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Introduction

In the Spring semester of 2018-19 I gave for the first time a course (6 ECTS)
in “Advanced Group Theory” for the MSc in Mathematics in Trento (the MSc is
in English, in case you were wondering).

This is meant as a second course in group theory, after a 6 ECTS course in
Group Theory in the BSc (see the notes [CarT9], in Italian), which followed a 12
ECTS basic course in Algebra (see the notes [CM19], in Italian), and a 6 ECTS
course in Galois Theory. The course is an introduction to the theory of ordinary
representations and characters of finite groups. Soluble groups are also discussed,
in view of Burnside’s p%q® theorem.

I gave this course again in 2020-21 and 2022-23.

I wrote up some notes for the course, which are what you are reading right
now. The most recent version can be downloaded from

https://caranti.maths.unitn.it/
Useful Texts

Among the many good texts in group theory, I recommend

[MacT?2] (I graduated with the author);

Hup67), an excellent text in German;
=or&0|, another great classic;

Lob96], complete and crystal clear;
fq’x] a nice selection of arguments;

or7R| /[Ser77], a compact classic;

,rl i|, a bit intense, but magnificent;

[[sa0f], a great, a bit demanding classic.
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For the course, I am mainly using [SerT6], with some arguments taken from [Isa06],

and sometimes from [Ser78].
An excellent text for general algebra (covering for instance tensor products)
is [Lan02].


https://caranti.maths.unitn.it/
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Part 1

Preliminaries






CHAPTER 1

Preliminaries
Recalling some basic stuff, and establishing notation.

1.1. The general linear group, and projections

If V' is a vector space over some field F', then GL(V') denotes the general linear
group of invertible linear maps on V.

If V' is of finite dimension n, and we fix a basis, then the elements of GL(V')
can be represented via n X n matrices. We denote by GL(n, F') the corresponding
group of matrices, which acts on the space F™ of row vectors. When F is finite of
order ¢ (this is not going to happen in these notes), one writes also GL(n, q).

Recall that if V = U @ W, the projection on U along W is the linear map

T:V =V
U+ W u,

where u € U and w € W. Clearly (u+w)n? = ur = (u+ 0)7 = u, so that 72 = 7.
Conversely we have

1.1.1. LEMMA. Let V' be a vector space.

Let 7 be a linear map on' V' such that w = 7.
Then

V =Vr @ ker(m),

and m is the projection on Vm along ker(m).

PROOF. Let v € V. Then (v — vm)m = vr — vn? = 0, so that v — v € ker(m).

If v € ker(m) NV, then v = ur for some u € V, and thus v = ur = ur? = vy =
0. O

1.2. The trace

It is a well-known and elementary fact that the trace (of a square matrix)
satisfies trace(AB) = trace(BA) for all matrices A, B. In particular, if C is
invertible we have

trace(C 1 AC) = trace(C~1(AC)) = trace((AC)C™1) = trace(A).

Note actually that this reminds us that the trace is defined for a linear map on a
vector space, and it does not depend on the base with respect to which one writes
it down as a matrix.
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1.3. Algebras over a field

1.3.1. DEFINITION. An algebra over the field F' is a ring A # {0} with unity,
which is also a vector space over F' (with respect to the same “+” operation), such

that for a,b € A, A € F,
(1.3.1) A(ab) = (Aa)b = a(Ab).

It follows from the definitions that the ring product in an algebra is bilinear,
that is, for a,b € A and A € F we have
(Aa+ Ab)c = (A(a+b))c= A(a+b)c) = Mac + bc) = Aac) + A(be),

and similarly on the right.
Note that if we take @ = 1 in (IZ31), we obtain first of all for all b € A

A-1)b=A1-b) =Ab=Ab-1) =b(\-1).

This says first of all that F'-1 = {A-1: X € F} is in the centre of A. And then
in particular we have

(1.3.2) Ab= (A~ 1)b.

Since A # {0} by definition, the axioms of vector spaces then imply that
F— A
A= A1

is an injective morphism of rings with unity. (This is because a field F' has only
the ideals {0} and F', so a ring morphism from F' to another ring either maps F’
to zero, or is injective. But in a vector space, multiplication by the scalar 1 is the
identity.) Therefore F'-1 = {A-1: X € F} is a subring of A isomorphic to F,
which is often identified with F', because (IZ372) shows that scalar multiplication
by A, or multiplication by A -1 in A, are the very same thing.

1.3.2. EXAMPLE. The n x n matrices over a field A are an algebra. The
identification just mentioned means that we consider A € F' and the scalar matrix
A - I with X on the diagonal as the same thing.

1.4. The centre of the matrix algebra

Recall that if G is a group, then its centre is

Z(G)={z2€G:g9z2=2zg, forallge G}.
If A is a ring, its centre is
Z(A)={z€A:az=za, forallaec A}.

1.4.1. PROPOSITION. Show that the centre of the algebra of n x n matrices over
a field F' consists of the scalar matrices.

PROOF. Let A be the algebra of n x n matrices, and z € Z(A). Proceeding
by way of contradiction, assume there is a vector v # 0 such that v and vz are
independent. Complete v, vz to a basis, and consider the linear map 7T that is zero
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on all basis vectors, except that it takes vz to v. Then v(zT) = (v2)T = v, but
v(Tz) = (vT)z = 0z = 0 # v, a contradiction.

Thus for all 0 # v € V there is a uniquely defined a(v) € F such that vz =
a(v)z. (We are saying that all non-zero vectors are eigenvectors for z.) If v, w are
independent vectors then

alv+w)v+alv+ww=alv+w)(v+w)=(v+w)z=
= vz +wz = a(v)v + a(w)w,

whence
a(v) = a(v +w) = a(w),

and z is a scalar matrix. O

1.4.2. EXERCISE. Find other proofs for this elementary, but basic, fact. (Books
are OK, but Internet search is also allowed.)

1.4.1. Centre of the general linear group. GL(V), the general linear
group, is the group of invertible linear maps on the finite-dimensional vector space
V. Its centre consists of the non-zero scalar matrix. A proof is a variant of the
previous one, in which one takes at 7' the linear map that is the identity on all
basis elements, except that (vz)T = vz + v. One checks easily that this is indeed
invertible, and then vT'z = vz # vz + v = v2T.

An alternative proof over an infinite field F' consists in noting that any matrix
A can be written as the difference of two invertible matrices. If A € F' is not an
eigenvalue of A, we have in fact A = A1 + (A — A1). Thus if a matrix commutes
with all the invertible matrices, it commutes with all the matrices.

1.5. Simultaneous diagonalization

Let Ay, Aq,..., A, be n x n matrices over a field F', such that each of them
is diagonalizable, and the matrices commute pairwise, that is A;A; = A;A;. then
there is a basis with respect to which all A; are diagonal.

Let V = F". For each eigenvalue \ of B = Ay, consider the eigenspace
V(A) ={veV:vB=Mv}. By hypothesis, V is a direct sum of the V' ()).

We claim that for each A and ¢ > 1 we have V(A\)A; C V(A). In fact if v € V/(A)
one has
so that vA; € V(A). By induction on k, the restrictions of the A;, for i > 1 to
V' (A) can be simultaneously diagonalized. As the restriction of B to V() is scalar
with respect to any base (see Section [4), all the A; are then diagonalized at once.

1.6. Inner products

Let V' be a finite-dimensional vector space over C. An inner product on V is
a map

(,):VxV—=>C

which satisfies the following properties.
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(1) For A\ e C, z,y,z €V

(z,\y) =X (z,y), (z,y+2z)={(z,y)+(z,2).
This states that (-, -) is linear in the second component.
(2) For z,y € V
(z,y) = (y,2).
Here the bar denotes complex conjugation. This implies that
(3) forz eV

< T, x > = < T, x >
is real, and
(4) (-,-) is semilinear (antilinear, conjugate-linear) in the first component,
that is, for A\ € C, z,y,z € V

(Az,y) =XMzy),  (wtyz)=(n2)+(yz2).
The first part of (@) follows from
(Az,y) = (y,A0) =My z) =X (y,z) = X(z,y).
(5) Forz € V

(z,x) >0,

and
(6) forx e V

(1.6.1) (z,2)=0 ifand only if x=0.
Note that (IT6) implies
(7) forz e V
(1.6.2) (z,y)=0forally € V ifandonlyif z=0.
If V = C", the standard inner product is given by

(1.6.3) (vyy)=T-y' = Z!Eﬁyz
=1

If V' has an inner product (-,-), we can build an orthonormal basis with
the Gram-Schmidt process. An orthonormal basis is a basis ey, ..., e, such that
(e;,ej) =0;; for all 7,7, where J;; is the Kronecker delta.

Start with an arbitrary basis vy, ..., v,, and define

1
€1 =

U1
<U1>U1> 7

1/2

so that (e,e;) = 1.
Assume you have defined eq,...,e,_1 as linear combinations of vy,...,v5_1,
for k < n. Define first

vy = Uk — (U, e1)er — - — (U, €x—1 ) €1,

a vector which is independent of eq,...,e,_1, so that for 1 <i < k we have

(Vp,ei) = (vp,ei) — (vp,e5) (e, e5) = 0.
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Then normalise
1 !
ey = —————= V..
;oo\1/2 Tk
(V> V1)

If V has an inner product (-,-), and U is a subspace with orthonormal basis
fi,.. ., fx, then the map

p:V —=U

k
U'_>2<Uafi>fi
=1

is a projection onto U along the subspace
Ut=(veV:(vu)=0foralluclU).
In fact Vp C U, and if

k
u=> afi €U,
=1

then (wu, f;) = a;, so that up = u. Moreover v € ker(p) if and only if (v, f;) =0
for all 4, that is, v € U™.
Incidentally, this shows that V = U @ U+. This also follows from the two facts
(1) (ED) implies UNUL = {0}, and
(2) the condition (x,u) = 0 for all w € U translates into a homogeneous
linear system in the coordinates of x. The rank of the matrix of the
system equals to the dimension of U. Therefore U+, which is the set of
solutions, has dimension dim(V') — dim(U).
With respect to an orthonormal basis, an inner product takes the standard
form (CB3).
Given an inner product on V, and A € Endg(V'), one can define the adjoint
A* of A as the unique B € Endp(V) such that (zB,y) = (z,yA) forall z,y € V.
In fact, every linear map V' — C, that is, every element of the dual space V* can
be represented in the form
y—=(z,y)
for some x € V. This is because (IT62) shows that the dimension of the latter
maps is exactly dim (V') = dim(V*). Since for each € V' the map

y = (z,y4)
is linear, we will have, for all x,y € V
(z,yA) = (2B,y)
for a unique map B : V — V. But then B is linear, as for all z,y,2z € V' we have
((Az 4+ py)B,z) = (Az + py, zA)
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Given the standard inner product, and A € GL(V'), we have
(,yA) =7 (yA) =7 Ayt = 2 Ay = (2 y),

so that the adjoint of A is
t

A=A,
A € GL(V) is unitary if
(A, yA) =(z,y) for all z,y € V.
In other words, A is unitary if and only if for all x,y € V one has
(zA,yA) = (zAA"y) = (2,y),

that is A* = A=Y If 0 £ )\ € C is an eigenvalue of a unitary A, with eigenvector
v, we have

(v,0) = (VA vA) = (VA 0\) = A (v,v),

so that )\ has absolute value 1.

1.7. The class equation and the centre of finite p-groups

Let G be a finite group acting on itself by conjugation. Since the orbits (that
is, the conjugacy classes) form a partition, we have the class equation

|Gl=12(G) [+ |G: Cala)]

where the sum is over a set of representatives of the conjugacy classes a® # {a },
so that each |G : Cg(a) | = ’aG‘ > 1.

If G # {1} is a finite p-group, then p | | G| and p divides each |G : Cg(a) | =
[a®|. Thus p | | Z(G) ], so that | Z(G)| > 1.

1.8. Endomorphisms, automorphisms and inner automorphisms

Let G be a group. A (homo)morphism G — G is called an endomorphism of
G. The set of all endomorphisms of a group G is denoted by End(G), and is a
monoid under the composition o of map.

1.8.1. LEMMA. If (G,+,0) is an abelian group, then End(G) becomes a ring
under pointwise addition

¢FTt=g"+4", forge G ands,t€End(Q),
and composition of maps
g = (¢°)", forge G and s,t € End(G).

1.8.2. EXERCISE. Prove the Lemma. The point where the hypothesis that G is

abelian plays a crucial role is when proving that if s,t € End(G), then s+t €
End(G).
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1.8.3. EXERCISE. If (G,-, 1) is any group, and s,t are maps on G, one can
define a map s+t on G by ¢g**' = ¢° - ¢'.

Let I be the identity map on G, so that I € End(G). Show that [+1 € End(G)
if and only if G is abelian.

(HINT: Note that for g € G one has g'*! = g’ - ¢! = ¢?. So one has to prove
that the map g — ¢* is a homomorphism if and only if G is abelian.)

An invertible element of End(G), that is, an endomorphism which is a bijective
map, is called an automorphism of G. The automorphisms of G form thus a group
Aut(G).

For g € G, the map

g):G—G
T > g_lxg
is an automorphism of G, the inner automorphism induced by g. The map
t: G — Aut(G)

g9 u9)
is a group morphism.

The image of ¢ is the group Inn(G) of the inner automorphisms of G

1.8.4. EXERCISE. Prove these statements.
(HINT: It is possibly better to start by proving that each ¢(g) is an endomor-
phism of G. Then show that t(gh) = ¢(g)t(h) and ¢(1) = 1, and then show that

g™ =ug)™")
1.8.5. EXERCISE. Prove that Inn(G) < Aut(G).
(HINT: Let g € G and ¢ € Aut(G). For z € G we have

2497 — el (gflxw‘lg)qﬁ — <gso)flxgso — xb(g*’)’
so that ¢(¢)? = ¢(¢¥) € Inn(G).)
Now
ker(L):{gEG:L(g):1}:{geG:g’lxg:xforalleG}:Z(G),
the centre of G. The first isomorphism theorem implies

Inn(G) =2 G/Z(G).

1.9. Elementary abelian groups

Let p be a prime. A finite abelian group G such that 2?7 =1 for all z € G is
said to be elementary abelian. So if G has order p”, it is isomorphic to the direct
product of n (cyclic) groups of order p.

1.9.1. LEMMA. Let (V,4,0) be an abelian group, and F a field. The following
are equivalent

(1) a structure of F-vector space on (V,+,0), and
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(2) a homomorphism of rings with unity F' — End(V).

PROOF. Suppose ¢ : F' — End(V) is a homomorphism of rings with unity. For
a € F and v € V, denote by va = v¥® | the image of v under the endomorphism
©(a). Let us see what this means.

Every ¢(a) is an endomorphism of V, that is

(1) for u,v € V and a € F, one has
(u+v)a = (u+v)?@ = 4@ 4 9@ = yq + va.

Then ¢(a +b) = p(a) + ¢(b), that is

(2) for a,b € F and v € V one has

v(a+b) = pPatd) — gela) o) — ela) 4 e®) — 0 1 ob.
We have used the fact that addition of f,¢g € End(V) is defined pointwise, that
is, forv e V
ovfT9 = of + 09,

Now multiplication in End(V) is defined as composition of maps, so that ¢(ab) =
©(a) o p(b), that is

(3) for a,b € F and v € V one has

v(ab) = pP(ab) — ye(a)op(d) (Uso(a))so(b) — (w)so(b) = (va)b.

Finally,

(4) v1 = v¥#M) = v = v, where 1 denotes the unity of F' and I the identity
map on V.

So we see that (1)—(4) are just the axioms of an F-vector space.
The converse is immediate. U

1.9.2. THEOREM. Let (V,+,0) be an elementary abelian group of order p™ > 1,
where p is a prime. For a € Z and v € V, the notation va stands for the a-th
multiple of v.

Let F = Z/pZ be the field with p elements.

Then for a € Z and v € V' the operation

(1.9.1) v(a + pZ) =va
defines a multiplication by scalars that makes V' into an F'-vector space.
PrRoOOF. The map
Y :Z — End(V)
a— (v va)

is a morphism of rings with unity, by the properties of multiples.

Since V' 2 {0}, and vp = 0 for all v € V| its kernel is pZ. The first isomor-
phism theorem for rings yields a morphism of rings with unity as in (IC9), so
that we may appeal to lemma [l Il
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Recall that if V' is a finite-dimensional vector space over a field F', then GL(V")
denotes the group of invertible linear maps on the V. If F is the field with p
elements, then, once a basis is chosen, GL(V') is isomorphic to the group GL(n, p)
of n x n matrices with non-zero determinant in F'.

1.9.3. PROPOSITION. Let (V,+,0) be an elementary abelian group of order p™,
where p is a prime, so that V' can be regarded as a vector space on the field with p
elements.

Then the group Aut(V') of automorphisms of V' coincides with the group GL(V') =
GL(n,p).

ProoF. If 5 € Aut(V), then for a € Z and v € V' one has

(v(a+ pZ))? = (va)® = v’a = v*(a + pZ),

so that f is also a linear map on the vector space V. [

1.10. Modules
On the model of Lemma T, we give the following

1.10.1. DEFINITION. Let (M, +,0) be an abelian group, R a unital ring.
An R-module structure on M is a morphism of unital rings A — End(M).

1.10.2. EXERCISE. Show that this definition is equivalent to requiring that there
1S a map
M xR — R
(m,r) — mr
which satisfies the axioms, for m,mqy,mo € M and r,r1,75 € R:
(1) (my + mg)r = mqr + mar
(2) m(ry +re) = mry + mry
(3) m(riry) = (mri)re
(4) ml =m
1.10.3. EXERCISE. Let R be a unital ring, M = (R,+,0) its abelian group.
Show that M becomes a right R-module by taking
M xR — R
(m,r) — mr
and a left R-module by taking
M xR — R
(m,r) — mr
1.10.4. REMARK. If R is an algebra over the field F', then an R-module is also
an F-module, and thus a vector space over F.

1.10.5. REMARK. These are right modules, as we compose maps left-to-right,
so that (B) holds. If we compose maps right-to-left, then we write rm instead of
mr, and replace (B) with
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(3°) (rirg)m = ri(ram).
When R is a commutative ring, there is no difference between left and right mod-
ules.

If M is any abelian group, m € M and r € Z, the map
r = (m— mr),

which takes the integer r to the the map that takes m € M to its r-th multiple,
satisfies the axioms, and thus turns M into a Z-module. Conversely, a Z-module
structure on an abelian group M is completely determined by the group structure,
as (A) and (2) yield that mr is indeed the r-th multiple of m.

The definition of a module is an analogue of that of a vector space, and spe-
cialises to that one when R is a field. The main (and very important!) dif-
ference is that a module need not have a basis. (The definition of a basis for
modules is exactly the same as for vector space.) For instance, the Z-module
M = 7/2Z = {[0],[1] }. Does not have a basis. The only candidate would be
[1], which generates M, but 1[1] = 3[1] = 5[1] = ... shows that uniqueness of
representation (“linear independence”) does not hold.

1.10.6. DEFINITION. An R-module is said to be free if it has a basis.

So for instance R" = R x --- X R is free, with the usual basis as in the case of
vector spaces.
The following definition is an analogue of that of subspace

1.10.7. DEFINITION. Let M be an R-module. A subgroup N of M is said to
be an R-submodule (or simply a submodule) if for n € N and r € R we have
nr € N. It follows that an R-submodule is an R-module in its own right.

Quotients M/N of a module with respect to a submodule N are defined as in
vector spaces.

The following definition is an analogue of that of linear maps between vector
spaces.

1.10.8. DEFINITION. Let R be a unital ring, and M, M5 be two R-modules.
A map f: My — M is a morphism of modules if it is a group morphism, and
then
(mr)f = (mf)r

forme My, r € R.

As in the case of vector spaces, it follows that if f : M; — M is a morphism
of modules, then the kernel ker(f) is a submodule of M; and the image M, f is a
submodule of M,.

1.11. Algebraic integers and integral elements

A complex number is said to be an algebraic integer if it is the root of a monic
polynomial with integer coefficients. Examples: integers, i, v/2, v/2 4+ /3.

Therefore every algebraic integer is algebraic (over the rationals), but not vice
versa:
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1.11.1. PROPOSITION. A rational number is an algebraic integer if and only if
it s an integer.

This result will turn out to be very useful to prove that b | a, for given integers
a and b # 0. “Just” prove that the rational number a/b is an algebraic integer!

Proor. If p/q, with p, ¢ coprime integers, is a root of
"4+ a "+ 4a, =0,

for a; € Z, then
P A ap" g+ -+ ang” =0,
so that ¢ | p, and thus ¢ = +1. O

Clearly roots of unity (i.e., roots of #¥ — 1 for some k) are algebraic integers.
The following treatment is basically taken from [Isa06].

1.11.2. DEFINITION. Let R be a commutative ring with unity of characteristic
zero, so that R contains Z.

An element o € R which is a root of a monic polynomial in Z[z] is said to be
integral.

When R = C, we fall back on the case of an algebraic integer

Note that if R is a ring with unity of characteristic zero, so that R contains Z,
and S is a subring of C which contains Z, given z; € Z e y; in S, fori =1,...,n,
we may consider the linear combinations (with integer coefficients)

2191 + ... ZnYn € S.

This does not yield a vector space, as Z is not a field, but what is called a Z-
module.

1.11.3. LEMMA. Let R be a commutative ring with unity of characteristic zero,
so that R contains Z.
Let X ={ay,...,a, } be a finite set of integral elements. Then there are
(1) a subring S of R, containing Z and X, and
(2) a finite subset Y C S
such that every element of S can be written as a linear combination with integer
coefficients of the elements of Y.

ProOF. Each «; will be a root of a monic polynomial in Z[z]| degree d;,
so that o can be written as a linear combination with integer coefficients of
1o, ... ,afi_l.

Let

Y:{alfl---aﬁ":()gki<di},
and let S be the set of all linear combinations, with integer coefficients, of the
elements of Y. For each j, we have two possibilities

(1) either k; < d; — 1, so that

aj - (o' ap) €,
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(2) or k; =d; — 1, and then

. k1 kn\ _ k1 dj k
Oé].(al ...an”)_al a] ...an”

can be written as a linear combination with integer coefficients of the
elements of Y
af“--a?--aff,
per 0 <t <d;.
Therefore S is closed under multiplication by all a;;, and thus under multiplication

by all elements of Y. The distributive property implies that S is a subring of R. [
For the converse, we have

1.11.4. THEOREM. Let R be a commutative ring with unity of characteristic
zero, so that R contains Z.

Let S be a subring of R containing Z.

Let Y C S be a finite set, such that every element of S can be written as a
linear combination with integer coefficients of the elements of Y.

Then every element of S is an algebraic integer.

Proor. For clarity, we first give the proof for the case R = C of algebraic
integers.

Let Y = {y1,...,yn}. Clearly Y # 0,{0}. For each i, and each a € S, we
have

(1111) ayY; = Zaijyj,
j=1
for suitable integers a;;. But then the column vector 0 # y = [y1, ..., y,)" € C" is

an eigenvector with respect to the eigenvalue « of the matrix A = [a;;], and thus
a is a root of the characteristic polynomial

det(z1 — A)

of A, which is a monic polynomial in Z|x].
In the general case, start from (IZIT), and consider the column vector y € S™
whose components are the y;. We have

(1.11.2) (a1 — A)y = 0.
Consider the adjugate matrix adj(z1 — A), so that
adj(al — A)(al — A) = det(A)1.
Multiplying (IIT2) on the left by adj(z1 — A) we obtain
det(al — A)y =0,

that is det(al — A)y; = 0 for all 4, so that det(al — A)S = 0 and thus det(al —
A) = 0, as S has a unity. It follows that « is a root of the monic polynomial
det(z1 — A) € Z[z]. O

1.11.5. COROLLARY. Sums and products of integral elements are integral ele-
ments.
Sums and products of algebraic integers are algebraic integers.
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PRrROOF. Let a, 8 be integral in R. By Lemma [CTT°3, there is a subring S of
R, containing Z and «, 8, such that every element of S can be written as a linear
combination with integer coefficients of the elements of a suitable finite subset Y

of S.
As a+p,a-6 € S, by Theorem [T these elements are algebraic integers. [J

1.11.6. COROLLARY. Character values are algebraic integers.
We formalize the above as follows.

1.11.7. PROPOSITION. Let R be a commutative ring with unity of characteristic
zero, so that Z C R.

For a € R, the following are equivalent:
(1) « is integral, that is, there exists n > 1 and ay, ..., a, € Z such that o is
a root of
2"+ a4+ +a, = 0.
(2) The subring

Z[a]:{ao—l-ala—l—---—i—akak:k:eN,aiGZ}

of R is finitely generated as an abelian group, that is, as a Z-module.
(3) The subring Z[a] of R is contained in a subring of R whose additive group
s a finitely generated Z-submodule of R.

Proor. If f is the polynomial of (II), and g(«) is an element of Z[«/], for some
g € Z[z], divide g by the monic polynomial f to get a remainder r € Z[x], so that

n—1

gla)=r(@)=ro-14+r-a+ - +r_1 a

This shows that (II) implies (2). (Note that this proof is a special case of the proof
of I173.)

Clearly (2) implies (8).

Finally, Theorem ITT4 shows that (B) implies (I). O

1.12. A more general, but slightly more involved, approach

This is a more general form of Proposition IIT1T4, in which in the third condi-
tion we only require a Z-submodule, not necessarily a ring.

1.12.1. PROPOSITION. Let R be a commutative ring with unity of characteristic
zero, so that Z C R.

For x € R, the following are equivalent:
(1) there exists n > 1 and aq,...,a, € Z such that

4 ax" 44 a, =0.
(2) The subring
Z[-ﬂ:{&o—i-aw—i----—i-ak:ck:kEN,aiEZ}

of R is finitely generated as an abelian group, that is, as a Z-module.
(3) The subring Z[z] of R is contained in a finitely generated Z-submodule of
R.
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PROOF. If () holds, then Z[z] is generated as a Z-module by 1,z,..., 2",
so that (2) holds.

Conversely, assume (2) holds. Since Z[z] is a finitely generated module over
the Noetherian ring Z, we have that Z[z]| is Noetherian as a Z-module. (See
Lemma ICT23 below.) Considering the ascending chain of Z-submodules of Z[x]
generated by 1,x,..., 2", we see that there must be an m such that Z[x] is gen-
erated by 1,z,...,2" ! as a Z-module. Hence z" is a Z-linear combination of
1,z,...,2" 1 so that (O) holds.

Clearly (2) implies (B). We are thus left with proving that (8) implies (2).

This follows from the general fact that a submodule of a finitely generated
Z-module (more generally, a module over a PID) is finitely generated itself, see
Section I below, but also [Iac85, Chapter 3| for a more general picture. O

1.12.2. REMARK. See also [MarI8, Theorem 2, p. 11] for other slick proofs.

1.12.3. LEMMA. Let A be a commutative, unital Noetherian ring.
Then each finitely generated A-module is Noetherian.

PROOF. By the correspondence theorem, it is enough to prove this for the free
A-module M = A" = A®---® A. We proceed by induction on n. The case n =1
being clear, let n > 2.

Let L1 € Ly C ... be an ascending chain of A-submodules of M. Write
M = A® K, where K = A"!. Since M/K = A is Noetherian, there is m such
that L; + K = L,, + K for all ¢ > m. Thus for « > m we have, using Dedekind’s
identity,

Li=Lin(Lp,+K)= L, + (L;NK).
Now the L; N K are submodules of K = A" '. Thus there is n > m such that for
1 >n we have L; N K = L, N K, so that for : > n

LnC Li=Lp+ (LyNK) C Ly,
O

The following result is a weak form of distributivity of intersection over sum,
and has a group version as well

1.12.4. LEMMA (Dedekind’s Identity). Let A, B,C be submodules of a module
M, with A D B. Then

AN(B+C)=B+(ANC).

PrOOF. If x € AN(B+C), then A > 2 = b+ c for some b € B and ¢ € C.
Thenc=x—-be A+ B=A,as AD B,sothat ce AnC.
Conversely, it is clear that B+ (ANC)C Aand B+ (ANC)C B+ C. O

1.12.5. EXERCISE. Show that if A, B,C are submodules of a module M, the
identity
AN(B+C)=(ANnB)+(ANC)
does not hold in general. (HINT: Take M to be a vector space of dimension 2 over
your favourite field, and A, B, C' be three distinct subspaces of dimension 1.)
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1.12.6. PROPOSITION. The set of the integral elements in R is a subring of R.

PROOF. Let x,y be integral, with
a:”—l—alx"’l—|—-~«—|—an:0:ym+b1ym*1+...+bm’

for some a;,b; € Z.
Consider the subring Z[x, y] of R. Each element of Z[x,y] can be written as

k
o = Z fz(fﬁ)?ﬂ
1=0

for some k, and some polynomials f; € Z[y].
Consider the polynomial ring Z[x][z] with coefficients in Z[z]. Dividing the

polynomial
k

=0
by the (monic) polynomial
2 b ™ e by,

and evaluating at y, we obtain that

m—1

a=Y fllx)y

1=

for some
n—1 ]
filx) =) ¢ya’
=0

for some ¢;; € Z. It follows that Z[z,y| is generated as a Z-module by the nm
elements z/y’. Since x + y, vy € Z[x,y|, we are done. O

1.12.7. REMARK. The proof could be made slicker using tensor products, which
I may have to use anyway for the product of characters.

1.13. Roots of unity, and other algebraic integers

1.13.1. LEMMA. Let E be a subfield of C, such that E/Q is a Galois extension.
Suppose that Gal(E/Q) is abelian.
Then for o € E and g € Gal(E/Q) we have |af |> = (| a [*)9.

Note that since F/Q is a Galois extension, we have |a|* = a@ € E.

PROOF. Let ¢ be the restriction to E of the complex conjugate. Since Gal(E/Q)
is abelian, we have a9 = o, so that

| a? ]2 = a9 = o?a? = o?a” = o’a? = (aa)! = (|« \2)9. O

1.13.2. REMARK. The Lemma does not hold true anymore if Gal(E/Q) is
non-abelian.

Let E/Q be the splitting field of f = 2® — 2. Since f is irreducible over Q (by
Eisenstein, say), we have that 3 | | E : Q|. Now the roots of f are a, aw, aw?, with
w € C\ R a primitive third root of unity, thus Q(«) C E, and thus | £ : Q| = 6.
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Since an element of G = Gal(E£/Q) is determined by the permutation of the roots
of f it induces, G is isomorphic to Sj.

Now conjugacy induces the 2-cycle ¢ = (aw, aw?) € G. Consider the 3-cycle
g = (a, aw,aw?) € G. Then

% = (aw)° = aw?,
while
a9 = = aw.

It follows that

| a? |2 = %09 = awaw? = o® # o*w? = (a?)? = (aa)?! = (|« \2)9.

1.13.3. LEMMA ([Ser16, Lemma 8.6)). Let z1,...,2, € C have all absolute
value 1.
If |14+ 4+ zn| =n, then z; = -+ - = z,.

PROOF. Let z; = €%, for p; € R/27Z, and z be the sum of the z;. Then
Z=3Y ) =n 423 cos(p; — i),
I j<k
as for j < k, setting ¢ = ¢; — ¢, we have
eiPi=er) 4 o=ilen—9;) — ip | o~iv
= cos(p) +isin(p) 4 cos(—p) + isin(—yp)
= cos(p) + isin(p) + cos(p) — isin(yp)
= 2cos(p; — ).

Note first that we cannot have cos(p; — @) = —1 for some j, k, as this would
mean p; = @i + 7, S0 that z; + 2z, = €% + e'%ie'™ = "% — e = (. Clearly this
implies |z | <n —2.

If the ¢; are not all equal, then one of the cosines is different from 1, and then
less then 1 in absolute value, so that

n*=:z=|n+2Y cos(p; —r)| <n+2>|cos(e; — o) | <n—|—2<g> = n?,

i<k i<k
a contradiction. O

ALTERNATIVE PROOF, SAME NOTATION. By the triangle inequality, if the
absolute value of the sum of all the z; is n, then the absolute value of the sum of
any m distinct z; must be m.

In particular, for every j # k we must have that

2+ 2, = € e = R (1 4 e PimR)) = ek (1 4 cos(ip)) + i sin(yp)),
where ¢ = ¢; — ¢4, has absolute value 2, that is,
4 = (14 cos(p))* +sin(p)? =1+ cos(p)? +sin(p)? + 2 cos(p) = 2(1 + cos(p)),
which yields cos(yp) = 1, that is, ¢ = ¢; — ¢ = 0, as required. O
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1.13.4. LEMMA. Let wy,...,w, € C be roots of unity.

If
(1.13.1) o — Wit W
n
is an algebraic integer, then either « =0, orwy = -+ = w, = a.

PROOF. Let the w; be all k-th roots of unity, say. Let E be the splitting field
over Q of 2 — 1. We have that £/Q is a Galois extension, with abelian Galois
group Gal(E/Q), and a € E. An element g € Gal(E/Q) maps roots of unity to
roots of unity, so af has the same form.

Note that

I ) B LN e o L
= - < - =

o 1

and thus the same holds for the conjugates af.
Now the norm (in the sense of field theory)

(1.13.2) I «

9€Gal(E/Q)

Y

of a is fixed by Gal(£/Q), and thus is in Q. It is an algebraic integer, as a product
of algebraic integers, and thus it is an integer. Each term of (CI372) is of the same
form as «, and thus has absolute value at most 1. It follows that the absolute
value of (ICI372) is at most 1.

Now there are two possibilities.

(1) (I322) might be zero, so that one factor is zero, and thus they are all
zero, so that a = 0.

(2) (I322) is +1, and thus each factor, which has absolute value at most 1,
must have absolute value 1. In particular

lwi + -+ w, | =n.

But this can hold only if all w; are equal, as per the previous Lemma.
OJ

1.14. Finitely generated Z-modules

Of course Z-modules are the same thing as abelian groups.
We want to prove

1.14.1. THEOREM. Let A be a Z-module, which is generated by n elements. Let
B be a submodule of A.

Then B can be generated by < n elements.

If A is free, then so is B.

PROOF. We first reduce to the free case. A free Z-module of rank n is a Z-
module that has a basis, so that, very much as in the case of vector spaces, it is
isomorphic to Z".
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Since A is n-generated, there is a surjective morphism of Z-modules f : Z" —
A. Then f~'(B) is a submodule of Z", and f |;-1(p): f~'(B) — B is a surjective
morphism.

It is therefore enough to show that a submodule C' of Z" is free on k < n
generators.

Proceeding by induction on n, the basis is provided by the fact that every
subgroup (i.e. Z-submodule) of Z is of the form nZ, which is either zero, or
isomorphic to Z. (And it turns out that this proof holds more generally for modules
over any PID.)

So suppose n > 2, and consider the first projection

T - 7" — 7
(Z17Z27"‘)Zn) = z1,

with kernel
K={0}xZx--xZ=Z""

The induction hypothesis yields that C' N K is free of some rank h < n — 1.
If m1(C) = {0}, that is, C < K, we have C = C' N K, and we are finished.
If m(C) # {0}, then m(C) = (z), for some z # 0. Let ¢ € C be such that
m(c) = z. We claim that

C=(c)®(CNK),
which will show that C' is free of rank h < n.
If x € C, then m(x) = Az for some A € Z, so that m(z — Ac) = 0, and
x — Ac € CN K. This shows that C' = (¢) + (C N K).
Ifxe(c)yN(CNK), then x = A¢ for some A € Z, and 0 = my(x) = Az. Since
2z # 0 we get A =0, so that ¢ = 0. O

1.15. Tensor Products

This is basically taken from [Lan02].

1.15.1. The commutative case. Let us start with a commutative ring R.
Let My, ..., M,, N be R-modules. (Since R is commutative, left and right modules
are the same.)

A map
f:M; x---x M, — N
is said to be multilinear if for each ¢ and myq,...m;_1,m;s1,..., m,, one has that
the map
fi: M; - N
x> flmy,. o mi_1, &My, ., M)

is a morphism of R-modules. A tensor product of the M; is a construction that
allows one to replace the whole of multilinear maps with just one of them, and
then linear maps, that is, plain morphisms of modules.
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1.15.1. DEFINITION. Let My,..., M,, N be R-modules. A tensor product of
the M, is an R-module
M ®---® M,.

together with a multilinear map
LMy x - XM, > M ®- - M,,
such that for every R-module N and every multilinear map
fiMyx---x M, — N
there is a unique morphism of R-modules
g M® @M, >N
that makes the diagram (ICTh) commute.

(1.15.1) My x - x My~ N
One writes
timy,...,mp) =M1 -+ @My,

Familiar arguments show that a tensor product, if it exists, is unique up to an
isomorphism of modules.
Existence can be proved as follows. Start with the free module M which has
as basis the elements of
My x -+ x M,.

Consider the submodule K of M generated by the following elements

(mlv'"7mi—17$+y7mi+17"'7mm)
- (ml, P 7 T R N 17 I [ ,mm) - (ml, B 7 T P VP 7 B ,mm)
and
(M, e MG, P Mgy e ooy M) — (Mg e TG, T Mgy e ey M)

for all 4, m; € M; and =,y € M;, and r € R. We claim the quotient module M /K
is a tensor product of the M;. In fact, as My x --- x M, is a subset of M, we can
compose the inclusion map with the projection M — M /K to get

L: My x---x M, — M/K.

This is a multilinear map, by the very definition of K. It is also a tensor product.
In fact, if

f:M;y x---xM, — N
is a multilinear map, this can be extended linearly to a morphism of modules
f'+ M — N. The generators of K are visibly in ker(f’), so that we obtain a
morphism of modules g : M/K — N, which satisfies by construction

glelmy,...,my) = g((my,...,m,) + K) = f'(my,...,my) = f(m,...,my),
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so that the diagram commutes.
Write
t(my,...,Mp) =M1 @ @My € M1 ® -+ - @ M,.
We will see that in general M ® - - - ® M, is not the set of the m; ® - - - ® m,,,, but
by construction these elements do generate it,
Again by construction we have, for a € R,

The tensor product of two non-trivial modules can well be trivial. For instance
Z/27 24 7Z/3Z = {0}
where ®z means that this is a tensor product of Z-modules. In fact, for a,b € Z
we have
[a]2 @ [b]s = (3[a2) ® [b]s = [a] ® (3[b]s) = [a]; © [0]s = 0.
1.15.2. EXERCISE.
(1) Show that if gcd(m,n) =1, then
Z/mZ @z Z/nZ ={0}.
(2) Show that
Z/mZ @z Z/nZ = 7/ gcd(m,n)Z.
(HINT: Show that 1 ® 1 generates Z/mZ ®z Z/nZ. Therefore the mor-
phism Z — Z/mZ ®z Z/nZ which maps = — k([1],, ® 1,,) is surjective.
What is its kernel? Certainly the kernel is contained in ged(m,n)Z, be-
cause if [k], X [1], = 0 = [1},, ® [k]n, then m | k and n | k, so that
ged(m,n) | k. Now the map Z/mZ x Z/nZ — 7/ gced(m,n)Z given by
([alm, [b]n) = [an]ged(m,n) is well-defined, bilinear and surjective, so it in-

duces an epimorphism Z/mZ ®z Z/nZ — Z/gcd(m,n)Z. Put the two
things together.)

1.15.2. The case of vector spaces. The case of vector spaces is much more
manageable. Let V, W be vector spaces of dimension n, m over a field F', and bases
V1, ..., U, and wy, ..., wy,. We first give an alternative construction of the tensor
product V @ W. Consider the set Bil(V,W; F') of bilinear maps V- x W — F.
This is a vector space over F, with the usual operations on the images. By
definition of the tensor product, there is a bijection between Bil(V, W; F') and the
dual (V@ W)*. So let us define V@ W = Bil(V, W; F')*, and let us show that this
has indeed the properties of a tensor product.

First note that a basis of Bil(V, W; F') is given by the elements E;;

1 ifs=it=j
ER EZ = .7 ’
(v, wi) By {O otherwise.
Consider the dual basis v; @ w; = E}; of Bil(V, W; F')*. The map defined by
LV x W — Bil(V,W; F)*

(D~ aivi, Y bjwy) = Y aib(vi @ wy)
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is bilinear, and if f : V x W — U is a bilinear map, for some vector space U, then
the linear map g : V ® W — U defined by

(vi @ wy)g = (vi, wy) f

satisfies indeed

(Z a;v;, Z bjwj)ag = (Z aibj(vi & w]))g == Z (Zibj (’Ui, w])f = (Z a;v;, Z bjw])f
We have obtained

1.15.3. PROPOSITION. Let V, W be vector spaces of dimension n, m over a field
F', and bases vy, ...,v, and wq, ..., Wy,.

Then dim(V @r W) = nm, and a basis of V@ W is given by the t(v;, w;) =
V; X Uyj.

Let now X € Endg(V), Y € Endg(W). Then the map
VxW-=sVeW
(v,w) = (vX) ® (wY)
is readily seen to be bilinear. It follows that it induces an element of End(V @ W)
given by
(1.15.2) XY :v@w— (vX)® (wY).

This map is called the tensor, or Kronecker, product of X and Y. If X,Y are
given in terms of matrices, then one checks that the elements of X x Y, which is
a (nm) x (nm) matrix, are the x;;yz. By choosing an appropriate ordering of the
basis of V@ W, X ® Y can be written as a block matrix

513'11Y .CC12Y c ill'lnY
LU21Y QZQQY c xan
Tn1Y Tp2Y .. xpnY
or also (with respect to a different, appropriate ordering of the basis), as
yunX  yX .. yimX
Y1 X yX ... yomX
yle ym2X s ymnX

From either form one gets that
(1.15.3) trace(X ® Y) = trace(x1Y) + - - - + trace(x,,Y) =
=z trace(Y) + « - - + x,, trace(Y') = trace(X) trace(Y).

From the definition (IZI52) we obtain immediately the following property, which
will be important in what follows.

(1.15.4) (X1 ® X2)(Yi ® Ya) = (X,Y1) ® (X)),
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1.15.3. The non-commutative case. When R is a non-commutative ring,
one can do the tensor product Mr ®g grN of a right module M = Mg and a left
module N = gN (the indices serve to remember which is which). This is defined
so that its generators satisfy

rr QY =1y,
forx € M,y € N, r € R. Note that the equalities, for 7, s € R,
z(rs)@y=(er)sQy=azr@sy=xr(sy) =z (rs)y
show why one has to take one right and one left module. Note also that Mr&grrN
is only an abelian group (but more about this in a second), unless R is commu-
tative, so that right and left modules are one and the same thing. In fact if one
tries and define
rlcy)=sry=cQry

one sees that this makes Mr ®g grN into both a right and left module.

This will have an important application to induced representations, where we
will have a situation like this. Let G be a finite group, H < G, and V' a (right)
C[H] module. Consider the tensor product

(1.15.5) V ®cm C[G].
Here C[G] is a left C[H]-module in a natural way. Since C[G] is also naturally a
right C[G]-module, we can make (ITI53) into a right C[G]-module via

(v@t)s =v® (vs),

for v,s € C[G].

Actually, if R, S,T are rings, gpMg is a left R-module and a right S-module
(such a beast is called a bimodule) and gMry is a left S-module and a right 7-
module, then

rMs ®s sMr
becomes a left R-module and a right T-module.



Part 2

Soluble and nilpotent groups






CHAPTER 2

Series

For further details of the arguments of this section, see [Rob9].
In this section G will be a finite group.

2.1. Series

A series in G is a sequence of distinct subgroups
(2.1.1) 1l=Hy<H,<...]4H, =G,

each normal in the next.
One says that the series (2211) is normal if each H; < G.

2.1.1. EXERCISE. Show that the sequence
1< ((12)(34)) < ((12)(34),(13)(24)) < S,
is a series which is not normal.
2.2. Q-groups and ()-series
The concept of an (2-series is sometimes useful.

2.2.1. DEFINITION. Let G be a group, () a set, and

a:GxON—G
a function.
A right operator group is a triple (G, 2, ), such that for each w € € the map
g (g, w)ar

is an endomorphism of G.

One says that G is an Q-group, and writes simply ¢ for (g,w)a.
An Q-subgroup is a subgroup H < G such that h* € H for each h € H and
w € €.

(1) If Q = (), we get simply a group, and the Q-subgroups of G are just the
subgroups of G.
(2) If Q@ = Inn(G), then the Q-subgroups are the subgroups that are normal

in G.

(3) If @ = Aut(G), then the Q-subgroups are the so-called characteristic
subgroups.

(4) If Q = End(G), then the Q-subgroups are the so-called fully invariant
subgroups.

2.2.2. EXERCISE. Find examples of groups G and subgroups H < G such that
33
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(1) H is normal, but not characteristic in G.
(2) H is characteristic, but not fully invariant in G.

(HINT: For the first question, one can consider an elementary abelian group
of order p?, where p is a prime, that is, a group of the form C, x C,, where C,,
where C), is cyclic of order p.

For the second question, consider the group As, which is known to be simple,
and a group B = (b) of order 2, say, and the product G = As x B. Then
B = Z(G) is characteristic in G. But the endomorphism ¢, which has kernel A;
and maps b — (12)(34), does not map B into B.

Alternatively, take G to be the dihedral group of order 8. Show that it has a
unique cyclic subgroup C' of order 4, which is thus characteristic. Show that C' is
not fully invariant.)

An Q-series is a series where each term is an 2-subgroup.
It follows that a series is normal if and only if it is an Inn(G)-series.

2.3. ()-composition series

A series is a refinement of another if it can be obtained by inserting further
subgroups. For instance

1< ((12)(34)) < ((12)(34), (13)(24)) < S4

refines
1< ((12)(34),(13)(24) ) < Sy.

An Q-series which has no proper refinement is called a 2-composition series.
If Q = () one speaks simply of a composition series. If = Inn(G), one speaks of
a principal series.

It follows from the third isomorphism theorem that the factors H,;yq/H; of a
composition series are simple groups. One sees that the factors of a principal series
are characteristically simple, that is, they have no proper, non-trivial characteristic
subgroups.

2.3.1. PROPOSITION. Let G # 1 be a finite group which is characteristically
stmple.
Then there is a simple group S (abelian or non-abelian) and a positive integer
such that
G=S"=5x---x8.

PROOF. Let us first consider the special case when G is abelian. Let p be a
prime dividing its order. Then a Sylow p-subgroups is normal, and thus charac-
teristic in G, so that G is a p-group. The subgroup

{geG:g"=1}
is characteristic in GG, so that G is elementary abelian, so G = S™ where S is cyclic
of order p.
In the general case, let N be a minimal normal subgroup of G. Then for
each automorphism ¢ of G such that N # N¥ one has N N N¥ = 1, so that
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[N, N¥] < NN N¥ = 1. (Note that N¥ < G, as N¥'9) = N9” Ve = N¥, see the
proof of Exercise [CR3.) Since G = (N¥ : ¢ € Aut(G) ), one sees (argument below)
that G is a direct product of some of the N¥, including N. Thus if 1 # K J N,
then K < G, so K = N and N is simple.

To see that G is a direct product of some of the N¥, start with M = N. If
M = G, we are done. Now let M be a direct product of some of the N¥  including
N, sothat M < G. If M < G, there is a N¥ £ M. Since M NNV # N?, we have
M N NY =1 by the minimality of N¥, so that MN¥ = M x NV. O

And now for the converse.

2.3.2. PROPOSITION. A direct product of isomorphic simple groups is charac-
teristically simple.

2.3.3. EXERCISE. Using Proposition 93, show that if G is an elementary
abelian p-group, for a prime p, then its automorphism group acts transitively on
the non-zero elements.

(HINT: One has to show that given a finite-dimensional vector space V' (over
any field, actually), and two non-zero vectors v,w € V, there is a linear map
taking v to w.)

PROOF. If the simple group S is abelian, then it has order a prime p, so that
G is elementary abelian, and one can use Exercise 2Z373.

So let S be non-abelian simple, so that G = S™ =T x ... T, for some n > 1,
the case n = 1 being trivial.

Let L # 1 be a normal subgroup of G, and let

1%(81,827...,871)6[/,

where we may assume s; # 1. Since Z(S) = {1}, there is x € S such that s7 # s;.
Therefore

(51,89,...,8,) 1+ (51, 80,... ,sn)(x’l"“’l) =(y,1,...,1)

for y = sy's? # 1. Thus L NT, # 1. Since T} is minimal normal, we have
L > T;. Note that we have proved so far is that the T; are the unique minimal
normal subgroups of GG. This is a special case of the Krull-Remak-Schmidt theory,
see [Rab96, p. 80].

Now suppose L is indeed characteristic in G. It remains to note that there is a
subgroup of Aut(G) isomorphic to S,,, which permutes the 7;. (See Exercise 2234
just below.) Therefore L = G. O]

2.3.4. EXERCISE. Let S be a set, n > 1 an integer, G = S™ be the direct product
of n copies of S.
(1) Show that the assignment, for o € S,
(815 +-380)7 = (S10-1y -+ s Spo—1)

defines a right action of S,, on G.
(HiNT: This is slightly tricky: the inverse is needed to make this into a
right action.)
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Let now S be a group, so that G is a direct product.
(2) Show that for each o € S, the map o' given by
(S1y.0y8n) > (S1,...,80)°
defines an automorphism of the group G, and actually o — o' is a morphism
S, — Aut(G).
2.4. Uniqueness of the factors of an {2-composition series

2.4.1. THEOREM. Let G be a finite Q2-group. Suppose G has two §2-composition
Series.
Then the factors of the two series are pairwise isomorphic.

ProOOF. Let
(2.4.1) l1=Hy<H,<...<H, 1 <H, =G,
and
(2.4.2) 1=K <K, <...dK,, 1<K, =G

be the two 2-composition series, and proceed by induction on the order of G.
If H, 1 = K,,_1, we are done by induction. If H, | # K,, 1, consider the -
subgroup L = H,,_1 N K,,,_1, and refine the ()-series

LﬁanlﬂGa LS]KmflﬁG
to two {2-composition series H and K, by taking the same refinement of L for both.

Since H,,_1K,,_1 is an (2-subgroup properly containing both H, ; and K,, 1, we
have H,_1K,,_1 = G. Therefore

(243) G/Hn—l = Hn—le—l/Hn—l = Km_l/L, and
G/Km—l - Hn—le—l/Km—l = Hn—l/L-

Proceeding by induction, the factors of (22271) and H are pairwise isomorphic; they
are the factors of the Q-series for L, plus H,,_1/L and G/H, ;. Also, the factors
of (Z222) and K are pairwise isomorphic; they are the factors of the Q-series for
L, plus K,,,_1/L and G/K,,—,. By (Z233), we are done. O

2.4.2. EXERCISE. The factors of an S2-composition series do not determine the
group uniquely. For instance both Cg and Ss have two composition factors which
are cyclic of orders 2, 3, and both Cy and Cy x Cy have two composition factors
which are cyclic of orders 2.



CHAPTER 3

Soluble groups

3.1. Commutators

3.1.1. DEFINITION. Let G be a group, a,b € G. The commutator of a,b is
[a,b] = (ba) tab = a ‘b 'ab.
The name is justified by the

3.1.2. LEMMA. Let G be a group, a,b € G. The following are equivalent
(1) ab = ba, and
(2) [a,0] = 1.
3.1.3. EXERCISE. Show that [a,b]™' = [b, a].
3.1.4. DEFINITION. The subgroup
G' = (la,b]:a,b e G)

of G generated by the commutator is referred to as the derived subgroup or the
commutator subgroup.

3.1.5. REMARK. In general not all elements of G’ will be commutators, but just
products of commutators. But it has been proved that if G is a finite, nonabelian
simple group, then every element of G’ is a commutator [LOSTTQ].

3.1.6. EXERCISE. Show that S|, = A, for alln > 1.
(HINT:

(1) Show that
(132)(123...k) = (145...k)  (12)(34) = (123)(143).

(2) Show that A, is generated by the 3-cycles.
(3) Show that [(12), (23)] = (123).

3.1.7. EXERCISE. Show that A), = A, forn > 5.
More generally, if A, B < G, then we define the subgroup
[A,B] = (la,b] :a € A,be B).

3.1.8. EXERCISE.

(1) Prove the identities, for a,b,c in a group.

la, be] = [a, c][a, b, [ab, c] = [a, c]’[b, d].
(2) Prove that if A, B are subgroups of a group G, then A, B < Ng(|A, B]).
37
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Note the following

3.1.9. LEMMA.
(1) If G,H are groups, ¢ : G — H is a morphism, and a,b € G, then

([a,b]) = [(a), ¢(b)].
(2) G" is a fully invariant (and thus characteristic) subgroup of G, that is,
o(G") = (G) <G for all ¢ € End(G).
(3) If K < G, then the following are equivalent
(a) K Q G, and
(b) [K,G] < K.

PRroOOF. The first statement is clear, as a morphism respects products and
inverses.

The second one follows immediately.

As to the third one, just note that for a € K and b € G we have

a® = b~'ab = ala, b]. O
Note the following

3.1.10. LEMMA. Let G be a group, H < N < G.

(1) If H is characteristic in N, and N is characteristic in G, then H is
characteristic in G.

(2) If H is characteristic in N, and N < G, then H < G.

(3) If H N <G, then H is not necessarily normal in G.

PRroOOF. For the first claim, note that the restriction to N is a well-defined
automorphism of N, and thus leaves H invariant.
For the second claim, consider for each g € GG, the map

N —= N
n gilng.

This is well defined, as N < G, and it is an automorphism of N. Since H is
characteristic in N, we have g~ 'hg € H for all g € G and h € H, that is, H < G.

For the last claim, take G = Ay, N = ((12)(34), (13)(24) ) to be the 2-Sylow
subgroups of G, and H = ((12)(34)). O

It is easy to see that G/G’ is abelian. More generally, we have

3.1.11. PROPOSITION. Let G be a group, H < G. The following are equivalent:

(1) H <G and G/H is abelian, and
(2) G < H.

Thus G’ is the smallest normal subgroup of G with abelian quotient.
PROOF. Assuming H < G and G/H abelian, we have for all a,b € G
H =|aH,bH]| = |a,b]H,
so that [a,b] € H and thus G’ < H.
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Conversely if G’ < H, then [H,G] < G' < H,so H 4 G, and for a,b € G we
have
[aH,bH] = [a,b|H = H.

3.2. The derived series and soluble groups

3.2.1. DEFINITION. Given a group G, one constructs its derived sequence
G'=G,GY =¢,....G"Y =@, ...

G is said to be soluble (solvable in American English) if there is n such that
G™ = {1}. (So the derived sequence is a series, according to our definitions.)

3.2.2. REMARK. The name comes from Galois theory, as an equation is soluble
by radicals if and only if its Galois group is soluble.

3.2.3. PROPOSITION. Let G be a group. The following are equivalent:

(1) G is soluble;

(2) there is a normal series G = Go > Gy > -+ > G, = {1} with G;/Gi1
abelian for all i,

(3) there is a series G = Gy > Gy > -+ > Gy, = {1} with G;/G,41 abelian
for all i;

PROOF. If the first condition holds, then G; = G satisfies the second one. In
fact one proves by induction on i that all G are characteristic (and thus normal)
in G, appealing to Lemma BT9(2) and Lemma BTI0().

If the second condition holds, then the series GG; satisfies the third one.

Let now G; be a series as in (). Then G; < G and G/G, is abelian, so that
G' = GY < G;. Proceeding by induction, assume G® < G;. Since G; 1 < G;, and
G:/Giy1 is abelian, we have G0+Y) = (GWY < G% < Giy1,s0 that G™ = {1}. O

3.2.4. PROPOSITION. Let G be a finite group. Then the following are equiva-
lent.

(1) G is soluble,
(2) there is a composition series whose factors are of prime order,
(3) the factors of any composition series are of prime order.

PRrROOF. If G is soluble, refine the derived series to a composition series.

If a composition series has all factors of prime order, then by Theorem 2271
this holds for any composition series.

A composition series with factors of prime order satisfies (8) of Proposition B=23.

0
In a similar manner one proves

3.2.5. PROPOSITION. Let G be a finite group. Then the following are equiva-
lent.

(1) G is soluble,
(2) there is a principal series whose factors are elementary abelian.,
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(3) the factors of any principal series are elementary abelian.

3.2.6. THEOREM. Let G be a group.

(1) If G is soluble and H < G, then H is soluble.

(2) If G is soluble and N Q G, then G/N is soluble.

(3) If G is soluble, and ¢ : G — K is a morphism, then p(K) is soluble.
(4) If N < G, and both N and G/N are soluble, then G is soluble.

PRrROOF. If G is soluble and H < G, just note that H® < G® for all i.
If G is soluble and N < G, consider a series G; as in Proposition B223(1).
Then G;N < G for all 4, so that

G,N @G
< AT
N — N
and
N N  GipN G N GiNGia N~ \Gin Giv1

is abelian, as a quotient of the abelian group G;/G 1.
(8) follows from the first isomorphism theorem.
As to (@), let X;/N be a series with abelian quotients for G/N, and Y; be a
series with abelian quotients for GG. Since
Xia/N | Xia
X;/N — X;'
we have that the series obtained by starting with the X;, and continuing with the
Y;, is a series with abelian quotients for G. U




CHAPTER 4
Nilpotent groups

4.1. Central series and nilpotent groups

4.1.1. DEFINITION. A chain G = Gy > Go > --- > G, > ... is said to be
central if for each i, we have [G;, G] < Gyy1.
If G, = {1} for some n, that we speak of a central series.

Note that the condition [G;, G] < G4 implies [G;, G| < G, that is G; < G
for all 4.

4.1.2. DEFINITION. A group G is said to be nilpotent if it has a central series.
4.1.3. LEMMA. A nilpotent group is soluble.

PROOF. The quotients of a central series are abelian, as [G;, G;| < [G;,G] <
Giy1- O
4.1.4. EXERCISE. Show that S3, Ay, Sy are soluble but not nilpotent.
4.1.5. LEMMA. For a group G and a series G =Gy > Gy > --- > G, ={1},
the following are equivalent
(1) the series is central, and

(2) for each i we have G; I G, and
)

Recall that for a group G
Z(G)={z€G:zxz=xzforallz € G}
is the centre (center) of G.

4.1.6. EXERCISE. Show that the two conditions of Lemma [.1.] are equivalent,
noting that z € Z(G) iff [z,2] =1 for all x € G.

4.1.7. DEFINITION. The lower central chain of the group G is defined by
M(G) = G, and 7,41(G) = [7:(G),G], for i > 1. If 7,(G) = {1} for some n,
we speak of the lower central series.

The upper central chain of the group G is defined by Zy(G) = {1}, and

ZZ_E?C)J) =7 (Zi_(j(G)>

for i > 1. If Z,(G) = G for some n, we speak of the upper central series.

4.1.8. EXERCISE.
41
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(1) Show that these are indeed two central series.
(2) Show that vo(G) = G’ and Z,(G) = Z(G).
4.1.9. THEOREM. Let G be a group, and
G=G1>Gy> G, ={1}

a central series.
Then for each i one has

7%(G) < G; < Z,-i(G).
PROOF. We have 71(G) = G = Gy, and then proceeding by induction
%i+1(G) = [%(G), G] < [Gi, G] < Gisar-

We have G,,_1/G, < Z(G/G,) = Z:(G)/ {1}, so that G,,_1 < Z1(G) = Z(G).
Proceeding by backward induction, [G;, G] < G411 < Z,,—;—1(G), so that

GiZn—i-1(G) ) Zn-i-1(G) < Z(G[Zp—i-1(G)) = Zn-i(G)/Zp-i-1(G),
that iS, Gz S Zn_z(G> O

4.1.10. COROLLARY. Let GG be a group. The following are equivalent

(1) G is nilpotent, that is, it has a central series,
(2) the lower central series terminates at {1},
(3) the upper central series terminates at G.

4.1.11. EXERCISE. Compute the lower and upper central chains for Sz, Ay, Sy.

4.1.12. THEOREM. Let G be a group.

(1) If G is nilpotent and H < G, then H is nilpotent.
(2) If G is nilpotent, and ¢ : G — K is a morphism, then o(G) is nilpotent.
(3) If G is nilpotent and N Q G, then G/N is nilpotent.

4.1.13. EXERCISE. Show that item (@) of Theorem B=Z@ does not hold with
soluble replaced by nilpotent.

PROOF OF THEOREM @ It H < G, we have v;(H) < (G) for all 4.
We have already seen that @(WQ(G)) (G’ ) = ©(G) = 1(e(G)). Proceeding
by induction, we find

p(1i41(G)) = ¢([%(G), G]) = [p(:(G)), #(G)] = [1i(p(G)), w(G)] = 741 (p(G)).
O
4.1.14. LEMMA. Let G be a nilpotent group. If H < G, then H < Ng(H).
Recall that
Ne(H)={zeG:h*c€Hforalhe H} ={x € G:[h,x] € Hforall he H}
is the largest subgroup of GG in which H is normal.

PROOF. Let i the the smallest number such that 7;(G) < H, so that v,_1(G) £
H. Then ['}/Z’_l(G), H] S [’}/i_l(G), G] = ’}/Z(G) < H, so that fYZ—l(G) S NG(H) ]
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4.2. Finite nilpotent groups

4.2.1. LEMMA (Frattini argument).

(1) Suppose the group G acts on the set 2, and H < G acts transitively on
Q. Then for a € Q) we have G = G, H.
(2) Let X be a finite group, H < X and let S a Sylow p-subgroup of H.
Then X = Nx(S)H.
(8) Let G be a finite group, and S be a Sylow p-subgroup of G.
Then Ng(Na(S)) = Na(9).
Proor. If g € G, then since H is transitive there is h € H such that a =
(a9)" = a", so that gh € G, and g € G, H.
Let Q) be the set of Sylow p-subgroup of H. Now X acts by conjugation on (2,
as H < X; by Sylow’s theorems, H acts transitively on €); the stabiliser of S is

Nx(S).
Let H = Ng(S), and X = Ng(Ng(S)). Then H < X, and thus X =
Nx(5)Na(S) = Na(S). 0

4.2.2. EXERCISE. Let G be a finite group. Show that if for each H < G we
have H < Ng(H), then G is nilpotent.

4.2.3. THEOREM.

(1) A direct product of finitely many nilpotent groups is nilpotent.

(2) A finite p-group is nilpotent.

(3) A finite group G is nilpotent if and only if each p-Sylow subgroup is nor-
mal, so that G is the direct product of its distinct Sylow subgroups.

PROOF. Note that if G = A x B, and a;,as € A, by, by € B, then [a1by, asbs] =
la1, as)[by, bo]. 1t follows that if G = Hy x -+ x H,, and k is large enough so that
ve(H;) = {1} for all 7, then v (G) = {1}.

By the arguments of Section 074, if P # {1} is a p-group, then Z(P) # {1}.
It follows by induction that the upper central series terminates at P.

If G is nilpotent, and S is a Sylow p-subgroup, then we have Ng(S) =
Ne(Ng(9)). It follows that Ng(S) = G, that is, S < G. O]

4.3. Nilpotent groups are soluble

We have already seen that a nilpotent group is soluble. Let us look at the
relations between the lower central series and the derived series in a (nilpotent)
group.

Let G be a group. We have 15(G) = GW. Then 3(G) = [1(G),G] >
G, GV = G@. Proceeding by induction, if v;(G) > GO~ then v;11(G) =
[i(G), G =[GV, GUY] = GO

4.3.1. PrRoOPOSITION (Hall-Witt Identity). Let G be a group, a,b,c € G. Then

[a, b7, )b, ¢, al[e,at, 0] = 1.

The formula can be thought of as a group-theoretic version of the Jacobi iden-
tity in Lie algebras. It has wonderful geometric interpretations, see the blog post
of the Fields medalist Terence Tao [Tao12], and also [CallT].
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Proor. Note that each factor comes from the previous one by the cyclic per-

mutation a — b — ¢ — a.

[a, 07, c) = b a, b7 e a, b eb =

=b'bt alc a, b eb = b ba b rac ta hab b =
= (a v tac a7t (babteb) = (aca”ba) "t (babteb).

Set

U = aca 'ba,V = bab~cb, W = cbeac.
Note that each element is obtained from the previous one by the cyclic permutation
a+— b+ c+— a. Thus

[a,b7', " = UV, [b,c ™t al® = VW, [c,a™ !, b]* = WU,
and the formula follows. O

4.3.2. THEOREM (Hall’s three-subgroup Lemma). Let G be a group, A, B,C' <
G, and N < G.
If [A,B,C],[B,C, Al < N, then [C;A,B] < N

PROOF. Let a € A,b € B,c € C. Then
[c,a™, 0] = [a, b, ] °[b,¢™ !, a] ™ € N.

4.3.3. COROLLARY. [v;(G),7;(G)] < 7it;(G).

It can be shown that an analogous formula does not hold for the upper central
series.

PROOF. Argue by induction on j, the case j = 1 following from the definition.
If 7 > 1 we have

(@), (@) = (@), [v5-1(G), G] = [51(G), G, 7(G))]

Now
[Vi(G),75-1(G), G] < [Yi4j-1(G), G] = 7145(G),
G 7%i(G),7-1(G)] = [i41(G), 15-1(G)] < iy (G).
Therefore [1(G), % (G)] < 74,(G). O
4.3.4. COROLLARY. G < 45:(@G).
PRrROOF. We have G(1) = ~,(G). Proceeding by induction on i,
G = [GY, GV < [121(G), 72 (@) < 7201 (@),
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CHAPTER 5

Representations

5.1. Permutation representations

Let G be a group G, €2 a non-empty set, and denote by S(€2) the group of per-
mutations (bijective maps) on €. The following are well-known to be equivalent:
(1) A (right) action of G on €2, and
(2) a morphism ¢ : G — S(2).
The second instance will be called a permutation representation of G on ).
Given a group G, two important permutation representations, which occur in
Cayley’s Theorem, are

(1) The right regular representation
t: G — S(G)
g~ (z— xg),

and
(2) the left regular representation

[:G— S(G)
g (x— g’lx).

5.2. Linear representations

Let GG be a finite group, V' a vector space of finite dimension n over the complex
numbers C. We will usually implicitly assume that V' = C" is the space of row
vectors.

A (linear) representation of degree n of G is a morphism

p:G— GL(V) = GL(n, C).

So the group p(G) is a group of matrices.

In the rest of these notes, the term representation will always stand for a linear
representation.

As usual we have p(g71) = p(g)~!. If n = |G|, we have ¢g" = 1 for g € G,
so that p(g)" = I, where I is the identity map on V. This p(g) has minimal
polynomial dividing ™ — 1. It follows that the eigenvalues of p(g) are n-th roots
of unity, and they are distinct, so that p(g) is diagonalizable.

5.3. Inner products

See Section A for the proper definitions.
We now show
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5.3.1. LEMMA. There is an inner product on V' such that the p(g) are unitary
matrices.

PROOF. In fact, let (-, -) be the standard inner product on V. Define, for

r,yevV
(z,y) = (xp(g),yp(g)) -

geG
It is easy to show that ((-,-)) is again an inner product. Moreover for h € G we
immediately have

(zp(h),yp(h)) = Zé (zp(h)p(g), yp(h)p(g)) = kZE; (zp(k),yp(k)) = (. y),

so that each p(h) is unitary with respect to ((-, ). In particular, with respect to a
basis which is orthonormal for ((-,-)), we will have

p(9)~" = p(9)" = p(9)",
as for z,y € V and g € G we have
(2p(9)" y) = (z,yp(a)) = (apl9) ™ p(9), yp(9)) = (xpl9) ™" y),
and then since when x,y € V' are written with respect to such a basis we have
() =74,
then

(x,yp(9)) =T - p(9)'y', = xp(g)" - y', = (xp(g)', y))-

5.4. From permutation representations to linear representations

To every permutation representation of a group G on a finite set () one can
associate a linear representation, which we will also refer to as a permutation
representation.

Assuming first for simplicity that Q@ = {1,2,...,n}, let V be a space of di-

mension n, with basis vy, vs, ..., v,, and suppose G acts on 2, that is, we have a
permutation representation of G on (2. Then
p:G— GL(V)

g (v; = vig-1)
is a (linear) representation of G.

In general, given a permutation representation of the finite group G on teh
finite set €2, let V' be a vector space with base v,, for o € €, then

p: G — GL(V)
G = (Vg > Vgg-1)
is a (linear) representation of G.
In the particular case when G acts on itself by right multiplication (so that

the permutation representation is t), we will also refer to the associated linear
representation as the (right) regular representation of G.
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5.5. Subrepresentations

If W is a subspace of V of dimension m, it may happen that W is invariant
under p(G), that is, for all w € W and g € G, then wp(g) € W. Then we get a
subrepresentation of G

pV : G — GL(W) = GL(m, C).

5.6. Examples

As an example, consider the cyclic group G = (a) < S3 of order three, where
a = (132), so that G acts naturally on 2 ={1,2,3}. Then

010
pla)=10 0 1
1 00

Consider wy = e1 + €2 + e3. (Here the e; are the elements of the standard basis of
C3.) Then
wop(a) = e1p(a) + exp(a) + esp(a) = ey + e3 + e1 = wy,
so that U = (wy ) is invariant under p(G). Let w = exp(i3) be a primitive third
root of unity. Consider the elements
wy = e + wey + w?es
wy = e + w?ey + wes
Then
wip(a) = ey + wes + w?e; = ww,
and
wap(a) = ey + wies + wey = wwy.

It follows that W = (ws,wq) is also p(G)-invariant.

5.6.1. EXERCISE.

(1) Show that the w; are a basis of V.
(HINT: The matrix

—_ = =

1 1
W w?
w? W

is a Vandermonde matrix.)

(2) Show that V =U @& W.

(3) Show that in the basis wy,wy of W, the (sub)representation pV : G —
GL(W) is given by
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5.7. The group algebra

There is another way of describing representations. Let G be a finite group,
and consider the set C[G] = C of maps from G to C, which is a vector space of
dimension | G | over C. Define on C[G] a convolution product by

axblg)= D, a(@)b(y).
z,y€G,xy=g
This can be rewritten of course as
(5.7.1) axb(g) = a(z)b(z'g),
zeG
but the previous symmetric form is handier for the proofs. Note that this is similar
to the product of polynomials.

With this operation, C[G] turns out to be an algebra, that is, a vector space

over C endowed with an associative, bilinear product. Let us check associativity.

((axb)xc)(g)= > ((axd)(t))c(z)

t,z€G tz=g
= > ( > a(w)b(y)) c(z).
t,z€G,tz=g \z,yeG,xy=t

= > a@)D(y)e(2).

z,y,2€G,xyz=g

One obtains the very same result with a * (b * c).
5.7.1. EXERCISE. Try and do this with the asymmetric form (B2Z).
5.7.2. EXERCISE. Check the remaining properties.

The vector space C[G] has a basis given by the d,, for g € G, given by

5g(m):{1 ifxr=g

0 otherwise,

as for a € C[G] we have uniquely
a=Y_a(g)d,.
geG
Note that

O 0n(x) = > G4(y)on(2),
y,2€G,yz=x
and the only non-zero summand is when y = g, z = h so that x = gh. It follows
that 04 * 05, = 0g4p,. It is therefore customary to write d, as g, and say that

(5.7.2) C[G] = { > agg:a,€C }

geG

is a vector space with basis the elements of G, and product that extends by
linearity that of G.
The group algebra has the following universal property.
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5.7.3. PROPOSITION. Let (G,-) be a group, (A,+,+) a C-algebra.
Let p : (G,-) — (A,-) be a morphism of monoids. Then there is a unique
morphism of algebras with unity p' : C[G] — A that extends p.

PROOF. p is uniquely determined by (5-72). O

Therefore if p : G — GL(V) is a representation, this extends uniquely to a

morphism of algebras with unity p’ : C[G] — End (V') given by
P(D_agg) =D agp(g).
geG geG

Note that for a € C one has p'(a-1) = a- I, where 1 € G, and I is the identity
map on V. And conversely, given such an algebra morphism p’, its restriction to
G is a representation of G.

Now the morphism p’ defines the structure of a right C[G]-module on V, as
per Section ICI0. We have obtained

5.7.4. PROPOSITION. Let G be a finite group, and V be a finite dimensional
C-vector space. The following data are equivalent:
(1) a linear representation of G on'V, and
(2) a C[G]-module structure on V.

Sometimes we will just speak of a G-module instead of a C[G]-module. And
when speaking of modules, we will simply write vg for p(g), for v € V and g € G.

Note that the right regular representation can be regarded as a representation
G — GL(C[G)).

Later we will need

5.7.5. PROPOSITION. The centre Z(C[G]) of C[G] consists of the elements

> fl9)g

geG
where f: G — C is a class function, that is f(g") = f(g) for all g,h € G.

PRrOOF. Immediate, just conjugate an element in the centre by h € G. O

5.8. Maschke’s Theorem

5.8.1. THEOREM (Maschke). Let p: G — GL(V) be a representation of G.
Suppose U is a p(G)-invariant subspace of V.
Then there is a p(G)-invariant subspace W of V' such that

V=UasW
Since this is a fundamental result, we will give two proofs of it.

FIRST PROOF OF MASCHKE’S THEOREM. The key to this is an averaging ar-
gument.

Let us choose an arbitrary subspace X of V such that V = U & X. Of course
X need not be p(G)-invariant.

Let m : V — U be the projection of V onto U along X, that is, if we write
veVasv=u+ax, withu €U and z € X, then 7(v) = u.
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Consider the following linear map on V'

p(g) 'mp(g
|G|g§
Thus forv e V
v = vp(g) " )m)p(g).
Ep

geG

Note first that Vi) C U, as m maps V onto U, and U is p(G)-invariant. But in
fact Vo = U: if u € U, then

_ 1 1
= g7 Sl mole) = 1 S wpla) ) = g S u

geqG geG geG

as up(g)~t € U for all g € G. Now 9? = 9, since vip? = (vi) = vy, as vp € U,
and we have just shown that 1 restricts to the identity on U. By Lemma I,

V =U @ ker(v)).
Now note that for v € V and h € G one has

vp(h)y = vp(h |G| > olg”

2
mgez;}p hg~")mp(g)
(5.8.1) _ éﬁ%p ) rp(g)
e 3 o) mplh)
= vp(h)

This implies that ker(¢) is p(G

(v

invariant, as for v € ker(¢) and g € G we have

)-
p(9))¢ = (v¢)p(g) = 0.

g

SECOND PROOF OF MASCHKE’S THEOREM. We employ the inner product of
Lemma B3 Let W be the orthogonal of U with respect to ((-,-)), that is,
W=U={veV:{uax)=0foralluecU}.

We claim that W is p(G)-invariant. In fact if w € W, then for all ¢ € G and
u € U we have

{(u, wp(g))) = up(g)~", w) =0,
as U is p(G)-invariant. O
5.8.2. REMARK. If one looks at the proof that V = U @ U~ of Section [,

where one employs a projection p onto U along U+, one can see the similarity
between the two proofs of Maschke’s Theorem.
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5.8.3. DEFINITION. If p; : G — GL(V;) are representations of the group G, for
1=1,...,n, then the direct sum representation is defined as

PLB 2@ @ pn: G— GL(VI) x GL(V3) x -+ x GL(V,) < GL(V, & Va @ - - & V)
g (@ v @ @, = vipi(g) B vapa(9) - B vapal9))

5.9. Irreducible representations

5.9.1. DEFINITION. A representation p : G — GL(V) is said to be irreducible
if the only p(G)-invariant subspaces of V are {0} and V itself.

Maschke’s Theorem implies immediately (by induction on the dimension of the
vector space)

5.9.2. THEOREM. FEvery finite-dimensional representation over C is a direct
sum of irreducible ones.

One should compare this result to the fact that two groups may have the same
composition factors, without being isomorphic. For instance, as noted earlier,
both Cs and S3 have two composition factors that are cyclic groups of order 2
and 3. So this simple constituents alone do not determine a group uniquely, as
they can be put together in different ways. (In this particular case, there are two
non-isomorphic semidirect products of C5 by C.)

With a representation, instead, if you know its irreducible subrepresentations,
the representation is uniquely determined as the direct sum of them, there is only
one (trivial) way of gluing them together.

5.9.3. EXERCISE. The statement is not true anymore over fields F' whose char-
acteristic divides the order of G. The simplest example is given by G = (a) cyclic
of order 2, and by the representation over the field F with two elements defined by

p:G— F?
o 11
a 0 1l
5.10. Morphisms and modules over the group algebra

5.10.1. DEFINITION. Let p; : G — GL(V;) be representations of G, for i = 1, 2.
A morphism of representations is a linear map f : Vi — V5 such that for g € G

p1(9)f = [p2(9).

This is a property we had already noted for the projection ¢ in (B=8) in the
course of the proof of Maschke’s Theorem. The definition becomes clearer once
one keeps in mind the equivalence of group representations and group algebra
modules described in Section h7a.

This yields

e p(G)-invariant subspaces are nothing else but C[G]-submodules, and
e morphisms of representations are nothing else but morphisms of C[G]-
modules.
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If a morphism f of representations (modules) is bijective, we call it of course
an isomorphism. So py, py are isomorphic if there is f such that

p2(9) = f'palg)f,  forallged.

5.11. Schur’s Lemma

5.11.1. THEOREM (Schur’s Lemma). Let p; : G — GL(V;) be irreducible repre-
sentations of G, forv=1,2, and f : Vi — V5 a morphism.
Then
o cither f =0,
e or f is an isomorphism (that is, f is bijective).
PROOF. One sees easily that ker(f) C Vj is p;(G)-invariant, and Vi f C V5 is
p2(G)-invariant.
fVif={0}, then f=0. If Vif # {0}, then Vi f = V4, as py is irreducible,
and ker(f) # Vi, so that ker(f) = {0}, as p; is irreducible. O

5.11.2. COROLLARY. Let p : G — GL(V) be irreducible. If f : V — V is
an isomorphism, then there is A € C* such that vf = Av is multiplication by the
scalar X.

PROOF. Let A be an eigenvalue of f. (We are exploiting for the first time the
fact that C is algebraically closed.)
Then from

pi(g)f = fp2(g),  and  pi(g)(A) = (AD)pa(g),
where [ is the identity on V', we get

p1(g)(f = M) = (f = A)p2(g)-

Thus f — Al is also a morphism of representations. Since it is singular, it must be
zero, so that f = A is scalar multiplication by A. U

5.11.3. LEMMA. Let p; : G — GL(V;) be representations of G, for i =1,2. Let
f Vi — V5 be any linear map. Then

=" (g ) fpa(9)
e

is a morphism of representations Vi — V5.

PrOOF. Very much as in Maschke’s Theorem. U

5.12. Orthogonality Relations

5.12.1. PROPOSITION. Let p; : G — GL(V;), for i = 1,2, be non-isomorphic,
irreducible representations. Take V7, Vg to be spaces of row vectors, with standard
bases uy, ..., u, and vy, .. . Let p*(g) denote the (j, k)-component of p;(g).

Then for all j,s,t,1 we hcwe

(5.12.1) > (g Mei(g) =0

geG
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5.12.2. REMARK. By choosing the bases to be orthonormal as in Lemma B3,
then (BI2) can be rewritten as

S (9)r(g) =0

geG

because

pig™) = pi(9) ™" = pi(9)" = pi(9)"
PRrROOF. Let Fy : Vi — V5 be the linear map that sends all u; to 0, except
usEs,t = Ut.
Then for each 7 we have

wip1(g~ ") Esip2(g Z Pl (g7 Yur By ipa(9)

= p1*(g7")up2(9)

_ZUZ /)2 (9)-

Since

Z P1 (gil)Es,tpz(!J)

geG

is a morphism of representations, Schur’s Lemma yields that
0=>u (g ) (9),
=1 geG

so that

> (g As(g) =0

geG
for all 7, s,t,1. OJ

5.12.3. PROPOSITION. Let p be an irreducible representation. Take V to be
spaces of row vectors, with standard basis uy, ..., u,. Let p’*(g) denote the (j,k)-
component of p(g).

Then for all j,s,t,l we have

|G| .,
. — ifj=lands=t
> i (g)r"(9) R

e 0 otherwise.

PROOF. In the notation of the previous proof, take first s # ¢t. Then
trace(p(g™") Esep(g)) = trace(Es;) =0,

> g e (g) =0
geG
as in the previous proof. This is because Schur’s Lemma yields that

Zp stp g)

geG

so that
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is a scalar.
When s = t, we have

trace(p(g™") Essp(g)) = trace(E, ) = 1,

so that
trace(z p(g ) E;ssp(9) =G|,

geG
and thus Y eq p(g7")Essp(g) has to be an isomorphism V. — V. By Corol-
lary BT, we have that
> (g™ ) Essp(9)

geG

G

is scalar multiplication by |— The result follows as in the previous proof. [
n



CHAPTER 6

Characters

6.1. Characters
6.1.1. DEFINITION. The character of a representation p is the map
x:G—C
g+ trace(p(g))-
One says that p affords x.

We have seen in Subsection 59 that two representations py, po are isomorphic
if and only if there is a bijective linear map such that

pa(9) = f'pa(g)f,  forallg e G.
Therefore

trace(ps(g)) = trace(f ' pi(g) f) = trace(pi(g))-
In other words

6.1.2. PROPOSITION. The character of a representation only depends on the
isomorphism type of the representation.

Moreover we have
6.1.3. PROPOSITION. Characters are class functions.

Here a function f : G — C is said to be a class function if f(z) depends only
on the conjugacy class of x € G, that is, f(¢g 'zg) = f(x) for all g € G.

PrROOF. If p affords x, we have
X(g~'zg) = trace(p(g~"xg))
= trace(p(g)™ p(z)p(g))

= trace(p(x))
= x(x).

6.1.4. REMARK. If a,b: G — C are two functions, then setting

= ]1G| >~ alg)b(g)

geG

(a,b)

we obtain an inner product in the space of all such functions.

6.1.5. THEOREM (Orthogonality relations).
57
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(1) If x,% are the characters of two non-isomorphic, irreducible representa-
tions, then

(x,¥) =0.

(2) If x is the character of an irreducible representation, then

o x) =1

(8) Summing it up, the characters of the irreducible representations are or-
thonormal.

PROOF. The first statement is clear from Proposition B121. The second one
follows from Proposition B2, as

1 N\ (&
(X, x) = Iell > (Z: p”(Q)) (jzlp] (9))

geG
] > pi(g)p"(9)
i=1 geG
1 |G|
Gl "

We obtain an important fact

6.1.6. THEOREM. The character of a representation determines the represen-
tation up to isomorphism.

In case you are interested in how to get back from a character to the (unique)
representation it affords it, check [Spel0].

PROOF. Let p be a representation, and decompose it as
p=mn1p1 D ngp2 O -+ D nypr,

where the p; are pairwise non-isomorphic irreducible representations, and n; de-
notes the number of times p; occurs.
Taking the trace, we get

X =n1X1 D nex2 D - D nexe,

where y is the character of p, and y; is the character of p;.
Now
(Xi> X) = i
Thus the character x determines the n,.
It follows in particular that the n; are only determined by the isomorphism
type of p. O

This allows for the following

6.1.7. DEFINITION. A character is said to be irreducible if the corresponding
representation is irreducible.
The set of the irreducible characters of G is denoted by Irr(G).
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6.2. Decomposing the regular representation

Let p : G — GL(C|G]) be the right regular representation, and ¢ its character.
Since xp(g) = zg = x only if g = 1, we get

w(g)—{‘G‘ o =1

0 otherwise.

Let x be an irreducible character. Then

| 1 1
(¥, x) > U(9)x(g) = el (Dx(1) = Tel] |G x(1) = x(1).

B |G’gEG

6.2.1. DEFINITION. The degree of a character x is x(1) = trace([), which
equals the dimension of the vector space associated to representation that affords

X-
It follows

6.2.2. THEOREM.

(1) Every irreducible representation with character x occurs x(1) times in
the decomposition of the reqular representation as a sum of irreducible
representation.

(2) If ¢ is the character of the reqular representation, then

=2 x()x,
X
where x ranges over the irreducible characters of G.
(3)
(6.2.1) |G =2 x(1)
X

where x ranges over the irreducible characters of G.

PROOF. It remains only to prove the important last statement, which follows
by evaluating (2) at 1. O

6.2.3. COROLLARY. Let p; be the pairwise non-isomorphic, irreducible repre-
sentations, and p{k be their components. Then the pfk are an orthogonal basis for
the space of functions G — C.

PROOF. We have see in Subsection B2 that these functions are orthogonal.
Now (6221) shows that their number equals the dimension of the space of functions
G — C. O]

6.3. Number of irreducible characters

Here I am following [SerT6].
If p; : G — GL(V;) are the pairwise non-isomorphic irreducible representations
of G, then we have an algebra morphism

r: ClG] — ZEnd(Vg).
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The two spaces have the same dimension, by (E2211). We will show that r is injec-
tive, and this will imply that r is an algebra isomorphism. But an element of ker(r)
acts as 0 in every irreducible representation, thus in the regular representation,
which is faithful (action on 1 € C[G]).

Now the centre of the algebra >, End(V;) has dimension the number of distinct
irreducible characters. The centre of C[G] has a basis given by the sums over the
conjugacy classes, and thus the dimension of the centre equals the number of
conjugacy classes. We obtain

6.3.1. THEOREM. The number of distinct irreducible characters (that is, of
pairwise non-isomorphic representations) of G equals the number of conjugacy
classes of G.

The isomorphism 7 induces an isomorphism from Z(C[G]) to the centre of
> End(V;), which is a sum of copies of C (scalar matrices for each End(V})).
Choose one of the V;, associated to the irreducible representation p with character
X. Consider the map r,, which is the composition of r with the projection on
End(V;), and which is simply given by
(6.3.1) (D f(9)9) = >_ f(9)rlg)

geG geG

Let now o = 3 e f(9)g € Z(CI[G]); this goes under r, to a scalar matrix S in
Z(End(V;)), which is multiplication by some a. Since a = trace(S)/x(1), (6=3)
yields that the value of a is

1 1 N |G| -
D) -trace(g;; f(9)p(9)) = X(l)g%f(g)x(g) = m(f, X)-

6.3.2. THEOREM. Let 3, f(9)g9 € Z(C[G]).
Then (X ec f(9)g) is the scalar matriz that is multiplication by

G|, .
— (%)
x(1)

6.4. Representation and characters from quotients

If N is a normal subgroup of the finite group G, and p is a representation of
G/N, then p(g) = p(gN), for g € G, defines a representation of GG, whose character
is X'(g) = x(gN), if x is the character of p.

6.5. Products of representations and characters

If p; : G — GL(V;) are two representations of G, for i = 1,2, then (IIh4)
shows that

p1L® pa: G— GL(V) ®c Va)
g p1(9) ® pa2(g)

is a representation. If y; is the character of p;, then (ITh3) shows that the
character x of p; ® ps is the product of x; and yo,

x(9) = x1(9)x2(9)-
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There is a special case of this that does not require the technicalities of the
tensor product. Recall that a character A is linear if A(1) = 1, so that A : G —
GL(1, C) coincides with the representation that affords it.

Now, if p: G — GL(V) is a representation with character x, and A is a linear
character, then

A-p:G— GL(V)
g+ Ag)r(9)

is visibly also a representation, whose character is g — A(g)x(g).

6.6. Products of characters, alternative version

This is extracted from this answer of mine to a MSE question:
https://math.stackexchange.com/a/4533273/58401
6.6.1. PROPOSITION. Let p; : G — GL(V1) and ps : G — GL(V3) be two linear

representations with characters x1 and xo. Assume WLOG py unitary.
Let W = hom(V1,V4), the vector space of linear mappings. For s € G and

f €W define p(s) by
fo(s) = pi(s)™ o fopa(s);
so fp(s) e W.

The p is a linear representation p : G — GL(W). and its character is X1 - X2-
It follows that the (pointwise) product of two characters is again a character.

PROOF. Let ¢; be a basis of Vi, and f; be a basis of V5.
For a fixed s € GG, write

erpr(s Z aiei,  frpa(s Z brif;.

Assuming WLOG that p; is unitary with respect to the base of the e;, we will
have pi(s) ™ = pi(s) . s0

trace p1 Z Ay =

Now W has a basis given by the elements F,, ,, which map e, to f,, and all
others e; to zero.
We will have

Pl( ) OEquPQ Zcuvmn mn

for some cyy mn. To compute the trace, we need to compute the diagonal coefficient
Cuvup- Now for all u we have

6uﬂ1< ) oEuvo,O2 —euzcuvmn mn Zcuvunfna

s0 that ¢y, 4 Will be the coefficient of f, in e,p1(s)™! o B, 0 pa(s).
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We compute this as
eup1(s) ™ 0 Eyy o pa(s) =D auiei By ypa(s)

= @uufvPQ(S)
= Oy Z bvj.fj'
J

Thus cypuw 18
auubvv-

Now sum over u, v to get the result.
6.7. Kernels and centres

If x is a character of the finite group G, define its kernel as
ker(x) = {g € G:x(9) =x(1) }.

6.7.1. LEMMA. Let p: G — GL(V) be a representation with character x.

Then
ker(p) = ker(x).

Proor. If g € ker(p), then x(g) = x(1).
Conversely, if x(g) = x(1), then Lemma T34 shows that g € ker(p). O
6.7.2. LEMMA. Let x be a character of G, and x = > n;x;, with x € Irr(G).
Then
(6.7.1) ker(x) = N{ker(x;) :m; >0}.
Taking x to be the reqular character, we see that the intersection of the kernels of
all irreducible characters is {1}.
PrOOF. The D inclusion in (BZZ) is clear.

For the reverse inclusion C, write p, p; for the representations affording y, x;.
If g € ker(x) = ker(p), then p(g) is the identity matrix. This is independent of the

choice of a basis, so this means each p;(g) are identity matrices, so g € ker(p;) =
ker(y;) for all 7. O

The centre of a character y is
Z(x)={g9€G:|x(g)|=x1)} = ker(x).

6.7.3. LEMMA. Let x be a character of the representation p of the group G.
Then
{g€G:plg) is scalar};

X(L)A for a linear character X of Z(x);
(x) is cyclic;

ker(x) < Z(G/ ker(x)).

If x € Irr(G) we have also

(6) Z(x)/ker(x) = Z(G/ ker(x)).
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PRrROOF. By Lemma T34, | x(g) | =

Let A : Z(x) — C be defined by p(g)
We have A(gh)I = p(gh) = p(g)p(h) =
and A is a linear character.

Since ker(x) = ker()), we have that Z(x)/ker(x) is isomorphic to a finite
subgroup of C*, and thus is cyclic. Also, ker(y) = ker(p), and p(Z(x)) is in the
centre of p(G) = G/ ker(x), as it is made of scalar matrices.

Finally, if x € Irr(G), then (to be completed, but straightforward). O

x(1) if and only if p(g) is scalar.
= A(g)1, according to the previous point.
A(g)A(h)I, so that Z(x) is a subgroup,

6.8. Character tables

6.8.1. DEFINITION. The character table of GG is a square matrix, which the
rows labelled by the distinct irreducible characters, and the columns labelled by
the conjugacy classes.

The x, a® entry is x(a).

6.9. Characters of abelian groups

6.9.1. THEOREM. Let G be a finite abelian group.

Then each irreducible character x of G is linear, that is, it has x(1) = 1.

It follows that x coincides with the representations which affords it, so that
X : G — C* is a morphism of groups.

This follows from Section [T3: a finite number of commuting, diagonalizable
matrices can be diagonalized simultaneously, that is, there is a basis with respect
to which they are all diagonal.

Alternatively, an abelian group of order n has n conjugacy classes, and thus n
irreducible characters. Since n = x(1)? > n, each x(1) must be 1.

x€lrr(G)

Let G = (g) be cyclic of order n. Let w be a primitive n-th root of unity.

Then the irreducible characters of G are

Xk:G— C*
g wh

for 0 < k < n, so that yx(¢7) = wi*.
The character table of a cyclic group is a Vandermonde matrix, for instance
when n = 3, it is

1 g ¢
w 1 1 1
Yi 1 w w?
x2 1 w? w

Note that x4 - xx(9) = w"™* = x44x(g), so the characters form a group isomor-
phic to G.

This holds more generally for the dual group of characters of a finite abelian
group G. In fact, if

G=Z/mZx - xZ/nZ,
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with, say ny > ng > --- > n;y > 0, then the irreducible characters are

*
Xky,k - G — C
(T1, ..., @) > WHTL LR
where w; is a primitive n;-th root of unity. We have

Xhi,...ohe * Xk1,....ke — Xhi+ki,...,hi+ke-

Recall from Section 64 that if N < G, then any representation p : G/N —
GL(V) of the quotient group G/N lifts to a representation p' : G — G/N —
GL(V) of G, and so does the corresponding character.

In particular, the linear characters of a group G are | G/G" |, the liftings of the
irreducible characters of the abelian group G/G’.

6.10. Induced Characters

6.10.1. Introduction. Let G be a group, H < G, and p: G — GL(V) be a
representation of G. Clearly py : H — GL(V) is a representation of H.

However, if ¢ : H — GL(V) is a representation of H, it is not always the
case that o = py, for a representation p of G. For instance, let g = (123) € S;.
The cyclic group H = (g) of order 3 has a linear representation ¢ such that
0() = w is a primitive third root of unity. However, G = S5 > H has no (linear)
representation p which takes the value w on G.

The method of induced representations remedy in some sense the situation.
Given a representation o of H on the vector space W | the method yields a repre-
sentation 0 of G on a larger vector space V which is natural in some sense, and
with the property that if o is the restriction to H of an irreducible representation
p of G, then p is a constitutent of €.

6.10.2. Serre’s heuristic approach. Let us start with the heuristic ap-
proach of [Ser78, 3.3].

Let G be a finite group, and V a C[G]-module. (The language of modules
turns handy here, but it can be translated any time in terms of representations.)

Let H < G, and let W be a C[H]-submodule of V. Let T be a complete set
of representatives for the right cosets of H in G, that is, every such coset can be
written as Ht, for a unique ¢ € 7. Then note that then set Wt = W(Ht) only
depends on the coset Ht, and not on the choice of a particular representative.
Moreover each Wt is a subspace of V, and it is a C[H'] module, as wt(t~'ht) =
(wh)t € Wt for w e W and h € H.

Consider the sum S = Y.+ Wt (this is just the set of all sums from the
summands). This is a C[G]-submodule of V| as for ¢ € G we will have tg = ht'
for some h € H and t' € T, so that (Wt)g = (Wh)t' = Wt' C S.

We will say that the C[G]-module (and the corresponding representation) is
induced from the C[H]-module W if there is a direct sum decomposition

V=Wt
teT
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6.10.1. THEOREM. Let G be a finite group, and H < G.

Let W be a C[H|-module.

Then there exists a C|G|-module induced by W, and this is unique up to iso-
morphism.

PROOF. One can see that it is possible to reduce to the case when W is irre-
ducible.

Then W is a submodule of the regular module W = C[H] for the group algebra
C[H].

We claim that V' = CJ[G] is the C|G]-module induced by W. In fact an
arbitrary element of C[G] can be written as

Y fleg=>" (Z f(ht)h) te > wt,
ge@ teT \heH teT

where f : G — C, and this representation is clearly unique.

It remains to show that if the C[G]-module is induced by the C[H]-module
W, and W' is a C[H]-submodule of W, then

=) W't
teT

is a C[G]-submodule of V| which is induced by W’ but this is pretty straightfor-
ward.

We skip uniqueness for the moment. [

If (Wt)g # Wt for all t € T, then ¢(g) = 0, as the blocks Wt are permuted
without fixed points. Now Wtg = Wt

6.10.3. Same problem in terms of characters. Taken from [I[sa06]. There
is some duplication here.

If p is a representation of G, and H < G, then the restriction py of p to H is
clearly a representation of H.

If we have a representation of H < GG, can we make it into a representation of
G This is possibly best understood in terms of characters. If x is a character on
H, then this is a class function on H, but it need not be a class function on G.

6.10.2. EXERCISE. Let G = Ay, H = {1,(12)(34), (13)(24), (14)(23) }. Show
that p : H — GL(1,C) = C* defined by
p((12)(34)) =1, p((13)(24)) = —1
is a representation/character for H. Show that this is not (the restriction of) a

class function on G, as (12)(34)) and ((13)(24) are conjugate in G.
We can fix this as follows. First extend x to x°, which is zero outside H. Then

define
37 X
>

geG

G
This is clearly a class function, and x(1) = u x(1).
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To show that & is character of G, we appeal to

6.10.3. PROPOSITION (Frobenius Reciprocity). Let H < G. Let ¢ be a class
function on H, and ¥ a class function on G.
Then

(197 SOG)G = (ﬂHa 90)H7
where the two scalar products are in G and H respectively.

PROOF.
1 _
0.6%0 = o 3 0@ ()
| | zeG
1 1 —
— oo 3 T )
|G H| ge:c:
1 1
= 2 VY )e°(y)
|G H e
1 _
= =7 2_ Y(W)¥°(v)
%
1 _
= =7 2. V(W)e(y)
’ ‘ yeH
= (u, ¢)u
O
6.10.4. COROLLARY. If ¢ is a character of H < G, then ©% is a character of
G.
PROOF. We have seen that ¢(1) = ||HG||¢(1), so % # 0. As a class function

on G, 9% is a C-linear combination of irreducible characters of G. Now if y €
Irr(G), we have (0% x)a = (@, xr), and since yy is a character of H, the latter
is a non-negative integer. It follows ¢ is a character of G. O

6.10.5. COROLLARY. Let H < G, and ¢ € Irr(H). Then ¢ is a constituent of
X, for some x € Irr(G).
6.10.6. DEFINITION. An irreducible character ¢ is a constituent of a character

Y is (p,9) # 0.

PROOF. Let y be an irreducible constituent of ¢“. Then

0# (¢, x) = (¢, xn),
so that ¢ is a constituent of yp. U

6.10.7. COROLLARY. Let G be an abelian group, and H < G.
Then every irreducible character of H is the restriction to H of an irreducible
character of G.

PROOF. By the previous result, if ¢ € Irr(H), then ¢ is a constituent of xp,
for some y € Irr(G). Since both characters have degree 1, they must be equal. [
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6.10.4. Tensor products. We now mention how induced characters arise
from tensor products. Let G' be a finite group, and H < G. Let V = Vg be
a finite-dimensional C[H] module. Since C[G]| = ¢iu|C[G]c|q is a (C[H], C[G])-
bimodule,

W = Ve ®cru) o ClGloe
becomes a right C|[G]-module.

Let T be a complete set of representative of the right cosets of H in GG. The
idea is, let G/H = { Hg : g € G } be the set of right cosets of H in G. The map

G—G/H
g Hg

is surjective, hence it has a one-sided inverse (actually, may), that is, there are
maps 7 : G/H — G such that Hg = H7(Hg) for all g € G. Every such map thus
selects a representative for each coset. The image T of any such map 7 is called a
complete set of representative of the right cosets of H in GG. A coset can be written
uniquely as Ht, for t € T, and an element of G can be written uniquely as ht, for
he HteT.

Note that if ¢ = ht, for h € H,t € T, then HY = g 'Hg = t 'h™'Hht =
t~1Ht = H!, so all conjugates of H are of the latter form.

We then have that as a vector space W decomposes as

Vot & (Vet,),

as
v (D a9) =Y au®g=>_ Y anpv@ht=> (D anvh)t.
geG geG heH teT teT heH
If v1,...,v, is a basis of V, one can see that the v; ® t are a basis for W, for

1=1,...,nand teT.

6.10.8. REMARK. This is related to a map called transfer, see [Rob96, Ch. 10] or
[Ser16, Ch. 7] or [Hup67] under Verlagerun.

What is the character 1 of the G-representation W, in terms of the character
x of the H-representation V7 If t € T, and g € G, we will have

tg = ht'
for some unique h € H and t’ € T'. Therefore for i = 1,...,n we will have
(i @t)g =v;® (tg) =v; @ (ht') = (v;h) @',

A non-zero diagonal coefficient can thus occur only if ¢ = t, that is tg = ht, or
g =t"'ht € H'. And then, such a contribution would be a;, if

n
Uih = Z Q505
i=1

Since Y 7" ; a;; is the value on h of the character of the representation determined
by the C[H]-module V| we obtain the above formula for the induced character.
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6.11. Characters of permutation representations

We have seen that if the finite group G acts on the finite set Q = {1,...,n},
this induces a linear representation of G on a vector space of basis v, ..., v,.
What is its characters x? There is a contribution “1” to x(g) from every i such
that ¢ ' =4, that is,

6.11.1. LEMMA. x(g) = F(g).
Here F'(g) is the number of fixed points of g acting on €.

6.11.2. LEMMA. The number of orbits of a permutation representation is

‘é‘ > Flo)

ProOF. Consider the set 2 x GG, and its subset
A={(a,g):0’=a}.
In a typical double counting argument, we can count by rows, that is
(6.11.1) IA=> {geG:a'=a}|=) |G|,
ae) aell
and we can count by column
(6.11.2) A=) [{aeQ:a?=a}|=> F(g).
geG geq

Now stabilisers are constant on orbits. This, plus orbit-stabliser, yields that for
each orbit a“ we have

S 1Gs= Y [Gal =] |Gal = |G|

Beal BEaC
Therefore (B0) yields that | A| is | G| times the number of orbits. Comparing
to (B12), we get the formula. O

From the two lemmas we get

6.11.3. PROPOSITION. Let x be the character of a permutation representation.

(1) (1,x) is the number of orbits of G.
(2) G acts transitively if and only if (1,x) =1

If G acts transitively, then we have y = 1 + 1, for a character 1) not having 1
as a constituent.

If G acts on the set 2, then it acts on 0% = Q x Q by (o, 8)? = (a7, 59).
Since (o, $)? = (o, B) if and only if o9 = o and B9 = 3, we will have that the
permutation character for the action on 92 will be x2.

6.11.4. PROPOSITION. Let G act transitively on Q, with | Q| > 1, let x be the
corresponding permutation character, and x = 1+ 1.
The following are equivalent

(1) G acts 2-transitively on €2,
(2) G has two orbits on Q*, and
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(3) ¥ € Irr(G).

PROOF OF PROPOSITION BIT4 . Since || > 1, G has at least two orbits
on %, namely

{(;a):aeQ}  and  {(a,f):,f€Qa# 5},

The first set is an orbit, as G is transitive, and the second one will be an orbit
precisely when G is 2-transitive.

Since the character of the action on Q2 is x2, G acts 2-transitively on 2 if and
only if

2=(1,x*) = (x; x) = 1+ (¥, 9),

where we have used the facts that (1,1) = 0, and that x has integer, and thus
real, values. [

6.12. Character tables of small groups

6.12.1. Ss.
#1112 3
1 (123) (12)
1 1 1
1 1 -1
X |2 -1 0

The first two characters are the linear ones from S3/A; = Cs.

The non-linear character y can be deduced from the orthogonality relations,
or from the standard permutation character.

It is also easy to compute the representation p corresponding to x. The eigen-
values of p((123)) are of the form w’, where w is a primitve 3-rd root of unity. Since
(123) is conjugate to its inverse, if w’ is an eigenvalue, so is w™/. If the eigenvalues
are both 1, then we should have x((123)) = 2, which is not the case. Then the
eigenvalues are w,w™! (and in fact w +w™! = —1. Now since (123)(1?) = (123)7,
if vp((123)) = wv, we have (omitting the p, that is, thinking in terms of modules)

v(123)(12) = (v(12))w = (v(12))(123)71),

so that (v(12))(123) = (v(12))w™!. Tt follows that (12) exchanges the eigenspaces
of (123) relative to the two eigenvalues, so that

w A
e R R E R N
for some A # 0, the A™! coming from the fact that p((12))% = 1.
6.12.2. A,.

401 3 4 4
1 (12)(34) (123) (132)
1 1 1 1
1 1 w wt
1 1 wt w
vl3 -1 0 0
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The first three characters are the linear ones from A,/V = Cj, where V =
[1,(12)(34), (13)(24), (14)(23) }.

The non-linear character y can be deduced from the orthogonality relations,
or from the standard permutation character. To compute the associated represen-
tation p, note that we must have

1 -1 —1

AIDED) = | 1 L) =] oL e =]

with respect to a suitable basis. Since p((123)) must permute the three cyclically,
one can take

1
p((123)) = |1
1
6.12.3. 5.
#1013 6 8 6
1 (12)(34) (12) (123) (1234)
1 1 1 1 1
11 -1 1 ~1
2 2 0 -1 0
3 -1 10 ~1
3 -1 -1 0 1

The first two characters are the linear ones from S;/A; = Cs.

The first three characters come from those of S5 = Sy/V.

The fourth character come from the standard permutation character.

The last one is the previous one times the sign character, that is, the second
one.

6.12.4. S;. (Here we mainly follow [BIaT9d].)
First, linear characters and standard permutation representation.

#1115 10 20 20 30 24
1 (12)(34) (12) (123) (123)(45) (1234) (12345)
T 1 T 1 1 1 1
11 -1 1 ~1 ~1 1
40 2 1 —1 0 ~1
40 -2 1 1 0 ~1
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Now some congruences show that the next characters must have

# 1 15 10 20 20 30 24
1 (12)(34) (12) (123) (123)(45) (1234) (12345)
T 1 T 1 1 1 1
sign |11 -1 1 ~1 -1 1
4 0 2 1 ~1 0 ~1
4 0 -2 1 1 0 ~1
5
5
6 0 0 0

with the second 5 being the previous one times sign, and the zeroes of the 6 being
due to the same reason.

Let us now examine the two characters of degree 5, let x be one of them, and
p a representations that affords it. If the value on any odd element is nonzero,
then the two characters differ by the sign character. In fact, the eigenvalues of
(12) can be £1. Now x((12)) € { £5, £3 } yield an excessive contribution of 50 or
18 to the sum

(6.12.1) Cs(9)l= > Ix(@f

X€EIrr(Ss)

which should give 12. This is an argument we will use again in the following. Thus
x((12)) = £1, and we’ll choose the first character to take the value 1.

Now note that the conjugate of this first character cannot be the other char-
acter of degree 5, so this character must take real values.

Consider the eigenvalues of p((12345)). Since all 5-cycles are conjugate, either
these eigenvalues are all 1, but then x((12345)) = x(1), so that (12345) € ker(p)
and as Aj is simple, p is an irreducible representation of S5/As, a contradiction
(alternatively, in an argument that we will reprise below, in (B121), which should
take value 5, this would contribute 24 - x((12345))? = 24 - 25, which is too much),
or they must be 1,w,w? w3, w?*, where w is a primitive 5-th root of 1, so that
x((12345)) = 0.

Checking (E12) on the (1234) column, we see that the values have modulo
1 here, and be real, so that they are +1. Write a, —a for these values.

# 1 15 10 20 20 30 24

1 (12)(34) (12) (123) (123)(45) (1234) (12345)

1 1 1 1 1 1 1
sign | 1 1 —1 1 —1 —1 1

4 0 2 1 —1 0 —1

4 0 -2 1 1 0 —1

) 1 o 0

5) -1 -« 0

6 0 0 0

An eigenvalue argument with the 3-cycles shows that the eigenvalues must be
1,0, %, o, p?, where  is a primitive 3-rd root of unity. In fact is these eigenvalues
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were 1,1,1,¢,p?, then x((123)) = 2, and (6121l), which should be 6, is at least
4 +2-2% =12, a contradiction. So x((123)) = —1.

Checking (BI2Z), we see that on (123)(45) we have values of modulo 1, and
real, so that they are £1. Let them be +/.

Note that (12)(34) must have eigenvalues 1, so the value of characters on it
are integers. Now using (BIZ0) on that column, we see that the value must be
h = £1 (and then the value of the character of degree 6 must be £+2.)

#1115 10 20 20 30 24
1 (12)(34) (12) (123) (123)(45) (1234) (12345)
1 1 1 1 1 1 1
11 -1 1 ~1 ~1 1
40 2 1 ~1 0 ~1
40 —2 1 1 0 ~1
5  h 1 -1 3 a 0
5 h . —3 —a 0
6 %2 0 0 0

But now checking orthogonality of the two characters of degree 5 with the
trivial character we find
e 5+ 15 —20=0,s0 h =1, and
o 1 +28+3a=0,
and thus f =1 and a = —1. We get

115 10 20 20 30 24
1T (12)(34) (12) (123) (123)(45) (1234) (12345)
1 1 1 1 1 1 1
11 -1 1 ~1 ~1 1
4 0 2 1 ~1 0 ~1
4 0 -2 1 1 0 —1
5 01 1 -1 1 ~1 0
5 1 -1 -1 ~1 1 0
6 -2 0 0 0 0 1

where the last line comes from the columns, and orthogonality to the trivial char-
acter.

6.12.5. As;. Let us start from Ss, where we get

1 15 20 12 12
1 (12)(34) (123) (12345) (13524)
1 1 1 1 1
40 1 -1 ~1
5 1 —1 0 0
6 —2 0 1 1

For the last character y we have (x, x) = 2, the other remaining irreducible. Thus
X splits as the sum of two irreducible characters of degree 3 each (check sum of
squares of degrees).
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Note here that (12345) is conjugate to its inverse, but not to its square. So the
eigenvalues (which cannot be all 1, as A5 is simple) must be 1, w,w™! for (12345),
and 1,w? w2 for (13524). Note 1 + w4+ w™ = —w? — w2 etc.

A similar argument gets the value zero on (123), and then orthogonality with
the trivial character does it for (12)(34).

1 15 20 12 12

1 (12)(34) (123) (12345)  (13524)
1 1 1 1 1

4 0 1 —1 —1

5 1 —1 0 0

3 -1 0 —w—wl —w?—w?
3 —1 0 —w—-—w? —w-—wt

Note that the two characters of degree 3 are Galois-conjugate.

6.13. A non-linear character vanishes somewhere
Taken from [Isa08, p. 40].

6.13.1. LEMMA. Let G be a cyclic group of order n, and write S C G for the
set of elements of G of order n.
Let x be a character of G such that x(s) # 0 for all s € S.

Then
S Ix(s) =181

seSs

PROOF. Let E/Q be the splitting field of 2" —1, and H = Gal(E£/Q) its Galois
group. An element h € H takes an n-th root of unity w to a power w™, for some
m coprime to n. Since

X(8) =wi + -+ wy
for some n-th roots of unity w;, we will have
x(8)" =Wl + - W™

For m coprime to n, the map # — 2™ is a permutation of G (actually an

isomorphism), and in particular a bijection on S. If p affords y, we have for s € S

m m

so that

(6.13.1) x(s)" = x(s™).

Now H is an abelian group, isomorphic to (Z/nZ)*. By Lemma I3, we
have for « € E and h € H

(6.13.2) (laP) =]a"[".
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Since for m coprime to n, the map x — 2™ is a permutation of S, we obtain that
2
IT1x(s)]
seS

is invariant under H by (BI3) and (61372), and thus rational. Since it is an
algebraic integer (Corollary ICITH), it is an integer. Since x does not vanish on
S, we have

[TIx(s) P =1

ses
By the arithmetic/geometric means inequality, we obtain

S I P ([ xs) Y = 1

| S | sES sesS
]

6.13.2. THEOREM (Burnside). Let G be a finite group, and x be an irreducible,
non-linear character of G.
Then there is g € G such that x(g) = 0.

PROOF. Suppose the irreducible character y satisfies x(g) # 0 for all g € G.
Consider the equivalence relation on G given by
aRb iff (a)=(b).

The equivalence class S of an element a, of some order n, is thus given by the set
of elements of order n of the cyclic group (a).
Lemma (B3) yields that for each such class S we have

doIx(s)[F =151
s€S

Summing over all equivalence classes of non-identity elements, we get

S x> |G-t

1£geG
Therefore
|Gl=1G106x) =2 Ix(9)" > 1G] =1+x(1)?
9eG
which yields x(1) < 1, so that x is linear. O

6.14. Integrality

Recall that character values, as sum of roots of unity, are algebraic integers
(Corollary I111).
If p is a linear representation of G, and g € G has order n, then

1=p(1) = p(g") = p(g)"-
It follows that p(g) is a root of ™ — 1, so that the minimal polynomial of p(g) is

a divisor of 2™ — 1, and thus the eigenvalues of p(g) are n-th roots of unity. We
obtain
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6.14.1. PROPOSITION. Character values, as sum of roots of unity, are algebraic
integers.

6.14.2. EXERCISE.

(1) Show that is p is the right regular representation, and g € G has order n,
then the minimal polynomial of p(g) is 2™ — 1.

(2) Show that the above need not hold for an arbitrary representation. Avoid
the trivial case when p(g) = 1, and try and find an example in which

lgl=1p(g)]

6.14.3. THEOREM. Let f : G — C be a class function on the group G, whose
values are algebraic integers, so that

a=7)_ flg)g € Z(ClG]),

geG

where Z(C[G]) is a commutative ring with unity of characteristic zero.

(1) « is integral.
(2) If x is an irreducible character of G, then

L _ 16l
0 g%f(g)x(g) =0

is an algebraic integer.

(f.X)

PROOF. Let S be the subset of the commutative ring Z(C[G]) consisting of
the > cq f(9)g, where f is a class function with integer values. The elements
> C =% ey, for C a conjugacy class, are a basis of S as a Z-module.

We claim that S is a subring of Z(C[G]). In fact, let C, D be two conjugacy
classes. Since Z(CJ[G]) is a subring of C[G], we will have

(>_C)-(2_D) =3 MC.D,E)E,

where E ranges over the set of conjugacy classes, and A\(C,D,E) € C. But
AMC, D, E) counts how many times a fixed element e € E occurs as a product
cd, for ¢ € C and d € D, and this is a (non-negative) integer. (See the example
following this proof.)

Since the ring S is finitely generated as a Z-module, all of its elements are
integral (Theorem IT174.)

Consider now the subring 7" of Z(C[G]) consisting of the o = 3 e f(9)9g:
where f is a class function with algebraic integer values. Since sums and product
of integral elements are integral (Corollary TI13), it follows that « is integral.

Applying r, to a, and appealing to Theorem 62372, we obtain the second part,
since clearly the image under a ring morphism of an integral element is integral,
and thus that number is an algebraic integer. O

6.14.4. EXAMPLE. Let G = S3, C' = {(12),(13),(23) }, D = {(123),(132) }.
We have the products
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| (123) (132)
(12) | (13) (23)
(13) | (23) (12)
(23) | (12) (13)

(oD =2yC

6.14.5. THEOREM (Burnside). If C' = 2%, D = 4% and E = 2, then

Thus

B |G x(@)x)x (")
NODE) = e MG L D)

PROOF. Recall that in the isomorphism
Cl¢] = > Mw(C)

xE€Ilrr(G)
an element g € G goes in the element

(p(9))x

whose x-th component is just p(g), where p affords x.
So if g% = {g*',..., g% }, with the g% distinct, we have

Y=g 4+ g = (p(g") o+ p(g7 )y

In an argument that we have already seen in Theorem E32, p(g*t) + - - - + p(g*")
is a scalar matrix al (where a € C, and [ is a suitable identity matrix), so that

99| x(g) = trace(p(g™) + - + plg™")) = trace(al) = ax(1).

as the trace is a class function.
So if we now consider the isomorphism of rings

z(Clé) — > C

x€Ilrr(G)
we have
o (l9%x9)
9%
x(1)
X
Thus

ey (19
g h*) —
(Z )(Z ) ( X(1)2
We want to find the integers A(g, h, w) such

9% x(g) | B | X)) |0 [ x(w)
(6.14.1) ( N X—zw:)\(g,h,w) o )

where w ranges over a set of representatives of the conjugacy classes of G.

| x(9) | n¢| x(h))
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Multiply both sides of (EZ1Z) componentwise by x(z7!)x(1), for a fixed z,
and sum over y € Irr(G). By Lemma 61477 below, the right-hand side becomes

z]w Mg, how) >0 x(zx(w) = Mg, b 2) | 29| - [ Calz) | = Mg, h,2) | G,
Xx€lrr(G)

where we have used orbit-stabiliser, so that we obtain

9% x(g) | hG | x(h)x(z™)

Z :)\(gahaz)’Gla
x€lrr(G) X(]')
which yields the claim, keeping in mind that by orbit-stabiliser
allpa allpae
e e e
ey GG |Calg)]|Ca(h)|

0
6.14.6. ExAMPLE (Example 6124 revisited). We compute (3 C) (> D) using
Theorem ET473 and the table of Subsection B2

x(123)x(12)
x(1) -

A«:LLD):E:xamxgﬁ?xuzn

6.14.7. LEMMA (The other orthogonality relations). For z,w € G

=1-1+0-(-1)=0.

A, D, C) = 3 X2
X

0
=1+4+(=1)-1-1+

_ Cq(z if z and w are conjugate,
S 1>X<w>:{r o(2)| i jug

X€Irr(G) 0 otherwise.

1/2
ProoOF. Consider the extended character table Y, whose (, ¢g) entry is ‘ q¢ ‘ / x(9).

The orthogonality relations yield Y'Y* = |G| I, for a suitable identity matrix I.
Therefore Y'Y = | G| I, and this means that for z,w € G

1/2 a 1/2 G| if z and w are conjugate,
S 10 [0 [ xw) = |G |
0 otherwise.
x€Irr(G)

When 2z and w are conjugate, we have thus

3 - |G
Z\MW%:Z:WM@Z}ZMZW@ZVQIWWN
x€Irr(G) xEIrr(G) x€Irr(G)
When z and w are not conjugate, we have 3 cr.(q) x(27)x(w) = 0. O

Note the following consequence of Lemma 61474, which states that the size of
a centraliser does not increase when going from a group to a quotient group.
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6.14.8. PROPOSITION. Let G be a finite group, N 1 G, x € (.
Then
|Ca(@)| > | Capn(an) |
PROOF VIA CHARACTERS. We know that every (irreducible) representation

of G/N corresponds to a(n irreducible) representation of G with N in its kernel.
Witn a slight abuse of notation, then

[Cam@N)[= X Ix@N)P< X |x@)=]Calx)].

xE€Irr(G/N) x€lrr(G)

DIRECT PROOF. By orbit-stabiliser
|G
Ean

We have thus to prove that

|G/NT  _ |G

Coll= V)]~ TN @N)EN |

‘ CG/N(SCN) ’ =

(6.14.2) 29| < N[ | (@N)F™ ]
We have
(6.14.3) (@N)N =L @N)N 1 ge G} ={a'N:geG}.

Consider the union of the ’ (xN)G/N ‘ cosets in the left-hand side of (612=3). This

union has | N |- ’ (xN)G/N ‘ elements. Now the union of the cosets in the right-hand

side of equation (E123) is N D 2. We obtain (E1242). d
Coming back to our mainline, we have

6.14.9. COROLLARY (to Theorem BI4=3). If x is an irreducible character, then
x(1) divides the order of G.

PRrOOF. In part (2) of Theorem EI473, take f =X to get that |G| /x(1) is a
rational number which is an algebraic integer, and thus it is an integer. U

6.14.10. PROPOSITION. Let p be an irreducible representation, and x be its
character. Let g € G. We have

(1)
19%] - x(9)
x(1)
is an algebraic integer.

Suppose now gcd(’ g% |,x(1)) =1. Then

(2) x(g9)/x(1) is an algebraic integer.
(3) If x(g) # 0, then p(g) is a scalar matriz.
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PROOF. Let f: G — C be the class function that is zero everywhere, except
on the conjugacy class of g, where its value is 1, so that

> F@)x(@) = |g%] x(9)-
zeG
By Theorem E1223(R), | g% |- x(g)/x(1) is an algebraic integer.
If gcd(‘ g% |,x(1)) =1, by Bézout, there are a,b € Z such that
a‘gG‘—l—bx(l) =1
Multiplying by @ we get
x(1)
x(9) a|. x(g)
= - === 4+ bx(9).
el

Since both ‘gG ’ -x(9)/x(1) and x(g) are algebraic integers, so is x(g)/x(1).

x(9)/x(1) is of the form of (II3) of Lemma T34, with x(g) # 0 by as-
sumption. Therefore p(g) is a scalar. O






CHAPTER 7

Applications

7.1. Burnside p?¢’

In this section we report the celebrated theorem of Burnside [Bur04], that
shows that finite group of order divisible of at most two primes are soluble. (A5
is non-abelian simple, of order 2%-3-5.)

Burnside’s proof makes use of characters, whose theory he had contributed to
developing. Burnside published his proof in 1904. One had to wait until the 1970’s
for proofs not using characters [Gol70, Ben72, IMat73].

7.1.1. LEMMA. Let G be a finite group, 1 # g € G such that its conjugacy class
has order a power of a prime p.
Then there is a proper normal subgroup N of G such that gN € Z(G/N).

PROOF. From Lemma 61477 we have

> x(L)x(g) =0,

Xx€lrr(G)

and thus

5 x(x(g) _ 1

1#x€lrr(G) p p

Since the right-hand side is not an algebraic integer, there is 1 # x € Irr(G)
such that x(1)x(g)/p is not an algebraic integer, so that x(g) # 0, and p t x(1).
G‘ is a power of p, it follows that gcd(’ q“ ’ ,x(1)) = 1. Now Proposi-
tion BI4T0(B) yields that p(g) is scalar, where p is a representation that affords
X- Since y # 1, we have that ker(p) is a proper normal subgroup of G, and the
first isomorphism theorem yields G/ ker(p) = p(G). Since p(g) is scalar, it is in
the centre of p(G), and thus gker(p) is in the centre of G/ ker(p). O

Since ‘ g

7.1.2. THEOREM (Burnside p?¢®). A group of order p®q®, where p and q are
primes, is soluble.

PRroOOF. Note first of all that groups of order the power of a prime are nilpotent
(and thus soluble), as follows from the class equation. One can avoid a reference
to nilpotent groups by noting that the class equation yields that if G is a non-
trivial p-group, then Z(G) is non-trivial. Proceeding by induction on the order of
the group, G/Z(G) is soluble, and so is Z(G) (which is actually abelian), so G is
soluble.

Therefore we may assume that both p and ¢ divide the order of G.

81
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If G is not simple, so that there is a normal subgroup N, with {1} < N < G,
then proceeding by induction on the order of G we have that N and G/N are
soluble, so that G is soluble by Theorem BZG(H).

Thus we may assume G to be non-abelian simple. Were { 1} the only conjugacy
class of order not divisible by ¢, then the order of G would congruent to 1 modulo
q, a contradiction to the fact that ¢ divides the order of G.

So there is an element 1 # g € G whose conjugacy class g¢ has order not divis-
ibile by ¢ and thus, by orbit-stabiliser, ¢“ has order a power of p. By Lemma [T,
g € Z(@G), a contradiction. O

7.2. Frobenius groups and the Frobenius kernel

A Frobenius group is a finite group which acts transitively on a finite set €2,
such that the stabilisers are non-trivial (so the group does not act regularly) and
pairwise disjoint, that is, for «, 5 € Q, with a # /3, we have G, NGg = {1}. A
typical example is S5.

Note that if g € G\ G,, then of # «a, and thus G, N G,e = {1}. Since
Gas = G9, we obtain in particular, Ng(G,) = G,. More strongly, if h € G, and
g € G is such that h9 € G, then h9 € G, NG9, so that a = a? and g € G,.

Since G is transitive, the stabilisers are all conjugate. An abstract character-
isation of Frobenius groups is thus as the finite groups G which have a subgroup
H # {1} such that HNHY = {1} for g € G\ H. In fact, letting G act on the
cosets Hg of H in G by right multiplication, we have that the action is transitive,
and the stabiliser of Hg is HY.

The subgroup H is called a Frobenius complement.

For the following theorem, no character-free proof is known.

7.2.1. THEOREM. Let G be a Frobenius group with respect to the subgroup H.
Then N = {1} U (G \ Uyec HY) is a normal subgroup of G, so that G is the
semidirect product of N by H.

The subgroup N is called the Frobenius kernel. 1t is clear that N is a normal
set. The point is proving that it is a subgroup.
Note that

IN|=IGI=(G:-H|-(|H|-1)=|G[-|G|+|G:H[=[|G: H],
so that G = HN, and N is a transitive subgroup.

PROOF 1, FROM [Isal6]. The idea of this proof is the following.

(1) Suppose first N exists. Then every character of H extends to a character
of G which has N in its kernel. Since for h € H the fact that x(h) = x(1)
for all x € Irr(H) implies h = 1, we obtain that the intersection of all
these kernels is exactly N.

(2) Now our goal is exactly to prove the existence of N.

(3) This we will do by extending every irreducible character of H to a char-
acter of GG, and obtaining N as the intersection of the kernels of all these
extensions. Details follow.
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Step 1. Let 9 be a class function on H such that ¥(1) = 0. We claim that
(7.2.1) (09 g = 9.
Let h € H, h # 1. Then
9% (h) = > 9% (zha™).
VH | it

If 9°(xha') # 0 for some x, then 1 # xzha™' € HN H" ', so that = € H, and
V°(zhz~') = 9(h), as 9 is a class function on H. Therefore

19 ’ﬁ
)= 1 2,00

zeH

We have then

so that ([=2) holds.

Step 2. Let now 1 # ¢ € Irr(H), and write 9 = ¢ — ¢(1)1y, so that 9 is a
class function on H with J(1) = 0.
By Frobenius reciprocity and (ZZ21), we have

(0,9%) 6 = (9, (0)m)u = (0,9)r = (¢ — o(D)1a, ¢ — (Dlm)n = 1+ p(1)%
as 1 # ¢ € Irr(H).
Now (9%, 1¢)q = (9,15)y = —¢(1), so that 99 = p* — ¢(1)1g, where ¢* is a
class function on G such that (¢*, 1) = 0. Since
L+ p(1)? = (09,0%6 = (¢" — p(Dla, ¢" — v(D1a) = (", ") + p(1)%,
we get (¢*, ¢")e = 1.
Step 3. ¥ is a difference of characters, so that 9¢ also is, and thus so is

0* =09+ p(1)1g. Writing ¢* as a linear combination with integer coefficients of
irreducible characters, we see that +¢* € Irr(G). But since for h € H one has

(7.2.2) " (h) = 0%(h) + (1) = 9(h) + ¢(1) = p(h),
we have ¢*(1) > 0, so that ¢* € Irr(G).

Step 4. For every 1y # ¢ € Irr(H) we have obtained an extension ¢* €
Irr(G). Consider the intersection of all of their kernels

M = ({ker(p*): 1y # p € Ir(H) }.

If € M N H, then (ZX2) yields go(x) = *(z) = ¢*(1) = p(1) for all p € Irr(H).
By Lemma B2, x is in the kernel of all irreducible representations, and thus
=1
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Step 5. Now note that if M is a normal subgroup of G such that M N H =1,
then M N H* =1 for all , and thus M C N.
Conversely, if 1 # g € N, then

¥*(9) — " (1) = ¢*(9) — p(1) = ¥9(9) = 0,
so that g € M, and N = M is a normal subgroup of G. O

PROOF 2, FROM [SerTf]. Let ¢ be any class function on H. Then there is a
unique class function ¢/ on G which extends v and is constant on N.

If a conjugacy class of G' does intersect H trivially, then it is contained in N,
whence the uniqueness.

As to existence,

() = Y1) ifzeN
~ (k) if 2 =hY, for some h € H and g € G.

Note that ¢’ is well-defined. In fact if A" = h$2, then h{** = hy, € H, whence
G195+ € H, and hq, hy are conjugate in H.
In the rest of the proof, we will use the scalar product
(@, 8)c = >_ alg)Blg™")
geG

on (¢, and the analogue on H.
Let now ¢ be a class function on G. We claim that

(7.23) (0,0 = Wi, ) + (D)0, g — (1) (1, e
Note this expression is linear in 1. It holds true when ¢ = k = ¢/ is an integer k,
thus it suffices to consider the case when (1) = 0, so that ¢ = 0 on N, when the
expression becomes

(797 w/)G = (79Ha ¢)H
Let T be a left transversal of H in G (that is, a complete set of representatives
of the left cosets of H in (), so that the H' are the conjugates of H, for t € T,

and every conjugate different from 1 of an element of H can be written uniquely
as h!,forhe Hand t € T.

(0.0 = &7 X 9l0)

geG
1 g
m S IR (TR
(t,h)eTxH
T
v(h
“Ta 2"

heH
Now we claim that for v; class functions on H, we have
(¢17¢2)H - wia%)G,

that is, the map v — ¢’ is an isometry.
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In fact, setting ¥ = 1 in (°23) we get (1,¢')¢ = (1,9) . If we define ¥*(g) =
P(g™t), we have

W ¥s)e = (V15 Da = (¥1v3), De = (¥1v3, D = (¢, 12)mr.

Now we claim that if ¢ is a character of H and 1 is a character of GG, then
(¢',19)¢ is an integer. This is because ¥y is a character of H, and thus every term
of the right-hand side of ("23) is an integer.

We now claim that if x € Irr(H), then ' € Irr(G). We have X' = Y yep(q) o,
for some ¢y € C. By the previous step, ¢y € Z. Since Y yenme) ¢ = (X, X )a =
(X, X)m = 1, all ¢; are zero except for one cy,, which is £1. If ¢y, = —1, then
X' = —o, contradicting x'(1) = x(1) > 0 and ¥Jy(1) > 0. Thus x’ = V.

It follows that is x is a character of H, then x’ is a character of G.

Finally, let p be a faithful representation of H, such as the right regular one,
and x be its character. By the previous step, x’ is the character of a representation
p of G. If g € G is conjugate to an element different from 1 of H, then x/(g) =
x(h) # x(1) = x'(1), so that p'(g) # 1. If g € N, then x'(g) = x(1) = X(1), so
that p'(¢g) = 1. It follows that N coincides with ker(p), and thus it is a (normal)
subgroup of G. 0

7.3. Groups with an abelian Sylow p-subgroup
This is taken from [Isa08, p. 63].

7.3.1. THEOREM. Let G be a finite group, p a prime dividing the order of G.

Suppose a p-Sylow subgroup is abelian.
Then G' N Z(G) is not divisible by p.

PROOF. Suppose, by way of contradiction, that there is a subgroup U < G' N
Z(@) of order p, and let P be a Sylow p-subgroup cotaining U.

Let A # 1y be an irreducible character of U. By Corollary 6107, A\ = g for
some irreducible character p of P.

If
(7.3.1) pé =3 "ayx,
for x € Irr(G), then
WE(1) = |G Pl (1) = |G P
is coprime to p. It follows there is x € Irr(G), which occurs in (Z3) with a non-
zero coefficient a,, such that p t x(1). Thus 0 # a, = (u“, x) = (i, xp), that is,
 is a consituent of yp, and thus A\ = py is a constituent of xy. Since U < Z(G),

we have xyy = x(1)A and det(x)y = MW, Since U < G, we have det(y)y = 1y
and \X) = 1. Therefore p{ x(1), A # 1y and |U | = p, a contradiction. O
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