map
specified by n(u;) = w1, n(v;) = vi41 where 1 <i < mn.

(a) Show that 1 € Endyic,xcy) (Efn)-

(b) Show that the subalgebra k[n] of Endy(c, ] (Ef,n) generated by 7 is isomorphic
to k[X]/(f").

(c) Show that

k[n] + Homyc, x co) (Efn, Soc(Eypn)) = Endgcy xoy) (Efn)-

(d) Deduce that Ef, is an indecomposable k[Cy x Cs]-module.

20. Let G = (a) x (b) = C3 x Cy and let U be an even-dimensional indecomposable
kG-module where k is a field of characteristic 2. Suppose that multiplication by a — 1
induces an isomorphism U/ Rad(U) — Soc(U).

(a) Show that there is an action of the polynomial ring k[X] on U so that X (a—1)u =
(b—1)u = (a—1)Xu for all u € U. Show that U = k{a)®x(U/Rad(U)) as k(a) @y K[X]-
modules.

(b) Show that invariant subspaces of U as a k(a) ®) K[X]-module are also invariant
subspaces of U as a kG-module. Show that U/Rad(U) is an indecomposable k[X]-
module and deduce that U/ Rad(U) = k[X]/(f") as k[X]-modules for some irreducible
polynomial f and integer n.

(c) Prove that U = Ey¢,, as kG-modules.

21. Let (F,R,k) be a p-modular system in which R is complete. Let L be an
RG-lattice.

(a) Show that L is an indecomposable RG-module if and only if L /7L is an inde-
composable kG-module. [Use Proposition 9.5.2 and Corollary 11.1.5.]

(b) Assuming that L is an indecomposable RG-lattice, show that the vertices of L
and L/mL are the same, and that if T' is a source of L then T'/nT is a source of L/wL.

(c) Again assuming that L is indecomposable, let @) denote a vertex of L and let
H be a subgroup of G containing Ng(Q). Show that f(L)/wf(L) = f(L/7L) where f
denotes the Green correspondence with respect to H. Prove a similar formula for the
reverse Green correspondence map g.



Chapter 12

Blocks

Block theory is one of the deepest parts of the representation theory of finite groups.
In this chapter we can only scratch the surface of the sophisticated constructions and
techniques that have been developed. Our goal is to serve the needs of the non-specialist
who might attend a talk on this topic and wish to understand something. For such
purposes it is useful to know the basic definitions, to have an idea of the defect group of
a block and its relation to vertices of indecomposable modules in the block, and to have
seen the different methods used in block theory - sometimes ring theoretic, sometimes
module theoretic. We will describe these things, and at that stage we will be able to
see that the blocks of defect zero introduced in Chapter 9 do indeed deserve the name.
We will demonstrate the equivalence of several different definitions of the defect group
of a block, given in terms of the theory of vertices, the relative trace map, and the
Brauer morphism. We will conclude with a discussion of the Brauer correspondent and
Brauer’s First Main Theorem, which establishes a correspondence between blocks with
a certain defect group D and blocks of Ng(D) with defect group D.

One of the confusing things about blocks of finite groups is that there often seems
to be more than one definition of the same concept. Different authors use different
approaches, and then may have more than one definition in mind at the same time.
The common ground is a finite group G and a splitting p-modular system (F, R, k),
where R is a discrete valuation ring with field of fractions F' of characteristic zero, and
with residue field k£ of characteristic p. Whatever a p-block of G is, it determines and
is determined by any of the following data:

e an equivalence class of kG-modules, sometimes simple, sometimes indecompos-
able, sometimes arbitrary,

e an equivalence class of RG-modules,
e a primitive central idempotent in kG, or in RG,
e an equivalence class of primitive idempotents in kG, or in RG,

e an equivalence class of F'G-modules,

226
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e an indecomposable 2-sided direct summand of kG,
e an indecomposable 2-sided direct summand of RG,
e a division of the Cartan matrix of kG into block diagonal form.

We will explain the relationship between these different aspects of a p-block of a finite
group.

12.1 Blocks of rings in general

We make the definition that a block of a ring A with identity is a primitive idempotent
in the center Z(A). A block is thus a primitive central idempotent (rather than a
central primitive idempotent, which is a more restrictive condition). We will show in
this section that blocks determine, and are determined by, the modules that ‘belong’
to them. We eventually characterize blocks of finite dimensional algebras in terms of
block-diagonal decompositions of the Cartan matrix. First we recall, without proof,
Proposition 3.6.1.

Proposition 12.1.1. Let A be a ring with identity. Decompositions
A=418--©A,
as direct sums of 2-sided ideals A; biject with expressions
Il=e1+--+er

as a sum of orthogonal central idempotent elements, where e; is the identity element of
A; and A; = Ae;. The A; are indecomposable as rings if and only if the e; are primitive
central idempotent elements. If every A; is indecomposable as a ring then the A;, and
also the primitive central idempotents e;, are uniquely determined as subsets of A, and
every central idempotent can be written as a sum of certain of the e;.

This decomposition of an algebra as a direct sum of ideals also gives rise to a
decomposition of its modules.

Proposition 12.1.2. Let A be a ring with identity, let 1 = e; + --- + e, be a sum of
orthogonal idempotents of Z(A) and let U be an A-module. Then U = e U@ --- D e, U
as A-modules. Thus if U is indecomposable we have e;U = U for precisely one i, and
e;U =0 for j #i. These summands of U satisfy Hom(e;U,e;U) =0 if i # j.

Proof. Every element u of U can be written u = eju+- - -+enu, sothat U = egU+- - -+
e, U. The sum is direct because if u € e;U N Zj# e;U then e;u = u = 0, since e; acts
as the identity on summand 7 and as zero on the other summands. If f : ;U — ¢;U is
a homomorphism then f(u) = e;f(e;u) = eje; f(u) =0 for all win U, if i # j. O

We will say that an A-module U belongs to (or lies in) the block e if eU = U. As
an immediate consequence of Proposition 12.1.2 we have the following.
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Corollary 12.1.3. Let A be a ring with identity. An A-module belongs to a block e if
and only if each of its direct summands belongs to e. An indecomposable A-module U
belongs to a unique block of A, and it is characterized as the block e for which eU # 0.
The modules that belong to a block determine that block.

Proof. This is immediate from Proposition 12.1.2. For the last sentence we observe
that each block e does have some modules that belong to it, namely the Ae-modules
regarded as A-modules via the projection to Ae. O

Example 12.1.4. When A is a finite dimensional semisimple algebra over a field, the
blocks correspond to the matrix summands of A, each block being the idempotent that
is the identity element of a matrix summand. Each simple module lies in its own block,
and so there is (up to isomorphism) only one indecomposable module in each block.
When A = CG is a group algebra over C we have seen in Theorem 3.6.2 a formula in
terms of characters for the primitive central idempotent in CG corresponding to each
simple complex representation.

We now characterize the blocks of an algebra in module theoretic terms by means
of an equivalence relation on the simple modules. The next lemmas prepare for this.

Lemma 12.1.5. Let e be a block of a ring A with identity. If0 - U -V - W =0
is a short exact sequence of A-modules then V belongs to e if and only if U and W
belong to e.

In other words, every submodule and factor module of a module that belongs to e
also belong to e, and an extension of two modules that belong to e also belongs to e.
Thus, by Proposition 12.1.2; all factors of submodules of an indecomposable module
lie in the same block.

Proof. A module belongs to e if and only if multiplication by e is an isomorphism of
that module. This property holds for V if and only if it holds for U and W. 0

Lemma 12.1.6. Let A be a ring with identity. Let C1,Cqy be two sets of simple A-
modules with the property that C1UCy contains all isomorphism types of simple modules,
CiNCy =0, and for all S € C1, T € Cy there is no non-split extension 0 — S —
VoT -500r0—=T —=V — S — 0. Then every finite length module M can be
written M = Uy @ Uy where Uy has all its composition factors in C1 and Us has all its
composition factors in Co. The submodules Uy and Us are the unique largest submodules
of M with all composition factors in C1 and Ca, respectively.

Proof. 1t is possible to find a composition series 0 = My C My C --- C M, = M
so that for some 7, the composition factors of M; all lie in C; and the composition
factors of M/M; all lie in Cy. This is so because, starting with any composition series,
if we ever find a composition factor M;/M;_; in Co with M;1/M; in C; then the short
exact sequence 0 — M;/M;_y — M1 /Mj_1 — Mj1/M; — 0 splits, and so we can
find another composition series with the order of the factors M;/M;_; and M;1/M;
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interchanged. Repeating this we can move M;/M;_; and the other composition factors
from Co above all composition factors in C;. We take Uy = M; once this has been
done. Reversing the roles of C; and Cs we find Us similarly. Now M = U; & Us because
Uy NU; = 0, having all its composition factors in both C; and Co, and Uy 4+ Uy has
composition length equal to that of M, so U; 4+ Us = M.

If U] is a submodule of M with all its composition factors in C; then U; + Uj has
all its composition factors in Cy, so has composition length at most the length of U; by
the Jordan-Holder theorem. From this it follows that U] C U;. The argument showing
maximality of Uy is similar. O

We put an equivalence relation on the set of simple modules of an algebra A: define
S ~ T if either S =2 T or there is a list of simple A-modules S = 51,53,...,5, =T
so that for each i = 1,...,n — 1, the modules S; and S;;1 appear in a non-split short
exact sequence of A-modules 0 - U — V — W — 0 with {U, W} = {S;,Sit1}. It is
immediate that if S and T belong to different equivalence classes then every sequence
0— S —V =T — 0 must split, and the equivalence classes are the smallest sets of
modules with this property.

Proposition 12.1.7. Let A be a finite dimensional algebra over a field k. The following
are equivalent for simple A-modules S and T'.

(1) S and T lie in the same block.

(2) There is a list of simple A-modules S = S1,S53,...,S, =T so that S; and Sj+1
are both composition factors of the same indecomposable projective module, for
eachi=1,...,n—1.

(3) S~T.

Proof. The implication (2) = (1) follows because all composition factors of an inde-
composable (projective) module all belong to the same block, by Lemma 12.1.5.

The implication (3) = (2) follows because if 0 - U — V — W — 0 is a non-
split short exact sequence with U and W simple then V is a homomorphic image of
the projective cover Py of W, so that U and V are composition factors of the same
indecomposable projective module.

To prove that (1) imples (3), suppose that S and T lie in the same block. Partition
the simple A-modules as C; U Co where C; consists of the simple modules equivalent
to S and Cy consists of the remaining simple modules. As in Lemma 12.1.6 write
A = A1 & Ay where all composition factors of Ay are in C; and all composition factors
of As are in Co. These submodules of A are left ideals, and they are also right ideals
because if x € A then A;x is a homomorphic image of A; under right multiplication by
x, so has composition factors in C;, and is therefore contained in A; by Lemma 12.1.6.
Thus A; is a direct sum of blocks of A, and since T lies in the same block as S, T is a
composition factor of A;. Therefore S ~ T. O
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The effect of this result is that the division of the simple A-modules into blocks can
be achieved in a purely combinatorial fashion, knowing the Cartan matrix of A. This
is the content of the next corollary, in which the term ‘block’ is used in two different
ways. The connection with the block matrix decomposition of the Cartan matrix is
probably the origin of the use of the term in representation theory.

Corollary 12.1.8. Let A be a finite dimensional algebra over a field k. On listing the
simple A-modules so that modules in each block occur together, the Cartan matriz of
A has a block diagonal form, with one block matriz for each block of the group. Up to
permutation of simple modules within blocks and permutation of the blocks, this is the
unique decomposition of the Cartan matriz into block diagonal form with the maximum
number of block matrices.

Proof. Given any matrix we may define an equivalence relation on the set of rows and
columns of the matrix by requiring that a row be equivalent to a column if and only
if the entry in that row and column is non-zero, and extending this by transitivity to
an equivalence relation. In the case of the Cartan matrix the row indexed by a simple
module S is in the same equivalence class as the column indexed by Pg, because S is
a composition factor of Pg. If we order the rows and columns of the Cartan matrix so
that the rows and columns in each equivalence class come together, the matrix is in
block diagonal form, with square blocks, and this is the unique such expression with
the maximal number of blocks (up to permutation of the blocks and permutation of
rows and columns within a block). By Proposition 12.1.7(2) the matrix blocks biject
with the blocks of A. O

Example 12.1.9. We have seen from Theorem 9.6.1 and the remarks afterwards that
a block of defect zero my be regarded as a simple projective kG-module, where k is
a field of characteristic p. Since projective modules are also injective, such a simple
projective module lies in its own equivalence class under ~, so there is only one simple
module in this block, and in fact only one indecomposable module in this block.

12.2 p-blocks of groups

When considering blocks of group algebras we are really only interested in the blocks
of RG and kG, where (F, R, k) is a splitting p-modular system. This is because F'G
is semisimple and the theory of blocks of F'G is nothing more than what has already
been described in previous chapters. We show that the blocks of RG and of kG biject
under reduction modulo the maximal ideal () of R.

Proposition 12.2.1. Let G be a finite group and (F, R, k) a p-modular system in which
R is complete.

(1) Reduction modulo (m) gives a surjective ring homomorphism Z(RG) — Z(kG).
It induces a bijection

{idempotents of Z(RG)} <> {idempotents of Z(kG)}.
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Each idempotent of Z(kQG) lifts uniquely to an idempotent of Z(RG), and each
idempotent of Z(RG) reduces uniquely to an idempotent of Z(kG). Under this
process, primitive idempotents correspond to primitive idempotents.

(2) An RG-module U belongs to a block e € Z(RG) if and only if U/7U belongs to
the image € of e in Z(kG).

Proof. (1) The conjugacy class sums Y gz 9 (i.e. the sum of all elements g conju-
gate to z) form a basis for Z(RG) over R, and over k they form a basis for Z(kG),
by Lemma 3.4.2. Reduction modulo (7) sends one basis to the other, which proves
surjectivity.

The correspondence of idempotents comes partly from a lifting argument which we
have seen before in Proposition 9.4.3. Since 7" 1Z(RG) /7" Z(RG) is a nilpotent ideal
in Z(RG) /7" Z(RG) we may lift any idempotent e,,_1 + 7" 1 Z(RG) to an idempotent
en+7"Z(RG), thereby obtaining from any idempotent e; +7Z(RG) € Z(kG) a Cauchy
sequence eq, eg, ... of elements of Z(RG) whose limit is an idempotent e which lifts eq,
i.e. which reduces modulo 7 to e;. This shows that reduction modulo 7 gives a
surjective map between the sets of idempotents.

To see that this map on idempotents is injective, suppose that idempotents e and f
both reduce to the same idempotent & = f. The idempotent ef also reduces to ef = é
and hence e(1— f) is an idempotent that reduces to 0. But RGe = RGef & RGe(1— f)
is a summand of RG, so that RGe(1 — f) is a free R-module which, under reduction
modulo 7 of RG, reduces to zero. It follows that e(1 — f) = 0 so that e = ef. Similarly
f=efand f=e.

We have also seen before an argument that primitive idempotents correspond to
primitive idempotents under lifting and reduction modulo 7. In the present situation
lifting and reduction of idempotents preserve sums and orthogonality: if e and f are
idempotents of Z(RG) with ef = 0 then f = 0. Equally if e and f are idempotents
of Z(RG) with &f = 0 then ef = 0 because it is the unique idempotent that reduces
to ef, and by injectivity of reduction modulo 7 on idempotents. Thus if e = e; + e
is a sum of orthogonal idempotents of Z(kG) with lifts é, é1,és in Z(RG) then é; + éo
lifts e, so equals é by uniqueness, and €;és lifts 0 = ejes so is zero. Thus é = €1 + é
is a sum of orthogonal idempotents, so that é is not primitive. It is immediate that
reduction modulo 7 also preserves sums of orthogonal idempotents. Hence both lifting
and reduction modulo 7 preserve primitivity. O

Because of this, it is the same thing to study the blocks of RG and of kG since
they correspond to each other under reduction modulo 7. The modules belonging to
blocks of RG and of kG also correspond under reduction modulo 7 and lifting (when
that is possible). If U is a kG-module we may regard it also as an RG-module via the
surjection RG — kG and if e is a block of RG with image the block e € Z(kG) there
is no difference between saying that U belongs to e or that U belongs e.

We may also partition the simple F'G-modules into blocks in a way consistent with
the blocks for RG and kG, as we now describe. This is not the same as the partition
by blocks of F'GG, which is trivial. Regarding RG as a subset of F'GG, a primitive central
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idempotent e of RG is also a central idempotent of F'G. We say that an F'G module U
belongs to e if eU = U. Evidently each simple F'G-module belongs to a unique block.
We see that if U is an RG-module and Uy C U is any R-form of U (i.e. a full RG-lattice
in U) then Uy belongs to e if and only if U belongs to e.

We define a p-block of G to be the specification of a block e of RG, understanding
also the corresponding block of kG, the modules which belong to these blocks, the F'G
modules which belong to these blocks and also the ring direct summands eRG of RG
and ekG of kG. The block to which the trivial module R belongs is called the principal
block.

Example 12.2.2. When G is a p-group and k is a field of characteristic p the regular
representation kG is indecomposable as a module (Corollary 6.3.7) and hence as a ring,
so that the identity element of kG is a primitive central idempotent (Proposition 12.1.1).
There is only one p-block in this situation.

Example 12.2.3. We have seen in Theorem 9.6.1 that a block of defect zero for G over
a splitting p-modular system (F, R, k) corresponds to having 2-sided direct summand
of RG that is a matrix algebra M, (R), and also a matrix summand M, (k) of kG that
is the reduction modulo 7 of the summand of RG. Thus a block of defect zero is a
p-block in the sense just defined. There is a unique simple kG-module in this block,
and it is projective. Since extensions between copies of this module must split, we
see that it satisfies the criterion of Proposition 12.1.7 to be the only simple module in
its block. It lifts to a unique RG-lattice, and all RG-sublattices of it are isomorphic
to it. We showed that a single simple CG-module lies in such a block and that the
corresponding primitive central idempotent of CG in fact lies in RG. We see now why
the word ‘block’ appears in the term ‘block of defect zero’, but we do not yet know
what ‘defect zero’ means.

Example 12.2.4. When G = S3 in characteristic 2 there are two blocks, since the
simple module of degree 2 is a block of defect zero, and the only other simple module
is the trivial module, which lies in the principal block. This has been seen in Exam-
ple 7.2.2, Example 9.5.7 and Theorem 9.6.1. The projective cover of the trivial module
as an RG-module has character equal to the sum of the characters of the trivial rep-
resentation and the sign representation, and so the principal block of RG acts as the
identity on these two ordinary representations, meaning that these ordinary characters
lie in the principal block. The other ordinary character, of degree 2, lies in the block of
defect zero, and so there are precisely two ordinary characters in the principal 2-block.

In characteristic 3, S3 has only one block since there are two simple modules over
a field of characteristic 3 (trivial and sign) and the sign representation appears as a
composition factor of the projective cover of the trivial module (Example 9.5.7). This
means that the sign representation belongs to the principal 3-block.

Example 12.2.5. Suppose that G = K x H where K has order prime to p and
H is a p-group, so that G has a normal p-complement and is p-nilpotent. We saw
in Theorem 8.4.1 that this is precisely the situation in which each indecomposable
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projective module has only one isomorphism type of composition factor. Another way
of expressing this is to say that the Cartan matrix is diagonal. Thus the groups for
which each p-block contains just one simple module in characteristic p are characterized
as the p-nilpotent groups.

We conclude this section by describing explicitly the primitive central idempotents
for a p-nilpotent group.

Proposition 12.2.6. Let G = K x H be a p-nilpotent group, where K has order prime
to p and H is a p-group. Let k be a field of characteristic p. Each block of kG lies in
kK, and is the sum of a G-conjugacy class of blocks of kK .

Proof. Observe that if 1 = e; + -+ + e, is the sum of blocks of kK then for each ¢
and g € G the conjugate ge;g~! is also a block of kK. For this we verify that this
element is idempotent, and also that it is central in kK, which is so since if x € K
then xge;ig~! = g(g 'zg)eig™' = gei(g ' zg)g~! = geig~'z. Furthermore ge;g—! is
primitive in Z(kK) since if it were the sum of two orthogonal central idempotents, on
conjugating back by ¢~! we would be able to deduce that e; is not primitive either.

The blocks of kK are uniquely determined, and it follows that ge;g~' = e;j for some
j. Thus G permutes the blocks of kK. Notice also that, since kK is semisimple, each
e; corresponds to a unique simple kK -module on which it acts as the identity, and that
e; acts as zero on the other simple kK-modules.

For each fixed i the element f = Ze:geig_l e € Z(kK) is idempotent. It acts as the
identity precisely on the simple kK-modules that are G-conjugate to the simple module
determined by e;. It is central in kG since if € G then xfoz~! = Ze:geig_l rexr ! = f,
the sum again being over the elements in the G-orbit of e;. We now show that f
is primitive in Z(kG). Suppose instead that f = f; + fo is a sum of orthogonal
idempotents in Z(kG). Then there are non-isomorphic simple kG-modules U; and Us
with f1U; = Uy and foUs = Us. Since ffi = fi1 and ffo = fo we have fU; = Uy and
fUa = Us.

By Clifford’s theorem Uj ig’;% St @ - @S¢ for some integer a, where Si,...,S;
are G-conjugate simple kK-modules. Since f € kK we have fS; = §; for all ¢, and
this identifies these modules exactly as the G-orbit of simple kK modules on which f
acts as the identity. By a similar argument Us |7Z= Sb@ - @ S? for some integer b,
where the S; are the same modules. Since K consists of the p-regular elements of G
it follows that the Brauer characters of U; and Us are scalar multiples of one another.
Since Brauer characters of non-isomorphic simple modules are linearly independent we
deduce that Uy = Uy, a contradiction. This shows that f is primitive in Z(kG). O

Example 12.2.7. We may see the phenomenon described in the last result in many
examples, of which the smallest non-trivial one is G = S5 = K x H where K = ((1, 2, 3))
and H = ((1,2)), taking p to be 2 and k = F4. By Theorem 3.6.2 (modified for the
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case of positive characteristic by Exercise 8 of Chapter 10) the blocks of kK are

er=()+(1,2,3) + (1,3,2),
ez = () +w(1,2,3) +w?(1,3,2), and
ez = () +w?(1,2,3) + w(1,3,2)

where w is a primitive cube root of 1 in Fy. (In case the reader expects some factors
%, note that 3 = 1 in characteristic 2. In the next expression —1 has been written as
1 and 2 as 0.) In the action of G on these idempotents there are two orbits, namely
{e1} and {es,e3}. The blocks of kG are thus e; and ez + e3 = (1,2,3) + (1,3,2).
These idempotents have already appeared in Example 7.2.2, where it was calculated
that kGe, = } = P and kG(ez + e3) = 2@ 2 is the direct sum of two simple projective
kG-modules. This structure has also been considered in Exercise 5 of Chapter 8.
From Theorem 9.6.1 we know the second summand is a block of defect zero, and
kG(ea+e3) = My(k) as rings. We also see that kGey = kCy = k[X]/(X?) as rings. An
approach to this can be found in Exercise 12 of Chapter 8.

12.3 The defect of a block: module theoretic methods

The defect group of a p-block of G is a p subgroup of G that measures how complicated
the block is. If the defect group has order p¢ we say that the block has defect d. In
very rough terms, the larger d is, the more complicated the block.

In view of the multiple meanings of the term ‘block’ it will be no surprise that there
is more than one approach to the definition of a defect group of a block. We will start
with a module theoretic approach pioneered by J.A. Green, and after that relate it to
a ring theoretic approach that goes back to Brauer.

There are two ways to obtain the regular representation from the group ring RG.
One is to regard RG as a left RG-module via multiplication from the left. The second
way is to use the left action of G on itself in which an element g € G acts by multi-
plication from the right by ¢—'. The module we obtain in this way is isomorphic to
the regular representation obtained via left multiplication. Because these two actions
commute with each other we may combine them, and regard kG as a representation of
G x G with an action given by

(91,92)x = glmgg_l where ¢g1,92 € G, © € kG.

It will be important to consider the diagonal embedding of § : G — G X G specified by
d(g9) = (g9,9). Via this embedding we obtain yet another action of G on RG, which is

the action given by conjugation: ¢ -z = gxg~'.

Proposition 12.3.1. Let R be a commutative ring with a 1.

(1) The submodules of RG, regarded as a module for R[G x G], are precisely the
2-sided ideals of RG.
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(2) Any decomposition of RG as a direct sum of indecomposable R|G x G|-modules
is a decomposition as a direct sum of blocks.

(8) Regarded as a representation of G X G, RG is a transitive permutation module in

which the stabilizer of 1 is 6(G). Thus RG = R Tﬁé? as R[|G x G]-modules and
every summand of RG as an R[G x G]-module is 6(G)-projective.

Proof. (1) The 2-sided ideals of RG are precisely the R-submodules of RG that are
closed under multiplication from the left and from the right by G. These is equivalent
to being an R[G X GJ-submodule

(2) This follows from (1) and Proposition 12.1.1.

(3) Evidently G x G permutes the basis of RG consisting of the group elements.
We only need check that Stabgxa(1) = {(g1, 92) | gilgy b =1} = 6(G). O

Corollary 12.3.2. Let R be a discrete valuation ring with residue field of characteristic
p (or a field of characteristic p). Let G be a finite group and let e be a block of RG.
Then, regarded as a R|G x G]|-module, the summand eRG has a vertex of the form
d(D) where D is a p-subgroup of G. Such a subgroup D is uniquely defined to within
conjugacy in G.

Proof. By Proposition 12.3.1 eRG is indecomposable as an R|[G x G]-module, and since
it is 6(G)-projective it has a vertex contained in 6(G). Such a subgroup is necessarily a
p-group, so has the form §(D) for some p-subgroup D of G where (D) is determined up
to conjugacy in GxG. If Dy is another subgroup of G for which 6(D;) is a vertex of eRG
then §(Dy) = 91:92)§(D) for some g1, 9o € G, and so for all x € D, (9'x,92x) € (D).
Thus 92 € Dy for all x € D and since D and D; have the same order it follows that
Dy =9D. O

Let R be a discrete valuation ring with residue field of characteristic p and let
e € Z(RG) be a p-block of G. We define a subgroup D of G to be a defect group of the
block e if §(D) is a vertex of eRG as an R|G x G]-module. According to Corollary 12.3.2
D is defined up to conjugacy in G and is a p-group. If |D| = p? we say that d is the
defect of e, but often we abuse this terminology and say simply that the defect of the
block is D. According to these definitions, a block of defect 0 is one whose defect group
is the identity subgroup. It is not immediately apparent that this definition of a block
of defect zero coincides with the previous one, and this will have to be proved. There
are many characterizations of the defect group of a block, and we will see some of them
in Theorem 12.4.5, Theorem 12.5.2 and Corollary 12.5.5.

We could also have defined a defect group of a p-block of G using the field k instead
of the discrete valuation ring R: it is a subgroup D of G so that §(D) is a vertex of
ekG as a k|G x G]-module. This gives the same conjugacy class of subgroups D, since
reduction modulo 7 preserves vertices of indecomposable modules. This was shown in
Exercise 21 of Chapter 11.

We now start to investigate the kinds of p-subgroups of GG that can be defect groups
and we will see that the possibilities are restricted.
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Theorem 12.3.3 (Green). Let e be a p-block of G with defect group D, and let P
be a Sylow p-subgroup of G that contains D. Then D = P NIP for some element

g € Ca(D).
Proof. Let P be a Sylow p-subgroup of G containing D. We consider

RG A = RAGAES

_ 5(G) PxP
= o, (R LpLpnsc) Tpxpyrvs)
yE[PXP\GXxG/§(Q)]
PxP
- @ R T(PXxP Ws(G)

yE[PXP\GXxG/§(Q)]

(PxP)
Corollary 11.6. 3 The summand eRG of RG, on restriction to P x P, has a summand

that on further restriction to 6(D) has a source of eRG as a summand. This summand
of eRG 157G also has vertex §(D) (an argument that is familiar from the proof of the

Now each R P3P Avs(G) is indecomposable since P x P is a p-group, as shown in

Green correspondence 11.6.4), and must have the form R T( PxP)w 5( ) for some y €
G xG. Thus §(D) is conjugate in Px P to (Px P)NY4(G), so (D) = *((Px P)NY3(Q))
for some z € P x P.

The elements 1 x G = {(1,¢) ’ t € G} form a set of coset representatives for 6(G)
in G x G, and so we may assume y = (1,t) for some ¢t € G. Write z = (r, s), where
r,s € P. Now

z,'z) | x € P and 'z € P}

{(z,"2)
={(z,'z) |z € PN P"}
= 05PN P

(P x P)n (M5(G) =

and §(D) = )WD§(P N PY). The projection onto the first coordinate here equals
D =7(PNPY) ="PN™ ' P = PN ' Psincer € P. At this point the proof is complete,
apart from the fact that rt~! might not centralize D. Now (.t ) ™"s™D5(D) C §(G),
sothat " 'z =t s 'z for all z € D, and rt~1s~! € Cg(D). Since s € P we have
D=Pnr™'s"' P and this completes the proof. O

Corollary 12.3.4. If e is a p-block of G with defect group D then
D = 0p(Na(D)) 2 Op(G),
where O,(G) denotes the largest normal p-subgroup of G.

Proof. We start by observing that O,(G) is the intersection of the Sylow p-subgroups
of G; for the intersection of the Sylow p-subgroups is a normal p-subgroup since the
Sylow p-subgroups are closed under conjugation, and on the other hand O,(G) C P
for some Sylow p-subgroup P, and hence 9(0,(G)) = O,(G) C 9P for every element
g € G. Since 9P accounts for all Sylow p-subgroups, by Sylow’s theorem, it follows
that O,(G) is contained in their intersection.



CHAPTER 12. BLOCKS 237

We see immediately that D O O,(G) since D is the intersection of two Sylow
p-subgroups and hence contains the intersection of all Sylow p-subgroups.

To prove that D = O,(Ng(D)), let P be a Sylow p-subgroup of G that contains a
Sylow p-subgroup of Ng (D). Such a P necessarily has the property that P N Ng(D)
is a Sylow p-subgroup of Ng(D). Now D = P N9P for some g € Ci(D) and so in
particular g € Ng(D). Thus 9P N Ng(D) = 9(P N Ng(D)) is also a Sylow p-subgroup
of Ng(D), and D = (PN Ng(D)) N9(P N Ng(D)) is the intersection of two Sylow
p-subgroups of Ng(D). Thus D O O,(Ng(D)). But on the other hand D is a normal
p-subgroup of Ng(D), and so is contained in Op(Ng(D)). Thus we have equality. [

The condition on a subgroup D of G that appeared in Corollary 12.3.4, namely
that D = O,N¢(D), is quite restrictive. Such subgroups are called p-radical subgroups.
They play an important role in the study of conjugation within G, a topic which goes
by the name of fusion. It has applications in many directions aside from block theory,
including group theoretic classification questions (such as the classification of finite
simple groups) and topological questions (such as the study of group cohomology and
classifying spaces). The terminology p-radical comes from the fact that when G is a
finite group of Lie type in characteristic p (such as SL(n,p") and other such groups)
the p-radical subgroups are precisely the unipotent radicals of parabolic subgroups.
Thus the definition of p-radical subgroup extends the notion from groups Lie type in
defining characteristic to all finite groups. The reader should be warned that the term
‘p-radical’ has also been used in different senses, one of which is described in the book
by Feit [13]. The subgroups we are calling p-radical have also been called p-stubborn
subgroups by some authors.

It is immediate that Sylow p-subgroups of a group are p-radical, as is O,(G). An
exercise in group theory (presented as Exercise 2) shows that other p-radical subgroups
must lie between these two extremes. It is always the case that G has a p-block with
defect group a Sylow p-subgroup (the principal block has this property, as will be seen
in Corollary 12.4.7) but it need not happen that O,(G) is the defect group of any
block. An example of this is Sy in characteristic 2: from the Cartan matrix computed
in Chapter 10 and from Corollary 12.1.8 we see that the only block is the principal
block; this also follows from Corollary 12.5.8.

12.4 The defect of a block: ring theoretic methods

The advantage of the module theoretic approach to the defect group of a block is that
it allows us to exploit the theory of vertices and sources already developed. In view
of the fact that blocks are rings it is not surprising that there is also a ring theoretic
approach. We use it in the next results, showing in Corollary 12.4.6 that modules for
a block with defect group D are projective relative to D. As a consequence we will see
that defect groups of the principal block are Sylow p-subgroups (Corollary 12.4.7) and
also that blocks of defect zero are correctly named (Corollary 12.4.8). Before that we
obtain further characterizations of the defect group.
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Our main tool will be the relative trace map. We have already been using the
properties of this map in the context of endomorphism rings of modules and we will
now do something very similar in the context of blocks. It is helpful to introduce a
more general axiomatic setting that includes these examples.

Let R be a commutative ring with a 1 and G a group. We define a G-algebra over R
to be an R-algebra A together with an action of G on A by R-algebra automorphisms.
Thus for each g € G and a € A there is defined an element Ya € A so that the mapping
a +— 9a is R-linear, 9(ab) = 9a9b always and 91 = 1. A homomorphism of G-algebras
¢ : A — B is defined to be an algebra homomorphism so that ¢(Ya) = 9¢(a) always
holds.

Given an RG-module U we have already been using the G-algebra structure on
Endg(U) given by (9f)(u) = gf(¢g~'u) whenever f € Endg(U), g € G, u € U. An-
other example of a G-algebra is the group ring RG, where for x € RG and g € G
we define 92 = gzg~!. In fact the RG-module structure on U is given by an algebra
homomorphism RG — Endg(U), and it is a homomorphism of G-algebras. The same
holds for any block B, and for B-modules: since B is a summand of RG as a represen-
tation of G x G, B is preserved under the G-algebra action on RG and so becomes a
G-algebra in its own right. If U is a B-module we obtain a G-algebra homomorphism
B — Endgr(U), since this factors as B — RG — Endgr(U) where the first map is
inclusion (not an algebra homomorphism, but the action of G is preserved).

Whenever A is a G-algebra we have algebras of fixed points A” for each subgroup
H < @, and as before the relative trace map tr% : A — AC | the inclusion resg c AG -
Af and conjugation cq AT — A’H given by a — 9a. They satisfy the properties
already established in Lemma 11.3.1 as well as the analogues of Lemma 11.3.2 and
Corollary 11.3.3 which we present now.

Proposition 12.4.1. Let A be a G-algebra and H < G.
(1) If a € A%, b e A we have a(tr§b) = tr(ab) and (tr§b)a = tr$ (ba).

(2) The image of tr% c AT 5 AC s an ideal of AC. The inclusion resg D AG 5 AH
is a Ting homomorphism.

(3) If ¢ : A — B is a homomorphism of G-algebras then ¢(tr% (b)) = tr$(6(b)).

Proof. The calculations are the same as for Lemma 11.3.2 and Corollary 11.3.3, and
part (3) is immediate. O

For most of the arguments we will present it will be sufficient to consider G-algebras,
but sometimes a stronger property is needed which block algebras possess. We define an
interior G-algebra over R (a notion due to L. Puig) to be an R-algebra A together with
a group homomorphism u : G — A* where A* denotes the group of units of A. As an
example, the group algebra RG is itself an interior G-algebra where u is the inclusion of
(G as a subset of RG. Whenever A is an interior G-algebra and ¢ : A — B is an algebra
homomorphism (sending 14 to 1p) we find that B becomes an interior G-algebra via
the homomorphism ¢u : G — B*. Thus if B is a block of G the algebra homomorphism
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RG — B makes B into an interior G-algebra. As a further example, if U is any RG-
module its structure is determined by an algebra homomorphism RG — Endg(U) that
expresses the action of RG. In fact, to specify a module action of G on U is the same
as specifying the structure of an interior G-algebra on Endg(U).

Given an interior G-algebra A we obtain the structure of a G-algebra on A by
letting each g € G act as a > 9a := u(g)au(g~'). We see immediately that our three
examples of the G-algebra structure on RG, on a block, and on Endg(U) are obtained
in this way.

Why should we consider interior G-algebras? The reason here is that if A is an
interior G-algebra and U is an A-module then we can recover the structure of U as an
RG-module from the composite homomorphism G % A — Endg(U), and without the
extra property of an interior G-algebra we cannot do this. This property is used in the
next lemma, which will be used in Corollary 12.4.6.

Proposition 12.4.2. Let A be an interior G-algebra over R, let U be an A-module
and let H be a subgroup of G. Suppose that 14 = trga for some element a € AT,
Then, regarded as an RG-module, U is H-projective.

Proof. The representation of A on U is given by a G-algebra homomorphism ¢ : A —
Endg(U). This homomorphism is a homomorphism of G-algebras and by Proposi-
tion 12.4.1 we have 1y = ¢(14) = ¢(tr%a) = tr¥%p(a). Thus by Higman’s criterion
(Proposition 11.3.4(6)) U is H-projective. O

Our goal now is Theorem 12.4.5, which makes a connection between the module
theoretic approach to the defect group as we have defined it, and the ring theoretic
approach. The proof will follow from the next two results. As before, §(G) = {(g,9) |
g € G}.

Lemma 12.4.3. Let U be an R|G x G|-module that is 6(H)-projective. Then U iGXG
is 0(H)-projective as a representation of §(G).

Proof. The hypothesis says that U is a summand of some module V TGXG so U iGXG
is a summand of

5 H
z€[6(G)\GxG/6(H)]

In this formula we may write each € G x G as ¢ = (a,b) = (a,a)(1,a"'b) and now

(G N=o(H) = *)(5(G) n D5 H))
_ (a,a) {(h,a_lbh)‘ h,::a_lbh}
= @9)5(Cy(a b)) < (»I§(H).

xGtiG

It follows that every summand of the decomposition of V' T5 is projective

relative to a §(G)-conjugate of §(H ), which is the same as being (5(H) prOJective. Thus
U iGXG is 6(H)-projective. O
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The point about these lemmas is that we are relating the structure of a block
algebra eRG as a representation of G x G to its structure as a representation of G
via the isomorphism G — §(G). Note in this context that if U is an RG-module and

a € Endgyg(U) then trga and trggg))oz are exactly the same thing, from the definitions.

This is because G is taken to act on Endg(G) via 9.

Lemma 12.4.4. Let e € Z(RG) be a central idempotent of RG and H < G. Then
eRG is projective relative to §(H) as an R[G x G]-module if and only if e = tr%a for
some element a € (eRG).

Proof. Suppose first that eRG is 0(H)-projective as an R[G x G]-module. Then
by Lemma 12.4.3 (eRQ) %G(?;)G is §(H)-projective. By Higman’s criterion (Proposi-
tion 11.3.4(6)) there is an endomorphism « of eRG as a R[§(H )]-module so that the

identity morphism can be written legrg = trggg))a = trga. Now

e = lera(e)

§
= (i3 ) (e)

= > “ale)
g€lG/H]

= Y Y’ o)
9€[G/H]

= Y glalgreg)g ™"

9€[G/H]

= > gale)g™

9€(G/H)
= trf(a(e)),

using the fact in the middle that e is central. We take a = «(e) and the proof in this
direction is complete.

Conversely, suppose e = trga for some a € (eRG)H. Thus hah™! = a for all
h € H and e = ZgE[G/H] gag™'. Now o : eRG — eRG specified by a(r) = ar is an
endomorphism of R[6(H )]-modules (which is the same thing as an endomorphism of
RH-modules), since

af(h, h)z) = ahzh™ = h(h tah)zh™' = hazh™ = (h, h)a(z).
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(@)

We claim that trg(H)

a = l.gg. For any = € eRG we have

()@ = > (g.9).a((g7"g7")w)
9€[G/H]

= Y (9.9)alg 'zg)

9€|G/H]

= > (9.9)ag 'zg

g€[G/H]

= > gag 'zgg
9€(G/H)

= > gaglz

9€[G/H]
=ex
=x.
This shows that eRG [$X¢ is d(H)-projective, and hence, since eRG is 6(G)-projective

3(G)
by Proposition 12.3.1, it implies that eRG is §( H)-projective. O

Putting the last results together we obtain a proof of the following characterization
of the defect group in terms of the effect of the relative trace map on the interior G
algebra eRG. This characterization could have been used as the definition of the defect

group.

Theorem 12.4.5. Let R be a discrete valuation ring with residue field of characteristic
p, let e be a block of RG and D a p-subgroup of G. Then D is a defect group of e if
and only if D is a minimal subgroup with the property that tr$ : (eRG)P — (eRG)Y is
surjective. Equivalently, D is a minimal subgroup with the property that e = trga for
some a € (eRG)P.

Proof. From the definition, D is a defect group of e if and only if D is a minimal
subgroup of G such that eRG is §(D)-projective. By Lemma 12.4.4 it is equivalent to

say that D is minimal such that e can be written e = trggg))a for some a € (eRG)P.

With the understanding that G acts on eRG via 6(G), we may write this as e = trfa.
Since tr(eRG)P is an ideal of (eRG)Y, it is equivalent to say that tr% : (eRG)P —
(eRG)Y is surjective. O

Corollary 12.4.6. Let e be a block of RG with defect group D. Then every eRG-
module is projective relative to D and hence has a vertex that is a subgroup of D.

Proof. We see from Theorem 12.4.5 that it is possible to write e = trga for some
a € (eRG)P. Thus by Proposition 12.4.2 every eRG-module is projective relative to
D. O
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Note that it follows by the remarks about Green’s indecomposability theorem at
the end of Chapter 11 that if |G| = |D|p®q where ¢ is relatively prime to p, then p®
divides the dimension of every FG-module and kG-module in the block.

It is a fact (which we will not prove in general) that every block has an indecom-
posable module with vertex exactly the defect group D, so that the defect group may
be characterized as the unique maximal vertex of modules in the block. In the case
of the principal block the trivial module provides an example of such a module and it
allows us to deduce the next corollary.

Corollary 12.4.7. The defect groups of the principal p-block are the Sylow p-subgroups
of G.

Proof. A defect group is a p-subgroup of G, and it must contain a vertex of the trivial
module, which is a Sylow p-subgroup by Proposition 11.6.2 part (3). O

We are now in a position to show that our previous use of the term ‘block of defect
zero’ in Chapter 9 is consistent with the definitions of this chapter. A block of defect
zero was taken to be a block with a representation satisfying any of the equivalent
conditions of Theorem 9.6.1. These were seen to be equivalent to the condition that
over the field k the block has a simple projective representation, and also equivalent to
the condition that over k the block is a matrix algebra.

Corollary 12.4.8. Let k be a field of characteristic p which is a splitting field for G.
A block of kG has defect zero in the sense of this chapter if and only if it has defect
zero in the sense of Chapter 9.

Proof. If the block has defect zero in the sense of this chapter its defect group is 1 and by
Corollary 12.4.6 every module in the block is 1-projective, or in other words projective.
Thus the block has a simple projective module and by Theorem 9.6.1 and the comment
immediately after its proof the block has defect zero in the sense considered there.
Conversely, suppose the block has defect zero in the sense of Chapter 9, so that ekG
is a matrix algebra over k. We will show that ekG is projective as a k[G x G]-module,
and will make use of the isomorphism k[G x G] = kG ®y kG. Let * : kG — kG be
the algebra anti-isomorphism that sends each group element g to its inverse, so that
(3" Ag9)* =3 Agg~!. An element x in the second kG factor in the tensor product acts
on ekG as right multiplication by x*, and it follows that e ® e* acts as the identity on
ekG (Since e** = e). Now e®e* is a central idempotent in kG ®j kG that generates the
2-sided ideal ekG ®j, e*kG = ekG ®y, (ekG)*. This is the tensor product of two matrix
algebras, since the image of a matrix algebra under an anti-isomorphism is a matrix
algebra. Such a tensor product is again a matrix algebra, for if F;; and Fj; are two
matrix algebra bases (consisting of the matrices that are non-zero in only one place,
where the entry is 1), then the tensors E;; ®j Fj; are a basis for the tensor product
that multiply together in the manner of a matrix algebra basis. We see that the block
ekG ®y, e*kG of kG ®y, kG is semisimple, and so ekG is a projective k[G x GJ-module.
This shows that the defect group of ekG is 1, and so ekG has defect zero as defined in
this chapter. ]
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12.5 The Brauer morphism

We will use the Brauer morphism in the next section in the proof of Brauer’s First
Main Theorem. Before that we will use it in this section to give a characterization of
the defect group of a block (Theorem 12.5.2) and in proving Corollary 12.5.8, which
says that if G has a normal p-subgroup whose centralizer is a p-group then kG only
has one block.

The Brauer morphism was originally defined by Brauer in the specific context of
idempotents in group rings, but it has subsequently been realized that the same con-
struction is important more widely. It applies whenever we have a structure with
mappings like restriction, conjugation and the relative trace map satisfying the usual
identities, including the Mackey formula. We first introduce the Brauer morphism in
(not quite such) a general context and then make the connection with the map as
Brauer conceived it.

Throughout this section we will work over a field k of characteristic p. When U is a
kG-module and K < H are subgroups of G we have already made use of the inclusion
of fixed points resg : UH — UK, the relative trace map tr% : UK — UM and the
conjugation map cq : UH — U’H for each g € G specified by cg(x) = gx. We define for
each subgroup H < GG the Brauer quotient

UH)=U"/>" i Uu").
K<H

We write K < H to mean that K is a proper subgroup of H, excluding the possibility
that K = H. The Brauer quotient may also be defined over a discrete valuation ring,
but in that case the definition we have given needs to be modified by factoring out
(m)U as well as the other terms. We will not consider that generality here.

We define the Brauer morphism Br$ : UY — U(H) to be the composite

resG _—
v¢ L Uyt 5 U(H)

where the second map is the quotient homomorphism. Here U is simply a vector space
but U(H) has further structure: it is a k[Ng(H)]-module with the action determined
by the maps ¢, : UH — U’H. If g € Ng(H) then YH = H so c, preserves H-fixed
points, and since cgtrf(UK = tercgU K — terU 'K we see that cg permutes the terms
in the sum being factored from U to produce U(H), so ¢, has a well-defined action
on U(H). We see also that the image of Bré lies in the fixed points under the action of
Ng(H). If U happens furthermore to be a G-algebra then Y, tri(UF) is an ideal
of UH by Proposition 12.4.1, the Brauer quotient U(H) is an Ng(H)-algebra, and the
Brauer morphism is a ring homomorphism.

The Brauer quotient provides a means to express properties of the relative trace
map. We already have a characterization in Theorem 12.4.5 of the defect group of a
block in terms of this map. We now provide a corresponding characterization in terms
of the Brauer quotient. This is preceded by a more technical lemma.
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Lemma 12.5.1. Let U be an kG-module where k is a field of characteristic p and let
H and J be subgroups of G.

(1) If U(H) # 0 then H is a p-group.

(2) If Br$(trG(a)) # 0 for some element a € U’ then H is conjugate to a subgroup
of J.

Proof. (1) For any group H, if P is a Sylow p-subgroup of H then trf : UF — U
is surjective, because any u € U can be written v = KE Pltrpu Thus 1f H is not a
p-group then P is a proper subgroup of H and so » ;g trll(UK) = U and U(H) =
(2) Br%(tr?(a)l is the image in U(H) of resGtr§(a) = D ge[H\G/J] trf o (ga). If
this is not zero in U(H) then, for some term in the sum, H NY.J must not be a proper
subgroup of H, or in other words H C 9J. O

The next result provides two more characterizations of the defect group of a block.
These are obtained by applying what we have just done to kG, regarded as a represen-
tation of G via the conjugation action, so that (kG)“ is the center of kG. Compare
parts (2) and (3) of this result with the characterization from Theorem 12.4.5 that a
defect group D is a minimal subgroup such that e = trga for some a € (ekG)H

Theorem 12.5.2. Let k be a field of characteristic p, e a block of kG and D a subgroup
of G. The following are equivalent.

(1) e has defect group D.
(2) e = tr%(a) for some element a € (kG)P and Br(e) # 0.

(3) D is a mazimal subgroup of G such that Br§(e) # 0.

We already know that D is uniquely defined up to conjugacy by condition (1), so
it is also uniquely defined up to conjugacy by conditions (2) and (3).

Proof. (1) = (2) If e has defect group D then D is minimal among groups for which
e = tr(a) for some a € (kG)P by Theorem 12.4.5. Thus certainly e = tr$(a). Suppose
that Br&(e) = 0. Then e € > kep trR(kG)K from the definition of Br, and we may
write e = Y ;o p tr2 (ux ) where ui € (kG)¥. Note that although this expression only
suggests that e € (kG)?, in fact e € (kG)“. Now

—trD E trK au)
K<D

= Z tr% (aug).

K<D
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Thus e € > x_p tr%(kG)X and since e is a primitive idempotent, e € tr%(kG)X for
some K < D, by Rosenberg’s Lemma 11.6.8 and Corollary 11.3.3. This contradicts the
minimal property of D and so the supposition Brg (e) = 0 was false.

(2) = (3) Suppose that e = tr%(a) for some a € (kG)P and Br§(e) # 0. By
Lemma 12.5.1, if K is any subgroup for which Br?((e) # 0 then K is a subgroup of a
conjugate of D, and this shows that D is a maximal subgroup of G such that Br%(e) #£0
(and also that it is unique up to conjugacy).

(3) = (1) Suppose that condition (3) holds and let D; be a defect group of e. By the
implication (1) = (3) we know that D; is a maximal subgroup for which Brp, (e) # 0
and, by the comment at the end of the proof of (2) = (3) it is unique up to conjugacy
among such subgroups. Since D also has this property, D and D; are conjugate, and
D is a defect group. O

The relative trace map and the Brauer morphism have the convenient theoretical
properties we have just described, but so far it does not appear to be easy to calculate
with them in specific cases. We remedy this situation by showing that the Brauer mor-
phism for the module kG acted upon by conjugation has an interpretation in terms of
subgroups of G and group elements. We start with a general lemma about permutation
modules. Since we will apply this in the situation of a subgroup H of G we denote our
group by H. If Q is an H-set we write Q := Y weq W as an element of the permutation
module k9. (Elsewhere we have written this element as €2, but the bar notation is
already in use here.)

Lemma 12.5.3. Let Q) be an H-set and kS) the corresponding permutation module.

(1) The fized point space (KQ)" has as a basis the H-orbit sums Q1,...,Q, where
Q=01 U---UQ, is a disjoint union of H-orbits.

(2) If H is a p-group and k is a field of characteristic p then S ey tTR(RQ)K) is
the subspace of (kQ)! with basis the orbit sums Q; where |Q;| > 1. Thus

()7 = kO] @ > ik ((k)5).
K<H

The Brauer quotient kQ(H) may be identified with k[QH], the span of the fized
points of H on €.

Proof. (1) For each transitive H-set ; we know that (k€;)" is the 1-dimensional space
spanned by ; (Chapter 6 Exercise 8). From this it follows that if @ = Q, U---UQ,
where the €; are the orbits of H on Q then (kQ)7 = (k)" @ --- @ (kQ,)" has as a
basis the orbit sums.

(2) Suppose H is a p-group and k has characteristic p. Since the relative trace map
preserves direct sums it suffices to assume that H acts transitively on €2, so Q = H/.J
for some subgroup J. We have > _qw = trf(wp) for any chosen wy € Q7. Thus
S ey R ((EQ)K) contains the span of the orbit sums for orbits of size larger than
1. On the other hand if @ = {w} has size 1 and K < H then trfiw = |H : Klw = 0
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since H is a p-group so that |H : K| = 0 in k. This means that Y, tri((kQ)F)
equals the span of the orbit sums for orbits of size larger than 1, giving the claimed
decomposition of (k). O

Corollary 12.5.4. Let G act on kG via conjugation and let H be a p-subgroup of
G. Then kG(H) = k[Cq(H)]. With this identification the Brauer morphism is a ring
homomorphism BrS, : Z(kG) — k[Cq(H)|NeW) that truncates a group ring element

EgEG Agg to deCG(H) Ag9-

Proof. In the conjugation action kG is a permutation module and the set of fixed
points of H on G is Cg(H). The Brauer morphism may be identified as inclusion of
fixed points followed by projection onto the first factor in the decomposition (k:G)H =
k[Co(H)] @ Y gy tri((G)F) given in Lemma 12.5.3. Under this identification the
Brauer map is truncation of support to Cq(H). O

In older treatments the Brauer map may be defined as the map Z(kG) — k[Cq(H)]
that truncates a group ring element to have support on Cg(H). A disadvantage of
this direct approach is that it is less obvious that the Brauer morphism is a ring
homomorphism and has the other properties we have described. It also ignores the
larger context in which the Brauer quotient and morphism may be defined for any
kG-module, and this has significance beyond the scope of this text. When the module
is kG with the conjugation action, the interpretation of Br% as truncation of the
support of a group ring element to C(H) does provide a concrete understanding of
this homomorphism in the context of blocks. We immediately see the following, for
example.

Corollary 12.5.5. Let e be a block of kG. A defect group of e is a maximal p-subgroup
D of G such that e has some part of its support in Cg(D).

Proof. This follows from part (3) of Theorem 12.5.2 and Corollary 12.5.4 since the
condition given is exactly the requirement that Br%(e) £ 0. O

Example 12.5.6. We illustrate with G = S3 and £k = Fs where we have blocks
er = () +(1,2,3) + (1,3,2) and ex = (1,2,3) + (1,3,2) (see Example 12.2.7). We
already know from that example that e; is the principal block and ey is a block of
defect zero. This means that e; has defect group a Sylow 2-subgroup H = ((1,2)),
by Corollary 12.4.7, and e; has defect group 1. We can see this information in several
different ways using the characterizations of the defect group. Since Cq(H) = H we see
that e; has part of its support in Cg(H ), but e3 does not. According to Corollary 12.5.5
e1 has defect group a 2-subgroup containing H, which must be H, and eo has defect
group not containing H, and hence 1. These same calculations are encoded by the
Brauer morphism, which takes values Br%(e1) = (), Br%(e2) = 0, Br{(e;) = e; and
Br{(e3) = ey showing again that H and 1 are (respectively) the largest subgroups Q
(up to conjugacy) for which Brg(el) # 0 and Brg (e2) # 0. We may also use the relative
trace map to compute the defect groups of these blocks. We have by direct calculation
e1 = tr%(e1) and ey = tr{'((1,2,3)). The latter shows that es has defect group 1, by
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Theorem 12.4.5, or by Theorem 12.5.2 in combination with the information about the
Brauer morphism. The expression for e; does not help us determine its defect group
because every block can be expressed as a trace from a Sylow subgroup.

Notice that, as with Galois correspondence, for each containment of subgroups
K < H we have the reverse containment of fixed points (kG)% 2 (kG)H and also a
containment of centralizers Cg(K) O Cg(H). This means that we obtain a commuta-
tive diagram

B . (kG)C resiy (kGYH — kG(H) = kCg(H)
[ lresg l
B . (kG)C K ka)K — RG(K) = kCo(K)

where ¢ is the inclusion of the centralizer group rings, so that Brg’; is the composite
1o Br$. We see from this that if Br§(z) # 0 for some z € (kG)¢ then Br%(z) # 0
for every K < H, since Br%(z) equals Br$ (z) with its support truncated to Cg(H).
This observation provides a strengthening of part (3) of Theorem 12.5.2: if K is any
subgroup of a defect group D of a block e of kG, then Br%(e) #0.

The next result is important and interesting in its own right. It will be used when
we come to describe the Brauer correspondence of blocks. The statement of this result
is given in terms of O,(G), the largest normal p-subgroup of G. Although O,(G) could,
in principle, be 1, the result gives no information in that case, so it is really a result
about groups with a non-trivial normal p-subgroup.

Proposition 12.5.7. Let Q = O,(G) be the largest normal p-subgroup of G. Then
every block of G lies in k[Cc(Q)] and is the sum of a G-orbit of blocks of Cz(Q).

Proof. We show first that >, tr?((k:G)K C Rad((kG)®?). Observe that if S is a
simple kG-module then @ acts trivially on S by Corollary 6.2.2. Thus if K < @,
a € (kG)X and u € S we have

tr?((a) Sy = Z gagtu
9€(Q/K]
= Z au
9€(Q/ K]
=|Q : K|au = 0.

Thus 5 <0 tr?((kG)K annihilates every simple kG-module and so is contained in the
radical of kG. It follows that > tr%(kG)K is a nilpotent ideal, and so is contained
in Rad((kG)?).

If e is a central idempotent of kG then both e and Brg(e) are idempotents of (kG)%
that map under the quotient homomorphism (kG)? — kG(Q) = k[C(Q)] to Brg(e).
Since the kernel of this homomorphism is nilpotent it follows that e and Brg(e) are
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conjugate in (kG)¥, by Exercise 2 of Chapter 11. (The argument is that the kernel
I is contained in Rad((kG)?) so (kG)%e and (k:G)QBrg(e) are both projective covers
of kG(Q) - Brg(e), and hence are isomorphic. For a similar reason (kG)%(1 — e) and
(G)Q(1 — Brg(e)) are isomorphic so there is an automorphism 6 of (kG)? sending
(kG)%e to (k‘G)QBrg(e) and (kG)?(1 — e) to (kG)?(1 — Brg(e)). Now 6(x) = za for
some unit o € (kG)? and it has the property that vea = uaBrg(e) for all u € (kG)<.
Hence e = aBrg(e)Oz—l.) Since e is central its only conjugate is e. Thus e = Brg(e),
and this lies in k[Cq(Q)].

We can now write e = f; + -+ + f,, as a sum of primitive central idempotents f; of
k[Cc(Q)], and since e is stable under conjugation by G the fi,..., f, must be a union
of G orbits in the conjugation action on the blocks of k[C¢(Q)]. However the sum of a
single G orbit of the f; is already a central idempotent of kG and e is the sum of such
sums, so if e is a block it must be the sum of a single G-orbit of the f;. O

Corollary 12.5.8. If there is a normal p-subgroup Q of G for which Cg(Q) is a p-group
(for example, if Cq(Q) C Q) then G has only one p-block.

Proof. Any block of kG must lie in k[C(Q)] by Proposition 12.5.7; but this is the
group ring of a p-group that has only one block, so kG also has only one block. 0

Example 12.5.9. The above corollary implies, for example, that if K is a subgroup of
Aut(Q) where @ is a p-group then the semidirect product @ x K has only one p-block.
Such is the case with the symmetric group Sy at p = 2 on taking ) to be the normal
Klein four-group, and there are many other examples of this phenomenon, including
dihedral groups C), x C3 in characteristic p, the non-abelian group C7 x C3 of order 21
in characteristic 7, and so on.

12.6 Brauer correspondence

We now define the Brauer correspondence of blocks. Our goal is Brauer’s First Main
Theorem 12.6.4 which shows that blocks are parametrized by blocks of normalizers
of p-subgroups of G. We will define the Brauer correspondent whenever b is a block
of kJ, where J is a subgroup of G satisfying HC(H) C J C Ng(H) for some p-
subgroup H of G. In this situation the Brauer morphism is a ring homomorphism
Br& : Z(kG) — (k[Co(H)]))Ne@ ) and the latter ring is contained in Z(k.J) since
Ca(H) C J, and elements that are fixed under Ng(H) are also fixed under J. If
1 = e + -+ ey, is the sum of blocks of kG then 1 = Brf(e;) + --- + Br&(e,)
is a sum of orthogonal central idempotents of kJ. Thus if b is a block of kJ then
b =bBr%(e1)+- - -+bBr%(e,) is a decomposition of b as a sum of orthogonal idempotents
in Z(kJ), and since b is primitive in Z(kJ) there is a unique block e; of G so that
bBrg(ei) = b. We write b“ for this block e;, and call it the Brauer correspondent of b.
There may be several blocks o’ of kJ with the same Brauer corresponding block of kG
Y& = b%. We see that the blocks of kG partition the blocks of k.J by this means.
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There was a choice of p-subgroup H in the definition of b“, since it would be
possible to have another p-subgroup H; with H1Cq(Hy) C J C Ng(H;), and perhaps
the definition of b® would be different using H;. In fact the choice of H does not
matter, as we now show.

Proposition 12.6.1. If b is a block of kJ, the definition of b is independent of the
choice of the p-group H satisfying HCq(H) C J C Ng(H). The subgroups J that
satisfy this condition for some p-subgroup H of G are characterized by the requirement
that Cg(Op(J)) C J. Furthermore, we may take H = O,(J) in the definition of b".

Proof. Suppose that HCg(H) € J C Ng(H) for some p-subgroup H. Then H is
a normal p-subgroup of J so we have H C O,(J) and Cg(H) 2 C;(Oy(J)). Thus
Cq(Op(J)) C J. Conversely, if this is satisfied then taking Hy = O,(J) we have
HyCi(Hs2) C J C Ng(Hz) and so the final statements are proved.

By Proposition 12.5.7 every central idempotent of k.J lies in k[C;(O,(J))]. For each
block e; of kG the idempotent Br% (e;) thus lies in k[C;(O,(J))] and could have been
computed by truncating the support of e; to lie in C;(O,(J)) instead of Cq(H ). This
identification of Br%(e;) is independent of the choice of H and hence so is b®. O]

Proposition 12.6.2. Let H be a p-subgroup of G, J a subgroup of G with HCq(H) C
J € Ng(H) and b a block of kJ. Then b" has a defect group that contains a defect
group of b.

Proof. If D C J is a defect group of b then D O H by Corollary 12.3.4 since H is a
normal p-subgroup of J, and so Cg(H) 2 Cg(D) = Cj(D) since J D Cg(H). Let us
write Br% (b%) = b+b; where b and by are orthogonal central idempotents of k.J. We can
now apply Br,‘é to this, and since this map truncates to C;(D) we get the same thing as
if we had originally applied Br%. Thus Br%(b%) = Brf (Br& (b%)) = Br(b) + Brh(by)
is a sum of orthogonal idempotents in k[Cy(D)]. Since Bry,(b) # 0 it follows that
Br%(bG) # 0, and hence D is contained in a defect group of b& by Theorem 12.5.2. [

The following lemma is entirely technical and is used in the proof of Theorem 12.6.4.

Lemma 12.6.3. Let H be a subgroup of G and U a kG-module. Then

(H)

Bré&tr$ = trgc Bri . U - U(H)NeH),

Proof. Br&tr$ () is the image in U(H) of

resGtrS (z) = Z trl o (gz).
9e[H\G/H]

The only terms that contribute have H N 9H = H, which happens if and only if

g € Ng(H), so the image equals the image of de[NG(H)/H] gr = trgG(H)x. O

The following is a basic version of Brauer’s ‘first main theorem’.
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Theorem 12.6.4 (Brauer’s first main theorem). Let k be field of characteristic p that
18 a splitting field for G and all of its subgroups and let D be a p-subgroup of G. The
Brauer morphism induces a bijection between blocks of kG with defect group D and
blocks of kNg(D) with defect group D with inverse given by the Brauer correspondent.

Proof. Let us write N for Ng(D). We prove that if e is a block of kG with defect group
D then Brge is a block of kN with defect group D; and if b is a block of kN with defect
group D then b€ is a block of kG with defect group D. Furthermore (Br%e)G = e and
Br(b¢) = b.

Let b € Z(kN) have defect D. Then by Theorem 12.4.5 b = tr}¥(a) for some

a€ (kN)P =k[Ca(D)]| & > trR(kN)X.
K<D

Since trl¥ preserves both of the two summands on the right and b € k[Cg(D)] by
Proposition 12.5.7, we may assume a € k[Cg(D)] and so BrB(a) = a. Thus b =
tr¥NBrB(a) € tr¥ (k[Ca(D)]).

Let e = b“ € Z(kG) be the Brauer correspondent of b, so that b = bBr(e) is a
summand of Br%(e) and e has a defect group Dy 2 D by Proposition 12.6.2. We will
show that D1 = D. Now, using Lemma 12.6.3,

Brfs (15 (kG)P)) = trf Brp((kG)P) = trpy (k[Ca(D)))
and so, since Brg is a ring homomorphism,
Brf (etrf((kG)P)) = Br(e) - Bri (15 ((kG)P)) = Bri(e) - 1} (k[Ca(D))),

which contains b. Thus the ideal etr$((kG)P) of eZ(kG) is not nilpotent, since it has
an image under a ring homomorphism that contains a non-zero idempotent. It follows
that etr®((kG)P) = eZ(kG), since eZ(kG) is local by Proposition 11.1.4. This implies,
since tr%(e(kG)P) = etr§((kG)P), that e lies in the image of tr$ and so has defect
group contained in D. This completes the argument that the defect group of e equals
D.

We have also just seen that Br$%(eZ(kG)) contains b, and it also contains Br%(e). It
is an image of a local ring and hence is local and contains only one non-zero idempotent.
It follows that b = BrLG)(e). This shows us that b — b% is a one-to-one mapping from
blocks of kN with defect group D to blocks of kG with defect group D, and that its
inverse on one side is Brg. We conclude by observing that this mapping is surjective.
For, if e € Z(kG) is a block with defect group D then Br(e) is a sum of blocks b of
kN for which e = b%, and the blocks b have defect groups that are subgroups of D by
Proposition 12.6.2. On the other hand every block of kN has defect group containing
D, since D is a normal p-subgroup of N. It follows that e = b“ for some block of kN
with defect group D, showing that b — b” is surjective with the domain and codomain
as specified above. This completes the proof. ]
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Example 12.6.5. When G = S3 and k£ = Fy we have seen (in Example 12.2.7 and
elsewhere) that e; = () +(1,2,3) 4+ (1, 3, 2) has defect group ((1,2)) and e5 = (1,2,3) +
(1,3,2) has defect group 1. Here Brgm))(el) = () € k((1,2)), so that the Brauer
correspondent ()¢ of the only idempotent in k((1,2)) is e, this giving a bijection
between the idempotents of Sg and k((1,2)) with defect group ((1,2)).

Example 12.6.6. Let G = As and let k be a splitting field of characteristic 2. A
Sylow 2-subgroup P = C3 x C3 has Ng(P) = Ay, and we have seen in Exercise 2
from Chapter 8 that kA4 has only one block. Thus there is only one block of kG with
defect group P: it is the principal block. The subgroups Cs have Sylow p-subgroups
P as their normalizers and there are no blocks of kP with Cy as defect group, since P
is a 2-group. Hence there are no blocks of kG with this defect group. This confirms
information we know from a different source, to the effect that Cy cannot be a defect
group by Corollary 12.3.4 because it is not Oz of its normalizer. Finally there remain
the blocks of defect zero of kAs, which have defect group 1. There is in fact just one of
these, as may be seen by inspecting the character table of As for characters of degree
divisible by 4.

12.7 Further reading

Having stated a ‘basic’ version of Brauer’s first main theorem, the reader will naturally
wonder what a less basic version looks like, and what other main theorems may be
attributed to Brauer. An extended version of the first main theorem (with the notation
in force in Theorem 12.6.4) says that blocks of kNg(D) with defect group D biject
with Ng(D)-conjugacy classes of blocks b of k[DCq(D)/D] of defect zero, such that
| Stab(b) : DCq(D)| is not divisible by p, where Stab(b) is the stabilizer of b under
conjugation by Ng(D).

Brauer’s second main theorem can be stated in various ways, but in one version has
the implication that Green correspondence is compatible with Brauer correspondence.

Brauer’s third main theorem says that the Brauer correspondent of a block is the
principal block if and only if that block is the principal block.

To read further about these, see the books by Benson [3], Alperin [2] and Thévenaz [21].
The account by Thévenaz goes into considerable detail and describes the theory of
blocks that has been developed by Puig.

It is also important to know about the theory of blocks with a cyclic defect group.
This theory describes completely the structure of the indecomposable projective mod-
ules, as well as their indecomposable representations, in terms of the combinatorial
properties of a tree called the Brauer tree, computed from the decomposition matrix.
A good place to start reading is the book by Alperin [2].
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12.8 Summary of Chapter 12

e Blocks correspond to blocks of the Cartan matrix, indecomposable ring summands
of kG or RG, primitive central idempotents in kG or RG, and certain equivalence
classes of representations in characteristic 0 or in characteristic p.

e The defect group of a block may also be characterized in several ways, using the
bimodule structure of the block as a ring summand, the relative trace map, the
Brauer morphism, and the vertices of modules in the block.

e A defect group is always the intersection of two Sylow p-subgroups and is the
largest normal p-subgroup of its normalizer.

e The principal block has Sylow p-subgroups as defect groups.

e The Brauer correspondent b“ provides a bijection between blocks of G and of
N¢g(D) with defect group D.

12.9 Exercises for Chapter 12

We assume throughout that (F, R, k) is a complete splitting p-modular system for G.

1. (a) Show that if there exists an RG-module U for which both U and U* belong
to the same block of RG then, for every module V' in that block, V* also belongs to
the same block.

(b) Find an example of a group algebra kG in characteristic p with a module U so
that U and U™ lie in different blocks.

2. A subgroup @ of G is defined to be p-radical if and only if Q@ = O,(Ng(Q)).
(a) Show that @ is p-radical if and only if O,(Ng(Q)/Q) = 1.
(b) Suppose that @1 and Q2 are p-radical subgroups of G. Show that if Ng(Q1) 2

Ng(Q2) then Q1 C Qo.
(c) Show that if @ is a p-radical subgroup of G then @ D O,(G).

3. (a) Compute the 2-radical and 3-radical subgroups of Sy. For each 2-radical and
3-radical subgroup, determine whether there is a block of Sy (in characteristic 2 or 3)
whose defect group is that subgroup. [The Cartan matrices for Sy were computed in
Example 10.1.5.]

(b) Compute the 2-radical subgroups of As. For each 2-radical subgroup determine
whether there is a 2-block of A5 whose defect group is that subgroup. [The character
table of As was computed in Chapter 4 Exercise 5 and is repeated in Appendix B.]

(c) Compute the 2-radical and 7-radical subgroups of GL(3,2). For each 2-radical
and 7-radical subgroup, determine whether there is a block of GL(3,2) (in characteristic
2 or 7) whose defect group is that subgroup. [Either use the results of Chapter 10
Exercises 1 and 2 or the tables in Appendix B. Use also the group theoretic information
about GL(3,2) in Appendix B.]
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4. Let A be an algebra and let U and V' be A-modules that lie in different blocks
of A. Show that

(a) Hom4(U,V) =0, and

(b) every short exact sequence of A-modules 0 - U — W — V — 0 is split.

5. Let (F, R, k) be a complete p-modular system and G a finite group. The decom-
position number dpg is the multiplicity of the simple kG-module S as a composition
factor of the reduction modulo 7 of the simple F'G-module T'. Fix a p-block e of G.

(a) Show that the simple F'G-modules belonging to e are precisely the simple F'G-
modules T for which there exists a simple kG-module S belonging to e with dpg # 0.

(b) Show that the simple kG-modules belonging to e are precisely the simple kG-
modules S for which there exists a simple F'G-module T belonging to e with dpg # 0.

6. Let G1 and G be finite groups.

(a) Show that the block idempotents of R[G1 x G3] are precisely the ejea where
e; is a block idempotent of RG;, i = 1,2. [The difficulty is to show that the central
idempotent ejey is primitive.]

(b) Suppose that D; < G; is a defect group of e;, where i = 1,2. Show that D; x Dy
is a defect group of ejes.

7. Let G = A4 = K x H where K 2 (Cy x Cy and H = C5.

(a) Write down a complete list of the primitive central idempotents in F3K.

(b) Compute the orbits of G on the set of idempotents found in (a) and hence find
the block idempotents of F3G.

(c) For each of the blocks of F3G' compute the effect of Br{’ and Br%. Hence
compute the defect groups of each block by this means.

8. Let G = K x H be a p-nilpotent group, so that H is a p-group and K has order
prime to p. We saw in Proposition 12.2.6 that each block f of kG is the sum of a
G-conjugacy class of blocks of kK, namely, f = e; + - - -+ e; where the e; are blocks of
kK forming a single orbit under the conjugation action of G. Since kK is semisimple
each e; corresponds to a unique simple kK-module 7; and by Theorem 8.4.1 there is a
unique simple kG-module S belonging to f.

(a) Show that ¢ is a power of p.

(b) Show that S |2 (T1 @ -+ ® T)" as kK-modules, for some n.

(c) Show that a defect group of f is contained in Stabg(e1). [Use a characterization
of the defect group in terms of the relative trace map.]

9. Let G = Qg x C3 =2 SL(2,3). Write down the block idempotents for the three
3-blocks of this group. Verify, using the methods of this chapter, that two of them have
defect group a Sylow 3-subgroup, and one has defect 0. [Use the character tables of G
given in Appendix B.]

10. Let G = (Cy x Oy x C3) x C7 where the cycle of order 7 acts non-trivially on
Cy x Cq x Cy. To construct this action, observe that GL(3,2) has order 168, so has
a Sylow 7-subgroup of order 7, which necessarily must permute the seven non-identity
elements of Cy x Cy x (9 transitively. Write down the block idempotents of G in
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characteristic 7, and determine their defect groups.

11. A group G = K x H is said to be a Frobenius group if every non-identity element
of H acts (by conjugation) without fixed points on the non-identity elements of K: for
all non-identity h € H, Cx(h) = {1}. Let G be such a group.

(a) Show that if k is any non-identlty element of K then *H N H = 1.

(b) Suppose that H is a Sylow p-subgroup of G. Show that the only possible defect
groups of blocks are H and {1}, and that a block idempotent f has defect group H if
and only if the coefficient of 1 in f is non-zero.

12. Let e € Z(kG) be a block idempotent and suppose the coefficient of 1 in e is
non-zero. Show that the defect groups of e are the Sylow p-subgroups of G.

13. Let (F, R, k) be a splitting p-modular system for G. Let e be a block idempotent
of kG with defect group D, and suppose g € G is an element that centralizes a p-power
element of G that does not lie in any conjugate of D.

(a) Use the characterization of D in terms of the Brauer morphism to show that g
does not lie in the support of e.

(b) Suppose furthermore that e is a block of defect 0 corresponding to an ordinary
character x. Show that x(g) € (7), the maximal ideal of R.

[Use the formula in Theorem 3.6.2 that gives the block idempotent in RG in terms
of the characters of G, and that reduces to e.]

14. Let (F,R,k) be a splitting p-modular system for G. Show that a p-block of
G has defect zero if and only if every RG lattice lying in the block is a projective
RG-module.



Appendix A

Discrete valuation rings

Let F be a field. A (multiplicative) valuation on F' is a mapping ¢ : F' — R>( such
that

e ¢(a) =0 if and only if a = 0,
o ¢(ab) = ¢(a)p(b) for all a,b € F, and
o ¢(a+0b) < ¢(a)+ ¢(b) for all a,b € F.

In many texts the theory is developed in terms of additive valuations. A suitable
reference that uses the multiplicative language is [14].

Example A.0.1. No matter what the field F is, we always have the valuation

¢(a):{0 ifa=0

1 otherwise.

This valuation is the trivial valuation, and we generally exclude it.

Example A.0.2. If F' is any subfield of the field of complex numbers we may take
¢(a) = |al, the absolute value of a.

Example A.0.3. Let FF = Q and pick a prime p. Every rational number a € Q may
be written a = £ where (r,5) = 1. We set

s if a =0,
vp(a) = { power to which p divides r  if p | r,

—power to which p divides s otherwise,

so that if a # 0 then

a = pl’p(‘l)?

255
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where (r',p) =1 = (s',p). Now let A be any real number with 0 < A < 1 and put

A(@)if g £ 0,
9(a) = {0 if a = 0.

Often A is taken to be %, but the precise choice of A\ does not affect the properties of
the valuation. This valuation is called the p-adic valuation on Q.

This last ¢ is an example of a valuation that satisfies the so-called ultrametric
inequality

¢(a+b) < max{¢(a), ¢(b)},

which, in the case of this example, comes down to the fact that if p" ‘ a and p" ‘ b
where a,b € Z, then p" } (a +b). We say that ¢ is non-archimedean if it satisfies the
ultrametric inequality. The valuations in the third example are also discrete, meaning
that {¢(a) | a € K, a # 0} is an infinite cyclic group under multiplication. It is the
case that discrete valuations are necessarily non-archimedean.

We deduce from the axioms for a valuation that ¢(1) = ¢(—1) = 1. Using this we
see that every valuation ¢ gives rise to a metric d(a,b) = ¢(a — b) on the field F. We
say that two valuations are equivalent if and only if the metric spaces they determine
are equivalent, i.e. they give rise to the same topologies. In Example A.0.3 above,
changing the value of A\ between 0 and 1 gives an equivalent valuation.

Theorem A.0.4 (Ostrowski). Up to equivalence, the non-trivial valuations on Q are
the ones just described, namely the usual absolute value and for each prime number a
non-archimedean valuation.

It is a fact that if R is a ring of algebraic integers (or more generally a Dedekind
domain) with quotient field F', the non-archimedean valuations on R, up to equivalence,
biject with the maximal ideals (which are the same as the non-zero prime ideals) of R.

Let ¢ be a non-archimedean valuation on a field . The set Ry = {a € F ‘ ¢(a) <1}
is a ring, called the valuation ring of ¢. Any ring arising in this way for some ¢ is called
a valuation ring. If the valuation is discrete the ring is called a discrete valuation ring.
We set Py = {a € F | ¢(a) < 1}, and this is evidently an ideal of R,. For example, if
F = Q and ¢ is the non-archimedean valuation corresponding to the prime p then R,
is the localization of Z at p, and Py is its unique maximal ideal.

Proposition A.0.5. Let ¢ be a discrete valuation on a field F' with valuation ring Ry
and valuation ideal Py.

(1) An element a € Ry is invertible if and only if ¢(a) = 1.
(2) Py is the unique maximal ideal of Ry, consisting of the non-invertible elements.
(3) Py = (m) where m is any element such that ¢(m) generates the value group of ¢.

(4) Every element of Ry is uniquely expressible a = w¥a’ where a' is a unit in Ry. In
this situation ¢(a) = ¢(mw)”.
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(5) The ideals of Ry are precisely the powers Py = (7"). Thus Ry is a principal ideal
domain.

(6) F is the field of fractions of Ry.

Proof. The proofs are all rather straightforward. If ab = 1 where a,b € R4 then
¢(ab) = ¢(a)p(b) = ¢(1) = 1 and since ¢(a) and ¢(b) are real numbers between 0 and
1 it follows that they equal 1. Conversely, if ¢(a) = 1 let b be the inverse of a in F.
Since ¢(b) = 1 also it follows that b € Ry and a is invertible in Rg. This proves part
(1).

Now P, is seen to consist of the non-invertible elements of R4. It is an ideal, and
it follows that it is the unique maximal ideal. Defining 7 to be an element for which
¢(m) generates the value group of ¢ we see that m € P,. If a € P, is any element then
¢(a) = ¢(m)” for some v and so ¢(m~7a) = 1. Thus 7~ a = a’ for some unit a’ € Ry,
and so a = wa’. This proves that P, = (7), and also the first statement of (4). The
uniqueness of the expression in (4) comes from the fact that in any expression a = 7”a’
with @’ a unit, necessarily v is defined by ¢(a) = ¢(7)”, and then a’ is forced to be
mVa.

To prove (5), if I is any ideal of Ry we let n be minimal so that I contains a non-zero
element a with ¢(a) = ¢(m)™. Then by (4) we have (a) = (7™) D I, and it follows that
I=(7").

As for (6), given any element a € F, either a € Ry or ¢(a) = ¢(m)™" for some
n > 0. In the second case the element a’ = 7"a has ¢(a’) = 1 so @’ € R4 and now
a= T‘f—;, showing that a lies in the field of fractions of Ry in both cases. O

When we reduce representations from characteristic zero to positive characteristic
we need to work with algebraic number fields, that is, field extensions of Q of finite
degree. Let I’ be an algebraic number field, and R its ring of integers. We quote
without proof some facts about this situation. A full account may be found in [14] and
other standard texts on number theory. A fractional idealin F' is a finitely-generated R-
submodule I of F. For any such I we put I~! = {z € F | I C F}. With this definition
of inverse and with a multiplication defined the same way as the multiplication of ideals,
the fractional ideals form a group, whose identity is R. Every fractional ideal may be
written uniquely as a product I = p{*---py* where pq,...,p; are maximal ideals of
R and the a; are non-zero integers (that may be positive or negative). Let us write
Vp;(I) = a;, and let 0 < A < 1. Then for each maximal ideal p of R we obtain a discrete
valuation on F' by putting ¢(a) = A (Ba) which is called the p-adic valuation on F.

Proposition A.0.6. Let F' be an algebraic number field with ring of algebraic integers
R, and let ¢ be the discrete valuation on F associated to a mazximal ideal p of R. Let
Ry be the valuation ring of ¢ with mazimal ideal P,. Then Ry is the localization of R
at p, and the inclusion R — Ry induces an isomorphism R/p = R,/ P,.

Proof. We assume the group structure of the set of fractional ideals. The localization
of R at p is

{%|a,beR, b p}
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and this is clearly contained in Ry,. Conversely, if € R, then vy(a) > v,(b) and we
choose a field element z € p~ () —p= )+ Writing 7 = 3. expresses 3 as a quotient
of elements of R with bx ¢ p, showing that § lies in the localization.

The kernel of the composite R — R, — R,/P, is RN P, = p. We show that this
composite is surjective. We can write any element of R,/P, as § + P, where a,b € R
and b ¢ p. Since p is maximal in R, R/p is a field and so there exists ¢ € R with
bc—1ep. Now § —ac= §(1—bc) € B, and § + P, = ac+ P, is the image of ac € R.
These observations show that we have an isomorphism R/p = R, /F,. O

Given a valuation ¢ on F we may form the completion F as a metric space, that
contains F' in a canonical way. We state without proof that the completion F acquires
a ring structure extending that of F', and that F is a field. The valuation ¢ extends
uniquely to a valuation gZ) on F, and F is complete in the metric given by qb If ¢ is
non-archimedean then so is qb, and if ¢ is discrete then so is <Z>, with the same value
group. Thus in the case of a discrete valuation we have a valuation ring R¢ ={a €

I3 | ¢(a) < 1} with unique maximal ideal Py = {a € F | d(a) < 1}, and Py = Ry(r)
since ¢(m) = ¢(m) generates the value group. (We should properly write R 3 etc, but
this seems excessive.) The ideals of R, are exactly the powers Py.

When ¢ is the p-adic valuation on Q, the completion Q is denoted @, and is called

the field of p-adic rationals. The valuation ring of Q, with respect to QAS is denoted Z,
and is called the ring of p-adic integers.

Lemma A.0.7. Let ¢ be a discrete valuation on a field F' with valuation ring Ry. The
inclusion Ry —» R¢ induces an isomorphism Ry [P} = R¢/]5$ for all n.

Proof. Consider the composite homomorphism Ry, — R¢ — R¢/]5£ Its kernel is
Pj and the desired isomorphism will follow if we can show that this homomorphism is
surjective. To show this, given a € R4 we know from the construction of the completion
that there exists b € Ry with ¢(b — a) < ¢(m)", that is, b — a € PJ. Now b maps to
a+ Py, m

The completion I% is, by definition, the set of equivalence classes of Cauchy se-
quences in Rg. We comment that a sequence (a;) of elements of Ry is a Cauchy
sequence if and only if for every n there exists a number N so that whenever 7,7 > N
we have a; — a; € P}, that is, a; = a; (mod Pg)

Lemma A.0.8. Let ¢ be a discrete valuation on a field F' with valuation ring Ry,

mazimal ideal Py and completion R¢. Any element of R¢ 18 uniquely expressible as a
series

a:ao+a17r+a27r2+---

where the a; lie in a set of representatives S for Ry/Py.
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Proof. Let a € Rp. Since R¢ / ]5¢ = Ry/ Py, we have a+]5¢ = ag +]5¢ for some uniquely
determined ag € S. Now a —aqg € ]5¢ S0 a = ag + wby for some by € R¢- Repeating this
construction we write by = a1 + wbe with a1 € S uniquely determined, and in general
by, = an+mby41 with a, € S uniquely determined. Now ag, ag+a;m, ag+aim+asm?,. ..
is a Cauchy sequence in Ry whose limit is a, and we write this limit as the infinite
series. ]

The last result, combined with Proposition A.0.6, provides a very good way to
realize the completion R¢. For example, in the case of the p-adic valuation on Q we
may take S = {0,1,...,p — 1}. The completion 7 = Z, may be realized as the set
of infinite sequences - - - agasajage of elements from S presented in positions to the left
of a ‘point’, analogous to the decimal point (which we write on the line, rather than
raised above the line). Thus ag is in the 1s position, a; is in the ps position, ag is
in the p%s position, and so on. Unlike decimal numbers these strings are potentially
infinite to the left of the point, whereas decimal numbers are potentially infinite to
the right of the point. Addition and multiplication of these strings is performed by
means of the same algorithms (carrying values from one position to the next when p
is exceeded, etc.) that are used with infinite decimals. Note that p-adic integers have
the advantage over decimals that, whereas certain real numbers have more than one
decimal representation, distinct p-adic expansions always represent distinct elements
of Zy.

A.1 Exercises for Appendix A
1. With the description of the p-adic integers as the set of infinite sequences

c - a3a2a1ape

in positions to the left of a ‘point’, where a; € {0,...,p— 1}, show that when p = 2 we
have

—1=---1111e and
% =...10101011.

Find the representation of the fraction 1/5 in the 2-adic integers. What fraction does
-++-1100110011. represent?

2. Show that the field of p-adic rationals Q, may be constructed as the set of
Sequences - - - a3a2a1a0eG_1G_2 - - - d_, that may be infinite to the left of the point, but
must be finite to the right of the point, where a; € {0,...,p — 1} for all i. Show that
the field of rational numbers Q is the subset of these sequences that eventually recur.
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Character tables

We collect here the character tables that have been studied in this book. We use the
notation ¢, = e2™/™ for a primitive nth root of unity. Where a group is isomorphic to
one of the groups SL(2,p) or PSL(2,p) we have emphasized this, because there is a
special construction of simple modules over [, described in Chapter 6 Exercise 25.

Cyclic and abelian groups

We let Cp, = (z | 2" = 1).

Characteristic 0

Cr

ordinary characters

g 1 x PN 1.7’74—1
1Ca(9)] nonoon
X¢s LG e
(0<s<n-1)

Notes for cyclic and abelian groups

This table was described in Proposition 4.1.1. Ordinary character tables of abelian
groups are obtained as tensor products of the character tables of the cyclic direct factor
groups, according to Corollary 4.1.4. The representations in positive characteristic were
described for abelian groups in Example 8.2.1.

The symmetric group S3

This group is isomorphic to the dihedral group Dg and also to GL(2,2) = SL(2,2)

260
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Characteristic 0

S3

ordinary characters

261

g () (12) (123)
[Calg)l | 6 2 3
X1 1 1 1
Xsign 1 -1 1
X2 2 0 -1
Characteristic 2
S3 = SL(2,2) S3 = SL(2,2)
Brauer simple p = 2 Brauer projective p = 2
g () (123) g () (123)
ICalg)l | 6 3 ICalg)l | 63
o1 1 1 M 2 2
b2 2 -1 2 2 -1
S3 2 SL(2,2) S3 22 SL(2,2)
Decomposition matrix p = 2 Cartan matrix p = 2
d)l ¢2 m 2
X1 1 0 ¢ | 2 0
Xsign 1 0 ¢2 0 1
X2 0 1 -
Characteristic 3
S3 S3
Brauer simple p = 3 Brauer projective p = 3
g 0 (12) g (0 (12)
Calg)l | 6 2 [Calg)l | 6 2
03] 1 1 m 3 1
Qbsign 1 -1 nsign 3 —1
S3 S3
Decomposition matrix p = 3 Cartan matrix p = 3
o1 ¢sign M Tsign
X1 1 0 <f>1 2 1
Xsign 0 1 (bsign 1 2
X2 I 1




APPENDIX B. CHARACTER TABLES 262

Notes for S3

The ordinary character table of S3 was one of the first constructed, in Example 3.1.2.
The Brauer tables were constructed in Example 10.1.4.

The dihedral and quaternion groups of order 8

We put
Ds=(z,y|at=y*=1, yay ' =27

Qs=(z,y|a* =1 2" =y yay ' =a7).

Characteristic 0

In both cases the character table is

Dg and Qg
ordinary characters

g 1 22 ¢ y axy
ICa(g)] | 8 8 4 4 4
X1 1 1 11 1
Xla 1 1 1-1-1
X1b 1 1-1 1-1
X1e 1 1-1-1 1
X2 2-2 00 O

Notes for Dg and (g

To determine the conjugacy classes it is convenient simply to consider a list of the
elements in the group {1,z, 2%, 23, y, vy, 2%y, 23y} and explicitly calculate the effect of
conjugacy. In both cases the derived subgroup is (z?) with a Cy x Cy quotient, so that
the four 1-dimensional characters look the same in both cases. There remains a fifth
character which is determined by orthogonality relations, so the character tables must
be the same. In the case of Dg the 2-dimensional character is also obtained from the
natural construction of Dg as a the group of symmetries of a square. In the case of Qg
it is obtained from the action on the quaternion algebra, as in Chapter 2 Exercise 12.
In both cases the 2-dimensional character is induced from any linear character of a
subgroup of index 2 which does not have 22 in its kernel.
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The alternating group A,

Characteristic 0

263

Characteristic 2

Characteristic 3

Ay
ordinary characters
g () (12)(34) (123) (132)
[Calg)l | 12 4 3 3
X1 1 1 1 1
Xla 1 1 C3 C32
X1b 1 1 3 G
X3 3 -1 0 0
A4 A4
Brauer simple p = 2 Brauer projective p = 2
g () (123) (132) g () (123) (132)
ICalg)l |12 3 3 [Calg)l |12 3 3
o1 1 1 1 m 4 1 1
$1a IENCEINE; Ma N CIINE;
P10 LG G M 4 G G
A4 A4
Decomposition matrix p = 2 Cartan matrix p = 2
¢1 (bla (Zslb M Ma T
X1 1 0 0 ¢ 2 1 1
Xla 0 1 0 ¢1a 1 2 1
xw | 0 0 1 b | 11 2
X3 1 1 1
Ay Ay
Brauer simple p = 3 Brauer projective p = 3
g () (12)(34) g () (12)(34)
ICalg)l | 12 4 ICalg)l | 12 4
®1 1 1 m 3 3
®3 3 -1 n3 3 —1
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Ay Ay

Decomposition matrix p = 3 Cartan matrix p = 3
o1 O3 m n3

X1 1 0 o1 | 30

Xta | 1 0 o3 | 0 1

xw | 1 0 -

X3 0 1

Notes for Ay

The element (123) conjugates transitively the three non-identity elements of order two
in the unique Sylow 2-subgroup ((12)(34), (13)(24)). The remaining group elements
have order three, conjugated in two orbits by the Sylow 2-subgroup, which equals the
derived subgroup. There are three degree 1 characters. The remaining character can be
found from the orthogonality relations; it can be constructed by inducing a non-trivial
character from ((12)(34), (13)(24)); it is also the character of the realization of A4 as
the group of rotations of a regular tetrahedron.

The dihedral and quaternion groups of order 16

Put 8 2 —1 —1
Dig=(zy|a®=y" =1, yay ' =271,

Qe = (z,y|2%=1, 2" =9 yay ' =a71).

Characteristic 0

In both cases the character table is

D1 and Q16
ordinary characters

g 1 2 22 = 22 y ay
|Ca(g)] | 16 16 8 8 8 4 4
X1 1 1 1 1 1 1 1
Xla 1 11 1 1-1-1
X1b 11 1 -1 -1 1-1
Xle 1 1 1 -1 -1-1 1
X2a 2 2-2 0 0 0O
X2 2 -2 0 vV2-v2 0 0
X2¢ 2 -2 0-v2 V20 0
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Notes for the dihedral and quaternion groups of order 16

As with Dg and Qg, find the conjugacy classes by listing the elements. The quotient
by (x*) is a copy of either Dg or Qg (depending on the case), and we obtain the top
5 rows of the character table by lifting (or inflating) the characters from the quotient
group. The final two characters are obtained by inducing the characters ¢, and X3
from the cyclic subgroup (z).

The semidihedral group of order 16

The semi dihedral group of order 16 has a presentation

SDig = (z,y | 2% =y* =1, yay ' = 2%).

Characteristic 0

SDy¢

ordinary characters

g 1 2* 22z 2 y ay
ICa(g)] | 16 16 8 8 8§ 4 4
X1 1 1 1 1 1 1 1
Xla 1 11 1 1-1-1
X1b 11 1 -1 -1 1-1
Xie 1 1 1 -1 —-1-11
X2a 2 2-2 0 0 0 0
X2b 2 -2 0 iW/2—iv2 0 0
X2¢ 2 -2 0-iv2 iv/2 0 0

Notes for SDg

The comments for Dig and Q16 also apply here. The quotient by (z%) is a copy of
Dg, and we obtain the top 5 rows of the character table by inflating (or lifting) the
characters from the quotient group. The final two characters are obtained by inducing
the characters x¢, and X¢gt from the cyclic subgroup (x).

The nonabelian group C; x C5 of order 21

This group has a presentation

CrxCs=(z,y|2" =y =1, yoy ' = 27).
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Characteristic 0

266

07 A 03

ordinary characters

g 1 x a~! y y!
|Ca(g)] | 21 7 7 3 3
Y1 1 1 1 11
Xla 1 1 1 <3 C{%
X1b 1 1 1 GG
X3a 3 GHGEHG GHEHE 000
X3 3 G+EG+¢ G+E+¢G 00

Characteristic 3

07 X 03

Brauer simple p = 3

g 1 T r1
[Calg)] | 21 7 7

h1 1 1 1

P30 3 a+G+G GG+
b3 3 G+@+G G+E+G
C7 A 03

Brauer projective p = 3

g 1 T z!
[Ca(g)] | 21 7 7

m 3 3 3

M3a 3 G+G+G GG+
M3b 3G+E+HE G+E+G

C7 x C3 C7 % Cs
Decomposition matrix p = 3 Cartan matrix p = 3
P11 P30 P3b M M3a M3b
X1 1 0 0 P1 3 0 0
X1la 1 0 0 ¢3a 0 1 0
X1b 1 0 0 D3 0o 0 1
X3a 0 1 0
X3b 0o 0 1
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Characteristic 7

07 A 03 07 X 03
Brauer simple p =7 Brauer projective p =7
g 1y y! g 1y y !
ICalg)| |21 3 3 ICalg)] |21 3 3
o1 1 1 1 m 71 1
bla 1 ¢ &3 Ma 7 (G (3
P1p 1 G G b TG G
C7xCs C7 xCs
Decomposition matrix p =7 Cartan matrix p =7
¢1 ¢1a ¢lb M Ma T
X1 1 0 0 1 3 2 2
X1a 0 1 0 ¢1a 2 3 2
X1b 0 0 1 ?1p 2 2 3
X3« | 1 1 1
X3b 1 1 1

Notes for C-; x Cs

The two ordinary characters of degree 3 are induced from the characters ., and X3
of the cyclic subgroup of order 7. In characteristic 3 they are blocks of defect zero, so
remain simple on reduction. In characteristic 7 the indecomposable projectives were
constructed in Example 8.3.4, giving the Cartan matrix by a method which did not use
characters. In the context of characters we can simply say that the three 1-dimensional
characters are all distinct on the 7-regular classes so give the three simple Brauer
characters. This allows us to compute the decomposition matrix and then the Cartan
matrix by the theory of Chapters 9 and 10.

The symmetric group Sy

Characteristic 0

Sy

ordinary characters

g () (12) (12)(34) (1234) (123)
[Ca(g)] | 24 4 8 4 3
X1 1 1 1 1 1
Xsign 1 -1 1 -1 1
X2 2 0 2 0 -1
X3a 3 —1 -1 1 0
X3b 3 1 -1 -1 0
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Characteristic 2

Sy Sy
Brauer simple p = 2 Brauer projective p = 2
g () (123) g () (123)
[Calg)l | 24 3 [Calg)l | 24 3
¢1 1 1 m 8 2
0% 2 -1 [y 8§ —1
Sy Sy
Decomposition matrix p = 2 Cartan matrix p = 2
¢1 ¢2 m 12
X1 1 0 ¢ | 4 2
Xsign 1 0 (ZSQ 2 3
X2 0 1 -
X3a 1 1
X3b I 1
Characteristic 3
S4 54
Brauer simple p = 3 Brauer projective p = 3
g (0 (12) (12)(34) (1234) ¢ () (12) (12)(34) (1234)
Coo)l |24 4 8 4 Colg)l |24 4 8 4
o1 1 1 1 1 m 3 1 3 1
¢sign 1 - 1 1 — 1 nsign 3 - 1 3 — 1
$3a 3 -1 -1 1 N3a 3 -1 -1 1
®3b 3 1 -1 -1 736 3 1 -1 -1
54 S4
Decomposition matrix p = 3 Cartan matrix p =3
qbl ¢sign ¢3a ¢3b M Tsign 73a  7I3b
X1 1 0 0 © ®1 2 1 0 0
Xsign 0 1 0 0 Gsign 1 2 0 0
X2 1 1 0 0 ®3a 0O 0 1 0
X3a 0 0 1 0 ®3b 0 0 0 1
X3b 0 0 0 1

Notes for S,

The ordinary table was constructed in Chapter 3. There are several ways to construct
it. We have used an elementary approach, but the reader should be aware that there are
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extensive combinatorial methods available for the symmetric groups which go beyond

the scope of this text. The Brauer tables were constructed in Example 10.1.5.

The special linear group SL(2,3)

There is an isomorphism SL(2,3) = Qg x C3 which is established in the notes which
appear after the character tables. To identify certain elements of this group we write

az[o

-1 0

1 11
] and y—[o 1

|

with entries in F3. These matrices have orders 4 and 3, respectively.

Characteristic 0

SL(2,3)

ordinary characters

g 1 a®> a y o ya® y’d®

Calg)) | 24 244 6 6 6 6

X1 1 1 1 1 1 1 1

Xla 111 6 G 6 G

X1b 1 11 & & & G

X2a 2-2 0 -1 -1 1 1

X2b 2-2 0 -G -G G 2

X2¢ 2 -2 0 -G -G & G

X3 3 3-1 0 0 0 0

Characteristic 2

SL(2,3) SL(2,3)
Brauer simple p = 2 Brauer projective p = 2
g 1L yy! g 1y y!
ICalg) |24 6 6 Calg)l |24 6 6
¢1 1 1 1 m 8 2 2
dla 1 ¢ ¢ Ma 8 2(3 2(3
d1p 1 G ¢ M1b 8 2(¢3 2(3
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SL(2,3) SL(2,3)

Decomposition matrix p = 2 Cartan matrix p = 2
o1 10 1 M Ma b

X1 1 0 O ®1 4 2 2

Xla 0 1 0 (bla 2 4 2

Xxw | 0 0 1 b | 2 2 4

X2a 0 1 1

X2b 1 0 1

X2¢ 1 1 0

X3 1 1 1

Characteristic 3

SL(2,3) SL(2,3)

Brauer simple p = 3 Brauer projective p = 3

g 1 a®a g 1 a%a

Cog)l | 24 24 4 Calg)] | 24 24 4

01 1 11 m 3 33

P2 2-20 2 6—-6 0

és 3 3.1 s 3 31

SL(2,3) SL(2,3)

Decomposition matrix p = 3 Cartan matrix p = 3
¢1 ¢3 (]55 m mn2 13

X1 1 0 0 o1 | 3 0 0

X1a 1 0 0 ¢2 0 3 0

X1b 1 0 O o3 0 0 1

X2a 0 1 0

x2 | 0 1 0

X2c 0 1 0

X3 0 0 1

Notes for SL(2,3)

We first establish the isomorphism SL(2,3) = Qs x C3. The order of SL(2,3) is 24,
by counting ordered bases of IF%. We show that there is only one element of order 2
-1 0
0 -1
minimal polynomial dividing X2 — 1. If this were the characteristic polynomial then
det g = —1, which is not possible, so both eigenvalues of ¢ must be —1. Since g is
diagonalizable, g must be the matrix —1I.

in SL(2,3), namely the matrix —I = [ } This is because if g2 = 1 then ¢ has
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Next, SL(2,3) permutes the 4 one-dimensional subspaces of F3 giving a homomor-
phism to Sy, with kernel {£I} of order 2. The image is thus a subgroup of Sy of order
12, so must be A4. Since A4 has a normal Sylow 2-subgroup, the preimage of this
subgroup in SL(2,3) is a normal subgroup of order 8, which must therefore be a Sylow
2-subgroup of SL(2,3). This subgroup has only one element of order 2, so it is Q5. A
Sylow 3-subgroup is now a complement to this normal subgroup, and the isomorphism
SL(2,3) = Qg x C3 is established.

We enumerate the conjugacy classes and centralizer orders, and find that all ele-
ments of order 4 in Qg are conjugate, using conjugacy within Qg and the action of
the 3-cycle. The elements outside (Jg commute with no elements of (g apart from
the center, so they have centralizers of order 6. This puts them in conjugacy classes
of size 4, and we are able to complete the enumeration of conjugacy classes from this
information.

Since SL(2, 3) has A4 as a quotient, the character table of A4 lifts to SL(2,3) giving
the characters of degree 1 and 3. Calculating the sum of the squares of the degrees shows
that the remaining three characters have degree 2. Since a? is central it must act as a
scalar on each simple representation, so it acts as +2 in the degree 2 representations,
and column orthogonal between columns 1 and 2 shows that the entries must be —2
for the characters of degree 2. Column orthogonality now gives the values of these
characters as 0 on a. If any remaining entry in the degree 2 characters is non-zero, it
gives non-zero values in the same column for the degree two characters, by multiplying
by the three degree 1 characters. Thus any zero entry here gives three zero entries on
the degree 2 characters. This is not possible because the product of that column with
its complex conjugate must be the centralizer order, which is 6. Hence the remaining
entries are all non-zero, and once one of the degree 2 characters is determined the other
two are obtained by multiplying by the degree 1 characters. We deduce from column
orthogonality that each degree 2 character must have absolute value 1 on y, 4%, ya® and
y?a®. The matrices by which the element y acts has eigenvalues taken from 1, (3, C32
and the only possible sums of two of these with absolute value 1 are —1 = (3 + (3,
—(G3=1+ Cg and —C§ = 1 4 (3, so these must be the three values of the degree 2
characters on y. The values on y? are their conjugates. The three degree 2 characters
must arise as one complex conjugate pair and one real character. A similar argument
with the possible sums of the eigenvalues of the matrix of ya?, which must come from
-1, —(s, —§§ now determines the remaining character values.

When p = 2 it is immediate that the three degree 1 characters reduce to give three
distinct simple Brauer characters. When p = 3 we have the trivial Brauer character,
and there are no more degree 1 characters because the abelianization is C3. The degree
3 character is a block of defect zero so also gives a simple Brauer character. Finally
the degree 2 character gives a simple Brauer character, because it cannot be written
as a sum of degree 1 characters.

The tables for characteristics 2 and 3 illustrate the theory described in Proposition
8.8 and Theorem 8.10 for semidirect products of a p-group and a p’-group. In char-
acteristic 3 they also illustrate the form of the simple representations, as described in
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Chapter 6 Exercise 25. In characteristic 2 more detailed information about the projec-
tives is obtained in Chapter 8 Exercise 4. However, the calculation of these tables is
straightforward and does not require this theory.

The alternating group A

This simple group is isomorphic to SL(2,4) and also to PSL(2,5).

Characteristic 0

As
ordinary characters
g () (12)(34) (123) (12345)  (13524)
|Ca(g)| | 60 4 3 5 5
Y1 1 1 1 1 1
Xsa 3 -1 0 —(GE+¢) —(G+¢)
X3b 3 -1 0 —(G+¢) —(E+E)
Y4 4 0 1 1 1
X5 5 1 -1 0 0
Characteristic 2
As 2 SL(2,4)
Brauer simple p = 2
g () (123) (12345) (13524)
[Calg)l | 60 3 5 5
01 1 1 1 1
$2a 2 -1 G+G E+¢E
P2 2 -1 E+¢ G+
b4 4 1 -1 —1
As 2 SL(2,4)
Brauer projective p = 2
g () (123) (12345) (13524)
[Calg)l | 60 3 5 5
m 12 0 2 2
M2 8 —1 —(G+¢)=(G+¢)
n2b 8 —1 —(G+¢G)—(G+¢E)
n 4 1 1 1
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As =2 SL(2,4) As =2 SL(2,4)
Decomposition matrix p = 2 Cartan matrix p = 2
(]51 ¢2a ¢2b ¢4 m 1M2a M2 T4
X1 1 0 0 0 1 4 2 2 0
X3a 1 1 0 0 ¢2a 2 2 1 0
xsp | 10 1 0 ¢y | 2 1 2 0
X4 0o 0 0 1 04 0 0 0 1
X5 1 1 1 0
Characteristic 3

As

Brauer simple p = 3

g () (12)(34) (12345) (13524)

[Ca(g)] | 60 4 5 5

D1 1 1 1 1

$3a 3 -1 —(G+Er(G+E)

P3p 3 -1 —(G+HGHE+¢)

b4 4 0 -1 -1

As

Brauer projective p =3

g () (12)(34) (12345) (13524)

[Calg)] | 60 4 5 5

m 6 2 1 1

M3a 3 -1 —(G+Er(G+¢)

n3b 3 -1 —(G+HGHEG+E)

N4 9 1 -1 -1
A5 AB
Decomposition matrix p = 3 Cartan matrix p = 3

O1 P30 P3p P4 M M3a 736 M4

X1 1 0 0 0 o1 2 0 0 1
X3« | 0 1 0 O $3« | 0 1 0 0
xsp | 0 0 1 0 ¢ | 0 0 1 0
X4 0o 0 0 1 oy 1 0 0 2
X5 1 0 0 1
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Characteristic 5

As =2 PSL(2,5) As =2 PSL(2,5)
Brauer simple p =5 Brauer projective p =5
g () (12)(34) (123) g () (12)(34) (123)
[Calg)l |60 4 3 [Calg)] |60 4 3
o1 1 1 1 m ) 1 2
¢3 3 -1 0 13 10 -2 1
o 5 1 -1 5 5 1 -1

As =2 PSL(2,5) As = PSL(2,5)

Decomposition matrix p =5 Cartan matrix p =5

¢1 (b3 ¢5 m o m3 15

X1 1 0 0 1| 2 10

X3« | 0 1 0 o3 | 1 3 0

x3 | 0 1 0 ¢s | 0 0 1

X4 1 1 0

X5 0 0 1

Notes for As

To compute the conjugacy classes, compute the centralizer of each element first in Ss,
then intersect that centralizer with As. The index in As is the number of conjugates
of that element. This enables us to see that the class of 5-cycles splits into two in As,
but the other classes of S5 do not. One of the three-dimensional representations can be
obtained via the realization of Aj as the group of rotations of the icosahedron. Note that
when computing the trace of a rotation matrix it simplifies the calculation to choose
the most convenient basis. The tensor square of this representation contains two copies
of itself, determined by taking an inner product. The remaining three-dimensional
summand is simple and new. It can also be obtained as an algebraic conjugate of the
first three-dimensional representation. The permutation representation on 5 symbols
is 2-transitive, so decomposes as the direct sum of the trivial representation and an
irreducible 4-dimensional representation, by Lemma 5.5. The remaining 5-dimensional
representation can be found by the orthogonality relations. It is also induced from one
of the non-trivial 1-dimensional representations of A4, as can be verified by taking the
inner product of this induced representation with the other representations of As so far
obtained, using Frobenius reciprocity, to see that the induced representation is new.
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The symmetric group Ss

Characteristic 0

S5

ordinary characters

g () (12) (123) (12)(34) (1234) (123)(45) (12345)
|Ca(g)] | 120 12 6 8 4 6 5
X1 1 1 1 1 1 1 1
Xsign 1 -1 1 1 -1 -1 1
X4a 4 2 1 0 0 1 1
Xab 4 -2 1 0 0 1 —1
X6 6 0 0 -2 0 0 1
X5a ) 1 -1 1 —1 1 0
X5b 5 -1 -1 1 1 -1 0

Notes for S;

The conjugacy classes are determined by cycle type, the derived subgroup is As and
there are two 1-dimensional representations. The permutation representation on the
five symbols is the direct sum of the trivial representation and a 4-dimensional sim-
ple representation x4, (by Lemma 5.5, but it can be checked using the orthogonality
relations). Its tensor with the sign representation gives another 4-dimensional simple.
Its exterior square is simple of dimension 6. The symmetric square decomposes with a
new summand of dimension 5. The final character is obtained by multiplying by the
sign representation.

The general linear group GL(3,2)
The group GL(3,2) = SL(3,2) is simple and is isomorphic to PSL(2,7).

Characteristic 0

GL(3,2)
ordinary characters

—_

(0}
N
S
N
S

g
[Ca(g)]

X1
X3a
X3b
X6
X7
X8

|
—OoOrRQIO R
|

oD Q|

OO WWrHF| O
ESURCILIUNEN PSS
OO RF| &K
LHOOOH w w
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Here a = (7 + (% + (7 so that @ = (3 + ¢2 + ¢¢. In calculating with orthogonality
relations it is helpful to know that o®> = @ — 1 and aa = 2.

Characteristic 2

GL(3,2) GL(3,2)
Brauer simple p = 2 Brauer projective p = 2
g 1 3 Ta 7b g 1 3 Ta b
|Ca(g)] 168 3 7 7 |ICa(9)] 168 3 7 7
h1 1 1 1 1 m 8§ 2 1 1
®3p 3 0 a « 13b 6 1 a—-1 a—1
P8 8§ -1 1 1 8 8 -1 1 1
GL(3,2) GL(3,2)
Decomposition matrix p = 2 Cartan matrix p = 2
o1 P30 3 P8 M M3a M3b 78
X1 1 0 0 0 o1 2 1 1 0
X3a 1 0 0 0 ®3a 13 2 0
X3b 0 0 1 0 ®3b 1 2 3 0
X6 0o 1 1 0 o3} 0 0 0 1
X7 1 1 1 0
X8 0 0 0 1
Characteristic 7
GL(3,2) = PSL(2,7) GL(3,2) = PSL(2,7)
Brauer simple p =7 Brauer projective p =7
g 1 243 g 1 243
|ICa(g)| | 168 8 4 3 |Cc(g)] | 168 8 4 3
o1 1 111 m 7T 311
03 3-110 N3 14 -2 2-1
o5 5 1-1-1 5 14 2 0-1
b7 7 -1-1 1 n7 7 —-1-11
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GL(3,2) = PSL(2,7)
Decomposition matrix p =7

GL(3,2) = PSL(2,7)
Cartan matrix p =7

b1 P3 @5 P7 mom3 M5 N7
X1 1 0 0 O ?1 2 0 1 0
X3a 0 1 0 0 ¢3 0 3 1 0
X3b 0 1 0 O o5 1 1 2 0
X6 1 0 1 0 o7 0 0 0 1
X7 0 0 0 1
X8 0 1 1 0

Notes for GL(3,2)

By counting ordered bases for F3 the order of GL(3,2) is 168 = (23 —1)(2% —2)(23 —22).
It is helpful to identify certain subgroups of GL(3,2). We describe these by indicating
the form of the matrices in the subgroups. These matrices must be invertible and,
subject to that condition, can have any field element from Fy (i.e. 0 or 1) where * is

positioned. Let

1 0 * *x 0 1 0 * x 0
B =[x O, Ai=1|x = 0|,U; =10 0|, Li=1|x *x 0
* k1 * % 1 ok 1 0 01
and
1 0 0 1 0 0 1 0 0
Po=|x % x|, Uy=|x 1 0], Lo=1]0 % x
% % % * 0 1 0 * =
Then
B = Dsg,

Ly = Ly =2 GL(2,2) & Ss,
Uy 22Uy = Cy x Oy,
P =U, xL; =8y,
Po=Us;x Ly =5,

because Sy also has this semidirect product structure. The subgroup B is a Sylow
2-subgroup of GL(3,2), since it has order 8.

We show that GL(3,2) has a single class of elements of order 2 (involutions) by
showing that all involutions in B are conjugate in GL(3,2). Since all Sylow 2-subgroups
are conjugate in GL(3,2), this will be sufficient. Conjugacy of involutions within B
follows because in P; they fall into two conjugacy classes, and in P, they fall into two
different classes, so that combining this information we see they are all conjugate in
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GL(3,2). Direct calculation shows that
1 00
B=Carsa | [0 10
1 01

so that there are 21 = 168/8 elements of order 2, all conjugate.

The two elements of B of order 4 are conjugate in B, so there is a single class of
elements of order 4. The centralizer of such an element also centralizes its square, so is
a subgroup of B, and hence has order 4. Thus there are 42 = 168/4 elements of order
4, all conjugate.

Sylow’s theorem shows that the number of Sylow 3-subgroups must be one of 1, 4,
7 or 28. The first three possibilities would imply that there is an element of order 2
which centralizes a Sylow 3-subgroup, which does not happen since the centralizer of an
involution has order 8. Thus there are 28 Sylow 3-subgroups H and Ngp32)(H) = S3
of order 6, since this group appears as a subgroup of P;. All elements of order 3 are
thus conjugate, and there are 56 = 168/3 of them.

Sylow’s theorem shows that there are 1 or 8 Sylow 7-subgroups K, and since
GL(3,2) does not have a normal 7-cycle, there are 8. Thus Ngp32)(K) = K x H
of order 21, where H has order 3. The action of H on K is non-trivial because the
centralizer of H contains no element of order 7, so if K = (g) the action of a generator
of H may be taken to send g — ¢ — ¢g* — ¢. This means the elements of order 7 fall
into two conjugacy classes, represented by g and ¢!, each of size 24.

Since 168 = 1 4 21 4+ 42 + 56 + 24 + 24 we have accounted for all the elements of
GL(3,2).

We construct the three largest degree characters of GL(3,2). The induced character
from the subgroup K x H of order 21 is

g 1 24 3 7a 7b
1Ca(9)| 168 8 4 3 7 7
atEe2 g g0 2 1 1

by the induced character formula. This is because no elements of order 2 or 4 can be
conjugated into K x H; an element which conjugates a generator of K into K x H
must normalize K, so lies in K X H and hence the character is 1 on an element of
order 7; the elements of order 3 in K x H lie in two conjugacy classes under this group,
each of size 7. The images of such a class under the action of GL(3,2) partition the 56
elements of order 3 into 8 sets, two of which lie in K x H. From this we see that the
value of this induced character on a 3-element is 2. Now x1 T?(I;](fﬁ) —x1 is verified to
be a simple character of degree 7 using the orthogonality relations.

We next compute x1 Tgf(g’z). To do this it is convenient to observe that GL(3,2)

0
permutes the 7 non-zero elements of IF'% transitively, and the stabilizer of [0]| is P,
1
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so that the induced character is the permutation character on these 7 points. We now
take typical elements of orders 2, 4 and 3 such as

010 1 00 010
10 0,1 1 0f, (0 0 1
0 01 011 1 00

and find the number of fixed points. For elements of order 7 it is clear that they act
regularly on the 7 non-zero elements of F3, so there are no fixed points. This shows
that the character is

g 1 243 7a 7

(Ce(g)] 168 8 4 3 7 7

it 7 311 0 0
GL(3)

and orthogonality relations show that x1 15 —x1 is simple and it has degree 6.

To construct the simple character of degree 8 we exploit a slightly more complicated
combinatorial structure, namely the incidence graph of lines and planes in F3. This
graph is, in fact, the building of GL(3,2). The graph has 14 vertices which are the 7
linear subspaces of F3 of dimension 1 and the 7 linear subspaces of F3 of dimension 2.
We place an edge between a 1-dimensional subspace and a 2-dimensional subspace if
one is contained in the other, obtaining a bipartite graph. These containment pairs are
permuted transitively by GL(3,2) as are the 1-dimensional subspaces (with typical sta-
bilizer P;) and the 2-dimensional subspaces (with typical stabilizer P»). The stabilizer
of a typical edge is thus P, N P, = B, and we deduce that there are |GL(3,2) : B| = 21
edges. Regarding this graph as a simplicial complex, the simplicial chain complex over
C has the form

GL(3,2)

0_>(CTB GL(3,2)

—><CT]GD 32)@(CT )5 0.

The simplicial complex is, in fact, connected so that we have an exact sequence

GL(3,2) GL(3,2)
— (CTP1

0—H —Cty @CTPZSQ)—HC—W

where H; is a CG-module which is the first homology of the complex. Because CG
is semisimple the sequence is split and we have an alternating sum formula for the
character of Hi:

N TgL(e,,z) —X1 T1G31L(3,2) TG (3,2)

We have already computed x1 TIGDIL(S’Q) and x1 ng(g,z) is similar with the same answer.

GL(3,2) .

The computation of x1 75 is made easier by the fact that B is a 2-group, so that
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the character is only non-zero on 2-power elements. It is

g 1 243 7a 7
1C(9)] 168 8 4 3 7 7
i 1eEE2 9 510 0 0

The value on an involution arises because there are 5 involutions in B, which is the
centralizer one of them, and so 5 coset representatives of B conjugate this involution
to an element of B. There are two elements of order 4 in B, and they determine B
as the normalizer of the subgroup they generate. Since B is self-normalizing, there is
only one coset of B whose representative conjugates an element of order 4 into B. We
compute that xp, is a simple character using the orthogonality relations, and it has
degree 8.

It remains to compute the two 3-dimensional characters of GL(3,2). To do this
we can say that the two columns indexed by elements of order 7 must be complex
conjugates of each other because the elements are mutually inverse. All the characters
constructed so far are real-valued, so the two remaining characters must not be real-
valued in order that those two columns should be distinct. This means that the two
remaining characters must be complex conjugates of each other. On elements of orders
1, 2, 3 and 4 these characters are real, so must be equal. With this information we can
now determine those characters on these columns using orthogonality relations and the
fact that the sum of the squares of the degrees of the characters is 168. Orthogonality
gives an equation for the missing complex number « which is also determined in this
way.

Dihedral groups

We let Dy, = (x,y ‘ " =y? =1, yry =271,
Characteristic 0

Doy, n odd
ordinary characters

g 1 T z? :L'nT_l Y
|ICa(9)] 2n n n n 2
Y1 1 1 T - 1 1
Y1a 1 1 1 1 1

— —92 n=1¢ _n—1
X 16 2 GG, G G 4G 0
(1<s< )
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Do, n even
ordinary characters

g 1 x z? z2 Yy xy
|ICa(9g)] 2n n n 2n 4 4
Y1 1 1 1 1 1 1
Yia 1 1 1 1 —1-1
X1b 1 -1 1 e (—=1)2 1-1
Xie 1 -1 1 L (-Dz -1 1
=S 28
xé 19 2 GHC 4T - 217 0 0
(1<s<5-1)

Notes for Ds,

These tables are constructed in Example 4.3.11 and Chapter 4 Exercise 1. The decom-
position and Cartan matrices for Dsg in characteristic 2 are constructed in Chapter 9
Exercise 7. The representation theory of Dsg in characteristic 3 is described in Chapter
10 Exercise 3.



Bibliography

1]
2]

[3]

J.L. Alperin, Diagrams for modules, J. Pure Appl. Algebra 16 (1980), 111-119.

J.L. Alperin, Local representation theory, Cambridge Studies in Advanced Math-
ematics 11, Cambridge University Press (1986).

D.J. Benson, Representations and cohomology 1 and 2 Cambridge Studies in Ad-
vanced Mathematics 30 and 31, Cambridge University Press (1998).

D.J. Benson and J.F. Carlson, Diagrammatic methods for modular representations
and cohomology, Comm. in Algebra 15 (1987), 53—121.

D.J. Benson and J.H. Conway, Diagrams for modular lattices, J. Pure Appl. Al-
gebra 37 (1985), 111-116.

N. Blackburn, On a special class of p-groups, Acta Math. 100 (1958), 45-92.
S. Brenner, Modular representations of p groups, J. Algebra 15 (1970), 89-102.

S. Brenner, Decomposition properties of some small diagrams of modules, Sym-
posia Mathematica 13, 127-141, Academic Press, London, 1974.

W.W. Crawley-Boevey, On tame algebras and bocses, Proc. London Math. Soc.
(3) 56 (1988), 451-483.

C.W. Curtis and 1. Reiner, Methods of representation theory. Vol. I, John Wiley
and Sons, Inc., New York (1981).

Yu.A. Drozd, Tame and wild matriz problems, Representations and quadratic
forms (Russian), pp. 3974, 154, Akad. Nauk Ukrain. SSR, Inst. Mat., Kiev, 1979;
translated in Amer. Math. Soc. Transl. (2) 128 (1986), 31-55;

K. Erdmann, Blocks of tame representation type and related algebras, Lecture
Notes in Mathematics 1428, Springer-Verlag, Berlin, 1990.

W. Feit, The representation theory of finite groups, North-Holland Mathematical
Library 25, North-Holland Publishing Co., Amsterdam-New York (1982).

L.K. Hua, Introduction to number theory, Springer-Verlag, Berlin Heidelberg New
York (1982).

282



BIBLIOGRAPHY 283

[15] M. Prest, Wild representation type and undecidability, Comm. in Algebra 19
(1991), 919-929.

[16] D.S. Rim, Modules over finite groups, Annals of Math. 69 (1959), 700-712.

[17] C.M. Ringel, The representation type of local algebras, Representations of algebras,
Ottawa 1974, Lecture Notes in Mathematics 488, Springer-Verlag, Berlin/New
York 1975.

[18] C.M. Ringel, The indecomposable representations of the dihedral 2-groups, Math.
Ann. 214 (1975), 19-34.

[19] R.G. Swan, Projective modules over group rings and maximal orders, Annals of
Math. 76 (1962), 55-61.

[20] J.G. Thackray, Modular representations of some finite groups, Ph.D. thesis, Uni-
versity of Cambridge (1981).

[21] J. Thévenaz, G-Algebras and modular representation theory, Oxford University
Press, Oxford 1995.



Index

p-adic integers and rationals, 258
p-modular system, 148
p-nilpotent, 129, 232, 253
p-radical subgroup, 237
p-regular, 146

p-singular, 146

adjoint, 196
algebra, 4
G-algebra, 238
Frobenius, 138
interior G-algebra, 238
local, 190
Nakayama, 128, 193
self-injective, 132
simple, 16, 19
symmetric, 133
algebraic integer, 38
Artin’s induction theorem, 71
Artin—-Wedderburn theorem, 15
augmentation, 92

bimodule, 59

block, 42, 227
belongs to, 227, 232
cyclic defect, 219

defect, 235, 241, 242, 244, 246
defect zero, 161, 232, 234, 242

principal, 232, 242
Brauer

character, 170

character table, 171

correspondence, 248

first main theorem, 250

morphism, 243, 246

orthogonality relations, 176, 179
quotient, 243
theorem of Brauer-Nesbitt on decom-
position, 153, 159
theorem on number of modular sim-
ples, 147
theorem on splitting fields, 144
Burnside’s theorem, 20, 44, 99
Burry—Carlson—Puig theorem, 215

Cartan
invariant, 117
map, 157
matrix, 117, 173
matrix, invertibility, 178
matrix, symmetry, 134, 160
cde triangle, 157, 182
character, 22
p-group, 80
Brauer, 170
Brauer table, 171
degree, 22
table, 24
virtual, 157
class function, 28
Clifford’s theorem, 79
completely reducible, 8

decomposition
map, 157
matrix, 154, 173, 183
defect, 235
cyclic, 219
degree, 2, 22
discrete valuation ring, 256

284



INDEX

divided power, 65
double coset, 74

essential morphism, 109, 135
exact, 104

extending scalars, 141
exterior power, 63

fixed points, 27, 56, 134, 168
fixed quotient, 98, 134, 168
fractional ideal, 257
free module, 103

relatively, 194
Frobenius, 129, 138

group, 254

reciprocity, 61

Green
correspondence, 211

indecomposability theorem, 219

Grothendieck group, 156, 181
group

Ay, 68, 83, 89, 136, 139, 160, 167, 263

As, 68, 252, 272

Cs x Cy, 36, 49

C7 x O3, 128, 193, 265
GL(2,3), 137

GL(3,2), 184, 223, 252, 275
PSL(2,p), 101, 184, 214, 222, 223, 272

SL(2,3), 137, 253, 269
SL(2,p), 101, 201, 214

S, 2, 17, 25, 48, 69, 72, 108, 119, 154,
160, 166, 171, 187, 232, 233, 246,

251, 260

Su, 31, 83, 119, 137, 172, 214, 252, 267

Ss, 68, 275
p-group, 80, 85-88, 95

abelian, 17, 53, 80, 193, 260

cyclic, 3, 20, 50, 85, 87, 93, 101, 127,
142, 165, 193, 204, 208, 260

dihedral, 62, 68, 82, 96, 100, 139, 166
185, 193, 207, 208, 262, 264, 280

McLaughlin, 163

quaternion, 68, 82, 208, 262, 264

semidihedral, 82, 208, 265
group algebra, 4

Heller operator, 216

idempotent, 19, 41
central, 41
lifting, 112
orthogonal, 19, 41
primitive, 19, 41

indecomposable
absolutely, 144, 166
module, 19, 86, 189

induction, 54
character formula, 56

inflation, 53

injective module, 106
hull; 135

integral, 38

irreducible, 7

Jennings’ theorem, 95
Krull-Schmidt theorem, 191

lattice, 150

R-form, 152

full, 152
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module, 141, 150
local ring, 190
Loewy
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M-group, 81
Mackey’s theorem, 77
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free, 103
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algebra, 128, 193 permutation, 5, 47, 56, 70, 78, 82, 98,
Nakayama’s Lemma, 110 245
Noether-Deuring theorem, 144 regular, 5
normal p-complement, 129, 232 restricted, 58

orthogonality relations semisimple, 8

Brauer, 176, 179 S%gn, 2
ordinary, 30, 36 simple, 7, 80, 147
symmetric power of, 63

permutation trivial, 2
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representation, 5, 47, 56, 70, 78, 82, uniserial, 87, 127, 128
98, 245 representation type
product finite, 202
direct, 51, 52, 123, 147 tame and wild, 207

semidirect, 89, 124, 125, 129, 137, 248 restriction, 58

tensor, 25, 54, 59, 121, 123
projective module, 106

cover, 111

Schur algebra, 69
Schur’s lemma, 14

relatively, 194 semisimple
resolution, 218 representation, 8
ring, 15
radical, 89, 90 sign representation, 2
series, 94 simple
subgroup, 237 absolutely, 141
reduction, 150 algebra, 16, 19
regular representation, 5 representation, 7
relative trace map, 194 socle, 10
representation, 2 socle series, 94
p-group, 80 source, 210
coinduced, 58, 60 split
completely reducible, 8 epimorphism, 104
conjugate, 76 monomorphism, 104
contragredient, 25 short exact sequence, 105
cyclic, 86 splitting field, 15, 142
degree of, 2 subrepresentation, 5
divided power of, 65 symmetric power, 63
dual, 25
exterior power of, 63 tensors
faithful, 12 skew-symmetric, 65

indecomposable, 19, 86, 189 symmetric, 65
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