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Preface

This book gives an exposition of the fundamentals of the theory of linear
representations of finite and compact groups, as well as elements of the the-
ory of linear representations of Lie groups. As an application we derive the
Laplace spherical functions. The book is based on lectures that I delivered in
the framework of the experimental program at the Mathematics-Mechanics
Faculty of Moscow State University and at the Faculty of Professional Skill
Improvement. My aim has been to give as simple and detailed an account
as possible of the problems considered. The book therefore makes no claim
to completeness. Also, it can in no way give a representative picture of the
modern state of the field under study as does, for example, the monograph
of A. A. Kirillov [3].

For a more complete acquaintance with the theory of representations of finite
groups we recommend the book of C. W. Curtis and I. Reiner [2], and for
the theory of representations of Lie groups, that of M. A. Naimark [6].






| ntroduction

The theory of linear representations of groups is one of the most widely ap-
plied branches of algebra. Practically every time that groups are encountered,
their linear representations play an important role. In the theory of groups
itself, linear representations are an irreplaceable source of examples and a
tool for investigating groups.

In the introduction we discuss some examples and en route we introduce a
number of notions of representation theory.

0. Basic Notions

0.1. The exponential function
te'” (t€R)

is, for every fixed a € R, a homomorphism of the additive group R into the
multiplicative group R*. Are there any other homomorphisms f : R — R*?
Without attempting to answer this question in full generality, we require that
the function f be differentiable. The condition that f be a homomorphism is
written:

ft+u) = f(t)f(u)
for all ¢, u € R. Differentiating with respect to u and putting u = 0 we get

f't) = f(t)a,
where a = f’(0). The general solution of this differential equation is f(t) =
Ce', but the condition that f be a homomorphism forces f(0) = 1, whence
C = 1. Thus, every differentiable group homomorphism of R into R* is an
exponential function. This is one of the reasons why exponential functions
play such an important role in mathematics.

In solving systems of linear differential equations with constant coefficients
one encounters the matriz exponential function

(1) t—et (teR, AcL,(R)).

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_1, © Birkhéuser Verlag 1989



2 Introduction

Recall that it is defined as the sum of the series
L th Ak
k!

k=0
or, alternatively, as the solution of the matrix differential equation
(2) F'(t)=F(@)A (F:R — L,(R))
with initial condition F'(0) = E. The exponential matrix function has the
property that

elttwA — otAgud g1 all t,u € R,
i.e., it is a homomorphism of the group R into the group GL,(R). As
above, one can show that every differentiable group homomorphism of R into

GL,(R) has the form (1). This is a generalization of the preceding result,
since R* = GL;(R).

Example. It follows from the addition formulas for trigonometric functions
that

3) cos(t +u) —sin(t+wu)\ [cost —sint) cosu —sinu
sin(t +u)  cos(t+u) /) \sint cost/\sinu  cosu )’
This says that the map

(4) F'tH(COSt —sint)

sint cost

is a group homomorphism of R into GLz(R), and hence it has the form (1).
Here
_ 12 _ 0 _].
a=ro=(? ).

0.2. Let S,, denote the symmetric group of degree n and let K be an arbitrary
field. To each permutation o € S,, we assign the matrix

(5) M(U) = Ea(l),l + .+ Ea(n),na

where FE;; designates the matrix whose (7, j)-entry is the identity element of
the field K, while the remaining entries are zero.

We claim that for all o, 7 € S,,:
(6) M(o7) = M(c)M(7).
In fact, one readily verifies the following multiplication rule for the matrices
Eijl
N | Ey ifj=4,
Eij B = {0 if j # L.
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Using it we find that
M(o)M(7) = Egr(iy,r()Ery1 + - + Eor(n)r(n) Er(n)n
=Egry1 + -+ Eornyn = M(o7),
as claimed.
We remark that the matrices M (o) are nonsingular. More precisely,
det M (o) =1I(0)

where II(o) = £1 denotes the parity of the permutation o. Equality (6) says
that M is a group homomorphism of S,, into GL,,(K).

0.3. De€finition. A MATRIX REPRESENTATION of the group G over the field K
is a homomorphism

T:G — GL,(K)

of G into the group GL, (K) of nonsingular matrices of order n over K. The
number n is called the DIMENSION of the representation T'.

The word “representation” should suggest that once a matrix representation
is given, the elements of the group can be viewed as matrices or, in other
words, that there is an isomorphism of the given group with some group of
matrices. In the cases where the group G has a rather complicated structure,
it may very well turn out that such a representation is the only simple way of
describing G. For instance, the group GL, (K) is defined as a matrix group,
i.e., the identity map Id: GL,(K) — GL,(K) is a matrix representation of
GL,(K).

We should, however, emphasize from the very beginning that in reality a ma-
trix representation does not always give an isomorphism between the group
G and a subgroup of GL,,(K). The reason is that one and the same matrix
might correspond to distinct elements of G. To the reader familiar with the
general properties of homomorphisms it should be clear that this occurs if
and only if there are elements of G different from its identity element which
are mapped to the identity element of the group GL, (K), i.e., to the identity
matrix.

The set of all elements of G which are taken by T into the identity matrix
is a normal subgroup of G, called the KERNEL of the representation 7" and
denoted by KerT'. For example, the kernel of the representation (4) of R
consists of all numbers 27k with k € Z.

If Ker T' reduces to the identity element of G, the representation T is said to
be FAITHFUL. In this case G is isomorphic to the subgroup T'(G) of GL,, (K).
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The representation of the group S, constructed above in 0.2 provides an
example.

The other extreme case occurs when KerT' = G, i.e., all elements of G are
taken by T into the identity matrix. Such a T is called a TRIVIAL represen-
tation.

0.4. We next discuss the geometric approach to the notion of representation.

Every matrix A of order n with entries in the field K defines a linear trans-
formation z — Ax of the space K™ of column vectors. Moreover, this corre-
spondence between matrices and linear transformations is bijective and turns
the multiplication of matrices into the multiplication (composition) of linear
transformations. In particular, the group GL, (K) is canonically isomorphic
to the group GL(K™) of invertible linear transformations of the space K".
Accordingly, every matrix representation of a group G can be regarded as a
group homomorphism of G into GL(K™).

Example. Let M be the matrix representation of the group S,, constructed
above in 0.2. For each o € S,, the matrix M (o) can be regarded as a linear
transformation of K™. Let (ey,...,e,) be the standard basis of K™. Then

(7) M(o)e; = eq) for i=1,...,n.

Since a linear operator is uniquely determined by its action on the basis
vectors, equations (7) may be taken as the definition of the representation M.

Replacing K™ by an arbitrary vector space V over the field K, we now arrive
at the following generalization of the notion of a matrix representation.

Definition. A LINEAR REPRESENTATION of the group G over the field K is
a homomorphism of G into the group GL(V) of all invertible linear trans-
formations (linear operators) of a vector space V over K. V is called the
REPRESENTATION SPACE, and its dimension is called the DIMENSION or the
DEGREE of the representation.

Suppose that the space V has a finite dimension n. Then with each linear
representation T of the group G in V' we can associate a class of n-dimensional
matrix representations. To this end we pick some basis (e¢) = (ey,...,e,) of
V. Every operator T(g), for g € G, is described with respect to the basis (e)
by a matrix T'(g) (), and the map T(, : g = T'(g) () that arises in this manner
is a matrix representation of G. On choosing another basis (f) = (e)C (where
C'is the transition matrix from (e) to (f)), we obtain another representation
T( 1), related to T(.) as follows:

Ty (g) = C M) (9)C.
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Definition. We say that two matrix representations T; and Ty are EQUIVA-
LENT (and write 77 ~ T3) if they have the same dimension and there exists
a nonsingular matrix C' such that

(8) T>(9) = C~'T1(9)C
for all g € G.

The foregoing discussion makes clear that to each finite-dimensional repre-
sentation there corresponds a class of equivalent matrix representations.

0.5. Definition. We say that two linear representations,
T,:G — GL(W) and T5: G — GL(V3),

are ISOMORPHIC (or EQUIVALENT), and write 77 ~ T5, if there exists an
isomorphism o: V; — V5 such that

(9) oTi(g) = Ta(g9)o
for all g € G.

In other words, 77 ~ T5, if upon identifying the spaces V; and V5 by means
of o, the representations 73 and Ty become identical. In particular, if V3 and
V5 are finite-dimensional, then in bases that correspond under o the matrices
of the operators T1(g) and T»(g) coincide for all g € G. This means that the
matrix representations associated with the linear representations T; and T5
are identical for a compatible choice of bases, and equivalent for an arbitrary
choice of bases.

Conversely, suppose that for some choice of bases of the spaces V; and V;
the linear representations 77 and T5 determine equivalent matrix representa-
tions. Then, for an appropriate choice of bases, T} and T, determine identical
matrix representations and hence are isomorphic.

Specifically, let the bases (e); and and (e) in Vi and Vo be such that
T1(9)(e), = T2(9g)(e), for all g € G. Then the isomorphism o:V; — V2 which
takes (e); into (e)o satisfies condition (9).

Thus, the matriz representations associated with the finite-dimensional lin-
ear representations Ty and Ty are equivalent if and only if Ty and Ty are
isomorphic.

0.6. Halting here this somewhat unexciting yet necessary discussion, let us
see what benefits we can extract from it.

Recall that linear operators can be added, multiplied with one another, and
multiplied by numbers (elements of the ground field).
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In an arbitrary basis, to these operations there correspond the same opera-
tions on matrices; however, the definitions of the operations on linear opera-
tors are independent of the choice of a basis. Further, in a finite-dimensional
space over R or C, one can define the limit of a sequence of linear operators.
The act of passing to the limit is also compatible with the corresponding
action on matrices, but again does not depend on the choice of a basis.

Let V be a finite-dimensional vector space over K = R or C. The exponential
operator-valued function

t et (te K, acL(V))

can be defined in the same manner as the matrix exponential function (see
0.1 above). It is a linear representation of the additive group K. The matrix
representation that corresponds to this representation in an arbitrary basis
is t — e, where A denotes the matrix of the operator a in that basis. Since
the choice of basis is at our disposal, we can attempt to make it so that A
will take the simplest possible form. For example, in the case K = C we
can arrange that A be in Jordan form. It is known that the Jordan form
is uniquely determined up to a permutation of the blocks. This implies, in
particular, that two linear representations,

t— et and t—et?

are isomorphic if and only if the matrices of the operators o and 3 have the
same Jordan form.

This example illustrates the geometric approach to the notion of representa-
tion, which does not distinguish between equivalent matrix representations
and permits us, in certain cases, to avoid computations in coordinates.

0.7. In order to describe a linear representation, it is not obligatory to choose
a basis in the representation space. Alternatively, representations can be de-
scribed geometrically.

Examples.

1. We specify a linear representation of the group R as follows: to the ele-
ment ¢t € R we assign the rotation by angle ¢ in the Euclidean plane. From
geometric considerations it is obvious that the composition of the rotations
by the angles t and u is the rotation by the angle ¢ + u, and hence that the
map thus constructed is indeed a linear representation. In an orthonormal
basis we have the corresponding matrix representation (4). Formula (3) now
follows automatically, and we can derive the addition formulas for trigono-
metric functions from it (and not conversely, as we did in 0.1).
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2. Let V denote the linear space of all polynomials with real coefficients. To
each t € R we assign a linear operator L(t) € GL(V') by the rule

(10)  (L)f)(z) = f(z—1).

It is readily checked that L(t) is indeed a linear operator and that L(¢t+u) =
L(t)L(u), i.e., L is a linear representation of the additive group R.

3. In the preceding example we can replace polynomials by any space of
functions which is invariant under translations. Here are some examples:

a) the space of continuous functions;
b) the space of polynomials of degree < n;

¢) the space of trigonometric polynomials, i.e., polynomials in cosz and
sin x;

d) the linear span of the functions cosx and sinx.

Let us examine in more detail the last case. Since

L(t) cosx = costcosx + sintsin x,

(11)

L(t)sinz = —sintcosx + costsinx,

the transformation L(t) takes any linear combination of cosz and sinx
again into such a linear combination. Formulas (11) show that in the ba-
sis (cos x,sin ) the operator L(t) is described by the matrix

cost —sint
sint cost |’

Therefore, the representation L of the group R in the space (cosz,sinz) is
isomorphic to the representation constructed above geometrically.

0.8. Group theory is also concerned with more general “representations,”
called actions.

Let X be an arbitrary set and let S(X) denote the group of all bijections of
X onto itself. (If X = {1,2,...,n}, then S(X) = 5,).

Definition. An ACTION of the group G on X is a homomorphism s:G —
S(X).

In other words, the action s assigns to each g € G a bijective map s(g) of the
set X onto itself in such a manner that s(g192) = s(g1)s(g2) for all g1, g2 € G.
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If it is clear to which action we are referring, we will simply write gz instead
of s(g)x. The last equality above signified “associativity”: (g192)z = g1(g22)
for every = € X.

We may regard a linear representation as a special kind of action. As a
nonlinear example we give the action of R on itself defined by the rule
s(t)x =x +t.

This last example can be generalized as follows. Let G be a group. Then G
acts on itself by left translations,

(12) gz = g,

as well as by right translations,

(13) r(g)r = xg '

Let us check that, say, formula (13) determines an action:
r(g1g2)r = 2(g192) " = 2g5 gy

and
r(g1)r(ge)r = r(g1)(xgy ') = 295 g1 -

(The proof explains why ¢ appears in (13) with the exponent —1.)

0.9. With each action we can associate a linear representation in a function
space.

Let K be a field and K[X] the vector space of all K-valued functions on the
set X. Each o € S(X) defines a linear transformation o, in K[X]:

(14)  (oxf)@) = flo7'2)  (f € K[X]).
We have (07)y = 04Ty, i.e., (14) defines a linear representation of the group
S(X). In fact,

((om)sf)(@) = f((or) ') = f(r" o ),
and

(0x7ef)(@) = (Tyf) (0 2) = f(77 07 ).

In an analogous manner we can define a linear representation of the group
S(X) in a space of functions of several variables:

(U*f)(xl» s 7xk) = f(J_lxlv s ,U_1$k).

Now suppose we are given an action s: G — S(X). We define a linear repre-
sentation s, of the group G in the space K|[X], setting
5x(9) = 5(9)x-

Representations of GG in spaces of functions of several variables are defined
similarly.
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Examples.

1. Consider the group G of rotations of a cube (isomorphic, as is known,
to S,) and its natural action s on the set X of faces of the cube. Here the
space K[X] is six-dimensional. As a basis of K[X] we can take the functions
fi1s---, fg, each of which is equal to 1 on one of the faces and to 0 on the
others. Relative to this basis the operators s,(g) are written as matrices of
0’s and 1’s such that in every row and every column there is exactly one 1.
For example, let g be the rotation by 27/3 around an axis passing through
the center of the cube and one of its vertices. Then for a suitable labeling of

the basis functions f;,..., f, the operator s,(g) is given by the matrix
001 0 00O
1 0 00 0O
01 00 00O
000 001
0001 00
000 0 10

2. Let s be the natural action of the group S,, on the set {1,2,...,n}. Then
the representation s, is isomorphic to the representation M constructed
above in 0.2 (see also the example in 0.4).

In general, if X is a finite set, then the space K[X] is finite-dimensional and
its dimension is equal to the number of elements of X. The functions 4,
x € X, defined as

1 ify ==,
W) aw={, 157
form a basis of K[X]. The operators sy(g), g € G, simply permute the ele-
ments of this basis. Specifically,

(16) S*(g)(;ac = 6g$'
In fact,

(5:(9)8,)() = 3,(9™"y) = { 0 i

In those cases of interest where the set X is infinite, it usually possesses an
additional structure (for example, it is a topological space or a differentiable
manifold), and the given group action is compatible with that structure.
Then one considers only functions that are “nice” in one sense or another
(for example, continuous or differentiable), rather than arbitrary functions
on X. For instance, in the case of the action s of the group R on itself
by translations, we can take the space of polynomials for the representation
space of s,. We thus get the linear representation of R considered above in
Example 2, 0.7.
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Definition. The linear representation I, = L of an arbitrary group G (in a
suitable class of functions on G) associated with the action ! of G on itself
by left translations is called the LEFT REGULAR REPRESENTATION of G.

According to this definition
a7 (L@@ =flg"'z) (9,2 €Qq).

The RIGHT REGULAR REPRESENTATION is defined in a similar manner. Need-
less to say, the class of functions in question must be specified exactly.

As we shall see, the study of regular representations is the key step towards
the description of all representations of a given group.

0.10. Methods of producing new representations from one or several given
ones play an important role in the theory of linear representations. One of
the simplest of these methods is the composition of a representation and a
homomorphism.

Let T: G — GL(V) be a linear representation of the group G, and let ¢: H —
G be a homomorphism. Then T o ¢ is a linear representation of the group H.

Let us examine two particular cases of this construction. If H is a subgroup of
G and ¢ is the inclusion map of H into G, then T o ¢ is simply the restriction
of the representation T to H. We denote the restriction operation by Resg.
According to the definition,

(Res T)(h) = T(h)  for h € H.
If now ¢ is an automorphism of G, then T o ¢ is, like T, a representation of

G. Such a “twisted” representation can be isomorphic or not to the original
representation 7.

Examples.

1. Let ¢ = a(h) be the inner automorphism defined by h € G, i.e., a(h)g =
hgh~!. Then for every g € G
(T'oa(h))(g) = T(hgh™") = T(h)T(9)T'(h)~"
or, equivalently,
(18)  (T'oa(h))(9)T(h) =T(h)T(g).
Since T'(h) is an isomorphism of the vector space V onto itself, equality (18)

shows that T oa(H) ~ T.

2. Let ¢ be the automorphism of the group C acting as ¢(z) = —z. Let V be
a finite-dimensional complex vector space. The map F,:t — e'® is a linear
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representation of C for every o € L(V)) (see 0.6). Obviously, F, 0o ¢ = F_,.
The representations F,, and F__ are isomorphic if and only if the matrices
of the operators o and —a have the same Jordan form. (The latter in turn
holds if and only if for any k£ and c in the Jordan form of the matrix of «, the
number of Jordan blocks of order k with eigenvalue c is equal to the number
of Jordan blocks of order k with eigenvalue —c).

Questions and Exercises

1.* Show that dete? = !4 for any matrix A € L (R).

2. If F is as given below, show that I’ is a matrix representation of R and
find a matrix A such that F(t) = e'4:

cosht —sinht
a) F(t) = (sinht cosht)’
1 ¢
b) F(t) = (O 1) .

3. What is a one-dimensional matrix representation?

4. Let M be the matrix representation of the group S,, constructed in 0.2.
Show that tr M (o) is the number of fixed points of the permutation o.

5. How many trivial matrix representations does an arbitrary group admit?

6. Show, without resorting to calculations, that eC M AC = 0-1AC for any
matrices A € L (R) and C' € GL,(R).

7. Let S:R — S(V) be one of the maps listed below, where V' is the space
of all polynomials with real coefficients and t € R, f € V:
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8. Describe one of the equivalent matrix representations associated with the
linear representation S: R — GL(V'), where V is the space of polynomials of
degree < 3 and (S(t)f)(z) = f(zx —t)fort e R, f € V.

9. Find all finite-dimensional linear representations of
a) Z;
b) Z,,.

10.* Find all differentiable finite-dimensional complex linear representations
of

a) G = RT (the multiplicative group of positive reals);
b) G=T={zeC*||z[=1}.

11. Let s be an action of the group G on a set X and e the identity element
of G. Show that s(e) is the identity map of X.

12. Let R = R U {co}. For any matrix A = <(Cl Z) € GL,(R) put
s(A)p = 20 eR)
Ccrtd ’

with the convention that
a-c0o+b a d u
— = — and - =

c-oo+d c 0

for u # 0. Show that s is an action of GL,(R) on R.

13. Write down an explicit formula for the right regular representation of the
group G.

14.* Prove that the left regular representation of any group G is isomorphic
to its right regular representation.

15. Show that every group admits a faithful linear representation.

16. Is every finite-dimensional complex representation of Z obtained by re-
stricting a representation of C to Z?

17. Let ¢ denote the automorphism of the group Z,, defined by the rule
¢(xr) = —z. Find all complex finite-dimensional representations T' of Z,,
with the property that T o ¢ ~T.
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In this chapter we give an account of the basic definitions and simplest the-
orems of the theory of linear representations. Some of these theorems are
valid for both finite- and infinite-dimensional representations. This textbook,
however, is devoted to the former case representations, and the reader is prac-
tically at no loss if he assumes that all representations considered here are
finite-dimensional (except, of course, for those examples which are manifestly
infinite-dimensional).

1. Invariant Subspaces

1.1. The study of the structure of linear representations begins with that of
invariant subspaces.

Definition. Let T:G — GL(V) be a linear representation of the group G
in a vector space V. A subspace U C V is said to be INVARIANT UNDER
REPRESENTATION 7' (or G-INVARIANT, if it is clear which representation of
G one has in mind) if

(1) T(QuelU for all g € G and v € U.

For example, let L be the representation of the additive group R in the space
of all polynomials, given by the rule

(L) f)(x) = f(x—1).

Then the subspace of all polynomials of degree < n is invariant under L for
every m.

It is obvious that sums and intersections of invariant subspaces are invariant.

Suppose that the space V is finite-dimensional and that (e) = (eq,...,e,,) is

»En
some basis in V' such that U = (ey,...,e;). Then the invariance of U under

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_2, © Birkhéuser Verlag 1989
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the given representation T of G means that in the basis (e) each operator
T(g9), g € G, is given by a matrix of the form

Alg) | Clg)\ }
(2) Tie)(9) = 0 1 Bly) .
~—~ g
k
1.2. With every invariant subspace U we can associate two linear represen-
tations of G, acting on the spaces U and V/U respectively. The first of these,

called a SUBREPRESENTATION of T" and denoted by Tj;, is obtained by re-
stricting the operators T'(g) to U:

(3) Ty (g9) = T(g)|U for all g € G.

The second, called a QUOTIENT or FACTOR REPRESENTATION of T and de-
noted by Ty, is defined as follows:

4) Ty;y(x+U)=T(glz+U forallge G, zeV.

(Recall that the elements of the quotient space V/U are the cosets x + U
with z € V)

Definition (4) requires some further explanations. First of all, we have to
verify that the right-hand side does not depend upon the choice of the rep-
resentative z in a given coset. Replacing x by 2’ = z + u with u € U, we
get

T(g)x' +U =T(9)z +T(9)u+U =T(g)z +U.

Here we have used in an essential manner the invariance of U, which guaran-
tees that T'(g)u € U. Next, we have to check that Ty,/;;(g) is a linear operator.
By the addition rule for cosets,

Tyyu(9)(x+U)+ (y+U)) = Ty,y(9)(x+y +U)
=T(g)(z+y)+U
=T(9)z+T(9y+U
= (T(g)x+U) + (T(9)y + U)
=Ty,u(9)(z+U)+Ty,y(9)(y +U).

The homogeneity of T, U s verified in a similar manner. Finally, we have to

show that the map g — TV/U(g) is a homomorphism, i.e.,

Ty u(9192) = Tvyu(91)Tv v (92) for all g1,9, € G.
But this is a straightforward consequence of the definition of Ty, ; and the
equality T'(g,95) = T(9:)T(92)-
If the space V is finite-dimensional, T}, and T}, Ju can be conveniently de-
scribed in terms of matrices. To this end, we pick a basis (ey,...,e,) of V
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such that U = (e;,...,e,). Then the operators T(g), g € G, are described
by the matrices (2). Here A(g) and B(g) are the matrices of the operators
Ty (g) and Ty s (g) in the bases (e;,...,¢;) of U and (€44 + U, ... e, +U)
of V/U respectively.

To prove the assertion concerning the matrix B(g), let b,;(g) (respectively
¢;;(g)) denote the entry of B(g) (respectively C(g)) lying on the i-th row and
Jj-th column of the matrix T\, (g). Then for every j > k

Tyy(9)(e; +U) =T(g)e; +U

k n
= ci;(g)e; + Z b, (g)e; +U
i=1 i=Ft1
= Z bi;(g)e; +U = Z bi;(g)(e; +U),
i=ht1 i=kt1

as it should be.

1.3. Définition. A linear representation 7:G — GL(V) is said to be IRRE-
DUCIBLE if there are no nontrivial (i.e., different from 0 and V') subspaces
U C V invariant under 7'

Examples.
1. Every one-dimensional representation is irreducible.

2. The identity representation of GL(V) is irreducible, since every nonnull
vector in V can be taken into any other such vector by an invertible linear
transformation.

3. The representation of R by rotations in the plane (see Example 1, 0.7) is
also irreducible.

4. The representation of R by translations in the space of polynomials (see
Example 2, 0.7) is not irreducible.

5. Let V be an n-dimensional vector space over the field K, and let e, ... e,
be a basis in V. The representation M of the group S, in V specified by the
rule

M(o)e; = e, (t=1,...,n)

(see 0.2 and 0.4) is called a MONOMIAL REPRESENTATION OF S, . It is not
irreducible: for example, it leaves invariant the (n — 1)-dimensional subspace

Vo= {Zmiei le :O},




16 I. General Properties of Representations

and also the one-dimensional subspace
V, = < Z e; >
If the characteristic of the field K is equal to zero, then V; ¢ V[, and hence

V=V,oV.

We claim that in this case the representation M, = My, is irreducible. In fact,
suppose U C V,, is an invariant subspace. Let x = )" z,e, be a nonnull vector
in U. Since x ¢ V], at least two of the numbers x; are distinct. Suppose, for
the sake of definiteness, that z; # z,. Then

M((12)z — = = (25 — z1)(e; —ep) €T,

whence e; — e, € U. Applying to e; — e, various operators M (o), we can
obtain all vectors of the form e, — e, and the latter span the subspace V.
Thus U = V|;, as we needed to show.

R

1.4. Déefinition. The linear representation 7' : G — GL(V) is said to be com-
PLETELY REDUCIBLE if every invariant subspace U C V has an invariant
complement W. (Recall that W is called a COMPLEMENT of U if V = U®W.)

Every irreducible representation is completely reducible (though from the
point of view of the Russian [or English] language this may sound strange!) In
fact, for an irreducible representation there are only two invariant subspaces:
the entire representation space and the null subspace, which complement one
another. Hence every invariant subspace has an invariant complement.

Notice that if U and W are complementary subspaces, then the restriction
o of the canonical map V' — V/U to W is an isomorphism of the space W
onto V/U (each coset of U in V' contains exactly one element from W). If,
in addition, U and W are invariant under the representation T: G — GL(V),
then o commutes with the action of G:

oy (9)z =T(9)z + U =Ty, (g)ow.
This implies that the representations Ty, and Ty, are isomorphic.

Let us examine in more detail the finite-dimensional case. Let T: G — GL(V)
be a finite-dimensional linear representation of the group G. Let U, W C
V be complementary invariant subspaces. Pick bases (eq,...,¢;) in U and
(€xg1s---»€p,) in W. Together they yield a basis (e) = (e,...,e,) in V.
Relative to (e), the operators T'(g), for g € G, are given by matrices of the
form

5) (%)}

k
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where A(g) is the matrix of T},(g) in the basis (eq,...,e;), and B(g) is the
matrix of Ty (g) in the basis (ej1q, ..., €,), as well as the matrix of T\, (g)

(see 1.2 above).

Example. Consider the two-dimensional representations F' and S of R, given
in the basis (e) = (e, e5) by the matrices

1t el et —1
F(e)(t) = (O 1) and S(e)(t) = (O 1 ) .

In both cases U = (e;) is an invariant subspace. Does it admit an invariant
complement?

In the first case, F7; and Fy,; are trivial representations. Assuming that an
invariant complement to U exists, F' would be specified, in a suitable basis,
by the (t-independent) matrix

(b 1)

i.e., would be a trivial representation, which is not the case. Thus U has no
invariant complement. In particular, F' is not completely reducible.

For representation S, one can check that S(t)(e; —ey) = e; — ey for all
t € R. Consequently, (e, —e,) is an invariant subspace. Relative to the basis
(e;,e; —ey), S is given by the diagonal matrix

et 0

0 1/°
It is readily verified that (e;) and (e; — e,) are the only nontrivial subspaces
invariant under S. This shows that S is completely reducible.

1.5. Theorem 1. Every subrepresentation of a completely reducible represen-
tation is completely reducible.

ProOOF. Let T : G — GL(V) be a completely reducible representation, U C
V' an invariant subspace, and U; an arbitrary invariant subspace contained
in U. Since T is completely reducible, U; has an invariant complement W in
V. Consider the subspace W N U. It is invariant and, as is readily verified,
U=U,&(WnU),ie, WNU is a complement of U; in U. This proves the
complete reducibility of the representation Tj;. O
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Theorem 2. The representation space of any completely reducible finite-dimen-
sional representation admits a decomposition into a direct sum of minimal
invariant subspaces.

(We call an invariant subspace MINIMAL if it is minimal among the nonzero
invariant subspaces.)

PRrROOF. We proceed by induction on the dimension of the representation
space. Let T': G — GL(V) be a completely reducible representation. If T' is
irreducible, the theorem is plainly true (and the sum reduces to one term).
In the opposite case there exist nontrivial invariant subspaces. Let U be an
arbitrary minimal invariant subspace, and let W be an invariant complement
of U. By Theorem 1, the representation 1y, is completely reducible. Apply-
ing the inductive hypothesis to Ty;,, we can assume that W decomposes into
a direct sum of minimal invariant subspaces. Adding U to this decomposi-
tion, we obtain a decomposition of V into a direct sum of minimal invariant
subspaces. O

Theorem 3. Let T : G — GL(V) be a linear representation. Let
(6) V=Vi+W+...+V,

be a decomposition of the space V into a (not necessarily direct) sum of
minimal invariant subspaces. Then T is completely reducible. Moreover, for
every tnvariant subspace U there exist indices iy,...,1, such that

p
(7) V=UeV,®...0V,.
P

PRrROOF. It suffices to prove the second assertion of the theorem, since it
is a stronger version of the first. Let U be an invariant subspace, and let
{iy,...,i,} be a (possibly empty) maximal set of indices such that the sub-
spaces U, Vil,...,ViP are linearly independent. We claim that (7) holds in
this case. It suffices to show that

8) V,cUaV, ®...0V,

for every i & {iy,...,i,}. Since V,N (U @V, @...®V, ) is an invariant
subspace contained in V, and since V; is a minimal invariant subspace, either
(8) holds or

(9) vinUeV,e®...aeV,)=0.

However, alternative (9) is impossible, because it would imply the linear
independence of the subspaces U, V, , V. , and V,, thereby contradicting

PR ip

the choice of the set {i,...,i,}. This completes the proof of the theorem. [
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Remarks.

1) Applying Theorem 3 to the subspace U = 0 we conclude that V itself is
the direct sum of a number of subspaces V.

2) An invariant subspace is not necessarily the direct sum of a number of
subspaces V;. For instance, let T be the trivial representation in V. Then
every subspace of V is invariant, and the minimal invariant subspaces are
precisely the one-dimensional ones. Let (eq,...,e,) be an arbitrary basis in
V. Then V = (e;) ®... @ (e,) is a decomposition of V into a direct sum of
minimal invariant subspaces. However, if n > 1, not every subspace is the
linear span of a subset of basis vectors.

1.6. Some Examples. We consider three linear representations of the group
GL(V), where V is an n-dimensional vector space over K.

1. Representation by left multiplication in the algebra L(V') of all linear op-
erators in V:

M)t =aE  (aeGL(V), €eL(V)).

Linear operators can be replaced by their matrices in some fixed basis of V.
Then the definition of the representation A is accordingly modified to

(10)  A(A)X =AX (AeGL,(K), XeL,(K)).

Let L) denote the subspace of all matrices for which every column except
the ¢-th contains only zeros. Obviously,

(1) L,(K)=LWae1L®g.. . oLM.

On multiplying the matrix X on the left by the matrix A, every column of X
is multiplied by A. This implies that the subspaces L) are invariant under
A. Moreover, Aj ) is isomorphic to the identity representation Id of GL,, (K)
in the space of columns, and hence it is irreducible. According to Theorem
3, the representation A is completely reducible.

To the decomposition (11) there corresponds a decomposition of the space
L(V) into a direct sum of minimal invariant subspaces. Such a decomposition
is not unique: changing the basis in V, generally speaking, also changes the
decomposition.

2. The ADJOINT REPRESENTATION in the algebra L(V):

Ad(a)t =afa™  (a € GL(V), €&eL(V)).
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This is indeed a representation:
Ad(ap)E = aft(af)™! = apefta™t = Ad(a)Ad(B)E.

In terms of matrices Ad is defined as follows:

(12) Ad(A)X = AXA™'  (AeGL,(K), X e€L,(K)).

One can show that there are only two nontrivial Ad-invariant subspaces: the
one-dimensional subspace (E) and the (n? — 1)-dimensional subspace L9 (K)

of the matrices with trace zero. If the characteristic of K is equal to zero,
then E ¢ LY(K), and so

L, (K) = (E) & L} (K).
In this case the adjoint representation is completely reducible.

3. The representation in the space B(V') of bilinear functions (forms) on V:

(@()f)(@,y) = f(a™ z,a7ly)  (a € GL(V), [ eB(V)).

This is a natural definition if one is guided by the general principle that every
one-to-one mapping o of an arbitrary set X onto itself acts on functions
of one or several X-valued arguments if one applies o~! simultaneously to
all arguments (see 0.9). It is readily verified that ®(«)f is again a bilinear
function.

The subspaces BT (V) and B~ (V) of symmetric and skew-symmetric bilinear
functions are invariant under ®. If the characteristic of K is different from
two, then

(13) B(V) =BT (V)@ B (V),

and one can show that BT (V) and B~ (V) are minimal. In this case ® is
completely reducible.

In terms of matrices, ® is defined as follows:
(14) P(A)X =(A1YXA  (AeGL,(K), XelL,(K)),
where ’ stands for transposition of matrices.
To (13) there corresponds the decomposition
L, (K) = L (K) & L; (K),

where L (K') and L;, (K) denote the spaces of symmetric and skew-symmet-
ric matrices respectively.

In the following we shall, as a rule, write a f instead of ®(«)f, in agreement
with the general notation adopted in 0.9.
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Questions and Exercises

1. Prove that if the subspace U of the space of the representation T of G is
invariant, then T'(g)U = U for all g € G.

2. Find all subspaces of the space of polynomials that are invariant under
the representation L of R given by the formula (L(t)f)(z) = f(x —t).

3. Let F denote the representation of C in a complex n-dimensional space
given by the formula F(t) = e'® where « is a linear operator whose charac-
teristic polynomial has no multiple roots. Find all subspaces invariant under
F.

4. Without resorting to computations, prove that the matrix B(g) in formula
(2) does not change on passing to a new basis (f) = (f},..., f,,) of the space
Vif f,—e, € U for all i > k.

5. Let W, and W, be two invariant complements of the invariant subspace
U in the space of the representation 7. Prove that Ty, ~ Ty, .

6. Prove that every quotient representation of a completely reducible repre-
sentation is completely reducible.

7. Is the representation
a) of Exercise 2,
b) of Exercise 3
completely reducible?

8. Prove that the representation ¢ — e'® of C is completely reducible if and
only if the operator « is diagonalizable (i.e., it admits a basis of eigenvectors).

9. Prove that the identity representation of the orthogonal group O,, is irre-
ducible for any n.

10. Prove that any monomial representation of the group S,, over a field of
characteristic zero is completely reducible.

11. Prove that for n > 4 the restriction of the representation M, (see Exam-
ple 5 of 1.3) to the subgroup A,, is irreducible.

12. Let T:G — GL(V) be a completely reducible finite-dimensional linear
representation. Show that for every invariant subspace U C V there is a
decomposition V =V, @...®V,, of V into a direct sum of minimal invariant
subspaces and an s <m such that U =V, & ... @ V,.
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13. Prove that the subspaces invariant under the representation A of GL,, (K)
defined by formula (10) are precisely the left ideals in the ring of matrices of
order n.

14.*% Prove that the adjoint representation of the group GL(V') possesses only
the two nontrivial invariant subspaces indicated in 1.6.

15.% Prove that BY(V) and B~ (V) are minimal GL(V')-invariant subspaces
of the space B(V) of bilinear functions.

2. Complete Reducibility of
Representations of Compact Groups

In this section we are concerned only with finite-dimensional representations.

2.1. One of the basic problems of representation theory is that of describ-
ing all representations of a given group (over a given field). In the preceding
section we have seen that the description of completely reducible representa-
tions reduces to that of the irreducible representations (see also Section 3).
Here we will show that all real or complex representations of finite groups are
completely reducible. This result will subsequently be generalized to compact
topological groups; this class includes, for example, the orthogonal group O,,.

The idea of the proof of complete reducibility is to equip the representation
space with an inner product invariant under the action of the group. Then,
given an arbitrary invariant subspace, one finds an invariant complement for
it by taking its orthogonal complement.

2.2. We proceed to implement the program formulated above.

Definition. A real linear representation T:G — GL(V) is called ORTHO-
GONAL if on the space V there is a positive definite symmetric bilinear func-
tion f INVARIANT under 7.

The invariance of f means that

(1) f(T(9)z, T(9)y) = f(z,y)

for all g € G and all =,y € V or, equivalently, that
(2) T(9)xf =1

for all g € G, where the asterisk indicates the natural action of an invertible
linear operator on bilinear functions (see Example 3, 1.6). Taking f as an
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inner product, we turn V into a Fuclidean space in which the operators
T(g), for g € G, are orthogonal.

Similarly, the complex linear representation T: G — GL(V) is called UNITARY
if on the space V there is a positive definite Hermitian sesquilinear function f
invariant under 7. Taking f as an inner product, we turn V into a Hermitian
space in which the operators T'(g), for g € G, are unitary.

Proposition. FEvery orthogonal or unitary representation is completely re-
ducible.

PROOF. Let T: G — GL(V) be an orthogonal representation of the group G.
Let U C V be an arbitrary invariant subspace. Denote by U° the orthogonal
complement of U with respect to an invariant inner product on V. It is known
that
V=UeaU".

For each g € G the operator T(g) is orthogonal and preserves U. By a well-
known property, it preserves U° as well. Hence, U? is an invariant subspace
complementing U.

The proof for a unitary representation is identical. |

2.3. Theorem 1. Every real (complex) linear representation of a finite group
is orthogonal (respectively, unitary).

PrROOF. Let T:G — GL(V) be a real linear representation of a finite group
G. Pick an arbitrary positive definite symmetric bilinear function f, on V/,
and construct a new symmetric bilinear function f by the rule

(3) f=> T(h)fy

heG

Since
fla,x) =" fo(T(h) "z, T(h) ') >0
heG
for every nonnull vector z € V, f is positive definite. We claim that f is
invariant under T'. In fact, for every g € G,

T(9)sf = Z T(9)xT (h)x.fo = Z T'(gh)4 fo-
heG heG
Since the equation gx = h has a unique solution in G for every fixed h, the

last sum above differs from the one in (3) only in the order of its terms. Hence
T(9)sf = f, as claimed.

The proof for a complex representation is identical. O
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Corollary. Every real or complex linear representation of a finite group is
completely reducible.

In point of fact, every linear representation of a finite group over a field whose
characteristic does not divide the order of the group is completely reducible.
(For a proof see, for example, [4].)

2.4. A TOPOLOGICAL GROUP is, by definition, a group endowed with a topol-
ogy such that the group operations

1

T x and (x,y) — xy

are continuous maps.

Examples of topological groups.
1. Any group with the discrete topology.

2. GL(V), where V is an n-dimensional vector space over R or C. The topol-
ogy is defined as on any (open) subset of the vector space L(V'). That is, the
continuous functions in this topology are exactly the continuous functions
of the matrix elements (relative to some fixed basis, the choice of which,
however, does not affect the topology). Since the matrix elements of the op-
erators o' and a3 are continuous functions of the matrix elements of o and
B3, GL(V) is indeed a topological group.

3. Any subgroup of a topological group endowed with the induced topology.
In particular, every group of linear transformations of a real or complex vector
space is a topological group.

A topological group is said to be COMPACT if it is compact as a topological
space.

Examples of compact topological groups.

1. Any finite group endowed with the discrete topology.
2. The orthogonal group O,,.

3. The unitary group U,,.

4. Any closed subgroup of a compact topological group.

To prove the compactness of the groups O,, and U,,, we remind the reader
of the following general fact: a subset of a real or complex vector space is
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compact if and only if it is closed and bounded. O,, is singled out in the
space L, (R) of real matrices by the algebraic equations

E Qi Qs = 5ij
k

and consequently is closed in L, (R). The same equations yield the bounds
la;;| < 1, which prove the boundedness of O,, in L, (R). The compactness of
the unitary group is established in an analogous manner.

A real or complex linear representation T:G — GL(V) of the topological
group G is said to be CONTINUOUS if it is a continuous map of the underlying
topological spaces. This means that the matrix elements of the operator T'(g)
depend continuously on g.

Examples.
1. Any real or complex linear representation of a discrete topological group.

2. If V is a real or complex vector space, then all representations of GL(V)
considered in 1.6 are continuous.

For example, let us prove the continuity of the representation ® (Exam-
ple 3, 1.6). To this end we use its matrix expression (formula (14), 1.6).

Let a;;,a;;,%;;, and Yij denote the elements of the matrices A, A~!, X, and
®(A)X, respectively. Then

Yij = E ALy
k.l

We see that ®(A) is the linear transformation with coefficients (matrix ele-
ments) ay,;ag;, which obviously depend continuously on the elements of the
matrix A. This means precisely that ® is a continuous representation.

One usually considers only continuous linear representations of topological
groups. For this reason from now on we shall omit, as a rule, the adjective
“continuous.”

2.5. From the point of view of the theory of (continuous) linear representa-
tions, compact topological groups are similar to discrete ones. In particular,
we have

Theorem 2. Every real (complex) linear representation of a compact topolog-
ical group is orthogonal (respectively, unitary).

Recalling the proposition of 2.2, we derive the following
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Corollary. Every real or complex linear representation of a compact topolog-
ical group is completely reducible.

To prove Theorem 2 one can proceed as in the proof of Theorem 1, but
now integration replaces summation over a finite group. It is known (see [7],
for example) that on every compact topological group G one can define an
INVARIANT INTEGRATION, meaning that to each continuous function f on
G one can assign a number, denoted by [ f G (x) dzx, such that the mapping
fe=[.f o f(x) dr possesses the following properties:

1) fG(alfl( + ay fy(x)) de = ay fG fi(z)dx + a, fG fo(z) dz (linearity);

2) if fis nonnegative everywhere and does not vanish identically, then we
have [, f(z)dx > 0 (positivity);

3) Jo flgz)de = [, f(zg)dr = [, f(x)dx for every g € G (invariance).

Such an integration is unique up to a constant factor. Usually this factor is
chosen so that

4) [ 1dx =1.

In what follows we shall assume that this last condition is satisfied.

Examples.

1. The invariant integration on a finite group G is defined by the formula

1
/G f@)ds = z;f(x)

2. The invariant integration on the group T ~ U, is defined by the formula

/f 0 o

3. In Chapter III we will show that the group SU, can be identified with
the three-dimensional sphere in such a manner that the left and right trans-
lations are isometries of the sphere. Under this identification, the invariant
integration on SU, can be defined as integration over the sphere with respect
to the usual measure, multiplied by a factor of (272)~1.
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4. Let N be a closed normal subgroup of the compact group G. The invari-
ant integration on the quotient group G/N can be defined in terms of the
invariant integration on G itself as

f0)dy = [ faN) da.

G/N G

In this way one can, for example, define the invariant integration on the group
SO, which, as we will see in Chapter 111, is isomorphic to the quotient group
SU,/{E,—FE}.

The PROOF OF THEOREM 2 for a real linear representation 7: G — GL(V) of
a compact group G proceeds as follows. Let f;, be an arbitrary positive definite
symmetric bilinear function on V. One defines a new symmetric bilinear
function f by the rule

fay) = /G o T@e. T dg  (x.y € V).

Next, using the properties of invariant integration one shows that f is positive
definite and invariant. In the case of a complex representation one proceeds in
the same manner, but one replaces symmetric bilinear functions by Hermitian
sesquilinear functions. O

2.6. We now give an alternate proof of Theorem 2 which does not resort to
integration on the group.

We remark that on multiplying the sum in (3) by the factor |G|~! the function
f becomes the center of mass of the finite set M = {T'(h), f, | h € G} in the
vector space BT (V) of symmetric bilinear functions on V. For each g € G
the transformation T'(g), maps the set M into itself (permuting its points in
some way), and consequently preserves its center of mass.

Our proof of Theorem 2 will also rest on the idea of using the center of mass,
but we must first replace the elementary definition, appropriate for the finite
case, by the notion of center of mass of a compact set of positive measure.

Let V be a real vector space. Let K C V be a compact set of positive measure.
By definition, the CENTER OF MASS of K is the point (vector)

@ E) = uE) [ ouin)

Here z is a vector variable and p denotes the usual measure on V; v is defined
to within a constant factor, but, as formula (4) shows, this freedom in the
choice of p does not affect the result ¢(K).
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The integral in (4) can be defined either coordinate-wise, or directly, as a limit
of integral sums. The first definition proves its existence, while the second
establishes its independence of the choice of a coordinate system (basis) in V.

We now show that
(5) c(aK) = ac(K) for all @ € GL(V).
In fact,

c(aK) = p(aK)™? /Km,u(dx)

= (deta - u(K))™* /K az - det a - p(dx)

= M(K)_la/Ka:,u(da:) = ac(K).

(Moving « in front of the integral sign is permitted thanks to the continuity
and linearity of the transformation c.)

Another important property is that the center of mass of a compact set K
lies in the convex hull of K.

Recall that the CONVEX HULL of an arbitrary set K C V is defined as

m m
conv K = {Zciwi |z, € K, ¢; >0, Zci =1, m arbitrary }.
i=1 i=1
It is the smallest convex set containing K. One can show that the convex hull
of a compact set is closed (see Appendix 3).

It follows from the definition of the integral that the center of mass ¢(K) of
the compact set K is a limit of vectors of the form

p(K)™ Zu(Ki)xi,

where z; € K, C K and ) u(K;) = p(K). Each such vector lies in conv K,
and since conv K is closed, ¢(K) € conv K, too.

2.7. PROOF OF THEOREM 2. Let T: G — GL(V) be a real linear representa-
tion of the compact topological group G.

In the space BT (V) of symmetric bilinear functions on V, consider the subset
P of all positive definite functions. Obviously, P is closed under addition
(the sum of two positive definite functions is again positive definite) and
multiplication by positive numbers. This implies that P is convex. Moreover,
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P is open, since in terms of matrices it is given by the condition that all
principal minors be positive. Finally, it is plain that

(6) a,PCP

for all @ € GL(V).

Let K, C P be an arbitrary compact set of positive measure. Put
K= | T(h),E,

heG

(cf. formula (3)). We claim that the set K enjoys the following properties:

(K1) K C P;

(K2) T(g9)x K = K for all g € G,

(K3) K is compact.

Property (K1) is a consequence of (6). (K2) follows from the equality
T(9)+T(h)x Ky = T(gh)s K.

To prove (K3), consider an arbitrary sequence T'(h,,)« f,, (h,, € G, f,, € K,) of
elements of K. Since G' and K|, are compact, we can, passing to a subsequence
if necessary, ensure that h, — h € G and f, — f € K. Then T'(h,)+f, —
T(h)yf € K (here we used the continuity of the representation T').

Now consider the center of mass f = ¢(K) of K in the space BT (V). Since
¢(K) € conv K (see 2.6), (K1) and the convexity of P guarantee that f € P,
i.e., f is a positive definite symmetric bilinear function. Properties (K2) and
(5) imply that T'(g).f = f for all g € G, i.e., f is G-invariant. Thus, T' is an
orthogonal representation, as asserted.

The complex version of the theorem is proved in an analogous manner, with
the difference that instead of BT (V) one works with the space HT (V) of
positive definite Hermitian sesquilinear functions. Notice that H™ (V') is a real
(and not complex) vector space, and the notion of center of mass introduced
in 2.6 can be used in the indicated proof with no modifications.

Questions and Exercises

1. Let T be an orthogonal or unitary representation of the group G. Prove
that all complex eigenvalues of the operators T'(g), g € G, have modulus one.

2. Give an example of a nonunitary complex representation of Z.
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3. Let T be a real representation of Z, in which the generator of Z; goes

-1 . . .
1 _1>. Find a positive definite
symmetric bilinear function invariant under 7.

into the linear operator with the matrix <0

4. Which of the following topological groups are compact: Z, Z_, T, SL_ (R)?

5. Let T: G — GL(V) be a continuous real or complex representation of the
topological group G, and let U C V be an invariant subspace. Show that the
representations 7y, and Ty, ; are continuous.

6. Let V be a real or complex vector space. Show that the adjoint represen-
tation of the group GL(V) (Example 2, 1.6) is continuous.

7% Let K, and K, be compact sets of positive measure in the real vector
space V. Prove that

a) if the symmetric difference of K and K, has measure zero, then ¢(K,) =
c(Ky);

b) if u(K;NK,) =0, then ¢(K; UK,) lies on the segment connecting c¢(K;)
and ¢(K,).

8.* Give an example of a compact subset of positive measure in the set P of
positive definite symmetric bilinear functions.

3. Basic Operations on Representations

Various methods of obtaining new representations from one or more other
representations play an important role in representation theory. We have al-
ready encountered certain constructions of this sort, namely, composing a
representation and a homomorphism (0.10), and passing to a subrepresenta-
tion or quotient representation (1.2). In this section we consider a number of
other constructions that will be needed later.

3.1. The Contragredient or Dual Representation. Given any linear representa-
tion T: G — GL(V'), we define in a canonical manner the CONTRAGREDIENT
or DUAL representation 77: G — GL(V”’) in the dual space V' of V. (Recall
that the elements of V/ are the linear functions on V.)

Definition. (T'(g)f)(z) = f(T(9)"tx) (9€G, feV' zeV).

T’ is a subrepresentation of the representation Ty of G in the space of all
K-valued functions on V' (see 0.9).
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For a finite-dimensional representation 7', the contragredient representation

can be described in terms of matrices as follows. Let (e) = (ey,...,e,) and

() = (e4,...,¢€,) be a basis in V and the dual basis in V' respectively, i.e.,
g;(e;) = 0,;. Let

T(e) (9) = [aij] and T(IE) (9) = [bij]'
According to the definition,

(T'(9)e)(T(9)e;) = &i(e;) = 6,

T'(9)e; = ZbkiEIN T(g)e; = Zaéjeg,
k ¢

we have that

(T"(9)e)(T(g)e;) = Y byiay; = 5y
k

Since

This means that (17, (9)) T(¢)(9) = E or, equivalently,
(1) T(,)(9) = (Tiey (9))) -

In particular, if T is an orthogonal representation and the basis (e) is ortho-
normal (with respect to an invariant inner product), then Ti,)(g) is an ortho-

gonal matrix, and so ((T, (@)t = T(e)(9)- In this case T, (g) = T()(9),
and so T' ~T.

If T is a unitary representation and the basis (e) is orthonormal, then

(2) T(-(9) = T() (9)

where the bar denotes complex conjugation.

It also follows from formula (1) that 7 ~ T for every representation T.

Theorem 1. Let T' be an irreducible finite-dimensional representation. Then

T’ is irreducible.

ProoF. Let U C V' be a T'-invariant subspace. Consider its annihilator
Ul={zecV|f(x)=0 forall feU}CV.

It is a T-invariant subspace. In fact, for any g € G, z € U°, and f € U we

have

f(T(g)x) = (T"(9)"' f)(z) =0,
because T'(g)~'f € U. It is known from the theory of systems of linear
equations that dim U® = dim V — dim U. Since T is irreducible, U is equal
to 0 or V, and correspondingly U is equal to V’ or 0. This means that V'
contains no nontrivial 7’-invariant subspaces, as we needed to show. O
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3.2 Sums of Representations. Let
T,:G — GL(V}) and T,:G — GL(V,)

be two linear representations of the group G.

Definition. The suM OF T} AND T, is the representation T} +T5, of G in the
space V; @V, defined by the rule

(Ty + 1) (9)(zy +29) =Ty (9)71 + T5(g)7y
(g€ qG, x, €V, 2y €V,).

The sum of an arbitrary finite number of representations is defined in a similar
manner. A sum of representations is independent, up to an isomorphism, of
the order of its summands.

This definition makes it clear that the spaces V; and Vj, canonically imbedded
in V; @ V,, are invariant under T} + T,. Conversely, if the space V of a
representation T of G can be written as the direct sum of two T-invariant
subspaces V; and V,, then T coincides with the sum of the representations
Ty, and Ty, . In fact,

T(g)(zy +z9) = T(g)xy + T(g)7y = Ty, (9)7 + Ty, (9) 7

for all ; € V}, x5, € V,, which is precisely the definition of the sum of the
representations Ty, and Ty, . Analogous assertions are of course true for a
sum of finitely many representations.

In terms of matrices, the sum T of the representations T;: G — GL(V;), for i =
1,2,...,m, is described as follows. Let (e) bea basisin V =V, eV, &...@V,,
that is a union of bases (e); in V;. Then in block form

T(g)(e)l 0
T(9) (),
T(g)() = 2

0 T(g)(e)m

The notion of a sum of representations is suitable for formulating properties
of completely reducible representations.

Theorem 2. Every completely reducible finite-dimensional linear representa-
tion is isomorphic to a sum of irreducible representations. Conversely, every
sum of irreducible representations is completely reducible.

This is simply a reformulation of Theorem 2 and of the first assertion of
Theorem 3 of 1.5. O
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Theorem 3. Suppose the representation T:G — GL(V) is isomorphic to a
sum of irreducible representations T;:G — GL(V;), i = 1,...,m. Then ev-
ery subrepresentation of T as well as every quotient representation of T is
isomorphic to a sum of some of the representations T;.

PRrROOF. It suffices to prove the assertion for quotient representations, since
every subrepresentation 77, of 7' is isomorphic to the quotient representation
Ty w, where W is an invariant complement of the subspace U.

Let U be an invariant subspace. By Theorem 3 of 1.5, it admits a complement
of the form V; &... @Vip, and then Ty, ~ TVH@U_@Vi ~T, ®... @Tz‘,; O

Corollary. Let T:G — GL(V) be a linear representation. Let Vy,...,V, be

m
mianimal invariant subspaces such that the representations T, = Ty, are pair-

wise nonisomorphic. Then Vy,..., V. are linearly independent.

PROOF. Suppose this is not the case. Then there is a k < m such that the
subspaces V,, ..., V, are linearly independent, whereas V), +1ﬂ2f:1 V.=A#
0. Since A C V., and V}., is a minimal invariant subspace, A =V, ,, i.e.,
Va1 C Zle V;. But then, by Theorem 3, T}, is isomorphic to one of the
representations 77, .., T}, which contradicts the hypothesis. |

We show next that the decomposition of a completely reducible representa-
tion into a sum of irreducible components is, in a certain sense, unique.

Theorem 4. Let T be a linear representation. If
T'~Ti+...+T, =5 +...+5,

where T; and S, are irreducible representations, then m = p and, for a suit-
able labeling, T; ~ S,.

(Compare this result with the theorem asserting the uniqueness of the de-
composition of a positive integer into prime factors.)

PRrOOF. By hypothesis, the representation space V of T' admits two decom-
positions into a direct sum of minimal invariant subspaces,

V=Vi®e...eV,=U,6...0U,
such that Ty, ~T; and Ty ~ 5.
The proof proceeds by induction on m. Applying Theorem 3 of 1.5 to the

invariant subspace U = U}, we deduce that V =U @V, ®©...®V, for certain
1,...,%,. Then

‘1

o.ovi,) =Ty +...+ 15,
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where {j;,...,5,} ={1,...,m}\ {¢y,...,4,}. Since the representation S, is
irreducible, £ = 1. Now let us relabel the representations T} so that j; = 1.
Then S, ~ T, and

V=UaV,®...0V,,.

This says that
Tyy~Ty+...+T,.

On the other hand, it is clear that
Ty, y =S +...+5,

Applying the inductive hypothesis to 1}, Jus We conclude that m = p and,
after a suitable relabeling, T; ~ S, for all ¢ > 2. Since T} ~ S, the assertion
of the theorem is also true for 7. O

We remark that Theorem 4 does not imply the uniqueness of the decom-
position of the representation space into a direct sum of minimal invariant
subspaces. Such uniqueness does not hold, as can be seen even in the case of
a trivial representation (see the end of 1.5).

3.3. Products of Representations. Let 7: G — GL(V) and S: G — GL(U) be
two linear representations of the group G.

Definition. The PRODUCT OF T' AND S is the representation T'S of G in the
space V ® U defined by the rule

TS(g) =T(g9) ® S(g).

(For the definitions of the tensor product for vector spaces and linear opera-
tors, see Appendix 2.)

Sometimes T'S is referred to as the tensor product of the representations
T and S. However, we reserve this term for another notion, defined below
in 3.4.

Let us give the matrix interpretation of the product of finite-dimensional
representations. To this end we pick bases

(e) =(eg,...,€,) CV and H=U1,- s f)CU

of the spaces V' and U respectively. Each element z € V ® U can be uniquely
expressed as

T = inj(ei ® fj).
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How is the matrix X = [z,;] transformed under the action of the operator
TS(g) on x?

Let T(.y(9) = [a;;] and S(4(g) = [b;;]. Then

]

ij

T(g)e; = Zakiekv S(Q)fj = Zbéjf£7
k ¢

and

TS(g)x = inj(T(g)ei ® S(g)fj)

= Z T a5,bp: (), @ fy)

W4,k 0
= Z(Z AipTrebje)(e; @ f;)-
ij ke
Hence, X transforms according to the rule

X =Ty (9)XS;(9)

We thus obtain the following matrix interpretation of the product of two
representations:

(3) TS(g)X =T(9)XS(g) (X €L, ,,(K)).
(Here T and S are regarded as matrix representations, and the representation

space of T'S is interpreted as the space of (n x m)-matrices.)

Examples.

1. Let T be an n-dimensional linear representation of a group G in the space
V,and I = I,, the m-dimensional trivial representation of G in the space U.
Let us examine the representation T'1.

In terms of matrices, T'I is given by the formula
TI(g)X =T(g)X (X €L, (K)).

When U = V', this coincides with the composition of the representation A of
GL(V) considered in Example 1 of 1.6 and the representation T: G — GL(V).
In the general case one can show, proceeding exactly as in 1.6, that

TI,~mT (=T+...+1T).

m times

The corresponding decomposition of V ® U into a direct sum of invariant
subspaces is readily described in invariant terms as well. It has the form

VeaU=Vef)®...o(Ver[,,
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where (f,,..., f,,) is a basis of U. The map
T—zT® f

is an isomorphism of the representations 7" and (71)y,4 . -

2. The representation T'T" is, according to (1) and (3), described in terms of
matrices as

(5) TT'(9)X =T(9)XT(9)™" (X € L,(K)).

This shows that TT' = AdoT, where Ad is the adjoint representation of
GL(V) (Example 2, 1.6).

3. The representation (17)?> = T'T’ is given in terms of matrices by the
formula
(6) (T')*(9)X =T(9) ' XT(9)™" (X € L,(K)).

Consequently, (T")? = ®oT', where ® is the natural representation of GL(V)
in the space B(V) =V’ @ V' (see Example 3, 1.6).

4. In the case where one of the representations T', S is one-dimensional, the
product T'S has a particularly simple meaning. Suppose, for example, that
T:G — GL(V) is an arbitrary representation of the group G, and S:G —
GL(U) is a one-dimensional representation, i.e., a homomorphism of G into
K*. Pick a nonnull vector u, € U. The map

0. — T QU
is an isomorphism of V onto V ® U. For every g € G we have
TS(g)ox =T(g)r @ S(g)ug = S(9)T(g9)x @ uy = 0S(9)T(g)x,

where S(g)T'(¢g) is understood as the product of the operator T(g) by the
scalar S(g). Thus T'S is isomorphic to the representation

g S(g)T(g) € GL(V).

The product of an arbitrary finite number of representations is defined in
a natural manner. In particular, if T is a representation of G in a vector
space V, then T*T"¢ is a representation of G in the space of tensors of type
(k,¢) over V. Such representations are often encountered in mathematical
and physical applications of representation theory.

Examples 2 and 3 (see also the corresponding examples in 1.6) show that a
product of irreducible representations is not necessarily irreducible. Decom-
posing such a product into a sum of irreducible representations is one of the
most important problems of representation theory.
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3.4. Tensor Products of Representations of Two Groups. Let T: G — GL(V)
and S: H — GL(U) be two representations of the groups G and H.

Definition. The TENSOR PRODUCT OF T' AND S is the representation T'® S
of the group G x H in the space V ® U, defined by the rule

(T'®S)(g,h) =T(g) @ 5(h)
(here we should really write (T'® S)((g,h)) !).

In the matrix interpretation (cf. 3.3), the tensor product of two finite-dimen-
sional representations takes the form

(7) (T ® S)(g, h)X =T(9)XS(h)'.

Here, in contrast to formula (3), the factors on the left and right of the matrix
X are independent (even if G = H).

Let i, denote the canonical imbedding of the group G in G x H, i.e., i;(g) =
(g,€). Then (T ® S)ei, is a representation of G. It is clear from the definition
that (T®S)ei; = TI, where I is the trivial representation of G in U. Therefore
(see Example 1 of 3.3),

(T ® S)oi, ~ (dim U)T.

Similarly, if ¢, denotes the canonical imbedding of H in G' x H, then
(T'® S)oiy =18,
where [ is now the trivial representation of H in V. Therefore,

(T ® 8)oiy ~ (dim V)S.

A very important example. Let T be a representation of the group G in
the n-dimensional space V. Consider the representation T ® 77 of G x G in
V ® V'. In terms of matrices it is described as

(8) (T @T")(g1,9:)X =T(9)XT(g,)™" (X €L, (K))
(cf. Example 2, 3.3).

If one uses the canonical identification of the spaces V' ® V' and L(V) (see
Appendix 2), then T ® T" can be described in invariant form as

9) (TOT)gy,95)6 = T(Ql)gT(QQ)il (€ e L(V)).

This follows from (8). In fact, the matrix assigned to a linear operator when
that operator is viewed as an element of the tensor product V ® V' coincides
with its usual matrix (see Appendix 2), and to the product of matrices there
corresponds the product of linear operators.
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3.5. Extension of the Ground Field. Let K’ be an extension of the field K.

The group GL,,(K) is then a subgroup of GL,, (K’). Consequently, every n-
dimensional matrix representation 7' of an arbitrary group G over K can
also be regarded as an m-dimensional representation of G' over K’, and in
this capacity we denote it by FX,T. In exact terms, FX, T is the composition
of the canonical imbedding of GL,,(K) in GL,, (K’) with the representation 7.

A similar operation can be defined for linear representations.

First of all, every vector space V' over K can be included in a vector space
EE,V over K’ in such a way that a basis (e) of V is simultaneously a basis
(over K') of EE,V. Accordingly, every linear transformation a of V extends
to a linear transformation Ef, « of EE,V that, in the basis (e), has the same
matrix as o:
K
(Eria)(e) = ey

This yields an imbedding L(V) C L(EX,V), which in turn induces a group
imbedding

CGL(V) c GL(EE V).

Now let T' be a linear representation of G in V. Setting
(Ex/T)(9) = ExT(g),

we obtain a linear representation of G in EX, V.

3.6. Let us examine in more detail the most important case for applications:
K =R, K’ = C. The operation Eg is called COMPLEXIFICATION (of vector
spaces, linear operators, and representations). For simplicity, we shall denote
it by the index C, writing T, for example, instead of EgT.

One reason why complexification is often useful is that in a complex vector
space, in contrast to a real one, every linear operator has an eigenvector.

Example. By complexifying the representation of R through rotations of the
Euclidean plane (Example 1, 0.7), we are allowed to write it in the form

et 0
t— ( 0 e“)'

To do this we must pass from an orthonormal basis (e;, e;) of the Euclidean
plane to the new basis (e; — ie,, € + ie,).
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Theorem 5. Two finite-dimensional real linear representations are isomorphic
if and only if their complexifications are isomorphic.

Proor. Let T} and T, be n-dimensional real representations of the group
G. In matrix form, the fact that T and T}, are isomorphic means that there
exists a real matrix C' satisfying the following two conditions:

(C1) CTy(g9) =T,(g9)C for all g € G;
(C2) detC #0.

Similarly, the fact that the representations (7;)c and (7,)¢ are isomorphic
means that there exists a complex matrix C' satisfying the same two condi-
tions. This clearly proves the implication (T} ~ T,) = ((T})c =~ (Ty)c)-

To prove the converse implication, we remark that condition (C1) is in fact a
homogeneous system of linear equations with real coefficients for the entries
of the matrix C. Its general solution has the form ¢,C; +¢,Cy + ... +1¢,,C, ,

where C,...,C,, are linearly independent real matrices. The determinant

det(t,C; + t,Cy + ... + t,,C,.) is a polynomial d in t;,...,t,, with real
coeflicients.

Suppose now that (7)) =~ (T3)c. Then there exist complex numbers

Tys.-- Ty, such that d(ry,...,7,,) # 0, and so d is not the zero polyno-
mial. But in this case there also exist real numbers 77,...,7/, such that
d(r{,...,7},) # 0. Therefore, T} ~ T,, as needed. O

3.7. What can be said about the connection between the invariant sub-
spaces of the representation T: G — GL(V') and those of its complexification
Te:G — GL(Vg)? Obviously, the complexification Ug of any T-invariant
subspace U C V is a T-invariant subspace. However, V- may contain in-
variant subspaces which do not arise in this manner. For instance, in the
example of 3.6, the representation T is irreducible, whereas T possesses
one-dimensional invariant subspaces.

To answer the question posed above, we introduce the operation of complex
congugation in the space V. Each vector z € V5 can be uniquely written as
z =x+1iy, with z,y € V. Put Z = z —iy. In a basis consisting of real vectors
(i.e., vectors in V'), the coordinates of Z are the complex conjugates of the
coordinates of z.

Complex conjugation is an anti-linear transformation, that is, z +u=2z+1u
and ¢z = ¢z for ¢ € C. It follows that it transforms every subspace of V
into a subspace of the same dimension.
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Lemma. The subspace W C Vg is the complexification of some subspace
UcCV ifand only if W =W.

Proor. It is plain that if W = Ug, then W = W. Conversely, suppose
that W = W. Then the subspace W contains, together with each vector
z=x+1y (x,y € V), the vector Z = x — iy, and hence also the linear
combinations z = 3(z + z) and y = 3(z — z). Consequently, W = Ug, where
U=wnV. O

Since the operators T(g), for g € G, take real vectors into real vectors, they
commute with complex conjugation:

(10)  Tel9)z=Tclg)z (2 € Vo)
Therefore, W is an invariant subspace whenever W' is invariant. Consider the
subspaces W 4+ W and W N W. They are also G-invariant. Moreover, they
coincide with their complex conjugates:

W+W=W+W=W+W, WAW=WnWwW=WwWnw.

By the preceding lemma, W + W and W N W are complexifications of G-
invariant subspaces of V.

Theorem 6. Let T:G — GL(V) be an irreducible real linear representation.
Then Tg is either irreducible or the sum of two irreducible representations. In
the second case Vi decomposes into the direct sum of two complex-conjugate
minimal invariant subspaces.

PROOF. Let W be a minimal invariant subspace of V. Then W + W is the
complexification of an invariant subspace of V', which must coincide with V/
in view of the irreducibility of the representation 7. Hence W + W = V.

Now consider the invariant subspace W N W C W. It must either coincide
with W or be the null subspace. In the first case, W = W = Ve and the
representation T is irreducible. In the second case, Vo = W @ W, and Tc
decomposes into the sum of two irreducible representations. O

Examples.

1. In the example considered in 3.6, the second alternative of Theorem 6
holds true.

2. In the Euclidean plane, consider an equilateral triangle A, A,A, centered
at the origin. For each permutation o € S; we let T'(0) denote the orthogonal
transformation that takes the vertex 4; into A,y (i = 1,2,3). T'(0) is either
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the identity transformation, or the rotation by 27/3 in one of the two possible
directions, or the reflection in one of the altitudes of the triangle A, A,A;.
We thus get a faithful two-dimensional real representation 7" of the group Ss.
It is obviously irreducible.

Using Theorem 6 it is readily established that the complexification T is
also irreducible. Otherwise it would decompose into the sum of two one-
dimensional representations, and in a suitable basis all the operators T(o),
o € S5, would be given by diagonal matrices. The latter is impossible, how-
ever, since diagonal matrices commute with one another, whereas the group
S5 is not commutative.

Assertions similar to Theorems 5 and 6 permit us to reduce all questions
concerning real representations to questions concerning complex representa-
tions. Since complex representations are simpler to describe than real ones,
they constitute the main object of representation theory.

3.8. Lifting and Factoring. In 0.10 we considered the composition of a linear
transformation and a homomorphism. A particular case of that construction
is the composition Sop of a linear representation

S:G/N — GL(V)
of a quotient group G/N and the canonical homomorphism
p:G — G/N.

We call it the LIFT OF THE REPRESENTATION S. The representation Sop has
the property that its kernel contains the subgroup NV:

(Sop)(h) =¢ for all h € N.

Conversely, every linear representation T of G whose kernel contains N takes
all elements of a given coset of IV in G into the same operator and so can
be ”factored” through p, i.e., T'= Sop, where S is a linear representation of
the quotient group G/N. We call the transition from 7" to S FACTORING THE
REPRESENTATION 7" WITH RESPECT TO THE SUBGROUP N.

We thus establish a one-to-one correspondence between the linear representa-
tions of the quotient group G/N and those linear representations of G whose
kernel contains N .

Examples.

1. G=GL,(K), N=SL,(K). Since N is the kernel of the epimorphism
det: GL, (K) — K*,
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G/N ~ K*. Every linear representation S of K* can be lifted to yield a linear
representation T' of GL,,(K). For example, if S:t +— ¢t™ (a one-dimensional
representation), then T: A — (det A)™.

2. G =5, N = {/(12)(34),(13)(24), (14)(23)}. (N is called Klein’s four-
group.) Each coset of N in G contains exactly one permutation that keeps
1 fixed; hence, G/N ~ S;. This observation can be used to build a linear
representation of .S, from any given linear representation of Sj.

In particular, from the two-dimensional irreducible representation of S5 con-
structed in Example 2 of 3.7 one obtains a two-dimensional irreducible rep-
resentation of S,.

3. All linear representations of the group Z,, = Z/mZ are obtained by fac-
toring linear representations T' of Z with the property

3.9. The considerations of 3.8 apply to the description of one-dimensional
linear representations.

Let T be a one-dimensional representation of G. Then
T(ghg™'h™") = T(9)T(W)T(9) ' T(h)" =1

for all g,h € G. Consequently, KerT' contains the subgroup of G generated
by all commutators (g, h) = ghg='h~!. The latter is called the COMMUTATOR
SUBGROUP OF G and is denoted (G, G). It is a normal subgroup of G, since
the set of all commutators is invariant under any (in particular, any inner)
automorphism a of G:

a((g,h)) = (a(g), a(h)).

(Recall that a normal subgroup is by definition a subgroup invariant under
all inner automorphisms.)

Therefore, every one-dimensional representation of the group G is the lift of
a one-dimensional representation of the quotient group G/(G,G)=A(G). We
remark that A(G) is abelian. In fact, let p denote the canonical homomor-
phism of G onto A(G). Then for any g,h € G,

(p(9);p(h)) = p((g,h)) =1,

whence p(g)p(h) = p(h)p(g).
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Example. Let us find all one-dimensional representations of the symmetric
group S,,. To this end we compute its commutator subgroup. Since the com-
mutator of any two permutations is an even permutation, (S,,,5,,) C 4,,. We
show that (S,,,S,) =A4

n-
It is a straightforward matter to check that the commutator of the transposi-
tions (ik) and (jk) (with distinct 4, j, k) is the triple cycle (ijk). Let H C S,
denote the subgroup generated by all triple cycles. Using a permutation of the
form (ijk) one can take 1 to any prescribed element of the set {1,2,... ,n};
then, using a permutation of the form (2jk), one can take 2 to any prescribed
element of {1,2,...,n} while keeping 1 in its place, and so on, up to and in-
cluding n — 2. This shows that for every o € A,, there exists an n € H such
that n(i) = o(i) for i = 1,2,...,n — 2. Since i and ¢ have the same parity,
one also has that n(n —1) = o(n —1) and n(n) = o(n). Hence, H = A,,, and
since (S,,,5,,) D H, we conclude that (S,,,S,) = A4,,.

n’

The quotient group S, /A, ~ Z, has two one-dimensional representations:
one trivial, and the other taking the generator to —1. To the first there corre-
sponds the trivial one-dimensional representation I of S, , while to the second
there corresponds the representation II which takes all even permutations to
1 and all odd permutations to —1.

Questions and Exercises
1. Describe the dual of a trivial representation.
2. Prove that if the representation 7" is irreducible, then so is T

3. Prove that (R+ S)’ ~ R’ + S’ for any two representations R and S of a
group G.

4. Prove that if the representation T is completely reducible, then so is T”.
5. Prove that the identity representation of SL,(K) is isomorphic to its dual.

6. Let T: G — GL(V) be a completely reducible representation, and let U C
V' be an invariant subspace. Show that 1" ~ T7; 4 TV/U.

7. Let T},T,, and S be completely reducible finite-dimensional linear repre-
sentations. Show that if T} + S ~ T, + S, then T} ~ T,,.

8. Prove that (T} +T,)S ~ T, S + T,S for any representations T}, T,, and S
of G.

9. Prove that T'S ~ ST for any representations 7" and S of G.
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10. Describe the square of a representation in terms of matrices.

11.* Let V and U be complex vector spaces, and let « € L(V), 8 € L(U).
The product of the representations t — e'® and t — e'? of C is necessarily
of the form ¢ — €', where v € L(V ® U). Find the operator ~.

12. Let T and S be an irreducible representation and a one-dimensional
representation, respectively, of the group G. Show that TS is irreducible.

13. Prove formula (9) without resorting to the matrix interpretation.

14. Interpret the representation T'® T in terms of matrices, and compare it
with T2.

15. Prove that the complexification of any odd-dimensional irreducible real

representation is irreducible.

16. Find all finite-dimensional representations of O,, whose kernels con-
tain SO,,.

17. Find all one-dimensional representations of the group A,.

18.* Prove that the commutator subgroup of GL,,(R) is equal to SL,,(R).

4. Properties of Irreducible Complex Representations

In this section we consider only finite-dimensional representations, except
for 4.1.

4.1. Morphisms. The notion of an isomorphism of linear representations was
defined in the Introduction. In group theory it is well known that, in addi-
tion to isomorphisms, homomorphisms also play an important role. Similarly,
arbitrary linear maps, and not only isomorphisms, are important in linear al-
gebra. In the theory of linear representations one considers an analogous
generalization of the notion of isomorphism.

Definition. Let T,: G — GL(V;) and T,: G — GL(V,) be linear representa-
tions of the group G. A MORPHISM OF T} INTO T, is an arbitrary linear map
0:V, — V, satisfying the condition

(1) oTi(g) = T,(g)o for all g € G.

[Translator’s note: Such a o is also referred to as an INTERTWINING OPERA-
TOR, and one says that o INTERTWINES T} and T5.]
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Example. Let V = U & W be a decomposition of the representation space
of T into a direct sum of invariant subspaces. Then the projection onto U
parallel to W is a morphism of T" into the representation T;.

It follows from (1) that the kernel Kero of the morphism o is a subspace
invariant under T, while its image Imo = o(V}) is a subspace invariant
under T,,.

If the representations 7} and T, are irreducible, only two cases are possible:
1) Kero =0, Imo=1V,

or

2)Kero =V,, Imo=0.

In the first case o is an isomorphism, while in the second it is the null map.
We have thus proved

Theorem 1. Fvery morphism of irreducible representations is either an iso-
morphism or the null map. |

In spite of its extreme simplicity, Theorem 1 has important applications. In
particular, with its help one can establish the following result, which will be
used in what follows.

Theorem 2. Suppose that the space V' of the representation T splits into a
direct sum of minimal invariant subspaces V..., V, such that the represen-
tations T; =Ty, are pairwise nonisomorphic. Then every invariant subspace

U C V is the sum of a certain number of subspaces V. (Cf. Remark 2 in 1.5.)

Proor. Representation Ty; is completely reducible, being a subrepresenta-
tion of the completely reducible representation T'. Consequently, U is a sum
of minimal invariant subspaces. It suffices to consider the case where U is
itself minimal. Suppose this is the case. Let p, denote the projection of U
onto V;. It is a morphism of the irreducible representation 13, into 7;. It fol-
lows from the assumptions of the theorem that 7}, can be isomorphic only to
one of the representations 7}, say, to T;. Then p, is an isomorphism, whereas
Dy = ... =p,, = 0. This means that U = V|, which completes the proof of
the theorem. O

4.2. The Schur Lemma. A morphism of a linear representation 7" into itself
is called an ENDOMORPHISM OF T'. In other words, an endomorphism of the
representation 7' of the group G is a linear operator which commutes with
all the operators T'(g), g € G. An example is the identity operator e.
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Theorem 3 (Schur’s Lemma). Every endomorphism of an irreducible complex
representation T is scalar, i.e., it has the form ce, with ¢ € C.

PRrOOF. Let o be an endomorphism of 7"
(2) oT(9) =T(g)o for all g € G.

Let ¢ be any of the eigenvalues of the operator o. Then it follows from (2)
that
(0 —ce)T(g) =T(g)(c — ce) for all g € G,

and so o —ce, too, is an endomorphism of T'. Since det(o —ce) = 0, Theorem 1
yields 0 — ce =0, i.e., 0 = ce. |

Corallary. Let T} and T, be isomorphic irreducible complex linear represen-
tations of the group G. Let o be a fized isomorphism of T} onto T,. Then
every morphism of T} into T, has the form co, where c € C.

PROOF. Let 7 be a morphism of T} into T}. Then o~ !7 is an endomorphism

of T}. By Schur’s Lemma, o7 = ce, with ¢ € C, and so 7 = co. O

Schur’s Lemma permits us to describe the invariant subspaces of a completely
reducible complex representation in the situation opposite to the one consid-
ered in Theorem 2, namely when all irreducible components are mutually
isomorphic.

Theorem 4. Let T be an irreducible complex representation of the group G in
the space V', and let I be the trivial representation of G in the space U. Then
every minimal subspace W C V ® U invariant under the representation T1
has the form V ® v, where uy € U.

PRrROOF. T is isomorphic to the sum of a certain number of copies of the
representation T' (see Example 1, 3.3). By Theorem 3 of 3.2, (T'I)y, ~ T Let
o be an arbitrary isomorphism of the representations (T'1)y, and T.

Pick a basis (fy,. .., f,,) of U. Every element of VQU can be uniquely written
aszr, ®f,+...+x,® f,, where z, € V. In particular, for every w € W,
w=o0 W fi+...+0,(wWf,.
It is clear that the vectors o, (w) depend linearly on w, and that o,((TI)(g)w)
= T(g)o;(w) for all g € G. Hence, o, is a morphism of the representation
(TI)y into T. By the Corollary to Theorem 3, o, = ¢;0, with ¢; € C.
Consequently,
w = 0'(’[0) ® (lel + +Cmfm)
for all w € V, and so indeed W =V ® u,, where uy =c, f; +... +¢,, f,,- O
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4.3. Irreducible Representations of Abelian Groups. One of the basic facts
established in linear algebra is that every linear operator in a complex vector
space possesses a one-dimensional invariant subspace. This implies that every
irreducible complex linear representation of a cyclic group is one-dimensional.
The next result generalizes this assertion.

Theorem 5. Every irreducible complex linear representation of an abelian
group 1is one-dimensional.

PRrROOF. Let G be an abelian group. Let T' be an irreducible complex repre-
sentation of G. For g, g € G we have

T(90)T(g9) = T(909) = T(99¢) = T(9)T(9y)-

This means that T'(g,) is an endomorphism of 7'. By Schur’s Lemma, T'(g,)
is a scalar operator. Since this holds true for every g, € G, it follows that
any subspace is invariant under T'. This forces T to be one-dimensional. O

Corollary. Every complex linear representation of an abelian group possesses
a one-dimensional invariant subspace.

PROOF. In fact, every minimal invariant subspace is, by Theorem 5, one-
dimensional. O

4.4. Tensor Products of Irreducible Representations.

Theorem 6. The tensor product of two irreducible complex representations
T:G — GL(V) and S: H — GL(U) of the groups G and H is an irreducible
representation of the group G x H.

(For the definition of the tensor product of two representations, see 3.4.)

PROOF. The tensor product T'® S is a representation of G x H in the space
VoU. Lt W C V®U be a nonnull invariant subspace. We claim that
W=V®U.

It is obvious that W is invariant under the representation T'I = (T ® S)eoi,
of G (see 3.4). By Theorem 4, W contains a subspace of the form V ® wu,,
where u, € U, uy # 0.

Now for each « € V' consider the subspace

Ul)={uelU|z@ueW}CU.
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It is H-invariant. In fact, if z ® u € W, then also
z@S(h)u=(T®S)(eh)(zxu) e W.

Moreover, U(z) 3 u,. It follows from the irreducibility of the representation
S that U(z) = U. This means that x @ u € W for all z € V and u € U, and
so W =V ®U, as claimed. O

One can also prove the following converse of Theorem 4: every irreducible
complex linear representation of G X H is isomorpic to the tensor product of
two irreducible representations of G and H.

4.5 Spaces of Matrix Elements. Let T: G — GL(V) be a complex linear rep-
resentation. Let (e) = (e;,...,e,) be a basis of V. We put

T(e) (9) = [Tij (9)]-

Definition. The functions T}; € C[G] are called the MATRIX ELEMENTS (or
MATRIX COORDINATE FUNCTIONS) OF THE REPRESENTATION T relative to
the basis (e).

Any linear combination of matrix elements

Z%Tw €C[G] (c; €0)

can be expressed invariantly (without using coordinates) as

(3) f(g) = tréT(g)

upon denoting by ¢ the linear operator given in the basis (e) by the matrix
[c;;]. It follows from this invariant expression that the linear span of the
matriz elements does not depend on the choice of a basis.

Definition. The SPACE OF MATRIX ELEMENTS OF THE REPRESENTATION 7',
denoted by M(T), is the linear span of the matrix elements of T' (relative to
some basis).

We emphasize that M(T) is a subspace of the space C[G] of all C-valued
functions on the group G.

We mention two simple properties.

1) If T} ~ T, then M(T}) = M(T5). In fact, in compatible bases the repre-
sentations T and T, are given by identical matrices.

2)If T=T+...4T,, then
M(T) = M(T}) + ... + M(T,,).

m
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In fact, in a suitable basis the operators T'(g), for g € G, are given by block-
diagonal matrices, the diagonal blocks of which are the matrices of the oper-
ators Ty (g),...,T,,(g) (see 3.2).

rTm

The reason for the interest attached to the spaces of matriz elements of
various linear representations of the group G is that they are invariant under
left and right translations.

Specifically, let f be the function given by formula (3). Then
Flg2 " 991) = tr&T(gy " 9g1) = tr £ T(go) ™' T(9)T(g1)

= tr(T(9,)6T(92)~")T(g) = trn T(g),
where = T(9,)T(95) ™! = (T @ T")(9;, 9 )€ (see the Example in 3.4).

(4)

The result obtained can be interpreted as follows. Consider the map
w:L(V) — C[G]

which takes each operator £ € L(V) into the function f € C[G] given by (3),
ie.,

(5) w)(g) =tr&T(g) (€ L(V)).

Next, consider the linear representation Reg of the group G x G in CIG]
defined by the rule

(6) (Reg(91,95)1)(9) = f(92 ' 991)-

Reg combines the left and right regular representations of G.

Definition. The linear representation Reg of G x G in C[G] given by formula
(6) is called the (TWO-SIDED) REGULAR REPRESENTATION.

Formula (4) says that p is a morphism of the representation T®T' into Reg.
The image of p is precisely the space M(T') of matrix elements of T.

4.6. If T is an irreducible complex representation, then, by Theorem 4, T®T"
is also irreducible, and so Ker x = 0. We have thus proved

Theorem 7. Let T:G — GL(V) be an irreducible complex linear represen-

tation. Then the map p defined by formula (5) is an isomorphism of the
representations T @ T' and Regyi(ry- O

Corollary 1. dim M(T) = n?, where n = dimV. 0
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Let I be the trivial representation G in a space V. Setting g, =eor g, =e
in (4) we obtain

Corollary 2. The map p establishes an isomorphism of the representations
IT" and Lyy(gy, as well as of the representations T1' and Ryyr. O

Corollary 3. Lyypy = nT" and Ryypy =~ nT'. (See Example 1, 3.3.) O

Corollary 4. Let T} and T, be nonisomorphic irreducible complex represen-
tations of the group G. Then the representations Regyyr,) and Regyy(z,) of
G x G are not isomorphic.

PROOF. Suppose Regy;r,) and Regyyp,) are isomorphic. Then so are their
restrictions to the subgroup G x {e}, i.e., the representations RM(TI) and
Ryy(r,) of G. However, by Corollary 3,

Ryyryy g1y and Ryyq,) = nyT5
(with ny = dim 7} and ny, = dimT5), and hence Ry 1,y % Ryyr,)» @ contra-

diction. m

In view of Corollary 3 of 3.2, Corollary 4 implies

Corollary 5. Let T7,... . T, be pairwise nonisomorphic irreducible complex
representations of the group G. Then the subspaces M(Ty), ..., M(T}) of C|G]
are linearly independent. |

Next we find the explicit form of the decomposition of the space M(T) into a
direct sum of minimal left-invariant subspaces.

Let (e) = (ey,...,€,) beabasisof V, and (¢) = (g, ...,¢,) be the dual basis
of V. Relative to (e), the linear operator e; ®¢; Is given by the matrix £,
whose only nonzero entry, equal to one, is in the (j,4) site. Consequently,

(7) :u’(ej ® Ei) = ng
Proceeding from the decomposition
VeV =Y (eV)

of V@V’ into a direct sum of minimal I7’-invariant subspaces (see Example
1 of 3.3) we obtain, using the isomorphism p, the sought-for decomposition
of the space M(T):

M(T) = Z,u(ej @ V).
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A basis of the j-th component of this decomposition is provided by the entries
of the j-th column of the matrix [T},].

The decomposition of M(T') into a direct sum of minimal right-invariant
subspaces is obtained in a similar manner. A basis of the i-th component of
this second decomposition is provided by the entries of the i-th row of the
matrix [T”]

Example. Let G be a cyclic group of order m with generator a. Consider its
one-dimensional representations

T, (a%) = Wk k=0,1,...,m—1),
k

2mi

where w = e™m . They are obviously pairwise nonisomorphic. Each space
M(T},) is one-dimensional: it is spanned by the function 7. By Corollary
5, the functions 7}, T}, ...,T,,_, are linearly independent. This can also be
verified directly: the matrix constructed from the values of these functions
has the form

1 1 1 |

1 w w? L

1 (.U2 (.4.}4 . wQ(mfl)
1 wm—1 w2(m—1) . w(m—1)2

and its determinant (a Vandermonde determinant) is different from zero.

4.7. Uniqueness of the Invariant Inner Product. As we saw in Section 2,
introducing an invariant inner product in the representation space can be a
very useful step. There arises naturally the problem of describing all such
inner products. (By an inner product in a complex vector space we shall
mean an arbitrary positive definite Hermitian sesquilinear function.)

To study this problem we need the following

Lemma. Let f and f, be two inner products in the complex vector space V.
Then there exists a linear operator o such that

(8) f(z,y) = foloz,y)
forallx,y e V.
PrOOF. Both sides of equation (8) are linear in x and anti-linear in y. Hence

it suffices to check that (8) holds for vectors forming a basis. Let (e) =
(e4,...,e,) be abasis of V orthonormal with respect to the inner product f;,.
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Let o denote the linear operator given in this basis by the matrix [f(e;, e;)].
Then

fO(Ueivej) = fo(z f(ei7ek)ek7ej) = f(ei»ej)a
k

and so (8) holds with the indicated o. O

Theorem 8. Let T: G — GL(V) be an irreducible unitary representation. Then
the T-invariant inner product in 'V is unique up to a constant factor.

ProOF. Let f; and f be two invariant inner products in V. Let o be a linear
operator satisfying condition (8). We prove that o is an endomorphism of the
representation 7.

For arbitrary g € G and =,y € V we have

fo(T(9)  oT(9)x,y) = fo(aT(9)z, T(9)y)
9) = f(T(9)z,T(9)y)
= f(z,y) = foloz,y);

here we used the invariance of f and f, under T'(g). Therefore, T(g)~'0T(g)
=0, and so 0T (g9) = T(g)o.

Now, by Schur’s Lemma, o = ce for some ¢ € C. But then f = cf,, as we
needed to show. d

Theorem 9. Let T: G — GL(V) be a unitary representation. Let U W C V
be minimal invariant subspaces such that Ty, % Ty,. Then U and W are
orthogonal with respect to any invariant inner product in V.

PROOF. Fix an invariant inner-product in V' and denote the corresponding
orthogonal projection of the subspace W onto U by p. It is easy to see that
p is a morphism of the representation 1y, into 7j;. By Theorem 1, p = 0,
which means precisely that W is orthogonal to U. O

Questions and Exercises

1. Prove that the image of an invariant subspace under a morphism of rep-
resentations is an invariant subspace.
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2.* Let G be a doubly-transitive group of permutations, i.e., a subgroup of
the symmetric group S,, with the following property: for any ¢, j, k,¢ such
that ¢ # j and k # ¢ there exists a permutation o € G such that o(i) = k
and o(j) = ¢. Let M be a monomial representation of S, (see Example 5
of 1.3). Prove that every endomorphism of the representation M|, has the
form ae + bn, where a,b € C and 7n(e;) =€, + ...+ ¢, for all .

3. Let T7,...,T, be pairwise nonisomorphic complex linear representations
of the group G. Prove that the set of all morphisms of the representation
>k, T, into the representation | ¢,T; is a vector space of dimension > k,¢,.

4.* Using Problems 2 and 3, prove that if G is a doubly-transitive group
of permutations, then the representation M;|, (see Example 5 of 1.3) is
irreducible.

5. Find all automorphisms of the representation of R by rotations in the
FEuclidean plane.

6. Let T be an arbitrary complex representation of the abelian group G.
Show that in the representation space of T' there is a basis relative to which
all operators T'(g), for g € G, are given by triangular matrices.

7. Prove that every irreducible real representation of an abelian group is one-
or two-dimensional.

8.* Let G be a finite group and R the right regular representation of G
(see 0.9). Give a direct proof of the fact that the dimension of the space of
all morphisms of R into an irreducible representation 7' is equal to dim 7.
Applying Problem 3, deduce from this that R ~ Y7 (dim7})T}, where
T),...,T, is a complete list of irreducible complex representations of G.

9. Under the assumptions of Theorem 4, prove that every G-invariant sub-
space of V ® U has the form V ® U, where U, is a subspace of U.

10. Prove that the matrix elements of an irreducible complex representation
are linearly independent. Is this assertion true for real representations?

11. Let T: G — GL(V) be an irreducible complex representation. Prove that
the linear span of the set {T'(g) | g € G} C L(V) equals L(V) (Burnside’s
Theorem).

12. Prove that every irreducible representation of the group G over an arbi-
trary field is isomorphic to a subrepresentation of the right regular represen-
tation of G.

13. The same for the left regular representation.
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14.* Prove Corollaries 4 and 5 of Theorem 7 for linear representations over
an arbitrary field.

15.% Let T:G — GL(V') be an irreducible orthogonal representation. Prove
that the invariant inner product in V' is unique up to a (positive) constant
factor.



|1. Representations of Finite Groups

In this chapter we are concerned only with finite-dimensional representations,
mainly complex ones. Recall that in Section 2 we have shown that every com-
plex linear representation of a finite group is unitary, and hence completely
reducible.

The discussion in 5.3 and 5.5 is valid for arbitrary, and not only finite groups.

5. Decomposition of the Regular Representation

5.1. Let G be a finite group, and let C[G] be the space of C-valued functions
on G. Then

dim C[G] = |G| < 0.

All our results concerning linear representations of finite groups will rely on
the study of the reqular representations Reg, L, and R. We remind the reader

that
(Reg(91,92)1)(9) = f(95 "991),
(L(9,)f)(g) = flg5"9),
and

(R(91)£)(9) = fgg1)
for every function f € C[G].

By Corollary 3 to Theorem 7 of 4.6, every irreducible complex representation
of (G is isomorphic to a subrepresentation of R. Since R is finite-dimensional,
this yields

Theorem 1. A finite group has only finitely many irreducible complex repre-
sentations, up to isomorphism. O

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_3, © Birkhéuser Verlag 1989
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5.2. To formulate the main results of this section, we fix the following nota-
tions:

G is a finite group;

T.:G — GL(V,,), k= 1,...,q, is a full list of its irreducible complex repre-
sentations;

n, = dimV,;
I, is the trivial representation of G in the space V;

pp:L(V,) — CJG] is the linear map constructed for T}, following the rule
given in 4.5: 1, (€§)(g) = tr T, (g), for any & € L(V},);

M(T},) = Imy, is the space of matrix elements of the representation T},
(see 4.5).

The main theorem of this section is
Theorem 2. C[G] = M(T}) @ ... ® M(T).

Proor. By Corollary 5 to Theorem 7 of 4.6, the subspaces M(TY), ..., M(T,)
are linearly independent. We show that their sum is equal to C[G].

Let (fy,..., fy) be a basis of C[G]. Let R;; denote the matrix elements of
the right regular representation relative to this basis. Then

fj(g) = (R(g)fj)(e) = (Z Rij(g)fi)(e) = Zfi(e)Rij(g)v

Le, f; = >, f;(e)R;;. Thus, the basis functions f; and, generally, all func-
tions on G belong to the space M(R) of matrix elements of the representation
R. Since T}, ..., T, is the set of all irreducible complex representations of the
group G,

R~ Z m, T,
and so

M(R) € M(T}) +... + M(T))

(see 4.5). Consequently,
ClG] = M(T}) + ... + M(T,),

as claimed. |

Corollary 1. nf +...+n? =|G|. O
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Theorem 2, in conjunction with Corollary 3 to Theorem 7 of 4.6, yields

Corollary 2. L~ R~ " n,T,. O

(From the foregoing analysis it follows immediately that L ~ > n,T}; how-
ever, since a dual representation has the same dimension as the original one,

2oLy =3 T
Examples.

1. If the group G is abelian, then all its irreducible complex representations
are one-dimensional (Theorem 5, 4.6). Hence the number of such representa-
tions is equal to the order of G.

2. The group G = S; clearly possesses the following irreducible complex
representations: the two one-dimensional ones described in 3.9, and the two-
dimensional one of Example 2, 3.7. Since

P+ 12422 =6=19,,

S5 has no other irreducible complex representations. In particular, the rep-
resentation M, constructed in Example 5 of 1.3 is isomorphic to the two-
dimensional representation indicated above.

5.3. Characters of Linear Representations. Let T:G — GL(V) be a linear

representation.

Definition. The function

Xp:g > trT(g)
is called the CHARACTER OF THE REPRESENTATION 7.
In other words, x is the sum of the diagonal matrixz elements of 1. Notice
that x, € M(T).
Examples.

1. The character of a one-dimensional representation coincides with the rep-
resentation itself.

2. The character of a trivial representation is a constant, equal to the dimen-
sion of the representation.

3. The character of the representation of R by rotations in the plane is the
function ¢t — 2cost.
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4. The character of a monomial representation M of S, (Example 5, 1.3)
is the function which assigns to each permutation the number of its fixed
points.

5. The character of the two-dimensional representation 1" of S; constructed
in Example 2 of 3.7, is given by the formula

2, ifo=c¢,
xr(o) = { 0, if o is a transposition,
—1, if o is a triple cycle.

This follows from the fact that, in a suitable basis, the matrix of the operator
T(o) has the form

10 1 0 1
or
0 1)’ 0 -1/’ @ 1 ’

depending on which of the three indicated cases ¢ falls into.

Since isomorphic representations are given in compatible bases by identical
matrices, we see that isomorphic representations have equal characters.

The character of the dual representation T' satisfies the relation
Xr(9) = x7(97"),
which follows from formula (1) of 3.1.

The characters of sums and products of representations are calculated by the
formulas

(1) X745 = X7 T X5
and respectively
(2) XTs = XTXs-

The first of these is self-evident, while the second follows from the general
property tr(a ® 8) = tr « - tr 3, established in Appendix 2.

Example. In 1.3 we showed that the monomial representation M of the group
S,, decomposes into the sum of the trivial one-dimensional representation and
the irreducible representation M. Correspondingly,

Xar(0) = X, (0) +1
for all ¢ € S,,. Since the character of M is already known (see Example 4

above), this formula permits us to find the character of M. In particular, for
n = 3 we get

2, ifo=c¢,
X, (0) = { 0, if o is a transposition,
—1, if o is a triple cycle.
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The representation M, of S5 is isomorphic to the representation constructed
in Example 2, 3.7 (see Example 2, 5.2), and our result agrees with the one
obtained above in Example 5.

The most important property of the character of a representation is that it
is constant on every conjugacy class of elements of the group (see Appendix
4), i.e.,

(3) Xr(gzg™") = xr(2)

for all g,z € G. This follows from the facts that the matrices of the operators
T(gxg~!) and T(z) are similar and similar matrices have the same trace.

Definition. A function f on the group G with the property that
flgzg™) = f(x) for all g,z € G
is called a CENTRAL FUNCTION.

Thus, the character of any representation is a central function. We could
have verified this in each of the examples discussed above.

5.4. 1t is clear that the central functions form a subspace in the space of all
functions on G. We denote it by C[G]*.

If the group G is finite, then the dimension of C[G]# is equal to the number
of distinct conjugacy classes of G.

Theorem 3. The characters of the irreducible complex representations of a
finite group G constitute a basis of the space C[G]*.

PROOF. Preserving the notations of 5.2, we let x, denote the character of
the representation Tj,.

By Theorem 2, each function f € C[G] is uniquely expressible as
(4) f:f1+...+fq, kaM(Tk)'

According to the definition, f is central if

(5) Reg(g,9)f = f

for all g € G. Since the subspaces M(T},) are invariant under Reg, (5) implies
that

Reg(g,9)fi, = fi

for all £ and all g € G, i.e., each f; is a central function. Hence, in order to
prove the theorem it suffices to show that every central function belonging
to M(T},) is proportional to x;. This is the objective of the following lemma.
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Lemma. Let T:G — GL(V) be an irreducible complex representation of the
group G, and let x = xp be its character. Then every central function f
belonging to M(T) is proportional to X .

PROOF. We use the isomorphism y of the representations T®7" and Regyy )
(Theorem 7, 4.6). Let f = p(§), with £ € L(V). Since p is an isomorphism, the
fact that f is central, expressed by equation (5), translates into the equality

T(9)¢T(g) " =¢

for all g € G, i.e., into £ being an endomorphism of the representation 7'. By
Schur’s Lemma, £ = ce, with ¢ € C. Now observe that

(1(e))(g) = treT(g) = trT(g) = x(9);
i.e., u(e) = x. Consequently, p(§) = cx, as needed. O

Corollary 1. The number of irreducible complex representations of a finite
group G is equal to the number of its distinct conjugacy classes. O

Coradllary 2. An irreducible complex representation of a finite group G is
uniquely determined, up to an isomorphism, by its character.

PRrROOF. Every complex representation T' of the group G has the form
T=> mT,
k

and then x, = >, m;X,. Since the characters y, are linearly independent
(which, in fact, is the only part of Theorem 3 that we need), the coefficients
m,, are uniquely determined by X, and hence so is the representation 7T'. O]

Examples.

1. In an abelian group every conjugacy class consists of a single element.
Accordingly, the number of irreducible complex representations of a finite
abelian group is equal to its order (another proof of this fact was given in
Example 1 of 5.2).

2. In the group S, there are five conjugacy classes, with representatives
g,(12),(12)(34), (123), and (1234). We already know the following four irre-
ducible complex representations of S,: two one-dimensional representations
(see the Example in 3.9), the two-dimensional one (Example 2, 3.8), and
the three-dimensional representation M, (Example 5, 1.3). The sum of the
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squares of their dimensions is 12 + 12 4 22 + 32 = 15. Hence S, possesses one
more irreducible complex representation, of dimension /24 — 15 = 3.

The representation missing in our list can be described as a product MII,
where II is the nontrivial one-dimensional representation. In fact, MII is
irreducible. Also, it is not isomorphic to M,, since det(MII)(g) = 1 for
all g € §,, whereas the representation M, does not have this property. It
is readily established that (M,II)(S,) is the group of rotations of a cube,
whereas M, (S,) is the full group of symmetries of a regular tetrahedron.

5.5. In applications of group theory the regular representation per se is rarely
encountered. However, one is often led to considering its subrepresentations
connected with the so-called transitive actions of the given group.

Definition. An action s: G — S(X) is said to be TRANSITIVE if for any z,y €
X there is a g € G such that s(g)x = y.

Examples.
1. The natural action of S, on the set {1,2,...,n}.

2. The action of the orthogonal group on the unit sphere.

An important and, as we shall see presently, universal example of a transitive
action is %, the action of the group G on the set G/H of left cosets of the
subgroup H in G defined by the rule

4 (g)(uH) = gu.
For H = {e}, Il =1, the action of G on itself by left translations.

Now let s:G — S(X) be an arbitrary transitive action. Pick an arbitrary
point o € X and consider the map

p:G— X, g — go.

It follows from the transitivity of s that p(G) = X. Let H denote the
ISOTROPY SUBGROUP of the point o:

H={geG|go=o0}.

The preimage of any point x = go € X under p is precisely the left coset gH.
Hence there is a bijective map

p:G/H — X

sending every coset gH into the point go (which does not depend on the
choice of a representative in the coset). It commutes with the actions of G:

Pl (g) =s(g)p  forall geG;
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in fact, for every coset uH we have

Pl (9)(uH) = plguH) = guo
and

s(g)p(uH) = 5(g)(uo) = guo.
Thus, every transitive action is isomorphic to an action of the form 7.
Accordingly, the corresponding linear representation in the space of functions
on X is isomorphic to the linear representation [/ = L in the space of
functions on G/H.
Moreover, functions on G/H may be regarded as functions on G that are
constant on the cosets of H in G. Under this convention, L turns into the
subrepresentation of L corresponding to the invariant subspace
© C[G)" = {f € C[G] | f(gh) = f(g) for all g € G,h € H }

={feC|G]|R(h)f=fforall he H}

consisting of the functions constant on the cosets of H in G.

The next subsection is devoted to the study of representations of the form
LY for finite groups.

5.6. Theorem 4. Let H be a subgroup of the finite group G. Then

(7) Cl@” = mvrev),
where
(8) VHE ={z eV, |T,(h)x=xforallhe H}.

PrOOF. Since C[G] = >, M(T},) and the subspaces M(T},) are invariant
under right translations,

ClG)T =) M(T)"
k

where

M(T)? ={feM(T,) | R(h)f = f forall hc H}.
By Theorem 7 of 4.6, the representation RM(Tk) is isomorphic to T} I}, and
the isomorphism is realized by the map p,. Let (¢q,...,¢,) be a basis of V.
Every function f € M(T},) is uniquely expressible as

f= uk(in ®¢;), with ¢, € V..
i

Then
R(h)f = Hk(z T (h)z; ®@¢€;)

for all h € H. Hence, f € M(T})" if and only if z; € V;/ for all i. We
conclude that M(T})# = p, (V;H ® V), as needed. 0
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Corollary. L ~ %", m, T}, where m;, = dim V;! = dim (V}/).

Proor. The map p, is an isomorphism of the representations Ly, ) and
I, T,. Consequently,

Lyypyn =~ my Ty,

where m;, = dim VkH, and so

LT =" Ly = > m Tl =Y miTy,
k k k

where m), = dim (V})#. It remains to show that m, = m}, which is done by

applying the following general lemma to the representation S = T, |-

Lemma. Let S: H — GL(V) be a completely reducible linear representation
of the group H. Then dim VH = dim (V')H.

PRrROOF. Let S = )5, be the decomposition of S into a sum of irreducible
representations. Then dim V¥ is equal to the number of trivial representa-
tions among the S)s. The dual representation S’ admits the decomposition
S’ =>" 5!, and the lemma follows on observing that S; is trivial if and only
if S, is trivial. O

Example. Let G be the group of rotations of a cube, and let s be its natural
action on the set X of faces of the cube (see Example 1, 0.9). Since s is
transitive, the representation s, is isomorphic to L, where H is the isotropy
subgroup of an arbitrary face. It is clear that H is a cyclic group of order 4.
It is known (see, for example, [8]), that G ~ S,. The isomorphism G — S,
takes H into the subgroup < (1234) >.

As we saw in Example 4 of 5.4, S, has five irreducible complex representa-
tions of dimensions 1,1,2,3, and 3. It is readily seen that the subspace of
H-invariant vectors is one-dimensional for the trivial one-dimensional repre-
sentation I, the two-dimensional representation, and the three-dimensional
representation MII, and that it is zero-dimensional for the representations
IT and M,. MylI corresponds to the identity representation Id of G.

Therefore
9) sy =T+ P+1d,

where P denotes an irreducible two-dimensional representation. The invariant
subspaces U;,U,,U; C C[X] corresponding to the decomposition (9) are
described as follows:
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U, consists of the constant functions,

U, consists of the “even” functions (i.e., functions taking identical values on
opposite faces of the cube) with null sums of values, and

Us consists of the “odd” functions (i.e., functions taking opposite values on
opposite faces of the cube).

5.7. Representations of the group A;. As an illustration of the results ob-
tained in this section we find all irreducible complex representations of the
group A; of even permutations of degree five.

In A there are five distinct conjugacy classes, with the permutations e,
(12)(34), (123), (12345), and (21345) as representatives. Accordingly, A5 pos-
sesses five irreducible complex representations, denoted here by 73 through
T;. Setting n,, = dim T}, we have 22:1 ni = |A;| = 60.

The restriction of the representation M, of Sy to A is irreducible (see Ex-
ercise 11, 1.6). It is four-dimensional, and we denote it by T}.

Also, we let T} denote the trivial one-dimensional representation.

Since n? + n? = 17, we have n3 + n3 + nZ = 60 — 17 = 43, which yields
Ny = ng = 3 and ng; = 5.

It is known (see, for example, [8]), that A is isomorphic to the group G(D)
of rotations of a regular dodecahedron D. An arbitrarily fixed isomorphism
Ay — G(D) yields a three-dimensional irreducible representation T5. Let a
be the outer automorphism of A given by

a(o) = (12)0(12)~! (o € Ay).

Then T,oa = Ty is a three-dimensional irreducible representation of Ay that is
not isomorphic to 75,. In fact, @ maps the two conjugacy classes of elements of
order five existing in A into one another. The elements of one of these classes
are taken by the representation 7T, into rotations through 27 /5, and the
elements of the second into rotations through 47/5; under the representation
T one has the opposite situation.

The remaining five-dimensional irreducible representation 75 can be found
upon decomposing the representation s, associated with the transitive action
s of the group A; ~ G(D) on the set X of faces of D. The isotropy subgroup
for this action is a cyclic group of order five. Using the results of 5.6, one can
show that

(10) sy~ LT ~ T + T, + Ty + Ty

The representation T} is realized in the subspace of C[X] consisting of the
even functions (see the Example, 5.6) with null sums of values.
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Questions and Exercises
1. Construct a basis of matrix elements in the space C[S;].
2. What is the value of a character at the identity element of the group?
3. Calculate the characters
a) of all irreducible complex representations of Sy;
b) of the left and right regular representations of an arbitrary finite group.

4. Find all irreducible complex representations of the group A, and calculate
their characters.

5. Suppose that all irreducible complex representations of the group G are
one-dimensional. Prove that G is abelian.

6.* Prove that every finite group of order larger than 2 has more than two
irreducible complex representations.

7. Find the irreducible complex representations

a) of the dihedral group

D,=<abla"=b*=1, bab™' =a""!>;

b)*of the generalized group of quaternion units

Q,=<abld®™=b"=1, bab"'=a"t, b =a">.

Verify Corollary 1 to Theorem 2 and Corollary 1 to Theorem 3 for these
examples.

8. By computing characters, find out for which values of n the representations
M, and M,II of the group §,, are not isomorphic.

9. Let H be a subgroup of the finite group G. In the notations of 5.2 and
5.6, show that

ka”k =[G : H],
k

(where [G : H| denotes the order of H in G).
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10. Decompose the representation s, into a sum of irreducible representa-
tions in the case where s is

a) the action of the group of rotations of a cube on the set of its vertices;

b) the action of the full symmetry group of a regular tetrahedron on the
set of its edges.

11. Find the character of the five-dimensional irreducible complex represen-
tation of Aj.

12. Prove that a representation of a finite group is isomorphic to its dual if
and only if its character takes on only real values.

6. Orthogonality Relations

Throughout this section G is a finite group. We preserve the notations of 5.2,
and C[G]#, x;, of 5.4.

The space C[G] of functions on the group G is equipped with the inner
product defined by the formula

© )= =Y il

geG

We show that (-,-) is invariant under left and right translations, i.e., under
the regular representation Reg of G x G in C[G].

In fact,

(2) (Reg(91,92) /1, Reg(g1, 92) f2) = |G| Z f1(95 " 991) f2(95 " 991)
geG

for every g,, g, € G. Since the equation g; 'xg, = ¢ has a unique solution for
every g € G, the sum in (2) differs from that in (1) only in the order of the
terms. Consequently,

(Reg(gy,92) f1, Reg(gy,92) f2) = (f1, f2),

as claimed.

The main theorem of this section describes the inner products of the matrix
elements of the irreducible representations of G.

Let Ty, ;; denote the matrix elements of the representation Tk relative to an
orthonormal basis of the space V, (it is assumed that the inner product in
V, is T -invariant).
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Theorem 1. The matriz elements Tj, ;
Moreover

—1
(Tk,ij’Tk,ij) =N

PrOOF. We first show that for k # ¢ the matrix elements of the represen-
tations T}, and 7T, are orthogonal. To this end we apply Theorem 9 of 4.7 to
the representation Reg. The representations RegM(Tk) and RegM(Tz) are not
isomorphic (Corollary 4 to Theorem 7, 4.6). Hence, the subspaces M(T},) and
M(T,) are orthogonal.

constitute an orthogonal basis in C[G].

To evaluate the inner products of the matrix elements of the representation
T,., we use the isomorphism

pye: L(Vp) — M(T,).

In L(V},) we define an inner product by the rule
(3) (&n) = tr &n*,

where n* denotes the adjoint of the operator 1. This inner product is invariant
under the representation T, ® T7. In fact,

(T(9,)€T (95) ", T(gy)nT(g,)~ ")
=tr T(91)fT(gz)_1T(92)*_177*T(91)*
=tr T(g)én™T(g,) ™" = tr &n* = (&,7)

for all g;,9, € G (here we used the fact that the operators T'(g,) and T'(g,)
are unitary, and hence their adjoints coincide with their inverses).

Let (¢) = (ey,---,¢,,) be an orthonormal basis of V;, and let (¢) =
(€q,--- ,enk) be the dual basis of V/. We claim that the operators e; ® £;
constitute an orthonormal basis in the space L(V},) = V,, ® V/. In fact, the
matrix of e; ® ¢, is E;, and the matrix of the adjoint operator is EZ{J- =Ej.
Hence

YK
1, ifi=s,j=t

(e; ® €., ® g,) = tr LBy = {0, otherwise.

We carry the inner product (3) over to the space M(T},) using the mapping .
Since p, is an isomorphism of the representations Tj, ® T} and Regyyr, ), we
obtain in this manner a Reg-invariant inner product in M(7}). By Theorem
8 of 4.7, the latter must be proportional to the inner product (1). This means
that for every &, n € L(V,,) we have

(4) (11 (&), 1 (M) = e tr €N,

where ¢, is a constant.
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As Ty ;i = my(e; @ ;) (formula (7), 4.6), it follows from (4) that, for each

fixed k, the functions T ;. form an orthogonal basis of the space M(T},), and
that

(Tk,ijaTk,ij) = Cg-
It remains to show that ¢, = n,;l.

To this end, we notice that from the unitarity of the operators T}, (g) it follows
that

ZTk,z’j(g)Tk,ij(9> =1
J
for all g € G. Summing over g € G and dividing by |G| we get

Z(Tk7ij7Tk7ij) =1,

J

ie., nyc, = 1, as needed. O
Cordllary 1. The characters xy,...,x, form an orthonormal basis in the
space C[G]*.

ProoF. We have x; = >, T} ;- Consequently, (x;,x,) # 0 for k& # ¢,
whereas

(Xp X1) = Z(Tk,iiaTk,n‘) = nknzl =1

%

The main application of the orthogonality relations is

Corollary 2. Let T be a complex linear representation of the group G. Then
T ~ % m,T,, where

(5) my, = (X7» X)-

Proor. If T ~ > m,T,, then xr = > m,T, and, by Corollary 1,
OXrs Xi) = M- O
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Thus, once we know the character x, of the representation 7', we can find
the decomposition of T into a sum of irreducible representations, referred to
as the SPECTRUM of T'. In this way we can, in particular, find the spectrum
of the product of two representations; indeed, the character of the product
is equal to the product of the characters of the two given representations
(see 5.3).

We mention also

Corollary 3. The complex representation T of G is irreducible if and only if

(X7 x7r) = 1.

PROOF. Suppose T ~ >~ m,T}. Then (x7, xr) = Y. m3. Obviously, > mi =
1 if and only if one of the numbers m,, is equal to 1 and the others to 0. [

Examples.

1. The matrix elements of the complex irreducible representations of a finite
abelian group G coincide with the characters of G and hence with the repre-
sentations themselves. The meaning of the orthogonality relations is that the
matrix built from the values of the matrix elements, each divided by |G|'/2,
is unitary. For example, if G is a cyclic group of order m, this matrix has the
form (see the Example of 4.6)

1 1 1 1

1 w w? coowml _
ﬁ 1 w? w? coo WD with w = e

1 wm=1 2(m=-1) (m=1)?

2. Using the description of the irreducible complex representations of the
group Ay given in 5.7, we can write down the following table of characters
of A;:

e (12)(34)  (123) (12345) (21345)
Y | 1 1 1 1 1
Xo 3 -1 0 5(1+5) 5(1—5)
X3 3 -1 0 5(1—/5) 3(1+V5)
X4 4 1 -1 -1
Xs | 5 1 ~1 0 0

1 15 20 12 12
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Here in the first and last rows we indicate representatives of the conjugacy
classes and the numbers of elements in these classes respectively; the latter
are needed in order to compute the inner products according to formula (1).

The characters x, and x; are found from the geometrical description of the
representations 7}, and T}. For instance, the operator T, ((12345)) is a rotation
through an angle of 27 /5; relative to a suitable basis it is described by the

matrix
27 21

cos &+ — sin = 0
2w 27
sin = cos £ 0],
0 0 1

the trace of which is 2cos 2ZX +1 = (1 + V/5).
The character x5 can be found from formula (10) of 5.7.

The characters found above satisfy the orthogonality relations. For example,
1
(X47X5) = @(4 -5 +20-1- (—1)) =0.

The table of characters can be used to compute spectra of products of repre-
sentations. For example, let us find the character of the representation T3.
By formula (2) of 5.3, it is equal to x3. We write its values in a table

= (12)(34) (123) (12345) (21345)
X2 |9 1 0 13+v5)  13-VH)

We next compute the inner products (x3, x):

(X%a)ﬁ):% 9+15-1+12. %(3+\/5)+12é(3—¢5)]:1,
(xi,xg):$_3~9+15 (=1) +12-(2 +\/g)+12,(27\/5)}:1’
(%) = g5 [3-9+15+ (<1 §<1+f>—1 La-vB] =0
(X§7X4)=%:4'9—12 %(3+\f)—12 SB-V5)| =0,
(Xﬁ,x5):%(5-9+15):

Applying Corollary 2 of Theorem 1, we conclude that
(6) T ~T, +T,+Ts.
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Questions and Exercises

1. Let x denote the character of the right regular representation R. Com-
pute the inner product (xp, xp) directly, and also by decomposing R into a
sum of irreducible representations.

2. Let T be a complex linear representation of the group G in a space V.
Show that

. 1
dim V9 = @l > xr(9)-
geG

3. Write down the table of characters of S, and find the spectrum of the
representation Mg

4. Use the theory of characters to find the spectra of the representations of
S, (see Exercise 10, Section 5) in

a) the space of functions on the set of vertices of the cube;
b) the space of functions on the set of edges of the tetrahedron.

5% Let T: A; — GL(V) be a three-dimensional irreducible representation.
Decompose L(V) into a direct sum of minimal invariant subspaces with re-
spect to the representation T7".

6. Let s be an arbitrary action of the finite group G on the set X. Let
Zy,...,T,, berepresentatives of the distinct orbits and H,,..., H,, the cor-
responding isotropy subgroups. Prove that

sy~ L4 4 LHm

7. Let T be an n-dimensional irreducible complex representation of the finite
group G. Prove that

> xr(9)T(g) =

geG

G _

n
(Hint. Use Schur’s Lemma to prove that the operator appearing on the left-
hand side is scalar, and then compute its trace.)

8.* Prove that the dimension of any irreducible complex representation of
the finite group G divides the order of G. (Hint. Use Exercise 7 to show that
the trace of any power of the operator %5 is an integer.)
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If we leave the framework of pure algebra and decide to consider continu-
ous homomorphisms, continuous representations, and so on, we discover that
compact topological groups are in many respects similar to finite groups. In
this chapter we examine the simplest examples of connected compact groups
and their linear representations, and we generalize to compact linear groups
the main theorems on matrix elements proven in the preceding chapter for
finite groups. In the next chapter we will discuss the basic method of the
theory of Lie groups and then use it, in particular, to describe all linear
representations of the simplest compact groups. All this, however, can serve
only as an introduction to the present day theory of linear representations of
compact groups, the most important parts of which are

1) the classification of linear representations of compact connected Lie groups,
and

2) the Peter-Weyl Theorem on the completeness of the set of matrix elements
of an arbitrary compact group.

For the classification of representations of compact Lie groups, we send the
reader to the books [1] and [11], among others. Expositions of the proof of
the Peter-Weyl Theorem are given in [7] and [10].

7. The groups SU, and SO;

The simplest connected compact group is the commutative group T, the unit
circle. Among the noncommutative connected compact groups, the simplest
are the intimately related groups SUs and SOg, to which this section is de-
voted.

7.1. SU,. It is readily seen that
SUQ—{( A Z2) ‘ZI,ZQEC, |Zl|2+|2’2|2—1}.

—Z2 1

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_4, © Birkhéuser Verlag 1989
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Consider the set of matrices

o Z1 %2
H_{<—22 21)2172260}.

It is a four-dimensional real subspace of the vector space Lo (C), and enjoys
the following remarkable properties:

1) H is closed under multiplication, i.e., it is a real subalgebra of the algebra
Ly(C);
2) the determinant is a positive definite quadratic function on H:
det < o %2> = |z1)? + |2|? = 22 + 23 + 22 + 22,
—Z2 Z1
where we put 23 = xg + 921, 20 = xo + ix3 (With zg, 21, 22, 23 € R);

3) H contains, together with any nonnull matrix, its inverse:

—1
1 > _
'il '32 = 'il %2 c H.
% & EEAEEA G

Properties 1) and 3) show that H is a division algebra. It is called (indepen-
dently of its specific matrix realization) the QUATERNION ALGEBRA.

As a basis for the quaternion algebra one can take the elements eg,eq,es,
and e3, which in our model are represented by the matrices

(1) () (o) (7))

They satisfy the following multiplication rules:
epe; = e;eg = €;, fori=20,1,2,3;

2 _ - )
e =—ey, fori=123;

eje; = —eje; = ey, if (4,7,k) is an even permutation of (1,2, 3).

Taking the determinant det A of a matrix A as its squared magnitude (i.e., the
inner product of A with itself), we turn H into a four-dimensional Fuclidean
space. The group SUs consists of the matrices A € H satisfying (A, A) =
1, i.e., it is the wnit sphere in H. This implies, in particular, that SUjy is
connected.

Since the determinant of a product of matrices is the product of the deter-
minants of the factors, right or left multiplication by any matrix A € SUj is
an orthogonal transformation of the space H:

(AX,AX) = (XA, XA) = (A4, A)(X,X) = (X,X).
It follows that the invariant integration (see 5.2) on SUy can be defined as the

usual integration on the three-dimensional sphere with a suitable normalizing
factor.
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7.2. The homomorphism SU; — SOj3. To establish the relation between the
groups SU, and SO3 we consider the three-dimensional Euclidean space E of
the 2 x 2 traceless Hermitian matrices, i.e., matrices of the form
_ T To + 13
X = (l‘g—iﬂ?g . > (Z‘l,l‘g,xgER),
with the inner product
(X,X) = —det X =27 + 23 +23.

Notice that ¢E coincides with the orthogonal complement to the unit element
eo in the algebra H.

Next, we consider the linear representation P of SU; in E defined by the
formula

P(A)X = AXA™!  (A€SU, X €E).
If one regards X as the matrix of a Hermitian operator in an orthonormal
basis, then AX A~! is the matrix of the same operator in another such basis.
Consequently, AX A~! is again a traceless Hermitian matrix, i.e., an element
of E (which of course can also be verified by a direct calculation).

It follows from the equality det(AXA~!) = det X that the transformations
P(A) are orthogonal. This implies a priori that det P(A) can assume only the
values +1. However, the connectedness of the group SUs and the continuity
of the function A — det P(A) on it force the equality det P(A) = 1 for all
A € SU,. We have thus obtained a homomorphism

(1) P: SU2 - 803

Theorem. The homomorphism (1) is surjective. Its kernel consists of the two
matrices E and —F.

For the proof we need two lemmas.

Lemmal. Let F be a subgroup of SOs with the following properties:

1) F acts transitively on the unit sphere, i.e., any given unit vector can be
taken into any other such vector by a suitable transformation belonging to F';

2) there is an axis such that F' contains all rotations around that azis.
Then F = SO3.

PROOF. Suppose that F' contains all rotations around the axis (e), where
le] = 1. Let g be an arbitrary orthogonal transformation with determinant
1. By assumption, there is an f € F such that fe = ge or, equivalently,
f~lge = e. The transformation f~!g is therefore a rotation around (e) and
so, by 2), f~1g € F. Consequently, g = f(f~1g) € F also. O
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Lemma 2. For every X € E there is an A € SUy such that AXA™! = cH,

1 0
where H = (O _1> and ¢ > 0.

PrRoOOF. Think of X as the matrix of a Hermitian operator in an orthonormal
basis. It is known that for every Hermitian operator X there exists an ortho-
normal basis consisting of eigenvectors of X. Hence, there exists a unitary
matrix B such that

BXB'=cH (ceR).

Permuting the basis vectors, if necessary, one can arrange that ¢ > 0. Now
set
A= (det B)"'/2B.

Since |det B| = 1, A is a unitary matrix, and so A € SU,. Moreover, it is
clear that

AXA '=BXB !'=cH.
O

PROOF OF THE THEOREM. To establish the surjectivity of P we apply Lem-
ma 1 to the subgroup F = P(SU;). That F possesses property 1) follows
from Lemma 2. To verify property 2), we calculate P(A(z)), where

) A(@:(é (_)1> (z€C, |2 =1).

B PUE (" ) = (e T ),

xg—il'g —x xg—img) —x
which shows that for z = e’ the operator P(A(z)) is the rotation through

an angle of 2¢ around the axis (H).

It remains to find the kernel of P. If P(A) = ¢, then, in particular, P(A)H =
H, which implies that A is a diagonal matrix, i.e., of the form A(z). But, as
formula (3) shows, P(A(z)) = ¢ if and only if z = £1. Hence, A = +FE, as
claimed. O

7.3. SO3. It follows from the theorem just proved that

As a consequence, every linear representation of SO3 is obtained by factoring
a linear representation of SUs (see 3.8). However, in order to be able to make
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the same assertion about continuous linear representations, we have to give
a topological meaning to the isomorphism (4).

Generally, let G be a topological group, N a closed normal subgroup of G,
and 7m: G — G/N the canonical homomorphism. The quotient group G/N is
endowed with a topology in the following standard manner: a subset B C
G/N is declared closed if and only if its preimage 7~!(B) is closed in G.
Under this convention a function f on G/N is continuous if and only if the
function 7* f on G given by

(T f)(z) = f(rz) (2 €G)

is continuous. Consequently, a linear representation T of the quotient group
G/N is continuous if and only if the representation Teor of G is. That is
to say, the continuous representations of G/N are obtained by factoring the
continuous representations of G whose kernels contain V.

Lemma. Let p be a continuous homomorphism of the compact topological
group G onto the topological group F. Then, as a topological group, F is
isomorphic to the quotient group G/N, where N is the kernel of p. More
precisely, the map p: G/N — F sending each coset gN into the element p(g)
is an isomorphism of topological groups.

PROOF. The usual homomorphism theorem asserts that p is a group isomor-
phism. If 7 denotes the canonical homomorphism G — G/N, we have the
commutative diagram

N

G/N

Let us check that p is continuous. Let B be a subset of F. Then 7= (p~1(B))=
p~1(B). If B is closed in F, then, thanks to the continuity of the map p,
p~1(B) is closed in G. By the definition of the topology on G/N, the latter
means precisely that p~1(B) is closed in G/N.

It remains to check that p—! is continuous, or equivalently, that p is a closed
map. Let A be a closed subset of G/N. We have p(A) = p(7~*(A)). Since the
set m1(A) is closed in G, it is compact. Its image under p is also compact
and hence closed in F, as we needed to show. O
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Applying the lemma to the homomorphism P constructed in 7.2, we conclude
that (4) is an isomorphism of topological groups. In particular, as a topologi-
cal space, SOj3 is the three-dimensional sphere with each pair of diametrically
opposed points identified, i.e., the three-dimensional real projective space. We
also obtain the following description of the continuous linear representations
of SO3.

Proposition. The continuous representations of the group SOs are obtained
by factoring those continuous representations of the group SUs whose kernels
contain —F.

7.4. We next construct a series of irreducible complex representations of SUgy
and SOs.

Let V,, denote the space of forms (homogeneous polynomials) of degree n in
the variables u; and us. We define a representation ® of the group SLy(C)
in V,, by the rule

(5) (@n(A)f)(u) = f(uA),
where u = (uj,us) € C?, A € SLy(C), and f € V,. In more detail, if
A = [a;j], then

(6) (©,(A) f)(ur,uz) = flaiur + agiug, arguy + azusz).

This definition agrees with the general rule by which transformations act
on functions if one regards w; and wy as coordinates on the space U dual
to the space of column vectors in which SLo(C) acts naturally, and one
accordingly regards V,, as a space of functions on U. In this interpretation,
the space of column vectors itself and the identity representation of SLo(C)
are canonically isomorphic to V7 and the representation ®; respectively.

Notice that ® is the trivial one-dimensional representation of SLa(C).
The restriction of the representation ®,, to the subgroup SUs C SLy(C) will
be denoted by the same symbol ®,,.

Proposition. The representation ®,, of SUs is irreducible.

PROOF. Let T be the subgroup of SUs consisting of the diagonal matrices
A(z) (see 7.2). We first determine which of the subspaces of V;, are invariant
under T. It is a straightforward matter to check that

(7) @ (A(2))uy ~Muy = 2" u " ug,
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It follows that V,, splits into the direct sum of the one-dimensional T-invariant
subspaces <u?7ku’§>, k =0,1,...,n. Moreover, the corresponding subrepre-
sentations of T are pairwise nonisomorphic. By Theorem 2 of 4.1, every T-

invariant subspace of V,, is a linear span of a number of monomials u? ~*u%.

Now let W be an arbitrary nonnull SUs-invariant subspace of V,,. By the
foregoing discussion, W contains a monomial u?_kug . Pick any nondiagonal
matrix Ag € SU, and let it act on u? *uf. It is readily seen that the co-
efficient of u} in the form fy = <I>n(Ao)u’l“‘*kuéC is different from zero. Since
fo € W and W is spanned by monomials, it follows that u} € W.

Analogously, considering the form ®,(Ag)uy, we remark that all its coeffi-
cients are different from zero. We thus conclude that all monomials belong

to W, ie., W =V, which completes the proof. O
Obviously
(8) d,(—F)=(-1)"e.

Hence, —F belongs to the kernel of ®,, if and only if n is even. For such
values of n the representation ®,, of SU; can be factored with respect to the
normal subgroup {E,—FE}, thereby yielding an irreducible representation of
SO3 that we will denote by ¥,,.

Thus, for each integer n > 0 we have constructed an irreducible (n + 1)-
dimensional representation ®,, of SUs, and for each even n > 0, an irreducible
(n+1)-dimensional representation ¥,, of SO3. In Section 11 we will show that
this is a complete list of the continuous irreducible complex representations
of the groups SUs and SO3. (See also the Exercises in Section 8.)

Questions and Exercises
1. For arbitrary A, B € SU, put
R(A,B)X = AXB™! (X € H).
Show that R is a homomorphism of SU; x SU; onto SOy, and find its kernel.

2.* Let P be the linear representation of SUy constructed in 7.2. Construct
an explicit isomorphism of the representations Pc and ®5 of SUs.

3. Prove that any central function f on SU, is uniquely determined by its
restriction to the subgroup

T{A(z)(g 2_1> |zecC, z|1},

and that f(A(2)) = f(A(z™1)).
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4. Compute the restriction to T of the character x,, of the representation ®,,
of SU,.

5. Prove that the linear span of the functions

Pn(2) = xn(A(z))  (2€C, [2z[=1)

coincides with the space of all functions ¢ on the unit circle which can be
written as polynomials in z and Z, and which satisfy the condition ¢(z) =

¢(2).

6. Let f be a continuous central function on SU,. Show that

F@)de =2 / " F(A(e)) sin? ¢t
SU, ™ Jo

8. Matrix Elements of Compact Groups

In this section we generalize the main theorems established in Chapter II for
finite groups to compact linear groups.

We shall consider only (continuous) complez linear representations. Recall
that every complex representation of a compact group is unitary, and hence
completely reducible (see Section 2).

8.1. Let X be a compact topological space on which integration is defined,
i.e., there is given a positive linear functional

ﬁﬂAﬂ@m

on the space of continuous real-valued functions on X. We extend the integral
by linearity to continuous complex-valued functions. Specifically, if f = g+ih,
where g, h are continuous real-valued functions, we put

/Xf(z)dx:/Xg(x)dx+i/xh(x)dx.

Now, in the space of continuous complex functions on X we define a Hermi-
tian inner product by the rule

(AM=Ah@HEm

We let C,,(X) denote the resulting (generally speaking, infinite-dimensional)
Hermitian space.
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A countable or finite orthogonal set of functions f, fs,... € Cy(X) is said
to be COMPLETE if its linear span is dense in Cy(X) in the topology defined
by the Hermitian metric. If this is the case, then every function f € Cy(X)
can be expressed as the sum (in the topology of C,(X)) of a Fourier series:

f= ;akfk, where a; = %

For a compact topological group G we define the space Cy(G) using the
normalized invariant integration on G (see 2.5).

In particular, if G is a finite group, then Cy(G) = C[G], and the inner product
in Cy(G) is identical with that defined in Section 6.

In any case, the inner product of Co(G) is invariant under left and right
translations, i.e., under the two-sided regular representation Reg of the group

G x G in Cy(@G). In fact,
(Reg(g1,92) f1, Reg(g1,99) f2) = /Gfl(gz_lmgl)f2(g2_1$91) dx

= / H@) (@) de = (f, f,)-
G

8.2. The simplest example of an infinite compact group is T = {z € C*
| |z| = 1}. Tt possesses the infinite series of one-dimensional irreducible rep-
resentations

z 2" (neZ).

It is known that the functions 2™ (n = 0,£1,42,...) constitute a complete
orthogonal set in the space C,(T). This fact lies at the foundation of the
theory of classical Fourier series.

The reader should compare this with Theorem 1 of Section 6, according to
which the matrix elements of the irreducible representations of a finite group
G form a complete orthogonal set in Cy(G).

The facts stated above also hold in a far more general context. Specifically,
we have the following result.

Theorem 1. Let G be a compact topological group. Then the matriz elements
of the irreducible representations of G form a complete orthogonal set in the
space Cy(G). Moreover, the inner product of any such matriz element with
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itself is equal to n™t, where n is the dimension of the corresponding irreducible
representation.

[As in Section 6, let us agree that for each irreducible representation the
matrix elements are defined relative to a basis which is orthonormal with
respect to an invariant inner product in the representation space.]

The theorem contains two independent assertions: one about the orthogonal-
ity and the second about the completeness of the set of matrix elements.

The proof of the orthogonality and the calculation of the norms of the matrix
elements is carried out in exactly the same manner as for finite groups (see
the proof of Theorem 1, Section 6), with integration taking the place of
summation over the group.

The proof of the completeness of the set of matrix elements is given below
only for linear groups.

8.3. Let G be a compact subgroup of GL,,(C). Let a;; denote the matrix
elements of the identity representation of G, and let C[G] stand for the space
of all functions expressible as polynomials in a;; and a;;. By Weierstrass’s
Theorem, any continuous function on G can be uniformly approximated by
functions in C[G]. Consequently, C[G] is a dense subspace of Co(G). If G is
finite, then C[G] coincides with the space of all functions on G, and so in
this case our notation agrees with that used in Chapter II.

Further, let {T,} be the (generally speaking, infinite) collection of all irre-
ducible representations of the group G, and let M(T),) denote the space of
matrix elements of T}, (see 4.5).

Theorem 2. For every compact linear group

ClG] =) M(T;,),
where the sum is direct. (Cf. Theorem 2, 5.2.)

ProOOF. We let C[G],, denote the space of all functions on G that can be
written as polynomials of degree at most m in the variables a;; and a;;. It is
obviously finite dimensional. Since under (left and right) translations on G
the matrix elements a,; transform linearly, the function space C[G],, is both
left and right invariant.

We now repeat the proof of Theorem 2 of 5.2, with the difference that instead
of the representation R, which may be infinite-dimensional, we take its finite-
dimensional subrepresentation R, in the invariant subspace C[G],,,. We then
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have the inclusions
C[G],, € M(R,,) C > M(T}).

It is clear that C[G],, is actually contained in the sum of a finite number
of subspaces M(T},). Since C[G],,, is invariant under the representation Reg,
and since Regyy ) # Regyy(q,) if k # ¢ (Corollary 4 to Theorem 7, 4.6), it
follows that C[G],,, is simply the sum of a finite number of subspaces M(T})
(Theorem 2, 4.1).

m

The space C[G] is the union of all C[G],,,. Consequently it, too, is a sum of
(generally speaking, infinitely many) subspaces M(7},). Suppose that M(T,) ¢
C[G] for some s. Then the subspace M(T}) is orthogonal to C[G], and hence
to all continuous functions on G, contradicting the fact that M(T}) itself
consists of continuous functions. This completes the proof of the theorem. O

Corollary 1. The matriz elements of the irreducible linear representations of
G form an orthogonal basis of C|G]. O

Corollary 2. The matriz elements of the irreducible linear representations of
G form a complete orthogonal set in Cy(G). O

We have thus proved Theorem 1 for compact linear groups.

Theorems 1 and 2 permit us to develop the theory of characters of compact
groups, the basic assertions of which are the same as in the theory of charac-
ters of finite groups (Corollaries 1-3 to Theorem 1, Section 6). We shall not
pursue this further, however.

8.4. For an arbitrary subgroup H of the compact linear group G, the space
ClGT" ={f € C[G]| f(gh) = f(g) forallg€ G, he H}

is described exactly as in Theorem 4 of 5.6 as

(1) cla)” = m (i e V),

where V), is the representation space of T},. It follows that

(2) LH ~ kaTk, where m,, = dim V;7.

To pass to arbitrary continuous functions we use the following lemma.
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Lemma. The closure of C[G|" in Cy(G) coincides with Cy(G)H.

PRrROOF. Every function f € Cy(G) can be uniquely written as the sum (un-
derstood in the topology of Cy(G)) of a series

f:kav fr € M(T},).
Accordingly,

R(h)f = Z R(h) f, R(h) f,, € M(T},).
This implies that
feC, A = (f, e M(T,)? for all k),

and so

Co(G)! = M(T)H = CIGIT.
O

The meaning of the lemma is that the orthogonal basis of the space C[G]*
provided by the matrix elements of the representations 7) is a complete
orthogonal set in Cy(G)H.

Questions and Exercises

1. How does the proof of the orthogonality of the functions z™ on the unit
circle go if one proceeds as in the proof of Theorem 9, 4.77

2. Prove that every irreducible continuous representation of T has the form
z— 2"

3. Find all irreducible continuous representations of the k-dimensional torus
T*.

4. Prove that a compact linear group has at most countably many noniso-
morphic irreducible representations.

5. Prove that the characters of the irreducible representations of any compact
linear group G form a complete orthonormal set in the space of continuous
central functions on G.

6. Let G be a compact linear group and H a subgroup of G. Construct from

matrix elements of irreducible representations of G an orthogonal basis of
the space C[G]*.
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7. Using Exercises 3-5 of Section 7, show that the characters of the repre-
sentations ®,, of SU, constructed in 7.4 constitute a complete orthogonal set
in the space of continuous central functions on SU,. Conclude from this that
every irreducible representation of SU, is isomorphic to one of the represen-
tations @, .

8. Use the theory of characters to derive the following relation for the repre-
sentations of SU,: if m > n, then
¢, @, ~®,  +P, o+ +P, .

9. Using Exercise 7, show that every irreducible representation of SO, is
isomorphic to one of the representations W, constructed in 7.4.

10. Let R and S be representations of SU, such that R|q ~ S|r. Show that
R ~ S. (See Exercise 3, Section 7.)

9. The Laplace Spherical Functions

9.1. We consider the following general problem. Suppose we are given a tran-
sitive action s: G — S(X) of the compact topological group G on the topo-
logical space X. We shall assume that s is continuous, i.e., the map

Gx X — X, (g,z) — s(g)z,

is continuous. Under these circumstances, can we decompose the space of
continuous functions on X into a topological direct sum of finite-dimensional
G-invariant subspaces? If yes, how can the linear representations of G in these
subspaces be described?

Let H be the isotropy subgroup of some point 0 € X. It is a closed subgroup
of G. Proceeding as in 5.5, we construct the bijective map

p:G/H — X, gH — go,

which commutes with the actions of the group G, where one assumes, as
usual, that G acts on G/H by left translations.

The left coset space G/H is endowed with a topology as follows: a subset
B C G/H is said to be closed if and only if its preimage under the canonical
projection m: G — G/H is closed.

Lemma. p is a homeomorphism.

The proof is analogous to that of the Lemma of 7.3. O
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Thus, the space X can be identified with G/H. Under this identification s
becomes the action I, and the continuous functions on X become the con-
tinuous functions on G/H or, equivalently, the continuous functions on G
which are constant on the left cosets of H in GG. Accordingly, the representa-
tion s, of G in the space of continuous functions on X is isomorphic to the
representation L of G in the space Cy(G)#. The decomposition of L ob-
tained in 8.4 permits us to answer the questions formulated above, provided
that the irreducible representations of the group G are known.

Specifically, let (eq,...,e,) be an orthonormal basis of the space V of the
irreducible representation T' of G, chosen so that (eq,...,e,,) is a basis of the
subspace V. Let T}; be the matrix elements of T" in this basis. Then for each
J=1,...,m the functions T}, ..., T, ; are constant on the left cosets of H in
G. Regarded as functions on X, they form a basis for a minimal G-invariant
subspace of functions in which a representation isomorphic to 7" is realized.
The functions constructed in this manner for all irreducible representations
T of G form a complete orthogonal set in the space of continuous functions
on X. They will be referred to as SPHERICAL FUNCTIONS to emphasize the
analogy with Laplace’s spherical functions, to which the remaining part of
this section is devoted.

9.2. A particular case of the problem considered in the preceding subsection is
that of decomposing the space of continuous functions on the two-dimensional
sphere

S ={(r),29,w3) ER® |22 + 23+ 22 =1}

into a topological direct sum of finite-dimensional subspaces invariant un-
der the group SO, of rotations of R3. We solve this problem here without
resorting to the foregoing general considerations.

Let Cy(S) denote the Hermitian space of all continuous complex functions on
S with the inner product defined as in 8.1. As the (usual) integration on S is
invariant under SO;, the inner product in C,(S) is also invariant under SOj.

Fix the point o = (0,0, 1), the “north pole” on S. The isotropy subgroup of
o, that is, the group of rotations around the x;-axis, is isomorphic to SO,,
and by a slight abuse of notation we shall denote it by SO,.

Lemma 1. In every nonnull finite-dimensional SO4-invariant subspace U C
Cy(S) there is a nonnull SO,-invariant function.

PRrOOF. First of all, let us show that U contains functions that do not vanish
at the point o. Let f € U be an arbitrary nonnull function, and let z € S be
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such that f(z) # 0. There is a rotation g € SO, such that gz = o, and then
(95f)(0) = f(x) #0.

Now consider the subspace

Uy={J €U|f(o)=0}.

By the foregoing, it has codimension one. It is clearly SO,-invariant. Hence,
its orthogonal complement U;- is also SO,-invariant.

Now let f, € Ug" be an arbitrary nonnull function. Rotations around the
xs-axis can affect f; only by a multiplicative constant. However, since the
point o is fixed, that constant is in fact equal to 1. Hence, f, is the desired
function. O

9.3. Let A denote the algebra of polynomials with complex coefficients in the
coordinates x,, Ty, 5. Its elements will be regarded as functions on R3. It
is plain that the algebra A is SOj-invariant. Moreover, it splits into a direct
sum of finite-dimensional invariant subspaces:

A=A 0 A 0A®...

where A,, designates the space of homogeneous polynomials of degree m. The
monomials 2} 25225 provide a basis for A. We endow A with a Hermitian

inner product chosen so that this basis is orthogonal and

ki,.k2 ks k1 ke ksy _
(x7 x5 ws®, xy w2 xs®) = kylkylks!.

Lemma 2. The operator of multiplication by x, in A is the adjoint of the
differentiation operator 0/dx; with respect to the inner product (-, -).

PRrROOF. For the sake of definiteness, let i = 1. We have to show that
(Ou/0x,,v) = (u,x,v) for any two polynomials u,v. It suffices to check this

for monomials v and v. Let u = x’flmg"‘x’g? If v # x’fl_lx§2x§3, then both
sides of the needed equality vanish. If now v = z¥ 71252253 " then we get
kq!ky'ks! in both sides. O

Corollary. The operator of multiplication by r? = z? + x3 + 23 is the adjoint
to the Laplace operator
02 o2 0?

A= —S++5+:5-
Ox? * ox2  Ox3
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Notice that r2A4,, C A,,,, and AA, C A _,.

The functions annihilated by the operator A are called HARMONIC. We let H
denote the space of harmonic polynomials. Obviously H = ) H, , where
H, = HnNA,,. Since the kernel of any linear operator coincides with the
orthogonal complement to the range of its adjoint,

(1) A, =H_ ©r’A m=0,1,2,...

m—27
This yields the following direct sum decomposition of the space A,,:
(2) A, =H, or*H ,orH ,©....

Since both the Laplace operator and the operator of multiplication by 72 com-
mute with rotations, the summands in this decomposition are SO4-invariant.
In point of fact, they are minimal invariant subspaces, as we next show.

9.4. Let p denote the operation of restriction of functions from R? to the
sphere S. Set

ClS] = p(A).
It is plain that the map
p:A — C[S]
is linear and commutes with the actions of SO; on A and C[S].
It follows from Weierstrass’s Theorem that C[S] is a dense subspace of Cy(.S)
(cf. 8.3).
Lemma3. Ker pnA4,, =0.

PrOOF. In fact, any homogeneous polynomial that vanishes identically on S
vanishes identically in R?, too. O

Theorem 1. (2) is a decomposition of A,, into a direct sum of minimal SO5-
invariant subspaces.

PrOOF. By Lemma 3, p maps A,, isomorphically onto p(4,,). By Lemma
1, the number of components in a direct sum decomposition of A, into
minimal invariant subspaces does not exceed dim AS92. We next show that
dim A%92 = [m/2] + 1 (Lemma 4 below; here [ ] stands for integer part).
Since the number of components in the decomposition (2) is also equal to
[m/2] + 1, we conclude that the latter are minimal invariant subspaces. O
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Let us parametrize SO, by complex numbers of modulus one. Namely, for
each z = e, t € R, we let h(z) denote the rotation through angle ¢ around
the z4-axis.

Lemma 4. The space A,, admits a basis of joint eigenfunctions of the trans-
formations h(z) € SO,. The corresponding eigenvalues have the form 2%,
for k = 0,41,£2,...,+m. The multiplicity of the eigenvalue z* is [%(m —

|k])] + 1. In particular,

dim 4502 = [21] 41,
2
PrROOF. Put
U= T — iTy, U =T, +1T,.
It is readily seen that
h(z)yu = zu, h(z)et = 2z~ 4.

Any polynomial in A,, is uniquely expressible as a linear combination of
monomials upﬂqxg, where p + ¢ + £ = m. From the above formulas it follows
that

h(2)guPulesy = 2P~ uPalss,

i.e., the monomials upﬂqxé are joint eigenfunctions for all transformations in

SO, with corresponding eigenvalues zP~9. Since |[p —¢| <p+qg=m — ¥, we
have that |[p — q| < m. For p — ¢ = k the exponent £ can assume the values
m — |k|,m — |k| —2,m — |k| —4,.... Hence, the number of monomials uPu%z}

with p— ¢ =k is [$(m — |k[)] + 1. O

9.5. We can now formulate the main result of this section.

Theorem 2. The space C[S] decomposes into the orthogonal direct sum of the
minimal SO4-invariant subspaces U, = p(H,,), m =0,1,2,.... The subspace
U,, has dimension 2m + 1. It admits an orthogonal basis (Y,, 0, Y, 15+

m,0?
Y, +m) consisting of joint eigenfunctions of the transformations h(z) € SO,.

The eigenvalue corresponding to Y, ; is 2k,

The functions Y, , are called the LAPLACE SPHERICAL FUNCTIONS.
Proor. It follows from Lemma 3 and Theorem 1 that for each m

and that U,, = p(H,,) is a minimal SO;-invariant subspace. Since
ClS] = p(A) = p(Ag) + p(A1) + p(45) + ...,
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we have that

ClS]=Uy+U,+U, +....

The representation of SO in U, is isomorphic to its representation in the
space H,,, C A, . The representation of the group SO, C SO5 in A4, is a sum
of one-dimensional representations of the type h(z) +— z¥ (|k| < m), whose
multiplicities were computed in Lemma 4. Consequently, the representation
of SO, in H,, is also a sum of one-dimensional representations. It follows from
decomposition (1) that the multiplicity of the one-dimensional representation
h(z) — 2* (|k| < m) in the representation of SO, in the space H,, is equal to
the difference of its multiplicities in the representations of SO, in the spaces

A,, and A,,_,, which in turn is equal to 1:
1 1
“(m— k)] = [5(m—2— k)] = 1.
[5 (m = [k])] =[5 (m k)]
Thus, in U,, there is a basis (Y, 0,Y,, £15---, Y, 1,,) such that

h(2)5Y, 1 = zkYmk.
In particular, dimU,,, = 2m + 1.

Comparing dimensions we see that for m # ¢ the representations of SO,
in U,,, and U, are not isomorphic. Applying Theorem 9 of 4.7, we conclude
that the subspaces U, are mutually orthogonal, and consequently linearly
independent. By the same theorem, applied now to the representation of

SOy in U, the functions Y, o,Y,, +y,...,Y,, ,,, are pairwise orthogonal.
This completes the proof of the present theorem. O
Corollary. The functions Y, ;. (m =0,1,2,...; k=0,%1,...,£m) consti-
tute a complete orthonormal set in Cy(S). O

9.6. Now let us find explicit expressions for the Laplace functions. We de-
note by &;,&,, &, the restrictions of the coordinate functions x,, z,, x5 to the
sphere S.

The space U, = p(H,,) contains a unique (up to a multiplicative constant)
SO,-invariant function, namely, Y, . It is called the ZONAL SPHERICAL
FUNCTION OF ORDER m. It is the restriction to S of a linear combination of
polynomials of the form

wPuPah = (ua)Pah = (22 + 22)Pal (with 2p 4+ £ = m).
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Since p(zf 4+ 23) = p(1 —2%) = 1 — &2, it follows that Y, o is a polynomial of
degree < m in &:

Ym,O = Pm(é&)
The linear independence of the functions Y00: Y1005 Ym0 implies that
Py, P,,..., P, constitute a basis in the space of polynomials of degree < m.

Lemma. [*, P, (t)P,(t)dt =0 for m # L.

PROOF. We calculate the inner product of the functions Y, 5 and Y, 5. To
this end we note that the area of the infinitesimally thin belt on the sphere
S specified by the inequalities ¢t < &; < ¢ 4 dt equals 27w dt. Consequently,
the integral of any function of the form P({;) over S equals 2w fil P(t) dt.
In particular,

1
(Vo Yeo) =27 [ PP
-1
which, in view of the orthogonality of the functions Y,, ; and Y, ;, proves the
lemma. d

We define an inner product in the space of polynomials of one variable by
the rule .
(P.Q) = [ PuQw

—1
Then the lemma asserts that the polynomials F,, P, P,,... are mutually
orthogonal. Since (P, P;,...,P,,_,) is a basis of the space of polynomials of
degree < m, it follows that P, is a polynomial of degree m that is orthogonal
to all polynomials of degree < m. As such, it is uniquely determined up to a
multiplicative constant. It is called the LEGENDRE POLYNOMIAL of degree m.
We have thus established

Theorem 3. Y,, o = P, (&), where P, is the Legendre polynomial of de-
gree m. U

Here are explicit expressions for a few of the first Legendre polynomials:
Bt) =1, Py(t) =t,
Py(t) =3t — 1, Py(t) = 5t° — 3t,
P,(t) = 35t* — 30t* + 3, Py (t) = 63t° — 70> + 15t.
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As regards the remaining spherical functions, they can be expressed through
Legendre polynomials as follows:

Y—rn,k = (61 - 252)kp’r(rf€) (63)7 (k > 0)7
Yo = (€& +i&6) PI(&), (k> 0).

We are going to see this in Section 11, where we will also show that the
representation of SO5 in the space U, is isomorphic to the representation
W, constructed in 7.4.

3)

2m

Questions and Exercises

1. Suppose the compact group G acts transitively on a topological space X.
Let H be the isotropy subgroup of the point 0 € X. Show that in every
finite-dimensional nonzero G-invariant subspace of continuous functions on
X there exists a nonzero H-invariant function.

2. Under the assumptions of the preceding exercise, suppose that T:G —
GL(V) is a finite-dimensional irreducible representation of G. Prove that if
V' contains a nonzero H-invariant vector, then T is isomorphic to a represen-
tation of G in a space of continuous functions on X. (Hint: Establish first
the existence of a nonzero H-invariant linear function f € V’; then consider
the map that assigns to each vector v € V the continuous function f, on X
defined by the formula f,(go) = f(g~'v).)

Work out Exercises 3—6 without resorting to formulas (3).

3. Show that Y, ; (o) = 0if k # 0.

N

. Find explicit expressions for the functions Y, , for m =1, 2.

5. Show that Y, = = (& —i&,)™.

m,m

6. Show that U,, = U,,. Deduce from this that Ym)k =Y, _; (where the
bar denotes complex conjugation).

7. Prove the following formula of Rodrigues:

P,(t) = C‘Zt% [GERE



V. Representations of Lie Groups

In this chapter we deal with differentiable functions and maps. Differentia-
bility will always be understood as infinite differentiability, i.e., the existence
of partial derivatives of arbitrarily high order.

All vector spaces encountered below are assumed to be finite-dimensional,
except for certain function spaces which are clearly infinite-dimensional.

10. Genera Properties of Homomorphisms
and Representations of Lie Groups

10.1. A LIE GROUP is, by definition, a group endowed with a differentiable
structure (i.e., differentiable manifold structure) such that the group opera-
tions

Tl (zy) ey
are differentiable maps (cf. the definition of a topological group, 2.4.) Depend-
ing on whether one considers real or complex manifolds, one speaks about
REAL or COMPLEX Lie groups.

Any Lie group is a topological group.
Examples of Lie groups.

1. Any group endowed with the discrete topology and the trivial structure
of a zero-dimensional manifold.

2. The additive group of any n-dimensional real or complex vector space V.

3. The group GL(V), with the differentiable structure that it gets as an
open subset of the vector space L(V'). That is, one declares differentiable the
differentiable functions of the matrix elements.

Every complex Lie group can be regarded as a real one (of twice the dimen-
sion) upon taking as real coordinates the real and imaginary parts of the
complex coordinates.

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_5, © Birkhéuser Verlag 1989
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10.2. A subgroup H of the Lie group G is said to be REGULAR, or a LIE
SUBGROUP if it is a submanifold, i.e., if it can be given, in a neighborhood of
any of its points h, by a system of equations of the form

(1) Fi(zyy...,2,)=0 (i=1,...,m),
where z,,...,z, are local coordinates on GG in the neighborhood of h, the
functions F},..., F,, are differentiable, and

=1m.
h

OF;
(2) rank [8@" ‘ ]

J

A regular subgroup endowed with the canonical induced structure of an
(n — m)-dimensional differentiable manifold is a Lie group.

Lemma. Suppose that the subgroup H of the Lie group G can be given, in
some neighborhood of the identity, by a system of equations (1) satisfying
condition (2). Then H is a reqular subgroup.

PROOF. The subset H C G is invariant under translations:
I(h):x — hx (x € G),

which are diffeomorphisms of the manifold G. We use [(h) to carry the co-
ordinate system in the neighborhood of the identity in G whose existence is
asserted in the hypothesis over to a neighborhood of the point h. Then in the
resulting coordinate system around h, the subgroup H is given by the same
equations that defined it in the neighborhood of the identity. O

Examples.

1. SL,(K) (with K = R or C) is a regular subgroup of the Lie group
GL,,(K). In fact, it is given by the single equation

det X =1 (X = [z;;] € GL,(K)),

and
Odet X

0y |x—p

=14#0.

Thus, SL,,(K) is an (n? — 1)-dimensional Lie group.
2. The orthogonal group O,, is singled out in GL,,(R) by the equations

Fij(X) = Zl‘ik%k = 6z‘j>
k



10. Homomorphisms and Representations of Lie Groups 95

where one can assume that ¢ < j, so that there are %n(n + 1) equations. We
have that

aFij(X)‘ _{20r 1, if {i,5} = {s,t},
oz, 0, if {i,5} # {s,t}.

It follows that the minor of order $n(n+1) of the Jacobian matrix [

X=F

OF;;(X)
Ox st
corresponding to the variables z,, with s < ¢, does not vanish at the point

E. Thus, O,, is a regular subgroup of the Lie group GL,, (R). It has dimension

1 1
n? — §n(n +1) = En(n —1).

3. The group SO,, coincides in a neighborhood of the identity with O, (as
a subgroup of GL,(R)). In fact, the determinant of an orthogonal matrix
can assume the values +1, but if the matrix is close to the identity matrix,
its determinant cannot be equal to —1. Hence, SO,, is a regular subgroup of
the Lie group GL,,(R). It has the same dimension as O,,. One can show that
SO,, is a (connected) component of the group O,,.

4. The unitary group U, is singled out in GL,, (C) by the equations
inki"jk =0, (X = [2;;] € GL,(C)),
k

where one can assume that ¢ < j. If GL,,(C) is regarded as a real Lie group,
the left-hand sides of these equations are differentiable functions. On sep-
arating the real and imaginary parts one obtains n? equations. Proceeding
by analogy with Example 2, one can show that the rank of the Jacobian
matrix of interest at the point X = F is equal to the number of equations.
Consequently, U, is a regular subgroup of the real Lie group GL, (C). Its
dimension is equal to

on? —n=n

10.3. A HOMOMORPHISM OF THE LIE GROUP G INTO THE LIE GROUP H
is a group homomorphism of G into H which is also a differentiable map.
Lie group ISOMORPHISMS and AUTOMORPHISMS are defined in an analogous
manner.

A LINEAR REPRESENTATION OF THE LIE GROUP G is, by definition, a ho-
momorphism of G into the Lie group GL(V'), where V' is a real or complex
vector space. The following variants can then be distinguished:

real linear representations of a real Lie group;
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complex linear representations of a real Lie group (the space V is complex,
but GL(V) is regarded as a real Lie group); and

complex linear representations of a complexr Lie group.
The differentiability of a linear representation T of the Lie group G means

that the matrix elements of the operators T'(g) are differentiable functions
of g.

Examples.

1. Every real or complex linear representation of an arbitrary group G is
simultaneously a linear representation of the discrete Lie group G.

2. The map t — e (¢t € R) is a Lie group homomorphism of R onto T =
{zeC|l|z|=1}.

3. Themap t — e (t € R, A€ L,(R)or L, (C)) is a (real or, respectively,
complex) representation of the Lie group R. The map t — e*4 (t € C, A €
L, (C)) is a linear representation of the complex Lie group C.

4. Let V be a real or complex vector space. Then all linear representations of
GL(V) considered in 1.6 are differentiable, i.e., are linear representations of
the Lie group GL(V). For instance, the matrix elements of the representation
¢ (Example 3, 1.6) were calculated in 2.4. It is obvious that they are differ-
entiable and not merely continuous, which means that ® is a differentiable
map.

5. It follows from the differentiability of the group operations in a Lie group
G that every inner automorphism

a(g):x —grg~" (9,2 €G)
is differentiable, i.e., it is a Lie group automorphism of G.

6. The restriction of a representation of a Lie group G to a regular subgroup
H C G is a representation of the Lie group H.

10.4. The Tangent Map of a Homomor phism. We shall denote by D, X the
tangent space to the manifold X at the point z € X, and by d,¢: D, X —
Dy )Y the tangent map (the differential) of the differentiable map ¢: X —

Y at x. Whenever the argument of the map d ¢ (an element of D, X) is
indicated, the subscript x in the notation d ¢ will be omitted.

Now let ¢: G — H be a Lie group homomorphism. Then ¢(e) = e, and there
is defined the linear map

d.¢:D.G — D.H.
We call d ¢ the TANGENT MAP of the homomorphism ¢.
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Theorem 1. Any homomorphism of a connected Lie group G into an arbitrary
Lie group H is uniquely determined by its tangent map.

This is the first genuine theorem of the theory of Lie groups. We precede its
proof with some notation and a lemma.

Consider the tangent map of the left translation {(g) on G at the point e. It
is an isomorphism of the tangent spaces:
(3) dl(9): D,G — D,G.

We shall denote the image of £ € D_ G under this isomorphism simply by g€.
(If G = GL(V), then ¢g¢ can be understood as the usual product; see 10.5
below.)

Lemma. Let ¢:G — H be a Lie group homomorphism. Then for any g € G
and any £ € DG,

(4) dp(g€) = o(g)de().

PROOF. Since ¢ is a homomorphism we have the following commutative
diagram of maps:

1(9)
—

G G
¢ ¢
H Ue(9)) H

(In fact, [(¢(9))o(z) = ¢(g9)¢(x) = d(gz) = ¢(I(9)z) for all x € G.) It yields

the corresponding commutative diagram of tangent maps

pG 9 pa
d@l ldgqﬁ
pH e -y

We get equality (4) by just writing out what the commutativity of this dia-
gram means for an element ¢ € D,G. O

PROOF of Theorem 1. Let d_ ¢ be the tangent map of the homomorphism
¢:G — H. Let us show how one can recover ¢ from d_¢.

In order to find ¢(g), we connect the identity e of G with the point g by a
differentiable curve g(t), 0 <t < 1:

g(0)=e,  g(1)=g
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For each t we use the isomorphism (3) to write the tangent vector ¢'(t) €
Dy G in the form

(5) g'(t) =g(®)&t),  with&(t) € D.G.
By the lemma,

(6) dp(g'(t)) = d(g(t))dd(£(2)).
Set

P(g(t)) = h(t)  and  dp(&(t) = n(t).
Then, by the definition of the tangent map,

dg(g'(t)) = h'(1),

and (6) can be reexpressed as
(7) W (t) = h(t)n(?)-

If the tangent map d. ¢ is known, so is n(t); hence (7) can be regarded as
a system of differential equations for the coordinates of h(t). The solution
of this system is uniquely determined by the initial condition h(0) = e. In
particular, the point h(1) = ¢(g) is uniquely determined, as we needed to
show. d

We wish to emphasize that Theorem 1 is concerned with the uniqueness of
the Lie group homomorphism with a given tangent map and not with its
existence.

Example. We use Theorem 1 to describe all automorphisms of the Lie group
R. The tangent map of an arbitrary automorphism ¢ of R is an invertible
linear map of the one-dimensional space DyR, i.e., reduces to multiplication
by some ¢ € R, ¢ # 0. Now, notice that the transformation = — cx is
an automorphism of the group R, and that its tangent map is precisely
multiplication by c. Hence there are no other automorphisms. (Resorting to
the proof of Theorem 1, one could determine the form that an automorphism
must have by solving a differential equation rather than producing it from
thin air, as above.)

10.5. The Tangent Representation. The notion of tangent homomorphism can
be applied to linear representations of Lie groups.

Let V be a real or complex vector space. The group GL(V) is an open subset
of the vector space L(V). For each a € GL(V) (in particular, for o = ¢), the
tangent space D, GL(V') can be canonically identified with L(V'). By this we
mean that the tangent vector to a curve passing through « is identified with
the ordinary derivative of the (vector) L(V')-valued function that specifies
the curve. Under this identification the tangent space to the left translation
() becomes the operator of left multiplication by « in the algebra L(V).
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Definition. Let T: G — GL(V') be a linear representation of the Lie group G.
We call the tangent map

dT:D,G— L(V)=D.GL(V)
the TANGENT REPRESENTATION for T'. (Note that d.,T" is not a representation

of some group; as we shall see below, it is a representation of a Lie algebra.)

Corollary of Theorem 1. Any linear representation of a connected Lie group
is uniquely determined by its tangent representation. |

Examples.

1. The tangent representation for the linear representation
F it e (teR, acL(V))

of R is the map

(8) t— ta.

Since any linear map R — L(V') can be written in the form (8) for a suitable
a € L(V), it follows that every linear representation of R in V' is of the type
F,. It is precisely in this manner, by actually carrying out in a particular case
the proof of Theorem 1 given above, that we found in 0.1 all differentiable
representations of R.

2. Let us determine the tangent representation for the adjoint representation
Ad of the group GL(V) (Example 2, 1.6). Let «(t), 0 <t <1, be a curve in
the group GL(V') with initial data

a(0) =&, a'(0) =€ e L(V).
For every n € L(V') we have

dAd(&)n = %Ad(a(t))n

t=0

= Za(®ma(t)!| _ =en—mne.

(Here we used the fact that %oz(t)’1 | +—o = —&, which follows upon differen-
tiating the identity a(t)a(t)™! =c at t =0.)

The tangent representation d Ad is denoted by ad. We have shown that
(9) ad(§)n = &n — k.
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10.6. In the case when the given Lie group is connected, the properties of its
linear representations are determined by the properties of the correspond-
ing tangent representations. This holds true, in particular, for the invariant
subspaces.

Let T:G — GL(V) be a linear representation of the Lie group G and
d,T:D,G — L(V) the tangent representation for 7. We will say that the
subspace U C V is invariant under the tangent representation d.1" if

dT(&)u e U forall £ € D.G and all u € U.

Theorem 2. a) Fvery subspace U invariant under T is also invariant un-
der d.T.

b) If G is connected, then every subspace U invariant under d,T is also
invariant under T.

PROOF. a) Suppose U is invariant under 7T'. Given an arbitrary £ € DG we
find a curve g(t), 0 <t <1, in G such that

9(0)=e,  ¢'(0)=¢
Since, for each given u € U,
T(g(t)uelU for all ¢,

we have that

d
dTl = —T(g(t eU.
(©u=ST(g(0)u|
Hence, U is invariant under d_T".
b) Suppose now that G is connected and U is invariant under d 7. To show
that T'(¢g)U C U, we join the identity element e of G with the point g by a
differentiable curve g(t), 0 <t < 1:

9(0)=e,  g(1) =g
We have

g'(t) =g(t)§(t),  with £(t) € D.G
(cf. the proof of Theorem 1). By the Lemma of 10.4, applied to the homo-
morphism T: G — GL(V),

d

(10) 2 T(9(t)) = T(g(t))dT(£(2))-

Now pick a basis (e) = (eq,...,e,) in V such that U = (e,...,e.), and set
Te)(9(t)) = A(t) = lag;(t)]
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and
dT .y (§(t)) = C(t) = [c;;(2)].
By hypothesis,
(11) ¢;;(t) =0 fori >k, j<k.
We prove that
(12) a;;(t) =0 fori >k, j<k.

To this end we rewrite (10) in terms of matrices:
Al(t) = A@)C(t).
Taking into account (11), this yields for ¢ > k and 7 < k

(13) a‘;j (t)= Z aM(t)céj (t).
r=1

These equalities can be regarded as a system of differential equations for the
functions a;;(t) (i > k, j < k). Since A(0) = E, a,;(0) =0 for i >k, j <k,
and (12) follows from the uniqueness theorem for the solution of a system of
differential equations with given initial condition. In particular, setting ¢t = 1

we conclude that T'(g)U C U. O

Corollary. a) If the tangent representation d./T for T is irreducible, then so
1s T

b) If G is connected and the representation T is irreducible, then so is the
tangent representation d T . O

This corollary will be used in Section 11.

10.7. The Tangent Algebra. The tangent space D,G to a Lie group G does
not, by itself, carry any information on the multiplication operation in G.
However, the latter can be used to define, in a certain canonical manner, a
binary operation in the space D,G called commutation, which turns D G into
an algebra. If G is connected, then the structure of this algebra determines
to a considerable extent the structure of the group G itself.

The COMMUTATOR of the elements &, € D,G, denoted by [£, 7], is defined
by the formula

(14) (6] = mo(o(0), (5)

’
t=5=0



102 IV. Representations of Lie Groups

where g(t), 0 < t < 1, and h(s), 0 < s < 1, are curves in G satisfying the
conditions g(0) = h(0) = e, ¢'(0) = &, K (0) = n, and (g,h) = ghg 'h™!
denotes the commutator of the elements g, h in the group G.

The partial derivative in (14) can be defined coordinate-wise but is inde-
pendent of the choice of the coordinate system, as it admits the following
alternative interpretation. Set

f(t,s) = (g(t), h(s)).
Then f(¢,0) = e and

£(t) = a?s (t.s)| _ €DG

2
is the tangent vector to the curve s — f(¢,s). Now 5%§f(t’ s)]t:S:O is seen

to be the tangent vector to the curve £(¢) in the space D,G.

It follows from the definition of a Lie group that there exist differentiable
functions f, of 2n variables z,...,x,,,¥%;,...,%, such that the i-th coordi-
nate of the commutator of the elements of G with coordinates (z,...,z,)
and (yq,...,¥,) s fi(zy,. -, T, Yy, - - -, Yy, ). Regarding the f; as known func-
tions, we obtain the following explicit expression for the coordinates of the

commutator [£,7)]:

(15) Z 3x ayk

This expression shovvs7 first, that the commutator [¢, 7] does not depend on
the choice of the curves g(t) and h(s) and, second, that it is linear in each of
its factors.

ﬂk~

(e,e)

Definition. We call the tangent space D,G, endowed with the commutator
defined by the rule (14) (or (15)), TANGENT ALGEBRA of the Lie group G.

The tangent algebra is usually denoted by the lower-case Gothic letter (or
letters) that correspond to the Roman letter(s) denoting the Lie group. Thus,
the tangent algebra of the Lie group G is denoted by g, that of SL, (C) by
sl (C), and so on.

Examples.
1. If the Lie group G is commutative, then [{,n] = 0 for all &,n € g.

2. Let us determine the tangent algebra of GL(V'). Given arbitrary &, n €
L(V) = D.GL(V), we pick curves a(t), 3(s) € GL(V') such that

a(0) =p(0)=e,  d(0)=¢  F(0)=n.



10. Homomorphisms and Representations of Lie Groups 103

Then (see Example 2, 10.5),

d _ d _
OB B0 I
L at)is)att) 1 5() | = altmat) .
and p
Satmat)™ =) _ = en—n
Thus,

(16) [€,m] = &n —né.

It is readily verified that the commutation operation in L(V') possesses the
following properties:

€ nl+[,& =0, (skew-symmetry, or anti-commutativity)

and
(&, Cl) + I, [CE]+[C[Emll =0 (the Jacobi identity).

Any algebra in which these two identities hold is called a LIE ALGEBRA. One
can show that the tangent algebra of any Lie group is a Lie algebra. We shall
not need this fact, however.

It is obvious that the tangent algebra b of a reqular subgroup H of the Lie
group G is a subalgebra of g. In particular, if H is a regular subgroup of the
Lie group GL(V), then b is a subspace of L(V'), and the commutator [, 7] of
&, n € b is computed according to formula (16).

We remark that if the subgroup H of the Lie group G is given in a neigh-
borhood of the identity by a system of equations (1) with property (2), then
the subspace D H is singled out in D,G by the linear equations

OF;
2 a5 =0
- (%Jj e J
J
where (&;,...,¢&,) is the coordinate system on the tangent space D,G corre-
sponding to the coordinate system (z,,...,z,) on G.

3. O, is a regular subgroup of GL,,(R) (see Example 2, 10.2). The system
of equations defining O,, is equivalent to the matrix equation

AA" =E.
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Differentiating the latter with respect to A at A = F, we obtain the equation
of the tangent space D;0,,:

X+X =0

Thus, the tangent algebra of the Lie group O,, is the algebra of the skew-
symmetric real matrices with the commutation operation

(17)  [X,Y]=XY -YX.

In particular, we see that the commutator of two skew-symmetric matrices
is again a skew-symmetric matrix (which, of course, can also be verified di-
rectly).

In a similar fashion one proves that the tangent algebra of the Lie group U, is
the algebra of skew-Hermitian complex matrices with the commutator (17).

10.8. In 10.4 we saw that a homomorphism of connected Lie groups is unique-
ly determined by its tangent map. We are led to ask which linear maps are
tangent maps of Lie group homomorphisms. A partial answer is provided by

Theorem 3. The tangent map of a Lie group homomorphism is a homomor-
phism of the corresponding tangent algebras.

PROOF. Let ¢: G — H be a Lie group homomorphism. Given &, 7 € g, choose
curves ¢(t), h(s) as in the definition of the commutator. By the definition of
the tangent map,

i (450(0.1(5)

s=0

_> = 2 o((g(0) ()

= 2 (0lo(0) o(h())

Since the map d.¢: g—b is linear and continuous, it commutes with differ-
entiation. Consequently,
5—0) ‘t:O

as T b)) = mpe (o016

s:O.

32
= 5= (6(9(1), 6(h(5))|

() = [do(e), dén)],

as we needed to show. O
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Corallary. Let T:G — GL(V) be a linear representation of the Lie group G.
Then

dT([¢,n]) = dT'(§)dT (n) — dT'(n)dT (§)
for every €,m € g. O

For an arbitrary Lie algebra a, a linear map 7:a — L(V) satisfying the
condition:

7([&n]) = 7(€)7(n) —r()7(§)  forall§,n e a,

is called a LINEAR REPRESENTATION OF a. Thus, the tangent map d,T" of any
representation 7' of the Lie group G is a linear representation of the tangent
algebra g.

10.9. The Adjoint Representation. For each g € G we let a(g) denote the
inner automorphism of G defined by g:

alglz =gxg~t  (z€Q).

Suppose G is a Lie group. Then we can consider the tangent map d,a(g) €
GL(g), denoted Ad(g). Since a(g,95) = a(g;)a(gy), we have that Ad(g,9,) =
Ad(gy)Ad(gy). Moreover, it follows from the definition of a Lie group that
Ad(g) depends differentiably on g. Hence, the map

Ad: g — Ad(g)

is a linear representation of G in the vector space g. It is called the ADJOINT
REPRESENTATION OF THE LIE GROUP G.

When G = GL(V), this general definition of the adjoint action is in agreement
with the one given in Example 2 of 1.6. In fact, in this case a(g)z depends
linearly on z, and so Ad(g) is given by the same formula as a(g). Specifically,
for £ € g =L(V),

(18)  Ad(g)¢ = gég™".

The same formula is, needless to say, valid for every regular subgroup G C
GL(V).

The tangent representation for Ad is called the ADJOINT REPRESENTATION
OF THE TANGENT ALGEBRA g and is denoted by ad. In 10.5 (Example 2) we
showed that, for G = GL(V),

(19)  ad@n=1[&n  (&neag)

In exactly the same manner one can prove that this formula holds for any
regular subgroup G C GL(V'). Actually, one can show that (19) is valid for
any Lie group G.
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By the Corollary to Theorem 3,
ad([§,n]) = ad(§)ad(n) — ad(n)ad(E).

In view of (19), this means that

(2()) [[57 77]7 C] = [£7 [77’ C]] - [777 [57 CH

for all £,m,( € g. Assuming that the skew-symmetry of the commutation
operation is a known fact, (20) is equivalent to the Jacobi identity. This is in
fact one of the ways of proving the latter.

10.10. The next theorem describes the behavior of the adjoint representation
under a homomorphism.

Theorem 4. Let ¢: G — H be a Lie group homomorphism. Then

(21)  do(Ad(g)§) = Ad(o(g))de (&)
forallg e G and all € € g.

PRrROOF. Let x(t) be a curve in G tangent to the vector £ at ¢ = 0. Then
Ad(g)¢ is the tangent vector (also at t = 0) to the curve gz(t)g~!, while
dp(Ad(g)€) is the tangent vector to the curve

dgz(t)g™") = p9)o(=(t))p(g) ™"
This yields (21), because d¢(€) is the tangent vector to the curve ¢(z(t)). O

Corallary. Let T: G — GL(V) be a linear representation of the Lie group G.
Then

dT(Ad(g)¢) = T(9)dT(€)T(9) ™"
forallg e G and all € € g. O

10.11. Veocity Fields. Suppose that there is given a differentiable action s
of the Lie group G on a differentiable manifold X. (The differentiability of
s means that the coordinates of the point gz are differentiable functions of
the coordinates of g and ). Then with each element £ € g we can associate
a vector field on X, a “velocity field” of the action s.

Specifically, let g(t) be a curve in G tangent to £ at t = 0. For each z € X
we put

d
(22) fx = ag(t):r o€ D X.
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Obviously, the coordinates of the vector £z are linear functions of the first
derivatives of the coordinates of g(t) at t = 0, i.e., of the coordinates of £. If
s is a linear representation we have

§o = ds(&)x,
where ds denotes the tangent representation. In the general case we shall use
ds(§) to denote the vector field x — &x. It is natural to regard the linear
map & — ds(§) as the “tangent action” associated with s. We call the vector
field ds(§) the VELOCITY FIELD (or the INFINITESIMAL GENERATOR) OF THE
ACTION s corresponding to the element & € g.

For any differentiable function f we have that

(23) SN _ = 95| = —0er@),

where J;, denotes the operator of differentiation in the direction of the vector
&x. From (23) we derive the following important result.

Proposition. Let W be a finite-dimensional space of differentiable functions

on X which is invariant under the representation sy, and let T = (sy)y -
Then

dT(§)f = —04ye) f
forall€ € gand all feW.

PROOF. Let g(t) be a curve in G tangent to £ for ¢t = 0. By the definition of
the tangent representation,
d
dT(§) = = (T(9(1))
For f € W we have
d d
dT(§)f = ZT(gt)f| = Zsulgt)f

and the needed equality now follows from (23).

t=0

t=0

Remark. Let s, denote the representation of GG in the space of all differen-
tiable functions on X. It is natural to define the tangent representation for
Sy by the rule

ds,()f = T, (o0)]_

(Notice that the definition of a tangent representation given in 10.5 does not
apply here since the representation s, is infinite-dimensional.) Then, by the
foregoing discussion,

(24) ds«(§) = _ads(g)~
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Questions and Exercises

1. Prove that U, and SU,, = {A € U, | det A = 1} are regular subgroups
of GL,,(C), regarded as a real Lie group.

2. Prove that the adjoint representation of GL(V) is differentiable.
3. Use Theorem 1 to find all Lie group homomorphisms of R into T.

4. Use the Corollary to Theorem 1 to find all irreducible complex representa-
tions of the Lie group R™ (with addition of vectors as the group operation).

5. Find the tangent representation for the linear representation ® of GL(V)
in the space of bilinear functions (Example 3, 1.6).

6. Let T:G — GL(V) be a linear representation of the Lie group G, (e) a
basis of the space V, and () the dual basis of V’. Prove that

AT, (&) = —(dT(y(€))"  forall{ € g.
7. Find the tangent algebra for the following Lie groups:
a) SL, (R);
b) SU,;

¢) the group of real nonsingular triangular matrices of order n.

8. Prove the skew-symmetry of the commutation operation in the tangent
algebra of an arbitrary Lie group.

9.*% Establish formula (19) for an arbitrary Lie group.

10. Use formula (19) to show that if in the tangent algebra of the connected
Lie group G the commutator of any pair of elements is equal to zero, then G
is commutative.

11.* Deduce that the Jacobi identity holds in the tangent algebra of a Lie
group G from the fact that the operators Ad(g), g € G, are automorphisms
of the tangent algebra.

12.* Find the tangent representation for the representation s, of GLy(R) in
the space of functions on the projective line R (see Exercise 12, Section 0).
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11. Representations of SU, and SO,

In this section we use methods of the theory of Lie groups to describe all
linear representations of the groups SU, and SOj.

11.1. SU, and SO, are compact topological groups. At the same time, they
are three-dimensional real Lie groups (see 10.2).

As its explicit definition shows, the homomorphism P:SU, — SO4 exhibited
in 7.2 is differentiable, and not merely continuous. The same holds true for
the linear representations ®, of SU, constructed in 7.4.

The representations of SO4 in the spaces U, of spherical functions are also
differentiable. In fact, they are isomorphic to subrepresentations of SO in
spaces of homogeneous polynomials in the variables z,, z,, x5, and it is readily
verified that the matrix elements of the latter are polynomials in the matrix
elements of the identity representation of SO,.

[Theorem 2 of 8.3 shows that the matrix elements of any continuous linear
representation of a compact linear group G belong to the algebra C[G]. If G
is a compact linear Lie group the elements of C[G] are differentiable functions
on G. Hence, every continuous linear representation of a compact linear Lie
group is differentiable. This is valid, in particular, for SU, and SO;. As a
matter of fact, every compact linear group is a linear Lie group (i.e., a regular
subgroup of the general linear group).]

The tangent algebra su, of SU, consists of the traceless skew-Hermitian
matrices of second order, i.e., matrices of the form

T —Iy+ix
L 20 (1, 29,25 € R).
Ty + 123 —1T4

In the notation of 7.2, su, = ¢E. The linear representation P of SU, in the
space E, considered in 7.2, is isomorphic to its adjoint representation. (The
isomorphism is realized through multiplication by .)

11.2. In order to describe the (differentiable) linear representations of SU,
we use the results of the preceding section, which permit us to reduce our
task to that of describing the linear representations of the Lie algebra su,.
This in turn is facilitated by passing to the complezification of the algebra
su,. We discuss this in more detail.

Let a be a real Lie algebra, and let (e, ...,e¢,) be a vector space basis of a.
Then

(1) [ei,ej] = Zcijkek (with Cij € R).
k
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Consider the complexification ag of the vector space a (see 3.5 and 3.6).
Define in ac a bilinear commutation operation in such a manner that the
basis vectors ey, ...,e, satisfy relations (1). Then the skew-symmetry and
Jacobi identities hold for the basis vectors in an because they hold in a. These
identities will then hold for arbitrary vectors in ag, thanks to their linearity
in all arguments. The complex Lie algebra ac obtained in this manner is
called the COMPLEXIFICATION OF THE LIE ALGEBRA a.

It is clear that the commutator of any two elements in a coincides with their
commutator in ag. This implies that the commutation operation in as does
not depend on the choice of the basis (e,...,e,).

v n

Similar arguments show that every complex linear representation of the Lie
algebra a extends (uniquely) to a representation of the complex Lie algebra
ac in the same space. (By definition, a complex linear representation of a
real Lie algebra a is any homomorphism of a into the Lie algebra of all linear
operators in a complex vector space, regarded as a real algebra.) Moreover,
the original and extended representations share the same invariant subspaces.

Each element of the algebra ag is uniquely expressible as £ +in with §,n €a.
The extension of any given complex linear representation 7 of a to as can
be described by the rule

(2) (£ +in) = 7(§) +i7(n).

The complezification of su, is the Lie algebra sl,(C) of all complex traceless
matrices of order two (the tangent algebra of the group SL,(C)). In fact, the

matrices
1 0 0 -1 0 1
0 —i /)’ 1 0/’ i 0/’

which form a basis of su, over R, also form a basis of sl,(C) over C.

Passing to representations of the Lie algebra sl,(C) is useful because the
latter possesses a basis with very convenient commutation relations, namely
the one given by the matrices

S O BT ) N O

with the commutators

(4) [H,E,]=2E,, [H,E_|=-2E_, [E,,E_|=H.
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11.3. Theorem 1. Let 7:5l, (C) — gl(V) be an irreducible representation of
the Lie algebra sl (C). Then in V there exists a basis (vy,vy,...,v,) such
that
T(H)v, = (n — 2k)v,,
(5) 7(
(

T

vy, = Vk+1>

E
E v, =k(n—k+1)v,_,,

where we put v_; = v, =0.
PROOF. Let v be an arbitrary eigenvector of the operator 7(H):

T(H)v = cv.

If 7(E_)v # 0, then 7(E,)v is again an eigenvector of 7(H), with corre-
sponding eigenvalue c + 2:

T(H)T(E+)U =7([H,E ])v+ T(E+)T(H)U
=27(E )Jv+cr(E )v=(c+2)T(E,)v.

Similarly, one proves that if 7(E_)v # 0, then 7(E_)v is an eigenvector of
7(H) with corresponding eigenvalue ¢ — 2.

Since 7(H) can have only finitely many distinct eigenvalues, repeated appli-
cation of the operator 7(E,) to v yields, after a finite number of steps, a
vector vy # 0 with the properties

T(H)vy = ¢yvy, T(E, vy = 0.

Proceeding in a similar fashion with 7(E_) and the vector vy, we finally
obtain a vector which is annihilated by 7(E_). Now we set

v =7(E_ v, (k=0,1,2,...).

Let n be such that vy, vy,...,v, # 0, whereas v, ., = 0.

The vector v, (k=0,1,...,n) is an eigenvector of 7(H) with corresponding
eigenvalue ¢, — 2k:

(6) T(H)v), = (¢y — 2k)vy,.

By construction,
(7) T(E_)vj, = Upy1-

We use induction on k to show that

(8) (B, v, = apvy_q, with a, € C
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(where we put v_; = 0). For k£ = 0 this holds by the construction of v,. For
k =1 we have

T(Ey v, = 7(E)T(E_)v,
=T7([E,, E_))vy +T(E_)T(E, )vy = 7(H)vy = cup.
Analogously, letting k& > 1 and assuming that
T(EL)vp_y = a1V o,
we obtain
T(E v, =7(H)vp_y + a1 7(E_)v,_y
=(cg =2k + 2+ ap_1)vp_y = aVp_y,
where
(9) a, =a,_1+¢y—2(k—1).
This completes the proof of (8).

The recursion relation (9) together with the condition ay = ¢, permit us to
calculate the coefficient a, as

(10) a, =kcg—2(14+2+...+(k—1)) =k(cg—k+1).

Relations (6)—(8) show that the subspace (v, vy,...,v,,) is invariant under
the representation 7. Since 7 is irreducible, we conclude that
(Vg, Vyse .-y 0,) = V.

To complete the proof of the theorem it remains to show that ¢, = n. The
simplest way to do this is to use the fact that relations (9) and (10) also hold
for k = n + 1. But since v, ; = 0, we get

an+1 = (n + 1)(CO - n) = Oa

whence ¢, = n. O

Corollary. Two irreducible representations of sl (C) having the same dimen-
ston are isomorphic.

PROOF. . In fact, if the dimension n + 1 of representation 7 is known, then
7 is completely described by formulas (5). O
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11.4. Theorem 2. Every irreducible representation T of the Lie group SU, is
isomorphic to one of the representations ®,, constructed in 7.4.

PrOOF. By the Corollary to Theorem 1 of 10.4, it suffices to show that the
tangent representation d,I" of the Lie algebra su, is isomorphic to one of the
representations d,®,,. According to the Corollary to Theorem 2 of 10.6, both
d.T and d,®,, are irreducible. We extend them to the complexification sl, (C)
of su, and then apply the Corollary to Theorem 1 of 11.3. For n+1 = dim T
we conclude that d. T~ d ®,,. |

For another proof of Theorem 2, based on the theory of characters, see Ex-
ercise 7 to Section 8.

Corollary 1. Every irreducible representation T of the Lie group SO is iso-
morphic to one of the representations ¥, constructed in 7.4.

PROOF. In fact, T is obtained through factorization from one of the irre-
ducible representations of SU,. By Theorem 2, the latter must be isomorphic
to one of the representations ®,,, and then '~ ¥ . O

Corollary 2. The representation of SO in the space U, of functions on the
sphere (see Section 9) is isomorphic to ¥, . O

11.5. In Section 9 we gave without proof formulas expressing the Laplace
spherical functions Y, . k # 0, through Legendre polynomials. We now
prove these formulas using Theorem 1 of this section.

We shall regard the three-dimensional Euclidean space in which the sphere
S lies as the space E of traceless Hermitian matrices of order two (see 7.2),
and accordingly regard SO, as the group of rotations in E.

Next, we fix in E the orthonormal basis (E,, E,, E;), where

0 1 0 i ~1 0
e(Ua) me(d0) me (1)

Our calculations will be carried out in the coordinates x,, z,, x5 relative to
this basis. Then the “north pole” of the sphere S is the matrix Ej;.

Given m, we consider the irreducible representation of SO4 in the space U,,
of functions on S.

We lift it to SU, by means of the homomorphism P:SU, — SO4 constructed
in 7.4, and we denote the resulting representation of SU, by 7. The tangent
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representation d,T" of su, and its extension to sl,(C) will both be denoted
by 7.

By Theorem 1, the representation 7 is given by formulas (5) relative to

some basis (vy,vy,...,v,) of U,,, where n = 2m (since dimU,,, = 2m + 1).
Our first objective is to show that (v, v,...,v,) coincides with the basis
Yo Yonm—15 -+ Y _m) UP to a normalization. To this end we must show

that the spherical functions Y, , are eigenfunctions of the operator 7(H).
Lemma. 7(H)Y,, ; = 2kY,, ;.
PROOF. As in Section 7, we put
z 0
A(z) = ( z_1> e SU, (zeC, |z| =1).

The matrix iH € su, is the tangent vector to the curve g(t) = A(e'’) at t = 0.
By the definition of the tangent representation,

T(iH)Y,, = —T(9() Y 1 |,—o-

In the course of the proof of the Theorem of 7.2 it was established that
P(A(e™)) is the rotation through an angle of 2¢ around the axis (H) = (E;):

P(A(e")) = h(e*")
(for the notation h, see 9.4). Therefore,
T(9(6)Y s = (¥4 Y, = Y,
(see Theorem 2, 9.5), and

. d o .
T(iH)Y,, , = ﬁ(e% Yo i) —o = 2kiY,,, 4,
from which the needed relation follows upon dividing both sides by 1. |

Since v,, is an eigenvector of 7(H) corresponding to the eigenvalue n — 2k =
2(m — k), it is proportional to the spherical function Y, . It then follows
from (5) that for a suitable normalization of the spherical functions we have
(11) Y, o =7(E)"Y,

m m,0

(k> 0)

and
(12) Y, _n=7(E_)Y,,, (k> 0).

m
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11.6. Now let us find the explicit form of the operators 7(£, ) and 7(E_) in
U,,. To this end we apply the Proposition of 10.11 to the action of SU, on
the sphere S obtained by composing the usual action of SO; on S and the
homomorphism P. This allows us to represent the operators 7(C), with C €
su,, as differential operators on U,,,. Specifically,

T(O)f = =0ascyf  (f €U,),
where ds(C) is the velocity field of the action s corresponding to C'.
Since s is the restriction of the linear representation P to the sphere S,
ds(C)X =dP(C)X =CX - XC

for all X € S C E. (Here we think of the tangent space to S at the point
X as being canonically embedded as a subspace in E.) Thus, for arbitrary
C esu,y, X € S,and f € U,, we have

13)  (r(O)NH(X) = Oxc-ex [NX)

This formula extends by linearity to arbitrary matrices C' € sl,(C). In par-
ticular, it can be applied to the matrices £, and E_ of interest to us.

Let

X =z, +a,Fy+ by = (:L‘l_—x?mé T1 ;3Zx2> c E.

A straightforward calculation shows that

B I U e ¥ —2x4
XE, -E X= < 0 Ty — iy
= () —imy) By — x3(E) —iFEy).

Hence, if f € U,, is the restriction of a function F' on E to the sphere S, then
T(E,)f is the restriction to S of the function

.\ OF oF  OF
DF = (.’I}l — 1.272)8—% — x3<a—l’1 — Za—xz)

The spherical function Y,  is the restriction to S of F' = P, (z3), where P,

m,
is the Legendre polynomial of degree m. We have

DF = (zy — iz,y) Py, (x3).

Applying the operator D once more, the second term vanishes, because

(z— —i=—)(z; —izy) = 0.
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The same holds true for the succeeding iterations. Therefore,
DVF = (z, — ixz)kpr(nk)($3>>

and so
Y= (& — ifQ)kRszk)(f?,) (k> 0).

The second of formulas (3) of 9.6 is established in an analogous manner.



Appendices

A1l. Presentation of Groups
By Means of Generators and Relations

Al.l Let S be a subset of the group G. We call any finite seqence w =
(3, ...,25m), where z; € S and ¢; = £1, an S-WORD, including in this
definition the “empty” word (), for which m = 0. Here the exponents ¢;
should be interpreted formally: in other words, if z € S and 27! =y € S,
then the “letters” z~! and y should nevertheless be regarded as distinct. We
let W (S) denote the set of all S-words. The PRODUCT of two words is formed
by writing them successively:

(.o 2im) (gl ) = (2 ety Ly,
It is obvious that this operation is associative and admits the empty word ()
as a neutral element.

By assigning to each word the product of its “letters” we obtain the mapping

(1) p:W(S) — G, (7', .. asm) e aft ot

m m

We take p() to be the identity e of G. Obviously,

(2) p(wywy) = p(wy)p(ws,).
For w = (27*,...,25") we put w = (z,,°™,...,2; 7). Then
(3) p(@) = p(w)~".

It follows from (2) and (3) that p(WW(S)) is a subgroup of G. It is called
the SUBGROUP GENERATED BY THE SET S, and is denoted here by (S). In
particular, if S reduces to a single element x, then (S) = (x) is the cyclic
subgroup generated by the element x.

When (S) = G we say that S is a SYSTEM OF GENERATORS of the group G (or
that S GENERATES G). Every group possesses various systems of generators,
among them the rather uninteresting one S = G.

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1_6, © Birkhéuser Verlag 1989
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What is of practical value is that a group containing a large number, or
even infinitely many elements, may nevertheless admit a system of generators
consisting of a small number of elements. For instance, for any order n, the
cyclic group C,, is by definition generated by a single element. The dihedral
group D, , isomorphic to the symmetry group of a regular polygon with
n sides, is generated by two elements x and y, representing respectively a
rotation through an angle of 27 /n and a reflection in the line passing through
the origin of the polygon and one of its vertices.

Al1.2. Let S be a fixed system of generators of the group G. Every element
g € G can be written in the form g = 7' ... 25", with 2, € S and ¢, = £1.
Such a representation, however, is not unique (except for the case S = ). In
other words, the map p: W(S) — G constructed in Al.1 is not injective.

We define an equivalence relation on W(S) setting
(4) Wy ~ Wy if p(w;) = p(ws,).

Each true assertion “w; ~ w,” is called a RELATION AMONG THE GENERA-
TORS in the system S.

Examples.
1. There are always the trivial relations (z,27!) ~ 0 and (z~!,z) ~ 0.

2. The relation

holds in the cyclic group C,, = (x).
3. The following relations hold in the dihedral group D,, = (z,y) (see Al.1):

(lE,...,:L') Nm’ (yvy) N(Dv (lL’,y) ~ (yvxil)'
——

n

If all relations are known, then one can reconstruct the group G from the
given system of generators S. Specifically, the elements of G can be identified
with the equivalence classes of relation (4) in W(.S), and then the product of
any two elements can be found by multiplying words, i.e., representatives of
the equivalence classes.
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A1.3. Actually, it is not necessary to indicate all relations explicitly: they
can be derived from only part of them. The derivation uses the symmetry
and transitivity of the equivalence relation as well as the following property,
which is a consequence of (2):

(%) if wy ~ wy and u, v are arbitrary words, then

UWLV ~ UWD.

More precisely, let R be a set of relations. An R-ELEMENTARY TRANSFORMA-
TION is defined as the transition from the word ww,v to the equivalent word
uwyv, where u, v, wy,wy € W(S), w; ~ w,y, and one of the relations w, ~ w,,
w, ~ w, either is a trivial relation of the type (z,27!) ~ 0 or (z71,z) ~ 0,
or else belongs to R. Depending on which of the two cases occurs, one speaks
of an elementary transformation of the FIRST or of the SECOND TYPE. Two
words w; and w, are said to be R-EQUIVALENT if w, can be obtained from
w; through a chain of R-elementary transformations.

The set R is called a SYSTEM OF DEFINING RELATIONS if any two equivalent
words are R-equivalent. This is the precise meaning of the assertion that
every relation can be derived from the relations of the system R.

Examples.

1. We prove that
(z,...,z) ~ 0
——

n

is a defining relation for the cyclic group C,, = (x), or, more precisely, that
the set R consisting of only the indicated relation is a system of defining
relations for C,,.

By means of R-elementary transformations of the first type (i.e., “cancella-
tions” of adjacent letters x and x~!) one can bring every word w € W ({x})
to one of the forms (x,...,z), (x71,...,271), or (). Next, by means of R-
elementary operations of the second kind one can, by erasing the word

(z,...,2) or writing it and subsequently doing some cancellations, pass to a
——

word of the form (z,...,z) with 0 < k < n.
——
k

Suppose now that w, ~ w,, where w; and w, are R-equivalent to the words
(z,...,2), 0 <k <n,and (z,...,z), 0 < £ < n, respectively. Then p(w,) =
—— ——

k £
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z*, p(w,) = 2%, and since p(w,) = p(w,), we get that k = ¢. Hence, the words
w; and w, are R-equivalent.

2. In an analogous manner one proves that the set R of relations among the
generators x,y of the dihedral group D, indicated in Example 3 of A1.2 is
a system of defining relations for D . To this end one verifies first that each
word w € W({z,y}) is R-equivalent to a word of the type

(z,...,2) or (z,...,2,y),
—— ——
k k

where 0 < k < n. Then one uses the fact that the elements of D, can be
written uniquely in the form z* or ¥y, with 0 < k < n.

In practice one usually adopts a simplified convention for writing words and
relations. Specifically, the word w = («7*,...,25) is written as the product
x7t ...z which is understood not only as the element of the group equal to
it, but also as the way in which that element is obtained from generators. Ac-
cordingly, relations among generators are written as equalities in the group.
A group with given generators and defining relations is denoted with the
symbol (... |...), where one writes the generators to the left of the vertical
bar and the defining relations to the right. For example,
C . =(x|a"=e)

n

and
D, =(z,y|z" =e, V=e, ay = yafl>.

We give without proof two more complicated examples.

3.8, = (1y,...,T,,_1 | T? = ¢, 7, = ;7 for li—gl > 1, T, 17T =
T;Ti41Ts), Where 7, = (4,7 + 1).

4. SLy(Z) = (A,B | A* = E, B® = E, A2B = BA?), where
0 —1 0o 1
a=(V ) e ()

Al.4. Generators and defining relations can be used not only to describe
groups already given by some other means, but also to define new groups.

Let S be an arbitrary set. We call any finite sequence of symbols of the form
2 or 71, where £ € S, an S-WORD. Next, we define the PRODUCT OF TWO
S-WORDS as the word obtained by writing them successively. In this manner
we obtain a monoid W (S) (i.e., a set endowed with an associative operation)
in which the empty word serves as a neutral element.
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Further, let R be an arbitarary set of “relations” of the type w; ~ w,, where
wy,wy € W(S). We define the R-ELEMENTARY TRANSFORMATIONS and R-
EQUIVALENCE of words as in A1.3. The class of R-equivalent words containing
w will be denoted by p(w).

Now we define the MULTIPLICATION OF CLASSES by the rule

p(wy)p(wy) = p(wyw,).

It is readily seen that this definition is correct, i.e., if w; ~ w} and wy ~ w},
then w,w, ~ wjw). That class multiplication is associative follows from the
associativity of word multiplication. The class p(0) is a neutral element for
class multiplication. Finally, if one defines the word w as in Al.1 above,
then ww and ww can be reduced to the empty word through elementary
transformations of the first type, and so the class p(w) is the inverse of p(w).

Thus, the equivalence classes of words form a group that we will denote by G.

Since every word can be expressed as a product of one-letter words (z) and
(x71), G is generated by the elements p((z)), € S. Two products of the
type

p((x )™ . p((@,,))™ (with &; = +1)

are equal if and only if the corresponding words

(P, ... z5m)

are equivalent. In particular, to every “elementary” equivalence relation be-
longing to the set R there corresponds a relation among the generators p((z))
of the group G; all other relations are, according to the definition, conse-
quences of these.

Unfortunately, the question of whether some arbitrarily given relation holds
in G, i.e., of whether or not it can be derived from the relations in R, cannot,
in general, be answered. In the general case one cannot even decide whether
the group G contains more than one element. In those particular cases where
these questions can be settled, an individual approach is required.

AL5. If generators and defining relations for a group G are known, one can
describe all group homomorphisms of G into an arbitrary group H.

Specifically, let S be a system of generators of G. For any homomorphism

¢:G — H,
(5) ozt . aim) = dlxy)t .. d(x,,) .
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Since every element of G is expressible as z7* ... z5m, with z, € S, formula

Lasm
(5) shows that the homomorphism ¢ is uniquely determined by its restriction
to S.

Next, let R be a system of defining relations for G. A necessary and sufficient
condition for a map ¥:S — H to admit an extension to a group homomor-
phism ¢: G — H is that

)™ () =P (y)™ - (y,)™
for every relation

€1 Em — ,,N Mn
bR R TR T

Em o=
belonging to R.
The necessity of this condition is obvious. Let us prove its sufficiency.

Suppose we have a map 1:S — H which satisfies the indicated condition.
Consider the monoid W (S), and define a homomorphism ¢ of W (S) into H
by the rule

qay’ - afr)) = (@) ()T

If the system R contains a relation w; ~ w,, then by the above condition
q(w;) = q(w,) and hence g(uw,v) = q(uw,v) for arbitrary words u,v. The
same holds true if w; ~ w, is a trivial relation. Thus, words that can be
obtained from one another through R-elementary transformations have the
same image under ¢. Since R is a system of defining relations, it follows that
equivalent words have the same image under ¢. Consequently, we can write
q = ¢op, where ¢ is a map of G into H. It is readily verified that ¢ is a
homomorphism that extends the map .

Examples.

1. Any homomorphism ¢ of the cyclic group C,, = (z) into an arbitrary
group H is uniquely specified by the single element ¢(x) = h, and the latter
can be any element of H satisfying the requirement h™ = e.

2. Let us find all complex irreducible representations of the dihedral group
D, =(z,y|a" =y*>=e, zy=yz ')
A linear representation of D, is a homomorphism T:D, — GL(V). It is

uniquely determined by specifying the linear operators T'(z) and T'(y) subject
to the conditions

(©) { T(x)" =T(y)* =e,
T(x)T(y) = T(y)T(x)"".
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Let v be an eigenvector of T'(z):
T(x)v = cv, with ¢ € C.
Then T'(y)v is again an eigenvector of T'(x):
T(2)T(y)v = T(y)T(x) v =c ' T(y).
Since T'(y)?v = v, the subspace (v, T(y)v) is T-invariant.
Suppose now that T is an irreducible representation. Then

V = (v, T(y)v).

If ¢ # 41, then ¢~ # ¢, and the vectors v and T'(y)v are linearly independent.
In this case dimV = 2, and in the basis (v, T(y)v) the operators T'(x) and
T(y) are given by the matrices

c 0 0 1
(6 &) m (V)

respectively. Relations (6) are satisfied provided ¢® = 1. We thus obtain

[%(n — 1)} two-dimensional irreducible representations of the group D,,.

If now ¢ = +1, then ¢! = ¢ and T(x) is a scalar operator. Let w be an
eigenvector of T'(y):

T(y)w = tw.

Then (w) is an invariant subspace, and so V' = (v). We thus obtain four
one-dimensional representations of D, for n even and two for n odd.

Al.6. Let us examine in more detail the abelian groups with finitely many
generators.

Let G be an abelian group with a system of generators S = {z,,...,z,}. We
shall assume that the system of defining relations of G includes the commu-
tativity relations

Using these, every product of generators can be reduced to the form

ahr gk (with kq,...,k, € Z).
Hence, we may assume that all the other relations have the form
x’f“ .. xfl =e.

The matrix K = [k;;] with entries k;; € Z specifies G completely.
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The following “elementary” transformations of the system of defining rela-
tions for G (except for the commutativity relations) are admissible:

1) multiplication of a relation by another one (with subsequent ordering of
the factors);

2) replacement of the relation w =e by w™! =¢;

3) permutation of relations.

To 1)-3) there correspond the elementary row operations on K over the in-
tegers. To analogous elementary operations on the system of generators of G
there correspond the elementary column operations on K over the integers.

It is known that every matrix with entries in Z can be reduced by elementary
row and column operations over Z to diagonal form. Consequently, in every
group G with a finite number of generators there exists a system of generators
S ={zy,...,z,} such that for the system of defining relations that z,,...,x
satisfy one can choose

n

T,T; =TT,
= e, withk, €Z, i=1,...,m.

7
A group with such defining relations is the direct product of the cyclic groups
(x;),7=1,...,n. We have thus established the following result.

Theorem. Every abelian group with a finite number of generators decomposes
into a direct product of cyclic groups.

A2. Tensor Products

A2.1. Let V and U be vector spaces over the same field F'. Consider the addi-
tive abelian group A generated by the symbols @y (x € V,y € U) with the
following defining relations (which, of course, supplement the commutativity
relations):

(1) (T +2,) Ry =7, QY + 25 @Y,
(2) TR (Y +Ys) =T QY + T @Yy,
(3) cTRY=xQcy (ce F).

From (1)—(3) it follows, in particular, that 0 ® 0 is the null (neutral) element
of A, and that (—z) ® y is the opposite of x ® y. Every element of A can be
written as a sum

Zmi@)yi, with , € V, y, € U.
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Basic Lemma. Let I be a map of the direct product V x U into an additive
abelian group W, with the properties

1) D(zy 4+ 29, y) = [(zy,y) + (2, y);
2) Dz, y; +y,) = D(z,y;) + (2, 95);
3) T(cz,y) =T(z,cy) (ceF).

Then there exists a homomorphism v: A — W such that

(4) 'Y(Z T, ®y;) = ZF(%;%)
forallz, € V,y, eU.

PRrROOF. It follows from the properties 1)-3) of the map I' that the right-
hand side of (4) is not affected by elementary transformations of the sum
> x; @y, (see Al) which use the defining relations (1)—(3) of the group A.
Hence, formula (4) can be taken as the definition of the map v: A — W. That
~ is a homomorphism is plain. |

Now define the multiplication of the elements of the group A by scalars in F'
by the rule

(5) ain@)yi:Zaxi@yi (a € F).

The correctness of this definition follows from the Basic Lemma, applied to
the map IV x U — A given by

I'(z,y) =az®y.
That conditions 1)-3) of the lemma are satisfied is guaranteed by the follow-
ing equalities, which in turn are consequences of the definition of A:

a(z; +24) @y =azr, @y + ax, @Y,

ar ® (y; + ) = ar @y, + ax Q@ y,,
and

a(cx) @ y = axr ® cy.

It is readily verified that the operation of multiplication by elements of F'
defined in the indicated manner turns A into a wvector space over F. With
this structure A is called the TENSOR PRODUCT OF THE VECTOR SPACES V
AND U, and is denoted by V ® U.

From the Basic Lemma one derives
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Theorem 1. Let I' be a bilinear map of the product V x U into a vector space
W over F. Then there exists a linear map v:V @ U — W such that

(6) 7(2 T, ®y;) = ZF(%’%‘)
forallz, eV, y,€U.

ProOF. In fact, a bilinear map trivially satisfies conditions 1)-3) of the Basic
Lemma, and the map ~ that the latter provides is here linear and not merely
a group homomorphism. O

It is precisely Theorem 1 that we are going to use in the ensuing discussion.

A22. Theorem 2. Let (e) = (ey,...,e,) and (f) = (fi,..., f,) be bases of

e n

the spaces V' and U respectively. Then the vectors e; @ f; t=1,...,n;
j=1,...,m) constitute a basis of V@ U.

PROOF. Let z =3 xe; €V and y =3 b,f; € U. Then
(7) $®yzzaibj(ei®fj)~
i,J
We see that the vectors of the form = ® y, and consequently all vectors in
V ® U can be written as linear combinations of e; ® f;.

To show that the nm vectors e; ® f; are linearly independent, we first give a
definition. Let € and 7 be linear functions on V' and on U respectively. Then
the linear function e ® n on V ® U is defined by the formula

(8) (5®77)(Z T, ®y;) = Za(xz)n(yz)
The correctness of this definition is guaranteed by Theorem 1, applied to the
bilinear function I'(z,y) = (x)n(y).

Suppose now that there is a linear dependence relation among the vectors
e; ® f;:
Zcij(ei ® f;) =0.

Let (¢q,...,¢,) and (ny,...,n,) be bases of the spaces V'’ and U’ dual to the

e n

bases (e) and (f) of V and U respectively. Then

B (1, ifi=kandj="¢
Eeomle o 1) =aeduts) = { g ML we

and so

(ep ® W)(Z Cﬁj(%‘ & fj)> =c¢,; =0

for all k£ and /¢, as we needed to show. O
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Corollary. dimV @ U =dimV -dimU. O

Theorem 2 also yields the following two decompositions of the tensor product
V ® U into a direct sum of subspaces:

VeoU=(U)d...0(,U)

and

The summands of the first (second) decomposition are the linear spans of the
rows (respectively, columns) of the matrix with vector entries (e; ® f;).

A2.3. In the notations of A2.2, every element z € V ® U is uniquely express-
ible as

9) Z:ZCij(ei®fj)'

We shall refer to C' = [¢
and (f).

The elements of the form x ® y with € U and y € V are called the DE-
COMPOSABLE ELEMENTS of the tensor product V' @ U. Formula (7) shows
that the matrix of a decomposable element can be written as [a;b;] for cer-
tain a,, bj € F, and consequently has rank < 1. Conversely, every matrix of
rank < 1 can be written in the indicated form and hence is the matrix of a
decomposable element.

;;] as the MATRIX OF z relative to the bases (e)

Examining the matrix C' of a nonnull decomposable element, it is readily
established that the representation x ® y of the latter is unique up to simul-
taneous multiplication of 2 and y by ¢ and ¢~! respectively, where ¢ # 0 is
an arbitrary scalar. In fact, the coordinates of x (respectively, y) must be
proportional to the entries of any nonnull column (respectively, row) of C.

A2.4. We wish to draw attention to the case where one of the spaces V,U
is one-dimensional. Suppose, for example, that dimU = 1, and f # 0 is an
arbitrary vector in U. Then

VelU=Vef,

and the map x — 2 ® f (z € V) is a linear isomorphism of V onto V ® U.
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A25. With each pair of linear operators o € L(V) and 8 € L(U) one can
associate the linear operator a ® f € L(V ® U) acting according to the rule

(10) (a®ﬂ)<zxi®yi) = ZO‘(%‘) ® B(y;)-

The correctness of this definition is again guaranteed by Theorem 1, applied
to the bilinear map I'(z,y) = a(z) ® B(y). Let A = [a;;] and B = [b;,] be
the matrices of the operators a and S in the bases (e) and (f) respectively.
Then
(@® B)(e, ® fr) = aley) @ B(fr) =D ayble; ® f;),
i,

so that the matrix elements of the operator @ ® 8 are the various possible
products of matrix elements of the operators a and 3. Upon ordering the
basis vectors e; ® fj first with respect to the index i and then with respect to
the index j, the matrix of a ® 3 in the resulting ordered basis takes on the
block form

a B a B - a,B
ay B aysB -+ a9, B
anlB anZB T a’nnB

From this it follows, in particular, that

tr(a ® B) = tra- tr 5.

A2.6. The space V @ V' is canonically isomorphic to L(V). Specifically, to
each element z =) v, ® f, e VeV’ (v, € V, f, € V') we assign the linear
operator

0, T Zfi(x)v

acting in V. The correctness of this definition is guaranteed by Theorem 1,
applied, for each fixed x, to the bilinear map

Lo, f)=flz)v  (veV, feV).
The linearity of o, is obvious.

Let (e) = (eq,...,¢,) be a basis the V, and (¢) = (¢4,...,¢,) the dual basis
of V'. According to our definition, to

Z—che@)& Z(ZC”Q@E)GV@)V/

there corresponds the linear operator

axHEc”]
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In particular,
a.(e;) =3 ciyes
i

and so the matrix of «, in the basis (e) coincides with [cij]. This shows,
in particular, that the map z — «, is a linear isomorphism of V' ® V' onto
L(V). With this isomorphism in mind, the spaces V@V’ and L(V') are usually
identified.

By the above definition, to each decomposable element v ® f € V ® V'’ there
corresponds the linear operator of rank < 1 acting as

x— f(x)v.

Its trace equals f(v).

A2.7. The space V' @V’ is canonically isomorphic to the space B(V') of bilin-
ear functions on V. Specifically, with each element z =3, f,® g, e V'@V’
(f;»9; € V') we associate the bilinear function

F(x,y) =Y fi()9;()-

The correctness of this definition is verified with the help of Theorem 1. The
matrix of z in the basis of V' @ V' provided by the vectors e; ® €; coincides
with the matrix of the bilinear function F, in the basis (e) of V.

The various tensor products of the form

V.. eVeV e...eV’
k L

admit analogous interpretations. For instance, the elements of V @ V' @ V’
may be viewed as bilinear operations in the space V.

A3. The Convex Hull of a Compact Set

Here we prove the following theorem that was used in Section 2: the convex
hull of any compact set K C R™ is compact (and hence closed).

We recall the definition: the convex hull of the set K C R" is the set

m m
conv K = {Zcixi |z, € K, ¢, >0, Zci = 1}.
i=1 i=1

Here m is an arbitrary positive integer, i.e., sums with arbitrary numbers
of terms are admitted. In reality one can confine oneself to sums of length
<n+1.
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Lemma 1. Given an arbitrary convex set M C R™ and an arbitrary point
x € R", the convex hull of the set M U {x} is the union of all segments
joining x with points of M.

PRrROOF. The indicated segments are obviously included in conv(M U {z}).
On the other hand, their union is a convex set. In fact, let y, be a point
on the segment zz,;, where z; € M, for ¢ = 1,2. Then the segment y,y, is
contained in the triangle xx,z,, and consequently any of its points belongs
to a segment that joins « with some point of the segment z,x,, which by the
convexity of M belongs to M. O

Lemma 2. For any set K C R™

d+1 d+1
CODVK:{ZCixi|xi€K7 Cizovzci:]-}a
i=1 i=1

where d is the dimension of the smallest affine subspace containing K.

In other words, conv K is the union of the d-dimensional simplices with ver-
tices at points of K.

PRrROOF. It follows from the definition of the convex hull of a set that any of
its points belongs to the convex hull of a finite subset of that set. It therefore
suffices to prove the assertion of the lemma for finite sets. We proceed by
induction on the number of points of the given set. For a one-point set the
assertion is obviously true. Suppose that it is true for L = {z,...,x,,}, and
let K = LU {x}. Let d (respectively e) be the dimension of the smallest
affine subspace that contains K (respectively L). Clearly d = e or d = e + 1.
We have conv L = |JI_, T;, where the T} are e-dimensional simplices with
vertices at the points of L. By Lemma 1,

S
conv K = U conv (T, U {z}).
i=1

If d = e+ 1, then conv(T; U {z}) is a d-dimensional simplex with vertices
at points of K, and the assertion is proved. If d = e and = € T}, then
conv(T,U{z}) = T,. Finally, if d = e and x & T}, then every segment zy with
y € T, intersects a (d — 1)-dimensional face I of T}, and hence is contained
in the union of the d-dimensional simplices T; and conv(I' U {z}). O
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PRrOOF of the Theorem. Let K C R™ be a compact set. Let y,, € conv K
be an arbitrary sequence of points. By Lemma 2, y,, = Zfill CpniTomis Where
z,. € K,c,;, >0,> ¢, =1, and d denotes the dimension of the smallest
affine subspace containing K. Since K is compact and c,,; € [0, 1], by passing
if necessary to subsequences we may assume that for every i there exist the
limits lim,, , ,,, =2; € K and lim_, __c,,. = ¢; € [0,1]. Passing to the
limit we then conclude that ). ¢, =1 and

77}i_r}nOO Y = Z ¢;x; € conv K.

We have thus proved that from every sequence of points in conv K one can
extract a subsequence that converges to a point of conv K. That is to say, K
is compact, as was to be shown. O

A4. Conjugate Elements in Groups

Two elements z,y of the group G are said to be CONJUGATE (written x ~ y)
if there is a ¢ € G such that y = grg~'. The set of all elements conjugate
to a given z € G is the orbit of x under the action a of G on itself by inner
automorphisms:

a(g)z = gxg™".

This shows that conjugacy is an equivalence relation.

In the case where G is a group of transformations of some set P, i.e., a sub-
group of S(P), the conjugacy of elements of G admits the following intuitive
description. Every transformation x € G can be represented as a diagram
consisting of arrows that connect each point p € P with its image xp. Let
y = grg~!t. Then

Yygp = gxp

for all p € P. In other words, if = takes p into g, then y takes gp into gq. This
means that the diagram of the tranformation y is obtained from that of x by
subjecting all arrows to the transformation g.

Examples.

1. G = S,,. Suppose that the permutation ¢ € S,, is decomposed into a
product of independent cycles:

o= (iyig. i)y Gp) - -
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Then for each v € S,, the conjugate permutation 7 = yoy~! decomposes into
a product of independent cycles as follows:

7= (y(i)v(ig) - (@) (Y)Y G) - () - -

In particular, the lengths of the cycles occurring in the decompositions of o
and 7 are the same. Conversely, if the permutations ¢ and 7 decompose into
products of independent cycles of identical lengths, then they are conjugate.
For example, let

o = (13)(2456)
and
T = (56)(1432).

1

Then 7 = yoy~, where

/132 456\ (12345
T=\5 6 143 2)7\5 16 43 :

2. G = O4. Let o denote the rotation around the axis ¢ through an angle ¢.
Then (3 = yay~!, where v € O,, is the rotation through the same angle ¢
around the axis v£. The same holds true for rotary reflections.

N O



Answers and Hints to Exercises

Section 0

1. Use the fact that the map t — dete*4 is a group homomorphism of R
into R*.

2. a) (? é) b) (8 é)

5. Infinitely many.

6. Consider the linear operator « given in some basis (e) by the matrix A,
and find the matrix of e* in the basis (e)C in two ways.

7. Tt is in the cases b), ¢), and e).

9. a) nr— a", where « is an arbitrary linear operator;

b) n+mZ— a", where o™ = ¢.

10. a) x — z“, where « is an arbitrary linear operator;

b) z — 2%, where « is a diagonalizable linear operator with integer eigen-
values. Hint. Consider the composition of the sought-for representation
and the homomorphism R — G which takes ¢ into e’ in case a) and into
e’ in case b).

12. Identify the element z € R with the line in R2 passing through the origin

of coordinates with slope 2~!. Then the transformation s(A) is realized by

the linear transformation of the plane R? with matrix A.

14. The isomorphism is implemented by the map 7 given by (7f)(z) =
F ).

16. Yes.

E.B. Vinberg, Linear Representations of Groups, Modern Birkh&user Classics,
DOI 10.1007/978-3-0348-0063-1, © Birkhauser Verlag 1989
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17. n+mZ — a", where o™ = ¢ and the characteristic polynomial of the
operator « has real coefficients.

Section 1

2. The space of polynomials of degree < n for arbitrary n, the null subspace,
and the whole space.

3. Any subspace spanned by some set of eigenvectors of the operator «.

7. a) No; b) Yes.

14. Using first only the invariance under the group of diagonal matrices,
show that every invariant subspace that contains nonscalar matrices neces-
sarily contains a “matrix unit” E,; with ¢ # 7]

15. Using first only the invariance under the group of diagonal matrices,

show that every nonnull invariant subspace contains a matrix of the form

E,;+E; or E; — E;, with i # j.

Section 2

4. Z, and T.

Section 3

1. Tt is the trivial representation in the dual space.
10. T%(g)X =T(9)XT(g)".
1. y=a®e+e® 0.

13. Since both sides of equality (9) are linear in &, it suffices to verify it for
E=vQ® f,whereveV, feV.

4. (T®T)(gy,9.)X =T(g,)XT(g,)"-
16. All possible sums of the one-dimensional representations I and det.

17. The three representations obtained by lifting the one-dimensional repre-
sentations of the group A,/(A,, A,) ~ Z;.
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18. First show that every “elementary” matrix E + tE,; (i # j) belongs to
the commutator subgroup by verifying that it is the commutator of a diagonal
matrix and an elementary matrix (with the same ¢ and j).

Section 4

2. Let a be an endomorphism of the representation M]|.. Using the fact
that o commutes with the transformations belonging to G which leave the
symbol 1 fixed, show first that a(e;) = ae; +b(e; +...+e,) (with a,b € C).

5. All rotations.
7. Use Theorem 6 of 3.7.

8. Show that a morphism of the representation R into an arbitrary rep-
resentation T is uniquely determined by the vector into which it takes the
function d, (see 0.9), and that the latter can be any vector in the represen-
tation space of T

10. For real representations this is false.

11. Use Exercise 10.

12. Show that Ry(r) is a multiple of T" for every irreducible representation T'.
14. See the hint to Exercise 12.

15. Use the fact that if f, and f; are two iner products in the real vector
space V, then there is a linear operator o, symmetric with respect to f,, such

that f(x,y) = fo(ox,y).

Section 5
e (12) (23) (13)  (123)  (132)
Tyy | 1 1 1 1 1 1
Ty, | 1 —1 ~1 -1 1 1
Tyy | 1 0 0 0 w @
L. Ty | O 1 @ w 0 0
Tyoy | O 1 w W 0 0
Tyy | 1 0 0 0 w w
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2. The dimension of the representation.

\ £ (12) (123)
3 a) x| 1 1 1
X, | 1 -1 1
X3 | 2 0 ~1

0w = = {7 5520

4. Three one-dimensional representations 1,75, Ty (see Exercise 17, Sec-
tion 3) and one three-dimensional representation T, under which A, is
mapped onto the group of rotations of a tetrahedron. Their characters are
given in the following table:

\ e (12)(34)  (123)  (132)
X1 1 1 1 1
X2 1 1 w w
X3 1 1 w w
xs | 3 ~1 0 0

(w = —% + z@)
7. a) See Example 2 of A1.5;

b) four one-dimensional representations and the n — 1 two-dimensional rep-
resentations given by the rule

ekrri/n 0 0 (_1)k
aH( 0 e_k”i/”)’ bH<1 0 )
(k=1,...,n—1).

8. For all n # 3.

10. a) I+II+Id+ (I)II (and Id ~ M,II);

b) I + P+1d (and Id ~ M,). (Here II is a nontrivial one-dimensional
representation and P an irreducible two-dimensional representation.)

11. See Example 2, Section 6.
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Section 6
e (12)  (12)(34)  (123)  (1234)
X1 1 1 1 1 1
X .| 1 1 ~1
Xp 2 0 2 -1 0
3. X Mo 3 1 ~1 0 ~1
Xaugn | 3 -1 -1 0 1
1 6 3 8 6 ;

M§ ~ I+ P+ M+ MIL
5 TT' ~T? ~T, + T+ Ty (see Example 2 in Section 6). The invariant
subspaces U, U,,U; C L(V) corresponding to the terms of this decompo-

sition can be described respectively as the space of scalar, skew-symmetric,
and symmetric traceless operators.

Section 7

1. Show that the group R(SU, x SU,) acts transitively on the unit sphere
in the space H and contains all rotations that leave fixed the matrix F.

2. (a b) — bu? — 2au,uy — cul.

C —a
4 X (A() = (" — 27D J(z — 271,
Section 8

2. Use the fact that the linear span of the functions z — 2™ is dense in the
space of continuous functions on the circle.

3. (21,--0,2,) = 21tz (with ng, ... ny, € Z).
6. See9.1.
8. Establish the corresponding equality for characters.

10. Use the fact that any representation of a compact group is uniquely
determined by its character.
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Section 9

4. Find first all homogeneous harmonic polynomials of degree one and two.

5. Use the fact that the representation h(z) — 2™ of SO, occurs in the
representation of SO, in the space A,, with multiplicity one (see Lemma 4).

6. Show that U, is a minimal SO,-invariant subspace.

7. Use integration by parts to show that the polynomial

dm m
o (G

is orthogonal to all polynomials of degree < m.

Section 10

3.t~ e (with a € R).
4. (ty,...,t,) —etlittentn (with ¢),... ¢, € C).

r¥n

5 (d®&)f)(z,y) = —f(&x,y) — f(z,&y) or, in matrix form, dP(X)Y =
XY -YX.

7. a) LO(R);
b) the algebra of traceless skew-Hermitian matrices;

¢) the algebra of all real triangular matrices.
8. Use the following relation between group commutators: (k, g) = (g, h) 1.

11. Write the relation defining an automorphism, and differentiate it with
respect to g.

12. ds, <(‘;‘ ?))z(vxg—l—((S—a)x—B)a%.



List of Notations

(As a rule, we give here the notations which have been used elsewhere in the
book without explanations.)

N, Z, Q, R, C the sets of natural, integer, rational, real, and complex
numbers (may be regarded as an additive group, ring, or field as appropriate);
R* C* the multiplicative groups of nonzero real and complex numbers;
T the multiplicative group of complex numbers of modulus one, or (in Sec-
tions 7 and 11) the isomorphic group of matrices (8 ZOI) with z € C*,
2| =1

Z, =7Z/mZ the additive group of residues mod m;

C,, the abstract multiplicative cyclic group of order m;

L,, »(K) the set of all (m x n)-matrices with entries in the ring K (may be
regarded as a vector space);

L,(K) the set of all square matrices of order n with entries in the ring K

(may be regarded as a vector space or as a ring);

LO(K) the set of all traceless matrices in L, (K);

LI (K), L, (K) the sets of symmetric and skew-symmetric matrices;
GL,, (K) the group of invertible matrices;

SL,,(K) the group of matrices with determinant 1,

O,, U, the groups of (real) orthogonal matrices and (complex) unitary
matrices;

S0O,,, SU,, the groups of orthogonal and unitary matrices with determi-
nant 1;

det A, tr A the determinant and the trace of the matrix A;

A’ the transpose of the matrix A;
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E  the identity matrix;

E,;; the matrix whose (i,7) entry is 1, and whereas the other entries are 0

(a “matrix unit”);

V'  the dual of the vector space V;

L(V) =V ®V’ the space of all linear operators on the vector space V;
GL(V) the group of invertible linear operators;

SL(V) the group of linear operators with determinant equal to 1;

BT(V), B=(V) the spaces of symmetric and skew-symmetric bilinear func-
tions on V;

det o, tra  the determinant and the trace of the linear operator «;

€ the identity linear operator and, more generally, the identity map of any
set;

() the matrix of the linear operator av in a basis (e) =(eq,---,€,);

(M) the linear span of the set M in a vector space, or the subgroup gener-
ated by the set M in a group;

|M| the number of elements of the finite set M;
~ isomorphism;

d;; the Kronecker symbol;

S, the group of all permutations of the set {1,2,...,n};

n

A, the group of all even permutations;

II(c) the parity of the permutation o;

I the trivial linear representation (generally speaking, of arbitrary dimen-
sion).
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Action of a group
Adjoint representation
Automorphism of a Lie group

Burnside’s Theorem

Center of mass
Central function
Character of a representation
Commutator of two elements
Commutator subgroup
Compact topological group
Complement of a vector subspace
Completely reducible representation
Complete set of functions
Complexification:

of a Lie algebra

of a linear representation
Conjugate elements (in a group)
Continuous representation
Contragredient (dual) representation
Convex hull

Decomposable element (in a tensor product)
Defining relations
Degree (dimension) of a linear representation
Dimension:

of a linear representation

of a matrix representation
Dual (contragredient) representation

Elementary transformation of words
Endomorphism of a representation

Equivalent (isomorphic) linear representations
Equivalent matrix representations
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27
59
57
101
42
24
16
16
81

110
38
131
25
30
28

127
119

30

119
45
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Equivalent words
Extension of the ground field

Factoring a representation
Factor (quotient) representation
Faithful representation

Group action

Harmonic function
Homomorphism of Lie groups

Infinitesimal generator (velocity

field) of a Lie group action
Inner automorphism
Intertwining operator
Invariant inner product
Invariant subspace

— —, minimal
Invariant:

inner product

integration

subspace

— —, minimal

Isomorphic linear representations
Isomorphism of Lie groups
Isotropy subgroup

Jacobi identity
Kernel of a representation

Laplace spherical function
Left regular representation
Legendre polynomial
Lie:

algebra

group

(regular) subgroup
Lift of a representation
Linear representation

— — of a Lie group

Index

Matrix elements (coordinate functions)

of a representation
Matrix representation

119
38

41
14
4

7

88
95

107
10
44
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95
61

103
3

89
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48
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Minimal invariant subspace
Monomial representation of S,
Morphism of representations

Multiplication of equivalence classes of words

Orthogonality relations:
for characters
for matrix elements
Orthogonal representation

Peter-Weyl Theorem
Product:
of representations
of words

Quaternion algebra
Quotient (factor) representation

Regular:
(Lie) subgroup
representation
Relation among generators
R-elementary transformation of words
Representation:
, adjoint
completely reducible
continuous
contragredient
, dual
, factor
, faithful
, irreducible
, left regular
, linear
, matrix
orthogonal
quotient
regular (two-sided)
right regular
, tangent
, trivial
, unitary
Representation space
R-equivalence of words

Restriction of a representation to a subgroup
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18
15
44
121

68
66
22

73

34
117, 120

74
14

94
49
118
119

19, 99, 105
16
25
30
30
14
3
15
10
4
3
22
14
49
10
99
4
23
4
119
10
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Right regular representation

Schur’s Lemma

Space of matrix elements
Spectrum of a representation
Spherical function

Subgroup generated by a set
Subrepresentation

Subspace invariant under a representation

Sum of representations
System (set):
of defining relations
of generators

Tangent:

algebra

map of a homomorphism

representation
Tensor product:

of representations

of vector spaces
Theorem:

Burnside

Peter-Weyl
Topological group
Transitive action
Trivial representation

Unitary representation
Velocity field of a Lie group action
Word

Zonal spherical function

Index

10

45
48
69
86, 89
117
14
13
32

119
117

102
96
99

37
125

53
73
24
61
4

23
107
117, 120
86



	Cover
	Title Page
	Copyright Page
	Contents
	Preface
	Introduction
	0. Basic Notions
	Questions and Exercises

	I. General Properties of Representations
	1. Invariant Subspaces
	Questions and Exercises
	2. Complete Reducibility of Representations of Compact Groups
	Questions and Exercises
	3. Basic Operations on Representations
	Questions and Exercises
	4. Properties of Irreducible Complex Representations
	Questions and Exercises

	II. Representations of Finite Groups
	5. Decomposition of the Regular Representation
	Questions and Exercises
	6. Orthogonality Relations
	Questions and Exercises

	III. Representations of Compact Groups
	7. The Groups SU2 and SO3

	Questions and Exercises
	8. Matrix Elements of Compact Groups
	Questions and Exercises
	9. The Laplace Spherical Functions
	Questions and Exercises

	IV. Representations of Lie Groups
	10. General Properties of Homomorphisms and Representations of Lie Groups
	Questions and Exercises
	11. Representations of SU2 and SO3


	Appendices
	A1. Presentation of Groups By Means of Generators and Relations
	A2. Tensor Products
	A3. The Convex Hull of a Compact Set
	A4. Conjugate Elements in Groups

	Answers and Hints to Exercises
	List of Notations
	References
	Index



