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ABSTRACT

The main aim of this project is to learn a branch of Mathematics that
studies abstract algebraic structures by representating their elements as lin-
ear transformations of vector spaces. This branch is known as Representation
Theory. A representation makes an abstract algebraic object more concrete
by describing its elements by matrices and the algebraic operations in terms
of matrix addition and matix multiplication. The most prominent is the rep-
resentation theory of groups which is discussed in this thesis.

In representation of groups, elements of group are represented by invert-
ible elements in such a way that the group operation is matrix multiplication.
If say, R is a representation of a group G on vector space V, then V is called
as the representation space for G. There are two ways to describe a repre-
sentation. First idea is to use action. That is, representation of a group G
on a vector space Vis a map ¢ : G x V — V with property that ¢, : V — V
defined as v — ¢(g,v) is linear over the field F. Further, if ¢(g,v) = g.v
then the properties of a group action hold for any elements ¢;, g, € G and
v € V. The second way to define a representation focuses on map ¢ defined
as ¢(g) : V- — V to be a homomorphism. This approach is more concise and
hence is being used in this project.

Moreover, the irreducible representations play an important role in Rep-
resentation theory since every finite dimensional representation is a direct
sum of irreducible representations which is an important result known as
Maschke’s theorem in this theory. This theory has some extremely useful
fundamental results. One of them is Schur’s lemma which says that if we
have two irreducible representations ¢ and v of a finite group G on vector
spaces V and W respectively and T, a linear transformation from V to W
that commutes with action of group, then T is either invertible or is zero.
This lemma is named after Issai Schur who used it to prove Schur’s Orthog-
onality Relations and develop the basics of Representation theory of finite
groups. Schur’s lemma admits generalizations to Lie groups and Lie Algebras
but this part is not mentioned in this thesis.
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Further, the Dimension theorem is proved here which states that degree
of any irreducible representation of a group divides the order of that group.
Then, using this theorem, again the most fundamental result of group theory
known as the Burnside’s lemma is proved using Representation theory. It
states that no finite abelian group of order p?¢® where p, q are primes and
a,b are non negative, is simple. Apart from these results, the permutation
representations, regular representations and fourier analysis of finite groups
have also been discussed here in this project.



Preface

Motivation

In the mathematical field of representation theory, group representations
describe abstract groups in terms of linear transformations of vector spaces.
In particular, they can be used to represent group elements as matrices so
that the group operation can be represented by matrix multiplication.

Representations of groups are important because they allow many the-
oretical problems to be reduced to problems in linear algebra which is well
understood. They are also important in physics because , for example, they
describe how the symmetry group of physical system affects the solutions of
equations describing that system. The term ’'representation of a group’ is
also used in a more general sense to mean any description of a group as a
group of transfomations of some mathematical object. Or we can say that,
a representation means a homomorphism from the group to automorphism
group of an object.If this object is a vector space , we have a linear repre-
sentation.

This thesis is divided into five chapters. Chapter one consists of the
definitions , notations, some fundamental results of Representation theory,
the irreducible representations, Schur’s lemma and ends up with a short in-
troduction to Tensor products. Chapter two consists of the Orthogonality
Relations, Characters, class functions, the Regular representation and Rep-
resentation of finite abelian groups. Chapter three contains some results of
fourier analysis on finite groups. Chapter four describes the most fundamen-
tal result in Representation Theory, The Burnside’s theorem. It uses some
results from field theory to prove this theorem. Chapter five talks about
the group actions and the permutation representations ending up with the
introduction and some representation related results of Centralizer Algebra
and the Gelfand Pair.

111
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Chapter 1

Introduction to Representation

1.1 Definition and Unitarity

Let V be a finite dimensional vector space. Let Hom(V) be the set of linear
maps A’ from "V’ to 'V’. For a pair of vectors,V and W, let Hom(V,W) be
the space of linear maps from V to W. GL(V) C Hom(V) are those maps
A which are invertible. GL is known as the general group under composition
with group identity I, the identity matrix.If V is a real or complex vector
space , GL(V) is precisely the set of continuous automorphisms(since any
bounded linear operator is continuous) of V as a group under addition.

Definition 1.1.1. A group representation is a homomorphism of G to GL(V)
for some V. The dimension of 'V’ is called the degree of representation.

Example 1.1.2. Following are some well known group representations.
1. Trivial Representation: ¢:G— C* given by ¢(g)=1V g € G.
2. ¢: Z/nZ — C* given by
¢([m]) = exp(2mim/n)
1s also a representation .

Definition 1.1.3. Let ¢ : G — GL(V) and ¢ : G — GL(V) be two rep-
resentations of a finite group G on vector spaces V and W respectively. Then
they are said to be equivalent if there exists an isomorphism T :V— W such
that ¢y = To, 1V g € G, that is, Y, T = To,, V g € G.

1



2 1.1. Definition and Unitarity

Remark 1.1.4. The map T is called the intertwining map for ¢, and 1,.
Example 1.1.5. Define ¢ : Z/nZ — GLy(C) by,

2mm ) 2mim
cos —sin

o([m]) = _ 27:;'771 (2m’?n>
sin cos
n n

m and define

2
This matrix is known as the matriz of rotation by angle m
Y Z/nZ — GLy(C) by,

n
Now, let
T —1
=)
then,
1 /1 4
-1 _ *
4=y (—1 z>
so, A7'¢([m])A =
2mim . [ 2mim
cos —sin . .
1 1 2 n n )
2% \ =1 1 2mim <27m'm) 1 1
sin cos
n n
2mm . 2mim
1 exp - rexp - i
9 —27m'm> , 2mim 1 1
—exp exp
n n
9
1 2iexp( mm) 0
_ 4 n
) s
2 0 2iezr;p( mm)



Note 1.1.6. We consider complex vector spaces V= C". An inner product
on Vis a map (.,.):Vx V— C such that,

1. (v,.) is linear, ¥ fized v.

2. (w,v) = (v,w) .
3. (v,v) > 0, with equality if and only if v=0.

Definition 1.1.7. A unitary operator is a surjective bounded operator on a
Hilbert space preserving inner product. Or we can say that, A Unitary Op-
erator 1s a bounded linear operator U : H — H on a Hilbert space H that
satisfies UU* = U*U =1 where I : H — H s the identity operator.

Theorem 1.1.8. Let U : G — GL(V) be a representation of a finite group
G. Then , V has an inner product {.,.) in which each U(g) is unitary i.e.,
(U(g)v,U(g)w) = (v,w) Yo,w € V,g € G.

Proof. Let (, )¢ be an inner product on V.

Define (v, w>:%ZgGG<U(g)U, U(g)w)o.

We need to show that (v, w) defined above is an inner product.
L. (v,v) >0VveV.

2. By definition (v, v) = 0 if and only if we have the following.

(v,v) = 0 if and only if ﬁ ;(U(g)v, U(g)w)o =0
)

G
if and only if (U(g)v, U(g)w)o =0
if and only if U(g)v = 0 if and only if v=0.

3. We have,

(w,0) =5 S U@ Ulgw)e

(@) =

1 > (Ulg)v, Ulg)w)o




4 1.1. Definition and Unitarity

4. We have,

(u—i—vw—(—z 9)u+U(g)v,U(g)w)o
e

1

(@) (U (g)u,U(g)w)o + (U(g)v, U(g)w)o]

%
1 ZC:; 1
(v,

S

O G) < ( )u U( ) >0 + mZ(U(g)U, U(g)w)o
)+

geG

w).

Hence , (.,.) is an inner product on V.
Moreover,

(U (h)o, U (h)w) = % S UU (R, Ulg)U (h)w)o
1

/\

since, for each fixed h, g — gh is a bijection, so as g runs through G , so
does gh. O

Example 1.1.9. Let G=Z. Let a € C*be fized and U : G — GL(C) be
defined by

U(n)=a".

If |a| # 1, U is not unitary in the only inner product that C supports as,
(U(n)a,U(n)y) = (a"z,a"y) = |a"|*(z,y) # (z,y) if la] # 1.
Therefore, it implies that each U(g) has eigenvalues w with

lw| = 1.

(since, g" for some n = U(g)" =1 = w™ = 1 that is, eigen values are roots
of unity).



Note 1.1.10. 1. Hilbert Space is a real or complex inner product space
that is also a complete metric space with respect to the distance function
induced by the inner product.

2. Unitary Representation of a group G is a linear representation m of G
on a complex Hilbert space V such that w(g) is a unitary operator ¥ g

€ G.

Definition 1.1.11. Let V be a finite dimensional complex space with inner
product (hilbert space). U(V) , the unitary operators on V is a group( under
composition,).

A unitary representation of a finite group G is a homomorphism of G to
U(V) (when we say representation, we mean unitary representa-
tion).

Note 1.1.12. One way of rephrasing Thm 2.2 is:
IfU:G— GL(V) ; Vis a hilbert space and G is finite, then there is a
T € GL(V) such that TU(g)T~! is unitary.

Definition 1.1.13. Let U : G — U(X), V : G — U(Y) be two representa-
tions of same group G, where, U(X) and U(Y) are unitary operators on X
and Y respectively.

We say that U and V are unitarily equivalent < there exist a unitary W :
X =Y such that V(g) = WU(g)W~! Vg € G.

Note 1.1.14. We classify the representations upto equivalence.

Definition 1.1.15. A symmetric n X n real matriz M is said to be positive
definite if 2T Mz is strictly positive ¥ non zero column vector z of n real
numbers.

Or

an n Xn hermitian matrix M is said to be positive definite if the scalar z* Mz
is strictly positive ¥ non zero column vector z of n complex numbers.

Note 1.1.16. 1) z*Mz is automatically real since, M is hermitian.
2) Entries on main diagonal of any hermitian matriz are real.

Definition 1.1.17. A matriz M is called positive semi definite if 2T Mz or
2*Mz are positive or zero.
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Definition 1.1.18 (Polar Decomposition of a matrix:). Right polar
decomposition of a matrix A is, A=UP , where , A € C"™":m >= n ,
U € C™ ™ with orthonormal columns and P € C™ " is positive definite.

Left polar decomposition of a matrixz A is, A=PU , where ,A € C"*™;m >=
n,U € C™™ with orthonormal columns and P € C™*™ is positive definite.

Remark 1.1.19. If T=W|T| is a polar decomposition of T then, W is the
partial isometry and |T| is positive semi definite.

A partial isometry is a linear map between Hilbert spaces such that it is an
1sometry on the orthogonal complement of kernel.

If the kernel is {0}, then , in that case, partial isometry is unitary.

Theorem 1.1.20. Let U, V be unitary representations of G on X and Y
respectively. Suppose, there exists an invertible map T : X — Y such that
Ulg) =TV (g)T, Vg € G. Then, 3 a unitary map W : X =Y such that
U(g) =WV ()W~ Vg e G.

Proof. Since U(g) is a unitary operator,

This implies,

(since, U is a homomorphism).
Now , given that, 3 an invertible map 7" : X — Y such that

U(g) =T 'V(g)T.

Taking adjoint and using U(g)* = U(g™"), and replacing g by g~ , we get,
Ulg)" =T"V(g)(T7")
ie, Ulg)™ =TV (g) (T
ie, Ulg™) =TV (g) (1)
i, U(g) =TV (g)(T*)~



(since, true for all g , in general)
ie.,V(g) = (T")"'U(g)T"
ie.,V(g) =TU(g)T .

Now,

T*TU(g)(T*T)™" = T*TU(g)(T~(T*)™")
=T*(TU ()T~ ) (T*)!
=T*U(g)(T*")™"
=U(9).

This implies, U(g) " (T*T)U(g) = T*T. Now, by uniqueness of square root,

U(g)~'TIU(g) = IT].

Let T'= W/|T| be the polar decomposition of T, where W is unitary from X
to Y. Since, |T| is invertible,

WU(g)W™' =T|T|"'U(g)|T|T™"
=TU(g)T""
= V(g).

Hence proved. O

Note 1.1.21. In above theorem, T is an invertible linear map (automor-
phism) = KerT = {0} , hence, W is unitary.

Example 1.1.22. Standard Representation of S, Define ¢ : S, —
GL,(C) on standard basis by

Do) = €oli)-

For instance,
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0 0 001
when n=3, p(12) = [ 1 0] and ¢(123)=11 0 0O

0 1 010
_l’_

Poler +ea+ ...t en) =€ra) + o) + oo+ o) = €1+ 2+ ... + 5.

Thus, C(e1 + ex + ... + e,) is invariant under ¢, with o € S,.

1.2 Irreducibility and Complete Reduction

Definition 1.2.1. Let X and Y be vector spaces. Their Direct sum X @Y
is defined as the cartesian product X XY with coordinatewise operation.

For example, (z1,11) + (22,92) = (21 + T2, 91 + ¥2) -

Note: If X and Y are Hilbert spaces , so is X @Y, with inner poduct as
follows:

((1,91), (2, 92)) = (21, T2)x + (Y1, Y2)v-

Definition 1.2.2. If A € Hom(X),B € Hom(Y') then , A® B € Hom(X &
Y) by:

(A® B)(x,y) = (Az, By).
Also, (A® B)(C @ D) =(AC @& BD). And if, Ac U(X),B € U(Y) , then,
ApBelUXaY).

Verification I:

We need to show that A®@ B € Hom(X @ Y) if A € Hom(X) and B €
Hom(Y') . That means to show A@ B: X ®Y — X @Y is linear. That is,
we show, A® B(ax +vy) = a(A® B)(x) + (A® B)(y).

Consider , (A® B)(az+y) ;z,y € X DY .

Let x = (21, 22),y = (Y1, Y2)-

(A® B)((azy, azz) + (y1,42) = (A® B)(az1 + y1, azz + 1)
= (A(axy + 1), B(azs + y2))
= (a(Axy, Bxy) + (Ayp, Bys))

= a(A© B)(z) + (A B)(y).



Hence A @ B is linear.
Verification II:

We need to show A € U(X),BeUY)=A® B cUX @&Y). That means
to show A@® B is a unitary operator. That is, we show (A& B)(x1,v1), (A®

B)(za,y2)) = ((x1,91), (22, y2))-
Consider , ((A® B)(z1,y1), (A ® B)(x2,92))

= ((Az1, Byr), (Aza, Bys))
= <AI1, AI‘2> + <By1, By2>
(since, X @Y is a hilbert space , inner product can be defined like this)
= (21, T2) + (Y1, Y2)
= ((z1,31), (22, 12))-
Hence, A @ B is a unitary operator on X @Y.

Definition 1.2.3. If U and V are representations of G on X and Y, respec-
tively, then, U &V defined as,

UaV)(g)=Ulg) & V()
is a representation of G, also known as Diresct sum representation.

Verification I:

We need to show that (U @& V)(g) = U(g) @ v(g) is also representation
of G ; where, U and V are representations of G on X and Y respectively.
That is, to show U & V' is a homomorphism from G to U(X @ Y') or to show
U V(gig2) =U @V (9)U & V(g2).

U V(gig2)(z,y) = (U(g192) ® V(g192))(z, y)
= (U(9192)(x), V(g192)(y))
= (U(g1)U(g2)(x), V(91)V (92)(y))-

and

U V(g)U @ V(g)(z,y) =U & V(g)(U(g2) y
=UaV(g1)(U(g2)(x), V(g2)(y))
=U(g1) ® V(91)(U(g2)(x) )
= (U(g1)U(g2)z,V )
=U®V(gi92)(7,y); V(z,y) € XDY.
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Hence , U@ V(g1g2) =U &V (g1)U &V (92) ; ¥ 91,92 € G. Therefore U &V
is a homomorphism. This shows that it is a representation of G on X @Y.

Definition 1.2.4. Let U be a representation of G on X. A subspace Y C X
is called invariant if Vg € G andy € Y, U(g)y € Y.

Theorem 1.2.5. If Y is an invariant subspace , so is

={z e X|(z,y) =0,YVy € Y}.

UlY and U | Y+ define representations U, and Us and U is equivalent to
U, & Us,.

Conversely, (y,0) is an invariant subspace for any direct sum representa-
tion U; @ Us.

Proof. First , note that , U : G — U(X) is a representation of G on Hilbert
space X.
Let t €Y',y €Y,g€G. Then,

(U(g)x,y) = (z,U"(9)(v))

since, U(g~ ')y € Y. Thus, U(g)z € Y+ so, Y1 is invariant. This implies
that in Y @ Y+ block decomposition of X,

0 Ua(g)
Conversely, let U = U; & U,. Then Vg € G,

U(9)((y,0)) =

U(g):(Ul(g) 0 ) That means, U = U; & Us.

© Uz)(y,0)
Ui(g) @ Ux(9))((y,0))
(9)(y), U2(9)(0))
) € (y,0).

Hence (y,0) is an invariant subspace. ]

S

(U1
=
=
=

)

Y

—_

Y
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Note 1.2.6. In general, Y C X (invariant), may not have a complementary
subspace that is invariant , if U is not unitary and G is infinite ( if G is
finite, U is equivalent to unitary).

Example 1.2.7. The non unitary representation of R,

o= (2 )

has an invariant subspace {(g)} but no complementary subspace

since, say if U : R — GL(R?) then given U(x) is not unitary representation
as,

1 =z 10_1+x2f

(0 1)(:c 1)_ *
10

(o 1)

Hence, U is not unitary. And, {(g)} s an 1variant subspace since,
Ve € R,

« 1 =z « «
e (1) =601 ()= ()

Now, let it has a complementary subspace say, 2

0y (1 = 0\ [zB8\ ,(=x 0\ N
ven v(5) = (0. 1) (3) = () =2 (1) 1(3) o2}
This shows that, (0, 3) is not invariant.

Definition 1.2.8. A unitary representation U of G on X is called irreducible
if and only if the only invariant subspaces of U are {0} and X.

The theorem proved earlier implies that,
Corollary 1.2.1. U is an irrep (we will use this for ’irreducible representa-

tion) if and only if it cannot be written as a direct sum of non trivial (that
is, not zero dimensional) representations.
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Proof. Let U is an irrep of G on X.Then the only invariant subspaces of X
are {0} and X. That means there does not exist any proper subspace of X
invariant under U. Hence U cannot be written as direct sum of non trivial
representations.

Conversely, let U cannot be written as direct sum of non trivial represen-
tations. Then we need to show that U is an irreducible representation.

Let if possible, U is a reducible representation. Then there exist U; , Us
corresponding to invariant subspaces Y and Y’ of X such that U; and U, are
representations of G on Y and Y’ respectively and hence U = U; @ U, where,
U, and U, are non trivial representations which is a contradiction. Hence U
is irrep of G on X. ]

Example 1.2.9. Orthogonal group O(n) of orthogonal matrices under mul-
tiplication has an wrrep on R".

Example 1.2.10. The representation ¢ : S3 — GLoC is irreducible.

Proof. We know that dim(C?) = 2. Suppose it is not irreducible. Then,
there exists a non zero proper invariant subspace . Now, any non zero proper
S5 invariant subspace is one dimensional. Let v € W then, W = Cuv. Let
o € S5 then, ¢o(v) = Av for some A € C.

So, v must be an eigen vector for all po with o € Sj.
Claim: ¢(12) and ¢(123) do not have a commom eigen vector.

On computing, we get ¢(12) has eigen values 1 and -1 , with

V., =Cejand V; =C _21
$(123) ((1]) :(_11>. Also, ¢(123) (_21) :(:D

So, (-1, 2) is not an eigen vector of ¢(123). This implies, ¢(12) and ¢(123)
have no eigen vector in common. Hence ¢ is irreducible.

. Now, e; is not an eigen vector of ¢(123) as

]

Theorem 1.2.11. Any representation can be written as a direct sum of ir-
reps.

Proof. We prove this by induction on deg(U). We know that deg(U)=dim(X).
If deg(U)=1, U is irrep (since , any l-dimensional representation is irre-
ducible).

Let the result is true V representations of deg < d.
Let deg(U)=d. If U is irreducible, we are done. If not,
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U = U, & Uy, where, deg(Uy) < d , deg(Us) < d. Thus by induction, each
U; is direct sum of irreducible representations. That is, U is direct sum of
irreps. Therefore any U can be written as U; @ Us®....0U,, where U, is irrep
Vi=1,2,...k. ]

Definition 1.2.12. A representation ¢ : G — GL(V) is said to be completely
reducible if V.=V, & Vo @ ... & V,, where, V; are G-invariant subspaces and
élv; is irreducible for all i=1,2..n.

It is equivalent to saying that ¢ is completely reducible if ¢ ~ ¢* © ¢* ©
... D @™ where ¢* are irreducible representations.

Definition 1.2.13. A representation ¢ is decomposable if V.= Vi @&V, where
Vi,V are non zero G-invartant subspaces. Otherwise, V is called indecom-
posable.

Definition 1.2.14. G , known as the dual object , is the set of equivalence
classes of irreps, each class consisting of unitarily equivalent irreps.

An explicit matriz realization of each o € G, is DE;‘) (g9) that is a d(«) x d(«)
matrixz , where d(«) is the degree of irrep in «.

1.3 The Group Algebra and the Regular Rep-
resentations

Let G be a finite group. Consider, S = {dec agd, ; 04 is a symbol , a, € C}.
Then, S is a complex vector space of dimension O(G) (i.e., order of group).

Verification :
We neeed to show that S is a vector space. Let x , y € S. Then z = dec g0y

and y = deG bydy
Dr+y= deG agdq + deG bydg = deG(ag +bg)dg ;

where, a, + b, € C (since C is a vector space).
This implies . (ay +by)dy € S.

2) ar = @) cqa40, = D cqaagd, € 5. since, aa, € C and C is a vec-
tor space.
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So, ax € S. Hence, S is a vector space.

Now , since , a, € C and dim(S) = O(G), (since, summation is over g €
G) S is a complex vector space of dim = O(G).

Note 1.3.1. We consider the sequence {ay}qec as a function so we write it
as a(qg).

Now , we define a product , inherited from the group product for the
vector space S such that,

0gOn = Ogn (*)
,Vged.

Therefore (3, ay04)(>_, bndn) = D, ninc @bngn-

Now, By change of variables (i.e., let gh=xh=y = g = 2y 1)
we get,

=) (Z a(xyl)b(y)éz> .

Definition 1.3.2. Let G be a finite group. The complex vector space < (G)

of functions on G is called the group algebra when we are given the product
called CONVOLUTION as follows,

(axb)(x) = a(zy ")b(y);a,be o

Y

where support of each function is finite and the conjugate,

Remark 1.3.3. (a*b)* = b* x a*.



Verification:

(axb)"(x) = (axb)(z~)

then, a = a,d,.

Verification of the statement (*) written above :

X=g
X Fg
x=nh
X #h

1 :x=gh
0 :x#gh

15
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dg0n(x) = 32, 0g(xy~")on(y)
1o zh™ =g
)0 izhlyg
1 ix=gh
o :x#£gh

= 6gh(x),‘v’x SN E

( when, zy™' =g, y=h)

= 59(5h = 5gh-
There is one more property that ¢, has. That is,

5g* - 59—1 .

Verification:

Hence,

Now, one might wonder, why did we choose such an adjoint. So, following
theorem is the reason for the same.
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Theorem 1.3.4. Let G be a finite group. Let U be a representation of G on
a Hilbert space X.
Define for a € &7 (G) ,

Then U, obeys,

(1) Uy(a+b) = Uy(a) + Uy (D)

(i1) Uy(axb) = Uy(a)Uy (D)

(iii) Up{(a*) == UQ/(CL)*

(iv) Uy (6e) =1 ; where, e is the identity of the group G.

Conversely, if Uy obeys all the above four conditions then, 3 a unitary rep-
resentation U of G obeying (1).

Proof. Forward Part:
We have to show, U, obeys all four properties.
(i)First,

Uysla+b) =Y (a+b)(g)U(g)
= > (a(g) +b(9))U(9)

Z Ug)+2b

= Ud(a Ug(b)

/\
~—

atg

+
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(ii)Second,

Uy(ax*b) = Z(a xb)(9)U(9)

= Z a(x)U(xh)) bh) (gh'=x=h=ag)
- 3 a(g;)U(a:)> (U (R)b(h))
= > a(x)U(x)> (b(h)U(h))
= a(@)U(x) > b(h)U(h)
(iii) Third
Uys(a’) =) a*(9)U(g)

=Y alg)U(9)

=Y algUlg™

=) alg)U(y)
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(iv)Fourth,

= Z(se(g)U
=Ule)(ifg =e)

= I(since, U is a homomorphism).

Converse Part:
If U, obeys all four properties then,
define,

Ulg) = U (6,)

then, (1) holds .

Now, since, 0,4 * dj, = d4p,, Property (ii) implies,

U(g)U(h) = Uuy(0g)Uss (1) = Ues(0g % 0n) = Usy(6gn) = U(gh).
And , since, §4» = d,-1, Property (iii) implies,

Ug) = Uy (0g) =Us(0;) = U (9,) =U(g™").

Hence, we have,
U(g)U() U(Q)U( ") =
Og-1) = Uss(dgg-1) = Usr(de)

And, also,
U(g)*U(g) = U(g*g) = U%(‘;g*g) = Uﬂ(ég**dg) = U,?f((sgfl*ég) = Uﬂ(égflg) =
Uy(0.) =L

U(99%) = Uis(0gg) = Uis(0g * dgr) = Usy(6y *

(
I.

Hence U is unitary. O

A map U, obeying (i) to (iv) all properties , is called a *-representation
of Algebra &7 (G) .
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Hence, we can conclude that there is one one correspondence between repre-
sentation of G and *-representation of o7 (G).

The obvious representation of <7 (G) is on itself by the following multipli-
cation:

We define, L, : &/ — U(A(Q)) as,
Ly(a)b=axb.

Now , we need to define an inner product on </ (G) so that L. (a) becomes
a *-representation.
We can take usual inner product for the same , as

(f. ) = ﬁ%mgm

Now, we check that L, is a *-representation .
For that , we need to prove that,

(h,fxg)={(f"xh,g) (**)

Vi, g hedG)

Consider, L : G — U(G). If, (L(z)f)(y) = f(z~'y) then, L, is the in-
duced map on &7 |
(since, (6, * f)(y) = > . 0.(yz~1) f(2) = f(z~'y) by letting yz~! = x ) Then,
L,y = 04y

Verification:
1 z=aly

Lo =0,(x712) = =0,
o(2) y(272) {0 otherwise o(2)
Hence, L0, = 04y. So, L, is unitary ,

Verification:

We have to show that (L, f, L.g) = (f, g).



21

zeG

1 — 1
= m 2 fla=tz)g(z™" 2)

1 _
= mwyzw (¥)g(y)

1 _
=00 2 (v)g(y)
={f,9)

yeG

for any g € o7 .
Hence, we can conclude that, (1/O(G)d,)yec is a basis.
L, is unitarily equivalent to ,

(b, fxg) = (J"*h,g).
Theorem 1.3.5. (L. f(y)) = f(z'y) on &/ (G) with inner product ,

1 _
(f.9) = oG > fla)g(x)
zelG
s a unitary representation of G. It is called left reqular representation.

Similarly, Ry (f)g = g * 7*, the right multiplication, s also a representa-
tion of o/ induced by,

(Ref)(y) = f(yz)

known as the Right regular representation.

The consequence of existence of this 'L’ is the following corollary.
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Corollary 1.3.1. The functions Df; separate points that is, for any z , y €
G with x # y,3 a function f of the form:

f=Y CwDi

k=1
such that, f(x)=1, f(y)=0

Proof. Counsider, f(z) = O(G){0,, L(2)d.) ,
then,

=
8

S~—r
I

O(G){0a, L(x)de)

We know that,
G = {a : «a is irreducible unitary representation of G }

Let o, € G

(677 G — U(Hak>
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as,
z — ag(2)

is a representation , where, oy (2) : H,, — H,, and dim(H,,) = t,

So, the associated matrix is,
tay Xtay,

therefore , @} _ oy (2) : @F_ Ha, — B H,,

k

Now , let
H = EBZ:lHak
and,
a(z) = Bfoak(2)
so, we get,
a(z) : G — U(H)
defined as,

2 — afz)

Now, L : G — U(«/(G)) is again a representation of G.
But since, L is a representation, it is unitarily equivalent to a direct sum of
irreducibles.

So, given L and « are unitarily equivalent representations of G on &7 (G)
and H respectively. Therefore, there exists U : &7 (G) — H such that,

UL(2)U™! = a(z).

So,VzeG,
L(z)=U"'a(2)U ,Vz € G.

That is, L(z) = U™! ( ®er_, ozk(z))U ,Vze Gor, L(z) = d7_ U tay(2)U .
Hence L(z) = &}_,U*au(2)U.

Therefore, (L(z))xy = ki Mi?’“)DE;‘j)(z)Myj(ak)
for some numbers , M) .

Hence, this yields,

f=>CuDi).
k=1
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This completes the proof. n

Remark 1.3.6. (1) A *-representation of </ (G) on a Hilbert space X is
called irreducible iff it leaves no non trivial subspace invariant.

(2) Uy is an irreducible representation of < (G) iff U is an irreducible rep-
resentation of G.

1.4 Schur’s Lemma

Theorem 1.4.1. First form:
Let U, be an irreducible representation of </ (G) on X.Let A € Hom(X) obeys

AUL(f) = U (f)A (1)

vV fe d(G).
(equivalently , AU(z)=U(x)AY z € G)
Then, A=cl for some constant c.

Proof. Replacing f by f* and taking adjoints, we see that ,

AUy (f) = Us (f)A”

1 1
Thus, (1) holds if A is replaced by B = §(A + A" or C = 2—(A — A%).
i
We note that, A = B +iC. So, if B, C are constants , so is A.
Hence, it suffices to prove the theorem with A = A*.
Let A be an eigen value of A and let (A — \)u = 0.
Then,
(A= U (f)u = U (F)(A = Nu =0
Thus,
{u|(A = X)u = 0} is an invariant subspace.
Since, \ is an eigen value, space is not {0}. So, it must be X.
Therefore, A = Al where A is the constant. Hence proved. O]

Theorem 1.4.2. Second Form:

Let U, V be two wrreps of a finite group G on spaces X and Y respectively.
Let T:X — Y such that,

TU(x) =V (x)T (2)
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Ve G
Then , either, T=0 or U,V are unitarily equivalent and T is unique upto
constant.

1

Proof. Replacing x by x7" and taking adjoints to see that

T*V(x) =U(x)T*
Thus,

(T*T)U(z) = U(z)(T*T)

and,
(IT*)V(z) =V (2)(TT)

Thus, by previous theorem, T*T = cl and TT* = cl. Either, c=0 =T =0
or else ,W = ¢ ¥/2T is unitary
and

so, U, V are unitarily equivalent.
If they are unitarily equivalent and both T and S obey (2), then, T'S* =
11 by same argument. So, T' = T'S*Sc; ! = ¢1¢;'S.

For general representations U and V, a map T obeying (2) , is called an
intertwining map for U, V. [

Corollary 1.4.1. Let G be an abelian group.Then, every irrep has degree 1.

Proof. Let U be an irrep of G on X. By Schur’s lemma (first form), each U(x)
is a constant multiple of identity. Thus, every subspace of X is invariant. This
is consistent with irreducible only if dim(X)=1. O

1.5 Tensor Products

Let X and Y be finite dimensional Hilbert spaces . Then the tensor product
X®Y is defined as the vector space of bi-antilinear maps with a certain inner
product. Let B€E X®Y .Then, B is a map from XxY — C such that,
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B(u,av+pw)=aB(u,v) + fB(u,w)Yu € X,v,w € Y a, € C
B(au+pv,w)=aB(u,w) + fB(v,w)Vu,v € X,w €Y a,3 € C

Now , we show that X ® Y is a vector space.
Let AB € X ® Y.Then, A:XxY — C and B:XxY — C
A(w,av+pBw)=aA(u,v) + BA(u, w).
A(au+Bv,w)=aA(u,w) + fA(v,w).
B(u,av+pw)=aB(u,v) + BB(u, w).
B(au+Bv,w)=aB(u,w) + SB(v,w).

Now, Consider, A+B(u,o v+ 5 w).

A+B(w,a v+ B w) =A(u,av+pw)+B(u,av+pw)=aA(u, v)—l—BA(u,z_u)—l—aB(u, v)+
BB (u,w)=a(A(u,v)+B(u,v))+8(A(u,w)+B(u,w))=a(A+B)(u,v)+5(A+B)(u,w).

Hence A+Be X ® Y.

Now, consider,

aA (w,av+pw)=a(aA (u,v)+8A (u,w))=aaA (u,v)+5aA (u,w).
Hence aA € X®Y. So,X®Y is a vector space.

Let ueX , veY.Then, define u®v € XQY by
(u@v)(w,z) = (w,u)(z,v).

Then, (u,v)— (u®v) is a bilinear map of XxY into X®Y. Also, u®v spans
X®Y.

Note 1.5.1. Loosely speaking, a bilinear map satisfies:
B(x+y,z)=B(x,z)+B(y,z) that is, additivity in first coordinate.
B(z,y+2)=B(x,y)+B(x,z) that is, additivity in second coordinate.
B(cz,y)=cB(x,y)=B(z,cy) that is, preserves scalar multiplication in each co-
ordinate.

Example 1.5.2. Examples of bilinear maps:
1. Matriz multiplication s a bilinear map:

M(m,n) x M(n,p) — M(m,p).
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2. Let V be a vector space over R carrying an inner product. Then the inner
product is a bilinear map V x V — IF.

Now, getting back to the tensor products, if we have two finite dimensional
Hilbert spaces X and Y and given that {e;};_, is a basis for X and {f;}72,
is a basis for Y, then {e; ® f;}i =1,7 = 1™ is a basis for X ® Y.

To prove this, we just need to show that {e;® f;}i = 1,5 = 1™ is linearly
independent since we already know that it spans the space X ® Y.So, let us
consider,

Zai,j(ei ®f;)=0
i,
This implies that,

> aiile® fi)(w,y)=0Vz e X,y €Y
i

ie.,

> aijlw ey, f;) = 0.

We need to show that «;; = 0, Vi, j.Suppose this is not true.Then, choose
z € X and y € Y such that (z,e;) # 0 if = € (span{e;})" where j # i and,
(y, fi) #0if y € (spcm{fj})L where j # 4. Then, for this choice of x and vy,

Z%’,j@a ey, fj) #0

which is a contradiction.
Hence, ; ;=0. Thus, the set is linearly independent. Therefore, {e;®f;}i =1, j
is a basis for X ® Y.

So, now we can conclude that, dim(X ® Y)=dim(X)dim(Y). We can give
a unique inner product to X ® Y in which,

(u®Y,B) = B(u,v)

where B € X ® Y. This inner product is such that if {e;} and {f;} are
orthonormal bases for X and Y respectively then, e; ® f; is an orthonormal
basis for X ® Y.

Now, suppose that A € Hom(X) and B € Hom(Y) then, A ® B € Hom(X
® Y) is defined as

(A® B)(C)(u,v) = C(A*u, B xv)

— 1m
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where C € X ® Y, u € X, v € Y so that,
(A® B)(u®v) = Au® Bwv.

Now, we move further to define what is called the Tensor Product
Representation. Given W and V to be two representations of a group G
on spaces X and Y respectively, we define W ® V to be a representation of
Gon X ® Y by,

(W V)(z)=W()e V()

known as the tensor product representation. In general, if W and V? are
irreps, W ® V7 is not irrep but a direct sum of irreducibles € e nV um

given for a, § € G that is,

we e V= @nl U0

~eG

Here, ”15 are called Clebsch-Gordan integers representing the noumber

of times U appears in the direct sum.
Moreover,
ﬁ B m
Da Dkl Z CZ kqu W )
m,p,q

where D;; is the matrix realization for the irreducible representations, Cgﬁ Kepq

are the constants and sum is over m=1,2,...M and for each m, there is asso-
ciated some v, € G and p,q=1,2,...,d,,,



Chapter 2

Orthogonality Relations

2.1 Morphisms

Definition 2.1.1. Let ¢ : G — GL(V) and ¢ : G — GL(W) be repre-
sentations. A morphism from ¢ to v is a linear map T:V— W such that
To, =v9,T, Vg €G.

The set of all morphisms from ¢ to ¢ is denoted by Homg(¢, 1) and
Homg(¢,v) C Hom(V,W).

Remark 2.1.2. 1. If T € Homg(¢,) is invertible, then ¢ =1 and T is
isomorphism.

2. T :V — V belongs to Homg(¢,¢) iff To, = ¢,7,Vg € G that is, T
commutes with ¢(g). Therefore, in particular, I :' V — V is always an
element of Homg(o, ¢).

2.2 The Orthogonality Relations

Let G be a finite group. Consider ¢ : G — GL,,(C) to be a representation.
Let ¢,=(¢i;(g)) where (¢;;(g)) € C, V1 <1i,j < n. That is, there exist n?
functions ¢;; : G — C assosciated to degree n representation ¢. Whenever
¢ is irreducible and unitary, then functions of the form ¢;; : G — C form an
orthogonal basis for CC.

29
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Proposition 2.2.1. Suppose we have two representations ¢ : G — GL(V)
and Y : G — GL(W) and T : V — W is a linear transformation. Then,the
following statements hold:

(a). T# :% deG Yg-1T'¢g belongs to Home (¢, ).

(b). If T € Homg(¢, ) then, T# =T.
(c). P: Hom(V,W) — Hom(¢,v) defined by P(T) =T# is an onto linear
map.

Proof. To prove statement (a), consider,

1
# - —— 1
on= 5@ QZGG Vg L0y

1
=50 QGZG Wy1T dgh.

Suppose gh=x. Then, g~! = ha~!.Therefore, our expression becomes,

1 Z
# — 1

1
= Vi 2o Vo T
=, T7%.

Hence, T# € Homg(¢, ).
Next, to prove (b), if T € Homg(¢, ), then

— %Z% 1T,

geG

1
o) Z Yy, T

1
= 5@ ZT— ()T

=T.

S

S
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Now, we prove (c),
Consider,
P:Hom(V,W) — Homg($,1) defined as

P(61T1 + CQTQ) = (ClTl + CQTQ)#

1
(ClTl + CQTQ># =

= W Z Vg1 (c1Th + c2To) g

Z¢g Tlgbg + 02 ng 1T2¢g

= clT# + chQ#
= Clp(Tl) + CQP(TQ).

Hence, the map P is linear. Now, we know from (b) that, if ' € Homg(¢, ), T# =
P(T) =T. Thus, it is onto .
O]

Before moving further, let us restate the Schur’s Lemma:
Let ¢ and ¢ be irreps of G and T' € Homg(¢, ). Then either T is invertible
or T=0.Consequently,

(a). If ¢ ¢ ¢ then, Homg(¢, 1) = 0.
(b). If ¢ =1 then, T'= I, where A € C.

Proposition 2.2.2. Let ¢ : G — GL(V) and ¢ : G — GL(W) be irreps of
G andletT :V — W be linear. Then,

(a). If ¢ # 9 then, T# = 0.

Trace(T)I

b). If ¢ ~ ) then, T# = —————.

(b). 16~ then, s
Proof. Let ¢ o 1p. Then, Homg(p,1) = 0 by Schur’s lemma since if that
is not the case then there exists 0 # T' € Homg(¢, 1) invertible and hence
¢ ~ 1 that is a contradiction.So, T# = 0 since T# € Homg(¢,). Next,we
suppose ¢ = 1 . Then, by Schur’s lemma, 7% = \I for some A € C. Now, as
T#:V — V (since,¢ = 1) we have, Trace(T#) = Trace(A\l) = XTrace(I) =

T A T T#
MimV = Adegé. Henco, A — LTaceAM) _ Trace(T7)
dego degop
the trace.Note that,

. Now, we compute
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(We use "Tr’ for Trace for convenience).

Tr(T#) = ZT?" (pg1T,) = % > Tr(T) = %TT(T) =Tr(T).
geG

Tr(T)I
degp

Thus, A = Hence proved.

Suppose we have two representations ¢ : G — GL,(C) and ¢ : G —
GL,,(C). Then, Hom(V, W) = M,,,(C). Homg(¢,v) C My, (C).Andthus, P :
Hom(V,W) — Homg(¢,) defined as P(T) = T# can be viewed as a linear
transformation P : M,;,,(C) — M,,,(C) .Note that, the standard basis for
M, (C) is {Ev, E12, ..., E,y ), where Ej; is the m x n matrix with 1 at ij
position and 0 otherwise. Therefore, a;; = ZZ i a;jBij.

Lemma 2.2.3. Let A € M,,,,(C) and B € M,s(C) and Ey; € M,,,,(C). Then,
(AEy;B);; = ajcbij holds, where A = (a;;) and B = (b;;).

Proof.
(AEwB); = ) (ai(Ei)yby;) = aiby

since, all terms in the above sum are zero except when x=k, y=i.

]

Lemma 2.2.4. Let ¢ : G — U,(C) and ¢ : G — U, (C) be two unitary
representations. Let A = Ey; € M, (C). Then, A?? = {(¢ij, Yr1)-

Proof. Since, 9 is unitary, ¢g-1 = ;" = w;. This implies, ¥ (g7") = Yu(g).

1
Al = 0 2(925 1 Ekigg )i Zl/)uf Dii(g

geG

(by lemma done before.) Therefore,
—G) Z Vi(9)$i5(9) = (i, Yit)-
geG

Hence proved.
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2.3 Schur Orthogonality Relations

Theorem 2.3.1. Let ¢ : G — U,(C) and ¢ : G — U,(C) be inequivalent
wrreducible unitary representations. Then,

(a). (Dij, ) = 0.
=k j=1
(b). {bij, D) :{ (l)/n ;Zother"@iise. .

Proof. To prove first part, note that if A = Ey; € M,,,(C) then, Af; =
(¢ij, i) = 0 since representations are given to be inequivalent. (We can
conclude this using previous proposition and lemma). Now, if ¢ = ¢ then
again by same proposition and lemma, for A = Ey; € M, (C) (since, m=n),

Tr(E)l
n

A# =

and

A?? - <¢ij7 Prr)

First, j # [, then since I;; = 0, this gives AZ? = 0 and hence, (¢;;, o) = 0.
Now, let i # k, then Ej; has only zeros on diagonal. This gives Tr(Ey;) = 0.
Therefore, again,0 = A?; = (¢ij, or1). Hence, if we consider the case when
i=k and l=j then FE}; has a single 1 on diagonal and all other elements as
zero. Thus, Tr(Ey;) = 1 and so, % = Af; = ((ij, Ora)-
Hence, proved.

O

Corollary 2.3.1. For an irreducible unitary representation ¢ of degree d,
the d? functions,

{Vdgy|1 <i,j < d}
form an orthonormal set.

Hence, according to above theorem, the entries of inequivalent unitary
representations of G form an orthogonal set of non zero vectors in <7 (G), the
group algebra.Therefore, G has atmost O(G) equivalence classes of irreps
. Now, if ¢, ..., ¢ are a complete set of representatives of equivalence
classes of irreps of G and d; = deg¢p™ then, d? + d2 + ... + d? functions
{\/Ekgbg?)ﬂ < i,j < di} form an orthonormal set of vectors in 2/ (G) and
hence, s < d3 + ... + d* < O(G) since d; > 1,Vi.
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2.4 Characters and Class functions

Definition 2.4.1. Let ¢ : G — GL(V) be a representation. The character
Xo : G = C of ¢ is defined as x»(g9) = Tr(¢,). We call the character of
an irrep as irreducible character. Suppose we have a representation ¢ : G —

GL,(C) given by ¢, = (¢i;(g)) then,
Yol9) = 3 il9).

Remark 2.4.2. For a degree one representation ¢ : G — C*, x4 = ¢.
Proposition 2.4.3. Let ¢ be a representation of G.Then, x,(1) = dege.
Proof. Note that, x4(1) = Tr(¢1) =Tr(l) = dim(V) = degé. O

Proposition 2.4.4. FEquivalent representations have same characters. In
other words, Character depends only on the equivalence class of representa-
tion.

Proof. Suppose ¢ and 1 are two equivalent representations. Then, there
exists an invertible map T such that, ¢, = T4, T~'. Therefore,

X¢(g) = TT(¢9) = TT(ngT_l) = TT(TT_1¢9) = TT(¢9) = th(g)'

(Here, we used the property that Tr(AB)=Tr(BA). ]
Proposition 2.4.5. Let ¢ be a representation of G. Then, Vg, h € G, xs(g9) =
Xo(hgh™).

Proof.

Xo(hgh™") = Tr(¢ngn—1) = Tr(ondedy, ) = Tr(ondy, ¢g) = Tr(dg) = Xo(9)-

]

Definition 2.4.6. A function f: G — C is called Class Function if f(g) =
f(hgh=")Wg,h € G ormore precisely, if f is constant on conjugacy classes
of G. The space of class functions is denoted by Z(</(G)) In particular,
characters are class functions.

Note 2.4.7. If f : G — C 1is a class function and C is the conjugacy class
then, f(C) will denote the constant value that f takes on C.
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Proposition 2.4.8. Z(«/(Q)) is a subspace of < (G).
Proof. Let f,g € Z(4(G)). Let ¢1,co € C. Then,

(cifi + cafo)(hgh™") = 1 fi(hgh™") + cafo(hgh™")
= c1fi(g) + c2fa(g)
= (a1 fi + c2f2)(9).

Therefore, ¢ f1 4+ cafe € Z(/(G)) and hence, it is a subspace. ]

Definition 2.4.9. CI(G) denotes the set of all conjugacy classes of G. For
C € Cl(G), é¢ : G — C is defined as,

P 1 ;g€C
70 g ¢ C.

Proposition 2.4.10. B = {6¢|C € CI(G)} is a basis for Z((G)). As a
result, dim(Z (< (G)) = |CU(G)].

Proof. Note that each d¢ is constant on conjugacy classes. Therefore, it is
a class function. First we show that B spans Z(<7(G)). Let f € Z((Q)).
Then, f = ZCecz(G)f(C)50 since, f(g) = > f(C)dc(g) = f(C)if g € C
and then, f(C)=f(g). Next, we show linear independence. For that, we show
orthogonality. For C,C" € CI(G),

1 o [[clel se=c
mgezgéc(g)écf(g){ e e=e

1 : .
where 0@ >gec 0c(9)dcr(g) = (0c,dcr). This proves the orthogonality

and hence the linear independence. Therefore, B is a basis . Moreover,
|B| = |Cl(G)|= number of conjugacy classes =dim(Z (<7 (Q))).
O

Theorem 2.4.11. First Orthogonality Relations: Let ¢ and v be two
representations of a finite group G. Then,

(X Xu) :{ (1) z;z

In other words, the irreducible characters of G form an orthonormal set of
class functions.
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Proof. Without loss of generality, assume that ¢ : G — U, (C) and ¢ : G —
Unm(C) are unitary (since, every representation is equivalent to a unitary one.)
Now, if ¢ and ¢ are equivalent, then, x, = x,. Consider, (x4, Xv)-

(Xo» Xu) = % > xol9)xu(9)
1

geG

— m Z Z ®ii(9) Z Vi;(9)
geG i=1 j=1

= - ; O Zg(bn w]]

= Z Z<¢ii(g)7wjj(g)>'

Now, by Schur’s orthogonality Relations, (¢i(g),;;(g)) = 0 if ¢ ¢ 9. This
implies, (x¢, xp) = 01f ¢ % . If ¢ ~ ¢ , assume ¢ = 1) then, by Schur’s
Orthogonality Relation,

oy Y i# g
<¢zzy¢]]> - { 0 Z — ]
Therefore,

<X¢>, X¢> = (Piis Pii)

=1

=—xn=1.
n

Hence, irreducible characters form an orthonormal set of class functions.
]

Corollary 2.4.1. There are atmost |Cl(G)| equivalence classes of irreps of

G.

Proof. By previous theorem, we know that inequivalent irreps have distinct
characters and form an orthonormal set. Therefore, dim(Z (< (G)) = |Cl(G)]
and the orthonormal sets are linearly independent. Also, we know that, the
cardinality of an orthonormal set is less than or equal to the dimension of
the space . So there exist atmost |C1(G)| equivalence classes of irreps of G
(if we consider equivalence relation to be conjugation). O



37

Notation: mV = Va@V....&V (m-times) and m¢ = ¢®....H¢ (m-times).
Let ¢; denote the unitary representation of G and d; denotes the respective
degrees.

Definition 2.4.12. If v ~ mip1 ® Mmoo ® .... & myops then, m; is the multi-
plicity of ¢; in . If m; > 0 then, ¢; is irreducible constituent of 1.

Note that, since the character depends only on the equivalence class so
multiplicity of ¢; will be same, no matter what the decomposition of 1) is.

Remark 2.4.13. If ¢ ~ mip1 D maps @ .... & msps then, degyp = mydy +
m2d2 + ...+ msds.

Lemma 2.4.14. Let ¢ = p @1 then, X = Xp + Xu-

Proof. Proof: Let p : G — GL,(C) and ¢ : G — GL,,(C) then, ¢ : G —
G L, 1+m(C) has the block form as,

=)
Xo(9) = Tr(¢g) = Tr(pg) + Tr(thg) = X,(9) + Xu(g). This shows that,
Xo = Xp T Xy-
O

Theorem 2.4.15. Let ¢1, ..., s be a complete set of representatives of equiv-
alence classes of irreps of G and let

P~ @ ... O mds

Then, m; = (Xp, Xe;)- Consequently, decomposition of p into irreducible
constituents s unique and p is determined upto equivalence by its characters.

Proof. We know that x, = mixg, + ..o + MsXo.- (Xps Xow) = M1 {Xo1> Xoi) +
e M (X Xen) = 0

So, decomposition of p into irreducible constituents is unique and if repre-
sentations are equivalent then characters are same.

Hence we conclude that this theorem helps us to check whether a represen-
tation is irreducible or not. ]
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Corollary 2.4.2. A representation is irreducible iff (X,, x,) = 1.

Proof. Suppose a representation p is not irreducible. Then,

P~ m1¢1 D....D ms¢s.
Note that, x, = mixe, + .... + msXs,. This implies that,

(Xor Xp) = (MaXgy + oo+ MsXp, M1Xy + s+ MaXo,)
= mi 4+ m3 + ... + m2, Therefore, (x,,x,) = 1 iff there exists j such that

R

m; = 1 and m; = 0V i # j but this is the case only when p is irreducible. [
Example 2.4.16. Consider p : S5 — GLy(C) as

-1 -1 -1 -1
p(12) = ( 0 1 )cmd p(123) = ( 1 0 )
then, x,(Id) =2 = degp, x,(12) =0, and x,(123) = —1.

<XP7X/J> = 6 deg Xp(Q)Xp(g) = %(22 + 3.02 + 2(—1)2) =1.

Hence this representation is irreducible.

Example 2.4.17. Characters of Ss : Trivial character : x; : S3 — C*
defined as , x1(0c) =1 VY o € S3. Note that any degree one representation
is equal to its character. Since S3 has three conjugacy classes, this implies
there should exist three inequivalent irreps of S3. Therefore, by proposition
done earlier Y. d? < O(G) which gives 12 + d* + 2% < 6. In this expression
27 represents the degree two irreducible representation of S35 considered in
previous example. This shows that d=1.

So, we can define another degree one representation for Sz as,

1 ;0 1S even
xa(0) = { —1 ;0 is odd.

Character Table: Rows of a character table correspond to the irre-
ducible characters and the columns of a character table correspond to con-
jugacy classes.

Standard Representation of S5 gives,

010
»(12) =1 0 0| and ¢(123) =
0 01

O = O
_ o O
o O =
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So, for this representation , we have the following character table:
H Id (12) (123) H
[xe 3 1 0|

Similarly, we can form character table for three inequivalent representations
of S3.  Consider ¢, to be the trivial representation of S3. Another, consider
¢o to be the one degree representation whose character is defined as,

1 1018 even

xalo) = { —1 ;0 is odd

and lastly, consider ¢3 as the two degree irreducible representation considered
in the first example. Now the character table is as follows.

H Id (12) (123) H

X1 1 1 1
v2 1 1 1
s 2 0 1

This shows that x4 = x1 + x3. That is, ¢ ~ x1 ® x3 .
We can also conclude the same by computing the following :

1
(Xorx1) = 5 (3+3.1+20) =1 =m;

1
Similarly, (x¢, X2) = 6(3 +3.(—=1)+2.0)=0=my

1
and also, (x4, x3) = 6(0 +3.0+2.0) =1=ms.

We can note that columns of character table are pairwise orthogonal as can
be seen in the table drawn above.

2.5 The Regular Representation

Another way of looking at the Regular Representation is the following: We
know that by Cayley’s theorem, every finite group G is isomorphic to some
subgroup of S,, where n is the order of the group G. Hence, we can restrict
the standard representation of S, that is, ¢ : G — GL,(C) to G and get the
representation called the Regular Representation. Suppose we have a finite
set X. Then,

CX = {Zcmﬂcm e C}

zeX
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is the vector space generated with basis X. Note that, > v a,v =) b,
iff a, = b,Vx € X. Addition here is defined as,

Z ayT + Z byr = Z(am +b,)z.
zeX

Scalar multiplication is defined as,

E QT = Q E Az .

The inner product is defined as,
(S S} =S
reX zeX reX

Definition 2.5.1. Let G be a finite group. The Regular Representation of G
is a homomorphism L : G — GL(CG) defined by

L, Z cph = Z chgh = Z Cg—14T
heG heG zeG

for g € G. ( By using change of variable, letting gh=z) L, is a linear operator
acting on a linear combination of basis vectors given the action on basis.

Remark 2.5.2. The Regular Representation is never irreducible when G is
non trivial but contains all irreps of G as constituents.

Proposition 2.5.3. The Regular Representation is Unitary Representation

of G.

Proof. Since L, is linear so for g1, g2 € G, h € G is a basis element of C(G).
Hence,

(Lg1 ng)(h) = Ly, (92h) = g192h = Lg gl
So, L is a homomorphism.

Now,

(LD e Ly k) = (3 g0, hgram)
= Z Co-1zkg—1z.

Let y = g 'z, we get the expression equal to ZyeG cyk_y that is further equal

to (3° ¢yy, > kyy). This shows that L, is unitary and hence is invertible since

L7t =1L O
g

g
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Proposition 2.5.4. The character of Reqular Representation is:

xﬂwz{f|£;i

Proof. Let G = ¢1, g2, ..., g be a basis for C(G) then, L,g; = gg; where [L,]
is the matrix with respect to g.

We see that
_J 1 59i=g99;
[Lglij = { 0 ;otherwise
_ 1 59=g9g"
0 ;otherwise

In particular,

1 ;9g=1
[Lg]ii:{o

;otherwise
Therefore,
_ _J Gl =1
XL(g) - TT(LQ) - { 0 g 7& 1
Hence proved. O

Theorem 2.5.5. Let L be a reqular representation of G. Then, the following
decomposition holds:

L~ dip) @ dapo @ ... D dsPs.

Proof. We know that, ¢ ~ mi¢; @ mape & .... B myp,, where m; = (X, Xo:)-
Here, ¢ = L. So,

(XL Xo.) =:Zi%§5§£:xz(g)xxg)
geG

1 -
=—0(CG i(1
576 0(@ * XD
=1 X dego;
Therefore,
L~dipy @ ... D dsps.
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Corollary 2.5.1. The formula O(G) = d? + d3 + ... + d2 holds.

Proof. Since by previous theorem,

Lrdiy & ... ©dsos

This implies that
XL = dix1 + ... +dsXs

and hence,

o = dixi(1) + ...+ doxs(1) = d3 4 ... + d?

and we know that y7(1) = O(G) and hence the result.
[

Theorem 2.5.6. The set B = {\/di.}¢i;(k)|1 < k < s,1 <4,j <dy} is an
orthonormal basis for o (G).

Proof. We know that B is an orthonormal set by Schur’s Orthogonality Re-
lations.

Now, since |B| = d2 + ... + d2 = |G| = dim(e/(G)) as {Vdoy|1 < i,j < d} is
the set of d? functions.Hence, this shows that B is an orthonormal basis for

A (Q). O
Theorem 2.5.7. The set {x1, x2, ----, Xs} 1S an orthonormal basis for Z(</ (G)).

Proof. We know that the irreducible characters form an orthonormal set of
class functions. Now we need to show that this set forms a basis that is, it

spans Z (< (G)).
Let f € Z(47(G)) . Now , f can be written as

F=Yc k)

i7j7k

for some cl(-?) eC;1<k<s,1<14,5<d. Since fis a class function, for
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any r € G, we have

1
f(x) = oG 2 flg xg)
1 k) 1
== Mo (g 1g)
O(G) 9€G i3,k
_ k 1 (k) (k) }
=D G| At 2 Pg1Pa oLk
; 710G = i

NN
(k)
B Zc(k TT(@: )I
- 1] (k) ij
— dego

1
=Y i —xil(x).
ik dy,

y 1
Therefore, f = sz “ a0 — X% Thisimplies, f € span{xi, ..., xs} and {x1, ..., Xs}

is an orthonormal set. Hence, {X1, .-, X5} is an orthonormal basis for Z (<7 (G)).
[

Corollary 2.5.2. Number of equivalence classes of irreps of G is equal to
the number of conjugacy classes of G.

Proof. Using above theorem, s = dim(Z (<7 (G))) = |Cl(G)|. O

Theorem 2.5.8. A finite group G is abelian iff it has |G| quivalence classes.of
irreps of G.

Proof. A finite group G is abelian iff |G| = |CI(G)| = number of equivalence
classes of irreps of G. O]

Example 2.5.9. Irreducible Representations of 7
n

Z
Let w, = exp2mi/n. Define xy : — C* by,

Xk([m]):wﬁm;ogkgn—l
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Then, Xo, ..., Xn_1 are distinct irreps of A
n

Following s the character table of —:
n

[ 0 [ B 5]

vi 1 1 1 1
o 1 1 1 -1
X3 1 1 -1 H
ya 1 G 1 i

Theorem 2.5.10. Second Orthogonality Relations
Let C, C’ be the conjugacy classes of G and let g € C,h € C" then,

y _[IGl/icl se=c
St ={ ¢ E LG

Consequently, columns of character table are orthogonal and hence character
table is invertible.

Proof. Consider d¢r.

™.

dcr(g) = (dcr, xi)xi(g)

(Note that LHS = 1 if g € C”). So,

S

> xilg)xi(h) = { l)GmC' g;g:

=1
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Therefore, columns of Character table form an orthogonsl set of non zero
vectors and hence are linearly independent. So, Character table is invertible.
O

2.6 Representation of Finite Abelian Groups
Proposition 2.6.1. Let G, G5 be abelian groups and suppose pi, ...., pm and

O1, .., On be irreps of G1 and Gy respectively. Let m=|G1| and n=|G3|. Then,
a;j :GixGy—=C ; 1<i<mandl < j<nis gwen by:

@ij(9192) = pi(91)9;(92)

form complete set of irreps of G1 X G .

Proof. First, we need to check that o;; are homomorphisms.

ij (91, 92) (91, 95) = pi(91) 05 (92)pi(91) D5 ()
= pi(9191);(9295)
= aij(916, 9295)
= Oéij((gl,gz)(ﬁﬂé))-

Next, we check if a;; = aj; then i=k and j=I.
Let Q5 = Q. Then,

pi(9) = aij(g,1) = aulg, 1) = pr(g).

This shows that i=k. Similarly, j=L.
Now, since, Gy X G has |Gy x Ga| = mn distinct irreps. Therefore, o;; are
all of them, where,1 <i<mand 1< j <n. O

Example 2.6.2. Character table of Klein’s Four group K, = 7o X 7o
Character table of Z]27.:

| [y
X1 1 1
x2 1 -1
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Now, character table of Z./27. x 7./27 using above proposition is :

H ([oL.fo]) (fo.[1]) ([].[o]) ([1].01)) ]

an 1 1 1 1
1o 1 1 1 -1
21 1 1 -1 -1
929 1 -1 -1 1




Chapter 3

Fourier Analysis on Groups

3.1 Fourier Analysis on Finite Groups

Definition 3.1.1. A function f : Z — C is said to be periodic with period n
if f(x)=f(x+n) Vo € Z.

From the above definition, we can conclude that these functions are in
one-one correspondence with the elements of .o/ (Z/nZ) that is, the functions
f:Z/nZ — C. In other words, these functions are constant o the residue

classes modulo n. Now, as we know from previous chapter that the irreducible
charactersform basis for <7 (Z/nZ) that is, if f is a function in o7 (Z/nZ) then,

f = <f7 XO)XO + ot <f> Xn—1>Xn—1

2mikm/n

where yi([m]) = e

Definition 3.1.2. Fourier Transform: Let f : Z/nZ — C. Then, the
fourier transform of f is defined by,

f:Z/nZ —C
as

F(im]) = nif, xom) = Zf Je~2ribmn,

Proposition 3.1.3. The fourier transform is invertible. In simple words,

S
—

F(RD)x

0

SIH

f=

e
Il

47
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Proposition 3.1.4. The class functions form the center of < (G).
Proof. First, Let f : G — C be a class function. Then to show that,
axf=fxa V acdQ).
Let a € &/(G). Then,
ax fx) = aley™)f(y) = alzy™)fleyz™)
yed yeG

since f is a class function. Now, let xy~! = 2. This implies that,

ax f(@) =3 a(2)f(a=") = 3 flaza(z) = [ * ala).

zeG

Therefore, a*f = f*a .Now we show the converse part. That is, let f €
Z(4/(@)) . Then, to show that f is a class function. So, the claim is to prove

f(gh) = f(hg) V g,h€G.

Now

Flgh) = flgy™)on1(y)

yeG
= f*0h1(9)
= 0p—1 * f(g)

= on(gy )W)

yeG

= f(hg)

since, 0,-1(gy~ ') is non zero iff gy=! = h~! that is, y=hg. Now, by claim we
have, f(ghg™') = f(h) . Hence f is a class function.
]

3.2 Fourier Analysis o finite abelian groups

Note that if G is abelian then, &/(G) = Z(</(G)). That is, &(G) is a

commutative ring.
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Definition 3.2.1. Let G be a finite abelian group. Then, G is the set of all
irreducible characters x : G — C* known as the dual group.

Proposition 3.2.2. Let G be a finite abelian group. We define product onG
via pointwise multiplication that is, (x.0) = x(9)8(g). Then, G is an abelian
group of order |G| with respect to this binary operation.

Proof. Let x,0 € G. Then,

This shows that G is closed under pointwise product. Trivially, this product
is associative and commutative. Identity is, x1(g9) = 1¥g € G. Inverse is,

X 1(g9) = x(g9)~' = x(g) since x is unitary. Trivially, x.x ! = x1. And hence,

G is an abelian group. The number of irreducible characters of G is equal to
|G| where G is abelian. Therefore, |G| = |G|. O

Example 3.2.3. Let G = Z/nZ and G = {Xo; .., Xn_1}- Let xi([m]) =

N

e2mikm/n - Then, [k] — Y is a group isomorphism from G — G. So, G = G.

Definition 3.2.4. Fouier Transform: Let f : G — C be a complex valued

function on a finite abelian group G. Then, the fourier transform f G —C
s defined by

f@) =1GIfx) =D flg)x(g)

geG

where, |G|(f, x) are the complex numbers called the fourier coefficients of f.
Example 3.2.5. If y,0 € G then,

) Gl sx=0
X(0) = 1G|(x. 0) = { l) | ')octherwise

by orthogonality relations and so, x = |G|d,.
Theorem 3.2.6. If f € &/(G) then,

1 A
f:TG)Zf(X)X'

zeld
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Proof.

= (fxx= % D IGKSx)x = ﬁ > foox

ze@ ze@
Hence proved. O

Proposition 3.2.7. The map T : o (G) — o (G) given as Tf = f is
wnvertible linear transformation.

Proof. Let |G| =n. T(c1f1 + cafe) = a1 fi + ¢ fa. Now, consider

c1fi + cafa(x) = nfcrfi + cafa, )
= cin{fi, x) + can(fz, x)

= lel(X) + C2f2(X)'

This shows that ¢y f; F cofs = f! + ¢y f2. Hnece, T is linear. By pre-
vious theorem, T is injective and thus invertible since dim(</(G) = n =

dim (< (G)). O

Theorem 3.2.8. The Fourier Transform satisfies a xb = axb. Consequently,
kinear map T : o/ (G) — o/ (G) given by T'f = f provides a ring isomorphism
between (o (G), +,*) and (A (G),+,.).

Proof. We know by previous theorem that 7' : &/(G) — &/(G) is an iso-
morphism of vector spaces. Therefore, it suffices to show that it is a ring
homomorphism. That is, we need to show that, T'(a * b) = T'a.Tb. In other
words, we need to show,

a*b=a.b.
Let n be the order of G. Consider,

axb(x) =nla*b,x)

=030+ b)()x (o)

zeG

= x(@) > alzy Hby)

zeG yeG

= b(y) > alzy " )x(x).

yeG zeG
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Let z = xy~!. Therefore, the expression is now equal to

D b)Y al2)x(zy) = Y by)x(y) Y by)x(y)

yeG z€G yeG yeG
= n{a, x).n(b, X)
= a.b.
Hence proved. O

Example 3.2.9. The periodic functions on Z : Let f,q : Z — C have period
n. Their convolution is defined as,

n—1

(fxg)(m) = f(m—k)g(k).

k=0
The fourier transform is then,

-1

Fm) = 37 fkye2mimin

k=0

3

Hence, following is the fourier inversion theorem.

—_

f(k)e%ikm/”.
0

f(m) =

S|
il

Now, we have a look at abelian case in a different way.
Suppose G is a finite abelian group with irreducible caracters x1, x2, -, Xn-
Then, to each function f : G — C , we associate its vector of fourier coeffi-
cients.

Define T': &/ (G) — C™ by

Tf = (n<f7 X1>7n<f7 X2>7 ""7n<f7 Xn>>

~ ~ ~

= (f(Xl)v f(XQ)? d) f(Xn)>

This shows that T is injective by fourier inversion theorem because we can
ecover f and hence f from Tf. Also, T is linear and this implies that, T is a
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vector space isomorphism since dim(«7(G)) = n.
In fact, T is a ring isomorphism since

T(axb) = (ab(x1), - a%b(xn)) = (@(x1)b(x1), -+, &(xn)b(Xn))
= (@(1)s e a(x)) (B2 ), - b)) = Ta.T.
Earlier we saw that a x b = a.b. Hence, we can conclude that, If G is a finite
abelian group of order n. Then,

o (G)=Cr

where C" has structure of direct product of rings where multiplication is
coordinate wise. So, for non abelian groups we must replace C by matrix
rings over C.

Definition 3.2.10. Define the map
T:d(G)— My, (C) X .... x My (C)
by R A
Tf=(f(¢), ., [(¢)

where

Flon)i =nlf. 05" =" flg)dk(9)-

geG
Here Tfis called the fourier transform of f. Therefore, f(gbk) =D sec f(g)qb_’;.

Theorem 3.2.11. Fourier Inversion: Let f : G — C be a complex valued
function on G. Then,

1 A
f== def(9")0%
gk
where n is the order of G.
Proof. Since {\/dy¢};} is an orthonormal basis for «7(G) and f € /(G) .

Therefore,
f = {f N ddl) Vsl

ijk
1 k k
~ Z dgn(f, Cbz]) ij

i7j7k

= S (6

1,5,k
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Proposition 3.2.12. The map T : o/ (G) — My, (C) x ... x M4, (C) is a
vector space isomorphism.

Proof. First we show that T is linear. That means we need to show that

T(crfr + cafa) = erfu T o fo, that is , to show 1 fy + cafo(F) = e f1(dF) +
cafa(¢¥). Now, for 1 <k < s,

cifi + eafa(6F) =D (er i + cafa)(9)d5k)

geG

= Zfl(g)qb_’;ﬂL C2 Zf?(g)gb_g

geG geqG
= 1 fi(@") + cafa(F).
By fourier inversion theorem, T is injective since
dim( (G)) = |G| = d2 + ... + d* = dim(My, (C) x ... x My, (C)).
Therefore, T is isomorphism. O]
Theorem 3.2.13. Wedderburn theorem The Fourier transform
T:d(G)— My, (C) x .... x My, (C)
1 an isomorphism of rings.

Proof. We know that T is an isomorphism of vector spaces. So, to show ring
isomorphism we just need to show:

T(axb)=Ta.Tb
That is, we need to show,
ax b(F) = a(¢).b(¢") forl <k < s

Consider,

axb(9*) = (axb)(x)dk

zeG
=> > alzy b(y)
zeG yeG

= b(y) Y alzy ")k

yeG zeG
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Let z = 2y~ ! = o = zy. Therefore,

axb(¢") = bly) Y al2)dk,

yeG zeG

=D bly) Y alz)¢kg)

yeG zeG

= a(2)dk Y bly)d}

zeG yeG
= a(¢").b(¢").
Hence it is a ring isomorphism. O

Example 3.2.14. Representation theory of S,, can be used to analyse voting.
Here is an example of Diaconis. Suppose in an election, each voter needs to
rank n candidates on a ballot. Let the candidates be {1,2,...,n}. Then to each
ballot, we correspond a permutation o € S,. For example for n=3, let the
ballot ranks the candidates in 3 1 2 order then the corresponding permutation

18
(1 23
77\3 1 2

then election corresponds to the function f : S, — N where f(o) is the
number of people whose ballot corresponds to the permutation o.



Chapter 4

Burnside’s theorem

4.1 Number Theory

Definition 4.1.1. Algebraic number: A complex number ’k’ is called al-
gebraic number if it is a root of a polynomial with integer coefficients. The
numbers that are not algebraic are called transcendental.

Example 4.1.2. Consider the polynomial 22-1. We see that, 1/2 is a root
of this polynomial. So, 1/2 is algebraic number. Similarly, consider z* to be
another polynomial . Note that v/2 is a root of this polynomial and hence
is algebraic. On the other hand , w and e are transcendental numbers since
they are not the roots of any polynomial with integer coefficients.

Definition 4.1.3. Algebraic integer: A complex number ’c’ is called an
algebraic integer if it is a root of a monic polynomial with integer coefficients.
In other words, c is an algebraic integer if there exists a polynomial

p(z) =2"+a, 12"+ ... +ag
where ag, @z, ....,an—1 € Z and p(c)=0.

Example 4.1.4. Following the above definition, we can say that any nth root
of unity is an algebraic integer. Consider the polynomial p(z) = 2" — « then
nth root of o is an algebraic integer. Also, the characteristic polynomial of
any square matriz A is a monic polynomial. Hence, each eigen value of the
matriz A is an algebraic integer.

Proposition 4.1.5. A rational number is an algebraic integer iff it is an
nteger.

95
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Proof. Let r be a rational number. Then, r=p/q where p,q € Z , q;0,
ged(p,q)=1. Let r is an algebraic integer. Then, it is root of a polynomial
with integer coefficients say

Kk -1
2V 4120 T+ .o+ ag.

Then,
0= (p/)* + ar-1(p/q)" " + ... + ao.
This implies,
0=p"+nap_1p" 1+ ...+ apd"

or,

k

mk = —n(a_m" 4+ .+ apd" ).

So, q|p*. Now, as ged(p,q)=1. This shows that n has to be 1 or -1.Therefore,
r=pée€. ]

Lemma 4.1.6. An element y € C is an algebraic integer iff there exists
Y1,Y2, -, Yt € C not all zero such that

t
Yy = Z @ijY;
j=1

where a;; € 2V 1 <1i<t.

Proof. To prove the forward part, first let y be an algebraic integer. Then,
there exists a polynomial p(z) = 2" + a,_12""" + ... + ao such that y is root
of p(z). Let y; = y*~! for 1 <4 < n. Then, for 1 <i <n— 2, we have,

Yy =9y =y =i

and

YYn = Yns1 =Y = —ag — . — Qy1y"

Hence, the forwars part is satisfied. Next, we prove the converse. Let A =
(a;) and Y = [y1, 9o, ..., 4)" € C' then, [AY]; = E;Zl aijy; = yyi = ylY].
This implies that AY=yY since Y # 0 (by assumption). Hence, y is an eigen

value of t x ¢ integer matrix A. Hence, y is an algebraic integer.
O

Corollary 4.1.1. The set A of algebraic integers form a subring of C. In
particular, sum and product of algebraic integers is algebraic.
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Proof. Note that if a € A then, —a € A. Let z,2/ € A. We choose
x1, Tg, .2y € C' (not all zero) and 2, ..., 2, € C' (not all zero) such that

t s
TT; = Z aij;, x'ry, = Z biV
s =1
then,
t s
(x + 2 )wix), = vox), + 2'2hw; = Z QijTix) + Z brj 5
s =1

which is an integral linear combination of z;xj. This shows that x + 2’ € A
Similarly, za'z;z), = xz,2'x) is integral combination of z;z;". So, za’ € A.
Therefore, A is a sunbring of C. [

Note 4.1.7. If k is an algebraic integer then k is also an algebraic integer.

4.2 The Dimension Theorem

Corollary 4.2.1. Let x be a character of finite group G. Then, x(g) is an
algebraic integer ¥V g € G.

Proof. Proof: Let ¢ : G — GL,,(C) be arepresentation with character x. Let
n be order of G. Then, g" = 1. This implies ¢ = I. Now ¢, is digonalizable
since every representation is equivalent to a unitary representation and ¢,
has eigen values \q, A, ..., A\, which are nth roots of unity. So, eigen values
of ¢, are algebraic integers. Now, x, = Tr(¢y) = A1 + ... + A\, and set of all
algebraic integers form a ring. Therefore, x, is an algebraic integer.Hence,
we can conclude that x,(g) is a sum of m nth roots of unity. ]

Theorem 4.2.1. Let ¢ be an wrrep of finite group G of degree d. Let g € G
and let s be the size of conjugacy class of g. Then, sx4(g)/d is an algebraic
integer.

Proof. Let C1,Cy, ..., C,, be the conjugacy classes of G. Let si = |C;] and let
X; denote x4 on C;. We need to show that s;x;/d is an algebraic integer for
all i. For that, we consider the operator

E:Z¢z

zeC;
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Our first claim is, T; = %Xi.l.
The proof of this claim goes as follows. We make use of schur’s lemma to
prove this claim. First, consider ¢,T;¢,-1.

¢gﬂ¢g*l - Z ¢g¢x¢g’1

zeC;

= Z Pgag—1

zeC}
=2 %
yeC;

=T

since C; is conjugacy class of G. Now, by Schur’s lemma, 7; = A\ for some
A € C. Now,

Tr(M) = Tr(T) = 37 Tr(6.) = - xol@) = [Cilx = sixe

zeC; zeC;

Also, we know that, T'r(Al) = dX\. So, we get A = s;x;/d. Hence, the claim.
Our next claim is to show

n
TiT; = Zaijka for some a;;i, € Z.
k=1

Proof goes as follows:

T = Z%Z(Zﬁy: Z %yzz@ijg%

zeC; yeC; xeCs,yeC; geG

where a;;, € Z is the number of ways to write g=xy with z € C; and y € C;.
Now, the subclaim is to show that a;;, depends only on conjugacy class of g.
So, to prove subclaim, we start by considering X, = {(z,y) € C; x Cjlzy =
g}. From this, we can conclude that a;;, = |X,|. Let g’ be conjugate to g
then we show that number of ways to write g=xy is same as number of ways
of writing g'=xy with « € C; and y € C; that is, we show, | X | = | Xy|. Let
g = kgk™! since, g’ is conjugate to g. Now define the bijection ¢ : X, —
Xy by ¥(z,y) = (kak™' kyk™') where kzk™ € C; and kyk™* € C; and
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kxk™'kyk™' = kxyk™' = kgk™! = ¢ that is, (kak™', kyk™') € X,. This
implies that, ¥ (x,y) € Xy. Hence, ¢ has inverse p : X, — X, given by
p(I,, yl) — (k'_lx/k7 k_ly/k)

and hence 1 is a bijection and so, |X,| = |X,|. Therefore, the subclaim is
proved. Now getting back to proof of second claim, let a;;, be value of a;j,
with g € C} then,

Z UijgPg = Z Z ijgPg

geG k=1 geC}y

= Z Qijk Z ¢g
k=1

g€l
n
= E a,»jka.
k=1

So, the second claim is done. Now, as T;T; = > a;j;T). This implies,

n

S; S; Sk
(EXi)(EXj) = ;%k(gm)'

So, s;xi/d is an algebraic integer by the equivalent condition for a complex
number to be an algebraic integer stated in the lemma done before. ]

Theorem 4.2.2. The Dimension Theorem: Let ¢ be an irrep of G of
degree d. Then, d|O(G).

Proof. By first Orthogonality Relations,

1= (Xo» Xo) = @) > xol@)xo(x).

This implies that,

0(C) = vole)Xal®)
D D

Now let C4, (s, ..., C,, be conjugacy classes of G and let y; denote value of
Xo on C;. Let s; = |Cyl.
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G & S
I Lwry
i=1 geC}
DI
i=1 geC;

1=1

But by previous theorem, we know that s;x;/d is an algebraic integer. And
also, X; is an algebraic integer. Now since, algebraic integer forms ring, this
shows that |G|/d is algebraic integer. Thus, it is an integer. So, d|O(G).
Hence proved. O

Corollary 4.2.2. Let p be prime and let G be a group of order p*. Then, G
15 abelian.

Proof. Let dy,ds, ...d, be degrees of irreps of G. Then, d; can be 1, p or p*.
Since trivial representation has degree 1 and

PP=IGl=d+. .. +d.
This implies that d; = 1 V i. Hence, G is abelian. m

Definition 4.2.3. Let G be a group. Let G’ be the commutator subgroup
of G. Then, G’ is generated by all elements of the form g~'h~'gh where
g,h € G. The commutator subgroup of G is a normal suvgroup and G/G’
is abelian and if N ia some other normal subgroup of G such that G/N is
abelian then, G' C N.

Lemma 4.2.4. Let G be a finite group. Then, the number of degree one
representations of G divides |G|. More precisely, if G’ is the commutator
subgroup of G, there is a bijection between the degree one representations of
G and the irreps of abelian group G/G’. Hence, G has |G/G'| = |G : (]
degree one representations.

Proof. Proof: Consider the canonical projection 7 : G — G/G’ defined by
w(g) = gG'. If ¢ : G/G" — C* is an irreducible representation then, ¢ :
G — C* is a degree one representation. We need to show that every degree
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one representation is of this form. Let p : G — C* be degree one representa-
tion. Then, Imp = G/Kerp is abelian. Therefore, G’ C Kerp. We define 1 :
G /G — C* by ¢¥(g9G") = p(g). If we take gG’=hG’ then, h™lg € G’ C Kerp
and so, p(h~'g) = 1. Thus, p(h) = p(g). This implies ¥(g9G") = ¥(hG).
So, this map is well defined. Next, we show map to be homomorphism as
follows. ¥(gG'hG") = (ghG") = p(gh) = p(g)p(h) = ¥ (gG")(hG"). Hence,
map is homomorphism. Now, note that p(g) = ¢¥7(g) = ¥(9G") V g € G..
This shows p = ¥m. So, there exists bijection between degree one representa-
tions of G and irreps of abelian group G/G’. Now, irreducible representations
of abelian group G/G’ = |G/G'| = |G|/|G’| = degree one representations.
Hence, proved. ]

Corollary 4.2.3. Let p and q be primes with p < q and p { ¢ — 1 (or
q # 1modp). Then, any group G of order pq is abelian.

Proof. Let dy,ds, ...,ds be degrees of irreps of G. Since, d;|O(G) and p < ¢
and pq = |G| = d? + .... + ds®. This implies, d; = 1 or p V i. Let n be the
number of degree p representations of G and let m be the number of degree
one representations of G. Then, pg = m + np? . Now, since by previous
lemma, number of degree one representations of G divides oreder of G. So,
m|O(G). Since, there always exists a trivial representation therefore, m > 1.
Now note that, p|pq that is, p|m +np? = m+np* = kp or m = kp—np? that
is, m = p(k — np) . Hence, p|m. This shows that m=p or m=pq. Note that
m # q since, p { q. If m=p, pq = p + np* = p(1 + np?) that is, ¢ = 1 + np.
This means, p|¢g — 1 which is a contradiction. Therefore, m=pq. Hence, all
irreducible representations of G have degree one. So, G is abelian. ]

4.3 The Burnside’s Theorem

Recall that if we have a group of order n and a representation ¢ : G —
GL4(C) . Then, x4(g) is sum of d nth roots of unity.

Lemma 4.3.1. Let A\i, Ao, ..., \g be nth roots of unity. Then,
|)\1 =+ ... +)\d| <d

and equality holds iff all \;’s are equal.
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Proof. Let v,w be two vectors in R?. Then,
lv+w* = [[v]]* + 2(v, w) + [[w]|* = [[o]|* + 2]|v]|*||w]*cosd + [|w]*

where 6 is the angle between v and w. Now cosf = 1 iff § = 0. That
is,[|[v + w| < ||v]] + ||w]| and ||v + w|| = ||v]| + ||w] iff v = Aw or w = v
for some A > 0 ( since, cosd = 1 iff theta = 0 that is, v and w are scalar
multiples of each other). Therefore, by induction,

||U1 + v+ ...+ Un” S HU1H + ...+ ||Un||

and holds equality iff v; are non negative scalar multiples of a common vector.
If we identify cmplex numbers with vectors in R? then, we have,

AL+ A < ]+ A

with equality iff \; are non negative scalar multiples of some complex number

z. But [\| = ... = [A\g| = 1. This shows that \; = Ay = ... = A\; and
Let w, = e2™/™. Then, Q[w,] denotes smallest subfield F of C containing

W

Lemma 4.3.2. The field Qlw,] has dimension ¢(n) as a Q-vector space.
Notation: Let I' = Gal(Qw,] : Q) be the Galois group of Q[w,] over

Q. That is, I" is the group of all field automorphisms o : Qlw,] — Q[wx]

where Qlw,| = {f(wn)|f(z) € Q[x]} such that o(r) =r ¥V r € Q. Note that
IT| = ¢(n) since, dimQ[w,] = ¢(n) as a Q-vector space.

Fact: If p(z) is a polynomial with rational coefficients then, I" permutes
the roots of p in Qfwy].

Lemma 4.3.3. Let p(z) be a polynomial with rational coefficients and sup-
pose that o € Q[wy] is a root of p. Then, o(«) is also root of p¥V o € T.

Proof. Proof: Consider the polynomial p(z) = axz* +ap_12*"1 + ... + ay with
a; € Q. Then,
p(o(@)) = aro (@) + ap_1o() 1 + ... + ag
= o(ara® + ap_1" 7 + .+ ag)
=0(0)
=0 since,o(a;)
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]

Corollary 4.3.1. Let o be an nth root of unity. Then, o(a) is also an nth
root of unity V o € I

Remark 4.3.4. T' is isomorphic to Z/nZ*.

Corollary 4.3.2. Let o € Qlw,] be an algebraic integer and suppose that
o €. Then, o(a) is an algebraic integer.

Proof. Let o be the root of monic polynomial p with integer coefficients.
Then, so is o(«) by previous lemma.
]

Theorem 4.3.5. Let a € Qlw,]. Then, o(a) = aV « € T if and only if
a € Q.

Corollary 4.3.3. Let o € Q[w,]. Then, [[,ro(a) € Q.

Proof: Let T € T', Then,

, (H a<a>) ~ ot = [T

el oel pel
where p = To. Now, by previous theorem, [[,.ro(a) € Q.

Theorem 4.3.6. Let G be a group of order n. Let C be conjugacy class
of g € G. Let h be the order of C.Let ¢ : G — GL4(C) be irreducible
representation of G and ged(h,d)=1. Then, either, (i) there exists A € C*
such that ¢, =XV g € C or, (i1) x4(9) =0V ge C

Proof. 1f ¢4 = AI for some g € C then, ¢, = A\ V z € C since conjugating
a scalar matrix does not change it. So, it suffices to prove that if ¢, #
M forsome g € C then, x4(g9) = 0. We know that hx(g)/d is an algebraic
integer and y(g) is an algebraic integer . Also, ged(h,d)=1 so there exists
integers k,j such that kh+jd=1.Now,

k(%@) +ix(9) = % = a(say)

is an algebraic integer since set of all algebraic integers form a ring.
Now, ¢, is diagonalizable with eigen values Aj, Ao, ..., \q. And, chi(g) =
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AL+ Ay + ...+ Ag that is, x(g) is the sum of d nth roots of unity. Now
A1 + ...Ag| < d since all eigen values are not same as we assumed that

¢, # M. Thus, |x(g)| < d that is, |M| < 1 that is, || < 1. And hence,

d
L x(g)
o)l =lo(= =) < L.

Note that ¢ = [],.ro(a) is an algebraic integer since a is an algebraic
integer. It follows that

lq| = ’HU(&)! = H lo(a)] < 1.

oel cel

This shows that g € ) since it is an algebraic integer less than 1. We know
that a rational number is an algebraic integer iff it is an integer. This implies
that ¢ € Z and |g| < 1. Thus, q=0. Therefore, o(«) = 0 and hence, o = 0.
Finally, we conclude that x(g) = 0. Hence, proved. O]

Lemma 4.3.7. Let G be a finite non abelian group. Let C # {1} be the
conjugacy class of G such that |C| = p* where p is prime and t > 0. Then,
G is not simple.

Proof. Suppose G is not simple. Then, let ¢!, ..., #* be the complete set of
representatives of irreducible representations of G. Let x4, ..., xs be their cor-
responding charcters and dy, ...ds be their degrees. Without loss of generality,
let ¢! be the trivial representation. Since G is simple, Ker¢* = {1} V k > 1
since if Ker¢® = G then we have trivial representation. This shows that ¢*
is one one for all £k > 1. Now, G is non abelian and C* is abelian. This
implies that d, > 1V k£ > 1. Since G is simple and non abelian this shows
that Z(G) = {1}. Hence, t > 0. Let g € C and k > 1. Define

7, ={x € G|¢F is a scalar matriz}

and
H={\, | e C}.

Note that H is a subgroup of GLg4, (C). In fact, H=Z(G). Hence, H is normal.
Now as Zj, is inverse image of H under ¢* which is a homomorphism, Zj, is a
normal subgroup of G. Since,d, > 1 and Z # G, Z;, = {1} V k > 1.
Suppose, p { dj, then, ged(p,di) = 1. That is, x4 (g) = 0. Let L be regular
representation then,

L=di¢' @ .. ®d,"
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SiHCG, g 7é 1, XL(g) - lel +...+ dsXs =1+ 22:2 dek =1+ Zp\dk dek =
1+ pz.

Also, xr(g) = 0. This implies that 14+pz=0. Thus, 1/p=-z where z is
algebraic integer. Hence, we get a contradiction since z has to be an integer.
Therefore, our suppposition was wrong. Thus, G is not simple. [

Theorem 4.3.8. Burnside’s theorem: Let G be a group of order p®q’
with primes p,q. Then, G is not simple unless it is cyclic of prime order.

Proof. An abelian group is simple iff it is cyclic of prime order. Assume that
G is non abelian. We know that a group of prime power order has non trivial
centres. So, it is not simple. That is, here, in this case, if one of a or b is
zero then, G is not simple. So, let a,b > 1.
By Sylow’s theorem, ther exists a subgroup H of G of order ¢°. Let 1 # g €
Z(H).

Let Ng(g9) = {x € G|gz = zg} is the normalizer of g in G.Now, since
g € Z(H), g commutes with every element of H. That is, every element of
H commutes with g. Therefore, every element of H is in Ng(g). Hence,

Now p* = [G : H] = [G : Ng(9)][Na(g) : H]. This shows that [G :
Ng(g)] = p* where t > 0 but |Cl(g)| = conjugacyclassofg = [G : Ng(g)] =
p! where ¢t > 0. Hence, G is not simple by previous lemma.

O
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4.3. The Burnside’s Theorem



Chapter 5

Group Actions and the
Permutation Representations

5.1 Group Actions

Definition 5.1.1. An action of a finite group G on a finite set X is a ho-
momorphism o : G — Sx where Sx 1is the set of all bijections from X to X.
Moreover, | X | is the degree of the action.

Definition 5.1.2. Let the action A be defined on G itself that is, A : G — Sg
be an action. Then, X\ is called as reqular action. And, the permutation
A G = GL(CQG) is called the Regular Representation of G. We call the
reqular representation to be L.

Example 5.1.3. Let G be a group and let A\ : G — Sg be an action of G on
G itself defined as, \j(x) = gx. Then, this action is called the Regular action
of G on G.

Definition 5.1.4. The subsetY C X is called G-invariant if o,(y) € Y YV y €
Yand g € G.

The set X partitions into disjoint union of minimal G-invariant subsets

called Orbits.

Definition 5.1.5. Orbit: Let 0 : G — Sx be a group action. The orbit of
xr € X under G is the set G.x = {o4(x)|g € G}.

67
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An orbit is a G-invariant subset of X.

Definition 5.1.6. Transitive Action: A group action o : G — Sx is said
to be transitive if V x,y € X, there ezists g € G such that o,(z) = y.

In other words, an action is said to be transitive if there exists one orbit

of G on X.

Example 5.1.7. Let H is a subgroup of G. Then, there exists an action
0:G = Sq/u by og(xH) = grH known as the Coset Action of G. We note
that this coset action is transitive.

Definition 5.1.8. 2-Transitive Action: Let 0 : G — Sx be action of G
on X. Then it is said to be 2-transitive if for any given two pairs of distinct
elements x,y € X , ',y € X, there exists a group element g such that
() =2" and o,(y) =y’

Note: The property of an action to be 2-transitive is a stronger property
than an action to be transitive.

Example 5.1.9. Let n > 2. Then, the action of the symmteric group S, is
2-transitive on {i,2, ....,n}. Consider two pairs of distinct elements say i # j
and k # 1. Now, let X ={1,2, ...,n}{i,j} andY = {1,2, ....,n}{k, l}. Then,
| X|=n—2=1Y|. Now, we choose bijection o : X — Y. Define T € S, by

k im =1
T(m) =21 1 ym=j
a(m) ;otherwise

Then, 7(i) =k and 7(j) = l. Hence, S, is 2-transitive.

Definition 5.1.10. Orbital: Let 0 : G — Sx be a transitive group action.
Define 0% : G — Sxxx defined by

aﬁ(x, x) = (o4(x1), 04(22))

An orbit of 02 is known as the orbital of o. The number of orbitals gives the
rank of o.
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Consider the set A = {(z,x) : = € X}. We note that o;(z,x) =
(04(z),04(x)). Now, if we consider o to be transitive then we conclude that
A is an orbital of o called the trivial orbital or the diagonal orbital.

Proposition 5.1.11. Let o : G — Sx be group action where (| X| > 2) then,
o is 2-transitive iff o is transitive and rank(c) = 2.

Proof. 1f o is 2-transitive and z,y € X then we can choose ' # x and ¢ # y
such that o,(z) = 2’ and o4(y) = y/'. So, o is transitive. Next,(X x X) other
than A or the complement of A in X x X is the following set.

{(z,y)|z # y}

Therefore, Al is an orbital iff for any two pairs z # y and 2/ # v/ of distinct
elements, there exists g € G such that o,(x) = 2’ and o,(y) = ¢ that is, o is
2-transitive. Consequently, Rank(o) = 2 since there are two orbitals, A and
AL, O

Definition 5.1.12. Let 0 : G — Sx be a group action. Then, for g € G, we
define,
Fia(g) = {x € X|o,(x) = o}

to be the set of all fixed points with respect to G.
Similarly, Fix*(g) is the set of fized points with respect to g on X x X.

Proposition 5.1.13. Let 0 : G — Sx be the group action. Then, Fiz*(g) =
Fixz(g) x Fiz(g) and hence, |Fix?(g)| = |Fixz(g)|*.

Proof. Let (z,y) € X x X. Then, o2(z,y) = (04(x),04(y)). This implies
that (x,y) = o (z,y) if and only if o (z) = 2 and o4(y) = y. We know that,
Fiz*(g) = {(z,y)log(x) = ,04(y) = y}

Hence, Fiz?(g) = Fixz(g) x Fiz(g). O

Suppose we have an action ¢ : G — 5,, and the standard representation
of S,, a: S, = GL,(C) then, the composition oo : G — GL,(C) gives us
the representation of G.
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Definition 5.1.14. Let 0 : G — Sx be a group action and hence ¢ : G —
GL(CX) is the representation defined as,

, ( 3 x) =Y o) = Y oy

zeX zeX yeX

This representation sigma is called the permutation representation associated
to 0. In this representation, = is mapped to o,(x) and hence, the degree of
representation ¢ is equal to the degree of action o.

Definition 5.1.15. Let X\ : G — S¢ be the reqular action of G. Then,
\: G — GLCG)
is the regular representation of G.

Proposition 5.1.16. Let 0 : G — Sx be a group action. Then, the repre-
sentation 6 : G — GL(CX) is the permutation representation of G and is a
unitary representation.

Proposition 5.1.17. Let 0 : G — Sx be a group action. Then, Xz =
| Fiz(g)]-

Proof. Consider the set X = {x1,za,....,2,}. Now, corresponding to this
given action, we will have the representation ¢ as defined in the proposition.
Hence, [5,] will be the matrix of & with respect to the basis X. We know
that, 6,(z;) = 04(x;) and so,

[G)ij = { L 2 = oy(x;)

0 ;otherwise

In particular,
1 sy =oy(x)
g = { 0 ;otherwise
That is,
1 ;z; € Fix(g)
0 ;otherwise

Hence, x5(9) = tr([ay]) = |Fiz(g)|. O
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Definition 5.1.18. Fized Subspace: Let ¢ : G — GL(V) be a represen-
tation. Then,
VE={veV|p,(v)=vVgeG}

15 called as the fixed subspace of V.
We note that V¢ is the G-invariant subspace.

Note: The subrepresentation ¢ | V¢ is equivalent to dimV % copies of the
trivial representation.

Proposition 5.1.19. Let ¢ : G — GL(V) be a representation. Let x1 be the
trivial character of G. Then, (x4, x1) = dimVC.

Proof. Proof: Let V.= m Vi @ .... & m,V, where Vi, V5, ..., V, are the irre-
ducible G-invariant subspaces of V.

Without loss of Generality, assume that V] is equivalent to the trivial
representation. Let ¢' = ¢ | V;.

Let v € V. Then, v = vy + vy + ....vs with v; € m;V; and

Bg(v) = (m16")g(v1) + ... + (M) (vs)

and so, we conclude that,
veVYiff v, € miV;G V 2 <1 < s. or we can say that,

VE=mViamVy @ ... omVS

Let ¢ > 2. Since, each V; is irreducible and not equivalent to the trivial

representation and V¢ is G-invariant, V¢ = 0 and thus, V¢ = m, V.
Therefore, dimV® = mydimV; and hence, m; is the dimension of Vy

where m; is the multiplicity of trivial representation in ¢ ]

Proposition 5.1.20. Let 0 : G — Sx be a group action. Let Oy,Os,...,Op,
be the orbits of G on X and define v; = eroﬁ’f' Then, vy,vs, ..., Uy, s the
basis for CX% and hence, dimCX© is the number of orbits of G on X.

Proof. We need to show that vy, vs, ....v,, is the linearly independent set and
spans CX¢. First to show linear independence, we observe that,

Gq(vi) = Z og(x) = Z Y =1

z€0; ye0;
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Form this we conclude that vy, vs, ..., v,, belongs to the fixed subspace X
and hence, v1,vs, ...,vm € CX% Now, since the orbits are disjoint and we
know that if v; = }° .o civ and v; = 37 o ;o are the two formal sums
where ¢; and ¢; are the coefficients then

(i, 05) =i

As here, we have all coefficients in the formal sum to be 1, therefore,

v _J 0] i=g
<“““J>_{0 .y

which shows that {vy,vs, ..., v, } is an orthogonal set of non zero vectors
and hence linearly independent. Now it remains to prove that this spans
CX€. For this, suppose, v = >y ¢,z € CX“. We first show that if some
elememt z € G.y then, ¢, = c,. Let z € G.y then, z = 0,(y) then,

Z et =0v=20,1v)= Z cp04(x)

rzeX zeX

Now the coefficient of z in left hand side is ¢, and the coefficient of z in right
hand side is ¢, since z = 0,(y). Therefore, ¢, = ¢,.

This implies that there exist ¢y, ¢s, ..., ¢, € C such that ¢, =¢; V x € O;.
Thus,

m
v = E Cpk = E E Cpk = E Ci E xr = E CiV;
zeX i=1 z€O; =1 z€0;
Hence, vy, vg, ..., Uy, spans CX& and hence is the basis for the same. O

Corollary 5.1.1. Burnside’s lemma: Let 0 : G — Sx be a group action

and let m be the number of orbits of G on X. Then, m = 0@ > gec [ Fiz(g)]

Proof. Let x1 be the trivial character of G. We know that the multiplicity of
the trivial representation in &, m = (xs, x1) = dimV¢.
And also, we know that

(Xz:x1) = WZX&(Q)M Z]sz

geG geG
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Corollary 5.1.2. Let 0 : G — Sx be a transitive group acion. Then,

1

m Z |Fiz(9)* = (x5, X5)

geG

rank(o) =

Proof. We know that thr rank of the action ¢ is equal to the number of orbits
of 02 on X x X. And, the number of fixed points of g on X x X is |Fiz(g)|*.

From the consequence of Burnside’s lemma, we can conclude the first
equality. For the second one,

1

(Xo: X&) = oG > |Fiz(g)|[Fiz(g)]
geG
1
— " |Fia(g).
O(G) =
Hence, by this we get the second equality. ]

Suppose 0 : G — Sx be a transitive group action. Let vy = > .
Then, we prove that CX% = Cuy.
We know that CX¢ = {z € X|oy(z) = 2} and Cuvy = span{>_,_y z}. Now,
let v € Cup that is, v =) _y cx. now,

69(2 cx) = Z og4(cx) = Z coy(x) = ch =0

zeX rzeX zeX yeX

since the action is transitive and the representation & is a unitary represen-
tation.This shows that v € CX% and hence Cvy C CX©.
Now, we show the other part. We know that the orbit of x is,

G.x = {o,(x)lg € G}

now, since the action is given to be transitive, we have G.xz = X. Hence, by
previous theorem, it follows that v, is a basis for CX©.

Hence, CX¢ = Cuvy. Now let V; = Cug- is a G-invariant subspace.

We define Cvg to be trace of o and V; to be augmentation of o. Let
o' be te restiction of & to V. Hence, ¢’ is the augmentation representation
associated to o.
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As CX = Vy @ Cug, we have,

Xo = X5+ X1
where y; is the trivial character.

Theorem 5.1.21. Let 0 : G — Sx be a transitive group action. Then, the
augmentation representation &' is irreducible iff o is 2-transitive on X.

Proof. We know that o is 2-transitive iff rank(c) = 2. Let x1 be the trivial
character of G. Then,

(xo7, X&) = (X6 — X1, X&* — X1) = (X&» X5) — (X&» x1) — (X1, X5) + (X1, X1)

Now, since o is transitive, (xs, x1) = 1 and (x1, x5) = 1. Also, (x1,x1) = 1.
This implies that,

(X': x1) = rank(o) — 1
and so, 5 is irreducible character iff rank(c) = 2 that is, iff o is 2 - transitive

on X.
O]

5.2 The Centralizer Algebra

Some Notations:

Let 0 : G — Sx is a transitive group action. Our aim is to study the set
Homg(6,6) which is the set of all morphisms from & to iself. That is , it is
the set of all invertible maps T such that T'o, = 7,7

Let us consider the set, X = {x1,x9,...,x,}. Let ¢ : G — GL,(C) be
defined as, ¢, = [7,]x.

Then, ¢ ~ ¢ and so, Home(6,5) = Home(dg, ¢g)-

Homg (¢, ¢) = {A € M,(C)|Ap, = ¢p,A Y g € G} that is exactly the set
{A € My(C)lgyAg," = AV g € G}
We denote Homg (¢, ¢) as C(0) known as the Centralizer algebra of o.

Proposition 5.2.1. C(0) is a unital subring of M, (C).
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Proof. We note that, ¢,I,¢," =1,V g € G. Let A, B € C(0) then,
¢g(A+ B)p, " = ¢gAp, " + ¢yBo,' = A+ BV ged

Similarly, qﬁg(AB)%_l = ¢9A¢;1¢QB¢9—1 — AB.
This shows that C'(o) is a unital subring of M, (C).
[

Next, we show that, dim(C(0)) = rank(c). The proof goes as follows.
Let V = M,(C) and 7 : G — GL(V) by 1,(A) = ¢4A¢," be a represen-
tation.Then,
Ve ={A€e M,(C)lp,Ap,' = AV g€ G} =C(o)

For the next proposition we retain the same notations described right
now. And also, consider 02 : G — Sxxa

Proposition 5.2.2. Define a map T : M,,(C) — C(X x X) by

n

T(ai) = > aij(i, ;)

ij=1
Then, T is an equivalence between T and o?.

Proof. The defined map T is clearly linear and invertible with the inverse,

n

> (@i, x5) — (aiy)

1,5=1

Let g € G and let A = (a;;) € M,(C) and B = (b;;) = 1,A = ¢4Ap,". Next,
we define action v: G — S, as

og(z;) = 20,5 for g€ G
As,

;otherwise

OTES S
and,

oy ={ g o)

;otherwise
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we have,
bij A(9)inand (9™ )y = ay 10,1 ()

Therefore,

TTgA = Z bi]’(l’i, .Z’j)

ij=1

n
- E :avg—l(i>ﬁg—1(j)(xivxj)

ij=1

= Z ap(og(xr), 0g(17))

3,7=1

= Z aij(04(7i), 04(7;))

ij=1
n
= 00w, 7))
ij=1
= 02T A.
Hence, T is an equivalence between 7 and o?.
Now,as our motive was to determine the dimension of C'(¢), so, must be
thinking that what can be the basis for C(o).

Let O be an orbital of o that is, orbital of o2.
Define A(O) € M, (C) by

_ I (mia xj) €0
A(Q);; = { 0 ;otherwise.
Following corollary describes the basis for C(o).

Corollary 5.2.1. Leto : G — Sx be a transitive group action. Let O, 0, ..., O,
be the orbitals of o where r is the rank of o. Then, the set { A(Oy), A(O2), ...., A(O,)}
is a basis for C(o) and consequently dim(C(o)) = rank(o)

Proof. Proof: By the proposition done earlier, we know that,

we= Y (z1)

(wizj)€) (k)
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is a basis for C(X x X)¢.
Clearly, A(Oy) = T~ vy, where, T : M,,(C) — C(X x X) defined as,

n

T(a;;) = Z a;; (s, x5)

,j=1

Now, as T is an equivalence from M, (C) and C(X x X), so it restricts its
equivalence to M, (C) = C(0) and C(X x X).

Therefore, {A(Oy), ..., A(O,)} is a basis for C(o).

Hence, dim(C(0)) = rank(o).

5.3 Gelfand Pair

Definition 5.3.1. Let G be a group. Let H be the subgroup of G. Let o :
G — Sa/u be the coset action. Then, (G,H) is said to be Gelfand Pair if the
centralizer algebra C(o) is commutative.

Example 5.3.2. Let G be a group. Let H be its subgroup such that H = {1}.
Let A : G — Sg be the regular action of G and hence, lambda : G — GL(CG)
15 the regular representation of G say, L.

Our claim is C(X) is isomorphic to L(G).

Let T € C(X\) and define fr : G — C by,

T1 = ZfT(x_l)x

zeG

We show that the map v : C(\) — L(G) defined as,
T+— fT

s an isomorphism.
First, note that, since T € C(X) that is, T € Homg(L, L) so, L,T =TL,.

Now, for g € G,

T,=TLy1=LT1=1L,> fr(z ")

zeG
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Therefore, T is determined by fr and hence, this shows that, 1 is one one.
Next, we need to show that v is onto.
Let f : G — C be a function in L(G). Then, we can define T' € End(CGQG)

on the basis as,
T, = Lng(x_l)x

zelG
Now, if g,y € G then,

TL,g =T, =Ly, Z f(zYz = L,T,.

zeG

So, T € C(X). Also, T1 =3 . f(a™")x and so, fr = f. Hence, ¥ is onto.
Next, we show that v is homomorphism.
Let Tl,TQ € C()\)

N1 =T fr(z )

zeG
= fo(a" L1
zeG
~ Y fr@ LY Yy
zeCG zeG
= Il Dy
z,yeG

Let g=zy and v = x~! then, y~' = g~ 'u~'. This shows that,

N1 = Z Z fr(g ™) fr,(u)g

geG ueG

= Z fr* I (97 Y)g

geG

This implies that, fr,r, = fr, * fr,.

Hence, 1 is homomorphism. Therefore, we conclude that, v is an iso-
morphism.

Now, as a consequence,

(G,{1}) is a Gelfand Pair
<= C(\), the centralizer algebra is commuattive that is,
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< L(G) is commutative.
— L(G) =Z(L(G)).
We know that, dim(Z(L(G))) = |CU(G)| and dim(L(G)) = |G].
So, (G,{1}) is a Gelfand Pair.
= |Cl(G)| =|G].
< G is abelian.
Therefore, (G,{1}) is a Gelfand Pair <= G is abelian.

Note: (G,H) is a Gelfand Pair iff 5 is multiplicity free that is, each irre-
ducible constituent of sigma has multiplicity one.

Definition 5.3.3. Let 0 : G — Sx be a transitive action. Then, to each
orbital O of o , we can associate its transpose,

OF = {(x1,22) € X x X|(22,21) € O}
which s also an orbital since the action s transitive.
Definition 5.3.4. O is symmetric orbital if O = OT.

Example 5.3.5. The diagoanl orbital A is symmetric.

Note that, A(OT) = A(O)*.
Hence, O is symmetric iff the matrix A(O) is symmetric.

Definition 5.3.6. Symmetric Gelfand Pair: Let G be a group and H be
its subgroup with corresponding group action o : G — Sq/u. Then, (G,H) is
called a symmetric Gelfand Pair if each orbital of o is symmetric.

Example 5.3.7. Let H be a subgroup of a group G. Let action of G on G/H
is 2-transitive. Then, orbitals are, A and Ab in G/H x G/H. Clearly, each
one of them is symmetric.

Example 5.3.8. Let n > 2. Let N be the set of all 2-element subsets of
{1,2,...,n}. Then, S, acts on N as follows.
Define, 7: S, — Sy by,

7 ({i,7}) = {o(2),0(j)}-

Note that this action is clearly transitive since S,, is 2-transitive on {1,2, ...,n}.
Let H be the stabilizer of {n — 1,n} in S,.
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So, H is the internal direct product of S, and Sgn_1,,y and hence, H =
Sp—2 X S.

Let us recall the definition of internal direct product.

A group G is the internal product of two subgroups Ny, Ny if the following
conditions hold:
(i) N1, Ny are both normal subgroups and,
(11)) Ny N Ny = {0} and NNy = G.
Equivalently, G is the internal direct product of N1, Ny if every element of
N1 commutes with every element of Ny that is, Ny C centralizer(Ny).

Getting back to the example, we find that the action of S, on N can be iden-
tified with the action of S, on S, /H.

Now, let O be a non trivial orbital then, any element of O is of the form,
({i,5},{k,1}) where {i,j} # {k,l}. Now we have two cases:

Case(i) : If all are distinct, then, the permutaion of S, , (i k)(j 1) takes
this element to ({k,l},{i,j}) so, O is symmetric.

Case(ii) : Suppose i=Fk. Then, the permutation (i k)(j 1) becomes (j l) which
takes this element to ({i,1},{i,7},{i,7}) . Therefore, O is again symmetric
since 1=k.

So, (S, H) is a Symmetric Gelfand Pair.

Lemma 5.3.9. Let R be a subring of M, (C) consisting of symmetric matri-
ces. Then R is commutative.

Proof. Let A, B € R. Then, AB € R and hence,
AB = (AB)" = B" AT = BA.
Hence, R is commutative. ]

Theorem 5.3.10. Let (G,H) be symmetric Gelfand Pair. Then, (G,H) is a
Gelfand Pair.

Proof. Let 0 : G — Sg/u be an action. Let Oy, Os, ..., O, be the orbitals of
.

Since, each O; is symmetric, each A(O;) is symmetric for i = 1,2, ...,7.
Since, symmetric matrices form a vector subspace of M, (C) and

{A(Ol)7 A(02>7 sy A(Or)}
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is a basis for C'(o) (by corollary done before).
This shows that C'(o) consists of symmetric matrices. So, C'(0) is com-
mutative by previous lemma. Hence, (G,H) is a Gelfand Pair. ]
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5.3. Gelfand Pair
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