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1 Regular Representation

In this section we will talk about the regular representation. For this we have first to
construct a vector space. We choose a finite set X as a basis and denote the vector
space as:

(CXz{chxMxEC}
zeX

So the elements of CX are linear combinations of the elements in X. If we take two
elements of CX, then

Zazx: Zbajx@aI:bIVxeX
zeX zeX

The addition of the elements of CX is given by:

Z . T + Z bpx = Z:(agC + b )z

rzeX rzeX rzeX
and an inner product on CX is defined as:
( E ap, E byx) = E azby
reX reX zeX

So now with this notation we can give the definition of the regular representation.

Definition 1. Let G be a finite group. The regular representation of GG is the homo-
morphism L : G — GL(CG) defined by

L, Z cph = Z chgh = Z Cg—15T (1)

heG heG zeG

for z = gh and g € G.



If we take a basis element h € G, we have Lyh = gh, so this means that L, acts on
the basis via left multiplication by g. So the L stands for left. Given the action on the
basis, the formula (1) is then the usual formula for a linear operator acting on a linear
combination of basis vectors. It follows that L, is linear Vg € G. Also L, has the
property that it is never irreducible when G is non-trivial. But what we will see later
is, that the regular representation of G contains all the irreducible representations of
G as constituents.

But first we have to prove that the regular representation is indeed a representation.

Proposition 1. The regular representation is a unitary representation of G.

Proof. It follows that L, is linear. So we first have to show that L is a homomorphism.
Let g1,92 € G, h € G basis element, then:

L91L92h = Lgngh = g192h = L9192h'

So it follows that L is a homomorphism. Now we have to show that L, is unitary. For
this we take the inner product:

(Lg > enhiLy Y knh) = (O cgmraw, Y kgmrpt) = 3 Cgorghg1y

heG heG zeG zeG zeG

1

then we set y = g7« and we get

D ek = ey ) k)
yed ye@ ye@
Since x = gh and y = g 'z it follows y must be equal to h and therefore L, is

unitary. From this we can conclude, that L, is invertible and hence L is a unitary
representation. O

We would like to decompose L into irreducible constituents for this we have first to
compute the character of L.

Proposition 2. The character of the regular representation L is given by
_JIGI g=1
xL(g) = {0 g#1.

Proof. We take a finite group G = {g1,...,gn} such that |G| = n. We know that for
a basis element g; € G, we have Lyg; = gg;. So if we want to write the matrix [Lg];;
of L, with respect to the basis G, we get that:

1 g;=gg;
Lglij =
[Lglis {O else

_J1 g=g9g"
0 else.



Because we only need the diagonal entries of [Ly];; to compute the character, we have:

[Lglii = {1 9=1

0 else

and from this we can conclude

G| g=1

= Xi(9) = Tr(Ly) = {0 L

O

Now we decompose the regular representation L into irreducible constituents. For
this we take a complete set {<p(1), ceey <p(s)} of inequivalent irreducible unitary rep-
resentations of G and we fix d; = deg(¢®). As a notation we put y; = Xy for
i=1,...,s. So we formulate our first theorem.

Theorem 1. Let L be the reqular representation of G. Then the decomposition
L~ d1cp(1) o d2g0(2) DD dsSD(S)
holds.

Proof. We know from last week, that we can write L ~ mio® @ --- @m0, so we
can compute the m;’s and then we can conclude.

mi = (X1 Xi) = |—§;| S v (9
geG
1 -
= |G

= deg(p™)
—d,

O

So now we can also see, that the regular representation contains all the irreducible
representations of G as constituents.
With this theorem we can now show some important properties.

Corollary 1. The formula |G| = d? + d3 + - - + d? holds.

Proof. With the theorem above, we know that the decomposition holds. So we can
write the character of L as x; = dix1 +dax2 + - +dsxs. By using that x (1) = |G|,
we get that

G = x0(1) = dixa(1) + -+ daxs (1) = df + -+ + d2



Now we can show as a consequence that the matrix coefficients of irreducible unitary
representations form an orthonormal basis for the space of all functions on G.

Theorem 2. The set B = {\/dkgogf) 1<k <s,1<4,57<dg} is an orthonormal
basis for L(G), where we have retained the above notation.

Proof. We already know by the orthogonality relations that B is a orthonormal set.
And since |B| = d? + - - - + d? = |G| = dim(L(G)) it follows that B is a Basis. O

Last week we saw that the irreducible characters form an orthonormal set of class
functions.
With the next theorem, we can show that they form an orthonormal basis.

Theorem 3. The set x1,...,Xs i an orthonormal basis for Z(L(G)).

Proof. Since we know that they form an orthonormal set, we must show that they
span Z(L(G)). So let f € Z(L(G)) be a class function. Since Z(L(G)) is a subspace
of L(G) we can use the above theorem and write f as:

f= chc)gow ,Wlthc()E(Cand1<k<s 1<4,5 <dg.

1,5,k

Since f is a class function, we know that f(x) = f(g~'xzg), Vg,z € G. So we get
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and f is in the span of the irreducible characters. Therefore they form an orthonormal
basis for Z(L(Q)). O

From the previous talk we also saw, that the number of equivalence classes of irre-
ducible representations is at most the number of conjugacy classes we have in G. Now
we can show the equality.

Corollary 2. The number of equivalence classes of irreducible representations of G is
the number of conjugacy classes of G.

Proof. Since the irreducible characters build an orthonormal basis for Z(L(G)), we
know that

s = # irreducible characters = # equivalence classes of G = dim(Z(L(QG))) = |CI(G)|
O

Corollary 3. A finite group G is abelian if and only if it has |G| equivalence classes
of irreducible representations.

Proof. This statement holds because a finite group G is abelian < |G| = |CI(G)| O

Example 1 (Irreducible representations of Z/nZ).
Let w, = e*™/™. Define x : Z/nZ — C* by xx([m]) = wF™ for 0 <k <n—1. Then
X0s - - - Xn—1 are the distinct irreducible representations of Z/nZ.

Definition 2 (Character table). Let G be a finite group with x1,..., X, irreducible
characters and C1,...,Cs conjugacy classes. The character table of G is the s X s
matrix X such that X;; = x;(C;). So the rows of X are indexed by the characters of
G and the columns of X by the conjugacy classes of G and the ij-th entry of X is the
value of the i-th character on the j-th conjugacy classes.

Example 2. The character table of Ss is:

Id | (12) | (123)
x1 | 1 1 1
Y2 | 1| -1 1
X3 2 0 -1
Example 3. Now as another example of a character table we take the character table
of ZJAZ:
] [ 1] | [2] | [3]
xo | 1 1 1 1
X1 1 1 -1 -1
xe | 1 |-1] 1| -1
X3 1 -1 -1 1




We can see in both examples that the columns of the character tables are orthogonal
with respect to the standard inner product. Before we will write down the theorem,
which will show this, we will need some notations.

If g, h € G then the standard inner product of two columns is given by:

Z Xi(9)xi(h)
i=1
And then we recall the indicator function dc. For a conjugacy C of G we have

1 ifgeC
50(9){ g

0 else.

Theorem 4 (Second orthogonality relations). Let C,C’ be conjugacy classes of G and
let g€ C and h € C'. Then

s |G| . e
(AT = Jiar fC=C
;X1<9)X1(h) {0 FOLC

and so consequently the columns of the character table are orthogonal and hence the
character table is invertible.

Proof. We know that the d¢’s form a basis for Z(L(G)) and also the irreducible char-
acters do this. So we can write d¢ in terms of the irreducible characters:

S

dcr(g) =Y (0o xi)xi(9)

=1

-y ﬁ >~ dor(@)xi(@)xilo)

zeG
- LY w@le)
1G]
i=1 zeC’

= ||g|| Z Xi(9)xi(h)

i=1

and since

1 ifgeC
50'(9)2{ I

0 else.

We can conclude that




So now it follows that the character table form an orthogonal set of non-zero vectors
and so they are linearly independent. And so the character table as a matrix has full
rank and therefore is invertible.

Remark 1. The character table is in fact the transpose of the change of basis matriz
from the basis {x1,...,Xs} to the basis {oc : C € CI(G)} for Z(L(G)).

Now we come to the last part, which will be about Representations of abelian groups.

2 Representations of abelian groups

In this part we compute the character of an abelian group. Since any abelian group is
a direct product of cyclic groups, we only need to know, how to compute the character
of a direct product. For this we have the following Proposition.

Proposition 3. Let G1, Gy be abelian groups and suppose that x1,..., Xm and @1, ..., P
are the irreducible representations of G, Ga, respectively. In particular, m = |G1] and
n = |Ga|. Then the functions a;j : G1 x Ga — C* with 1 <i <'m, 1 < j < n given
by

ij(g1,92) = Xi(91)9; (92)
form a complete set of irreducible representations of Gy x Gs.
Proof. First we have to show that the c;; are homomorphisms, so:
aij (g1, 92)aij (91, 92) = Xi(91)@5(92)xi(91) %5 (92)
Xi(91)xi(91)%5(92) 05 (95)
Xi(9191)¢;(9292)
= (9191, 9295)
aij((91,92) (91, 95))

= «; are homomorphisms.
Then if a5 = i = xi(9) = @ij(9,1) = anlg,1) = xu(9) = i=k
and similarly we can conclude that j =1

Sa =0y i=k j=1

Since |G1 X G2| = mn, so G X G5 has mn inequivalent irreducible representations and
we also have mn ay;’s functions, it must follow that they are all of the inequivalent
irreducible representations. O

Example 4 (Klein four group Z/27Z x Z/27Z). The character table of Z/2Z is given

by
(o] | [1]
X1 1 1
x2 | 1| -1




And so with the Proposition above we can compute the character table of Z/2Z X Z/27.
We have 2 - 2 irreducible characters and conjugacy classes:

([0}, [o)) | (fo1, [1]) | (0], [0]) | ([1], (1))
a1 1 1 1 1
12 1 -1 1 -1
Q921 1 1 -1 -1
Q2 1 -1 -1 1
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