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Introduction

Depending on whom you ask, the question “What is representation theory?”
may result in very different answers:

(1) An upgrade to linear algebra. Technically, a representation of a group G is
just an action of the group on a finite-dimensional vector space V over a field k,
i.e. a homomorphism

p: G — GUV) = {ge Endy(V) |det(g) #0}.

This seems a rather general, unspecific definition. Why should we care?

(2) The study of concrete incarnations of abstract groups. While it may be hard
to study a given group abstractly, its conrete matrix representations are amenable
to multilinear algebra: We can take direct sums, tensor products, symmetric and
exterior powers, kernels and cokernels of morphisms, ....

D, ®, Symn(f)v Altn(i)v ker(i)v COk(f)a

This gives a rich structure which contains a lot of information about the group.

(3) A theory of everything. Going one step further, one can say that since the
notion of a representation is so unspecific, it appears naturally in almost any area
of mathematics and physics. Even though it requires virtually no prerequisites, its
applications are ubiquitous and unlimited in number!

Let me illustrate the last point with a few examples involving finite groups:

EXAMPLE (A). The easiest nontrivial groups are finite abelian groups. Any such
group is a product of cyclic groups G = Z/nZ with n € N, each of whose complex
representations splits into a direct sum of one-dimensional subrepresentations, the
characters

p: G =172/nZ — C* = GlL(C), (a modn) — ¢°

where ¢ € C* is an n-th root of unity. The theory of such characters is completely
elementary but nevertheless a crucial ingredient (besides complex analysis of course)
for the famous

THEOREM (Dirichlet’s theorem on primes in arithmetic progressions). For any
given a,b € N with ged(a,b) = 1, there exist infinitely many prime numbers of the
form

p =oan+b with n € N.
For instance, the numbers
p = 3,13, 23, 43, 53, 73, 83, 103, 113, ...

are all prime and this list can be extended infinitely to the right.
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EXAMPLE (B). Next to abelian groups, the easiest examples of groups are finite
solvable groups. Here a finite group G is called solvable if it can be built as a
successive extension of finite abelian groups, i.e. if there exists an ascending series
of subgroups

{1} =Gy 2 G, 292Gy, 4 --- 2 G, =G,

each being a normal subgroup of the following one, such that the quotients G;/G;_1
are abelian for ¢ = 1,2,...,n. The following famous structure theorem in the
classification of finite groups was proved by Burnside in the early 20th century via
representation theory — more precisely, via the character theory of finite groups:

THEOREM (Burnside’s theorem). Let G be any finite group whose order |G| is
divisible by at most two different prime numbers. Then G is solvable.

For example, the symmetric group & is solvable. This can of course be checked
by hand easily: We have the ascending series of subgroups {1} <0, <2, I &4
where

B, = {1,(12)(34), (13)(24), (1234)} ~ Z/27 x 7.J27.

is the Klein’sche Vierergruppe, and a look at the group orders immediately shows
that all the successive quotients are abelian. On the other hand, the symmetric
group G5 is not solvable: In fact its only normal subgroup is 25 < S5 and 25 is
known to be simple, i.e. nonabelian without any nontrivial normal subgroups. As
the order |&5| = 5! is divisible only by the three primes 2,3 and 5, it follows in
particular that Burnside’s theorem is sharp.

A much deeper result which relies in a crucial way on character theory is the
celebrated theorem of Feit- Thompson, which says that every group of odd order is
solvable. Its proof in 1963 took no less than 28 — 1 pages, covered a whole issue of
the Pacific Journal of Mathematics and triggered the classification of finite simple
groups. Needless to say, we will not be able to any of these more recent advances
in this course; but we will see a proof of Burnside’s theorem.

ExaMPLE (C). When being introduced to complex numbers, everybody gets to
know the formal identity

(21 +23) (W +93) = (v1y1 — 2292)? + (21Y2 + 2291)*

which expresses the multiplicativity of the absolute value. In a similar vein, in
Hamilton’s quaternions H the multiplicativity of the norm comes from the formal
identity

(@ a3 +a3+ad) (Wi +u5 +ys+ui) = (21y1 — Tay2 — T3Ys — Tays)’

( )
+  (z1y2 + T2y1 + T3Ys — Tays3)
+  (21y3 + 23y1 — Tays + Tay2)
+  (21Ya + Tay1 — T2y3 — T3Y2)?

[ V)

2

and there is a similar identity in eight variables corresponding to the multiplicativity
of the norm in Cayley’s octonions O@. But that’s it:

THEOREM (Hurwitz, 1898). The values n = 1,2,4,8 are the only natural num-

bers for which there is a formal identity

@2+ 4224 Fyn) = (@) + -+ Uz, y)?
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involving bilinear functions

n
l(x,y) = Z aijy - Tiy;  with coefficients  a;j, € C.
i,j=1
In fact the theorem holds with coefficients a;;,, in any base field £ of characteristic
char(k) # 2; of course for char(k) = 2 it trivially fails since then any sum of squares
is again a square. Following an idea of Eckmann, the result of Hurwitz can also be
deduced from character theory.

EXAMPLE (D). In geometry, one is often interested in actions of some group G
on a topological space X. In other words, to each group element g € G one assigns
a continuous map

plg): X — X

such that
p(l) = idx and p(gh) =p(g)op(h) forall g,heaq.

The induced linear maps
plg): Hi(X,Q) — Hi(X,Q)
then define representations
p: G — GUV) on the homology groups V = H;(X,Q)

for each i € Z. These representations encode interesting information; for instance,
in favorable situations the invariant part V¢ = {v € V | p(g)(v) =v Vg€ G} CV
can be identified with H;(X/G,Q), the homology of the quotient space.

The goal of these lectures is to develop the basic framework to understand the
above examples (and many more). In the first part of the course we will see that
every representation of a given group G can be decomposed into smallest pieces
that are called irreducible representations. The main goals of representation theory
can then be described as follows:

e (lassify all the irreducible representations of G.

e Given an arbitrary representation, find the rules according to which one
may determine its decomposition into irreducible pieces; for example, how
do tensor products, symmetric or exterior powers of a given representation
decompose into irreducibles?

In the second part of the course, we will turn to finite groups and show that here the
above goals are achieved by a device called character theory. We will then take a
closer look at symmetric groups, where everything can be made completely explicit
via the combinatorics of so-called Young diagrams, and we conclude with a brief
outlook on the representation theory of compact Lie groups.






CHAPTER I

Basic notions of representation theory

This chapter provides some basic notions that are common to all incarnations
of representaiton theory. In what follows we fix a group G and an arbitrary base
field k over which our representations will be defined, and unless stated otherwise
all vector spaces will be assumed to be finite-dimensional over k.

1. The category of representations

A representation of a group is just an action of it by linear transformations on
some vector space. From a categorical point of view it is desirable to include the
underlying vector space and not just its general linear group in the definition:

DEFINITION 1.1. A representation of G is a pair (V, p), where V' is a vector space
and

p: G — GUV) = {f:V = V| fis k-linear and invertible }

is a homomorphism into the general linear group of the vector space. In other words,
for each group element g € G we are given a linear automorphism p(g) € GL(V)
such that

p(l) = idy and p(gh) = p(g)op(h) forall g,h € G.

If the group action is clear from the context, we suppress it from the notation and
write V = (V, p). Similarly we put

guv = p(g)v == (p(g))(v) for v €V, g € G.

The dimension of a representation (V, p) is defined to be the dimension dim (V') of
the underlying vector space over the base field k.

ExaMPLE 1.2. (a) Every 1-dimensional representation corresponds to a group
homomorphism
p: G — kKX =Gli(k)
and conversely. In the special case of the trivial homomorphism p(g) = 1 for all g
we also call this representation the trivial representation. For example, for the
cyclic group G = Z/nZ with n > 0, any element ¢ € k™ with ("™ = 1 gives rise to a
representation

p: G =172/nZ — k* via plamodn) = (* for a € Z.
and this representation is trivial iff { = 1. For k¥ = C and any a € C, the additive
group G = (R, +) has the 1-dimensional representations

p: G — C* given by p(z) = ™

and these representations are important in Fourier analysis. For a € Z they can
also be viewed as representations of the group R/Z. As a word of caution, outside
of representation theory the word character is usually used for a 1-dimensional



6 I. BASIC NOTIONS OF REPRESENTATION THEORY

representation. We avoid this terminology since it will conflict with the notion of
characters in the sense of representation theory to be introduced later.

(b) If V' is a vector space, then any subgroup G — GI(V') comes with a natural
representation where the action is defined by the inclusion map. We also refer to
this as the natural representation of G if the context is clear. For instance, the
special linear group Si, (k) has a natural representation of dimension n.

(¢) If G is a finite group, we define the coordinate ring of G to be the vector
space
kG| = {f:G — k}
of all functions from the group to the base field, with pointwise addition and scalar
multiplication. This vector space is equipped with two representations: The right
respectively left translation of functions leads to the right regular representation p
and the left reqular representation X\, defined by

(p(9)(NN)(@) = flzg) and (Ag)(N))(@) = flg~'x) for [fek[G], gzeC.

These representations may be written in coordinates as follows: The characteristic

functions
1 ifx=yg
eq(z) = {

0 otherwise

form a basis of the coordinate ring indexed by the elements g € GG, and in this basis
we have
p(h)eg = egn-1 and A(h)e, = ey for g,h € G.

Albeit they look different, the right and the left regular representations essentially
carry the same information. In fact they are isomorphic in the following sense:

DEFINITION 1.3. A morphism between representations (V;, p;) of G is a linear
map f: V3 — V5 such that the diagram

f

Vi — "1,

Pl(g)l lm(g)

f

Vi — 1,

commutes for all g € G. We also call such a morphism a G-equivariant map. The
set of all such forms a vector space

Homg (V1,V2) = Hom((Vi,p1), (Vz, p2)),
and the composition of morphisms
Homg (V1,V2) x Homg(V2, Vs) — Homg(V1,Vs), (f,9) — gof

is k-bilinear. So altogether the representations of G form a k-linear category that
we will denote by

Rep, (G).
By an isomorphism of representations we mean an invertible morphism in Rep, (G),
i.e. a morphism whose underlying linear map is invertible.

EXERCISE 1.4. Show that for any finite group, the right and the left regular
representations are isomorphic via the linear map ey — eg-1.

Starting from a given set of representations and morphisms between them, we
get many others from linear algebra:
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DEFINITION 1.5. The direct sum of two representations (V;, p;) € Rep,(G) is
defined to be

(Vlvpl) 2] (VQaPQ) = (Vl ®Va,p1 @ p2),
i.e. the representation whose underlying vector space is the direct sum of the two

respective vector spaces, with the group action p; @ p2 defined by block diagonal

matrices
p1dp2: G tenra)l GI(V1) x Gl(Va) ~ GI(Vi @ Vo), g — (Plég) pg?g;)) .

In other words,

((p1 ® p2)(9))(v1,v2) = (p1(g)(v1),p2(g)(v2)) forall v; €V;, g€G.

This often allows to split up a given representation into simpler pieces:

EXERCISE 1.6. Using the Jordan canonical form or otherwise, show that every
finite set of commuting matrices of finite order in Gl4(C) may be diagonalized
simultaneously. Deduce that every complex representation of a finite abelian group
is isomorphic to a direct sum of 1-dimensional representations. How does this look
like explicitly for the regular representation of a finite cyclic group?

The above notion of a direct sum is a special case of a general construction from
category theory — it has the universal property of a coproduct, which by Yoneda’s
lemma characterizes it uniquely up to isomorphism:

LEMMA 1.7. Let V1, Vo € Rep,(G). Then for every V € Rep,(G) there exists a
natural isomorphism
Homg (Vi @ Vo, V) = Homg(V1,V) @ Homg(Va, V).

Proof. The map from left to right is defined by composition with the inclusion
of the summands. So the claim follows from the diagram

by the same arguments as in linear algebra, noting that f is G-equivariant iff f;
and fo both are. O

As in linear algebra, we can also form the kernel and cokernel of a morphism;
for simplicity we drop the group action p from the notation:

DEFINITION 1.8. A subrepresentation of a representation V' is a subspace U C V
that is G-stable in the sense that

gue U forall gegG.

Clearly p then restricts to a natural representation on this subspace. We define
the quotient representation to be the quotient vector space V/U with the induced
group action

g(v mod U) = (gv mod U) forveVand g €G.
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For example, for any representation we define the invariants and the coinvariants

to be the biggest trivial sub- resp. quotient representation, and we denote these by
Ve = {veV|gu=vforallge G} resp. Vo = V/{gv—v|veV,geq).

Similarly, for every morphism of representations f : Vi — V5 the kernel and
the image

ker(f) {U e | f(’U) = 0} 1
m(f) = {f() €Valven} C Vs

are subrepresentations of the source and target, respectively. The corresponding
quotient representations

N N

coim(f) = Vi/ker(f) and coker(f) = Va/im(f)

are called the coimage and cokernel of the morphism. Like direct sums, the kernel
and cokernel may be characterized uniquely by a universal property:

LEMMA 1.9. Let V € Rep,(G).

(1) Any g € Homg(V, V1) with fog =0 factors uniquely over ker(f) C Vi as
in the following diagram:

ker(f) € i Va

(2) Any h € Homg(Va, V) with ho f = 0 factors uniquely over Va — coker(f)
in the diagram dual to the previous one.

Proof. Again the proof is the same as in linear algebra, noting that in our case
all the involved morphisms are G-equivariant. O

COROLLARY 1.10. For any morphism f € Homg(V1,V2), there exists a natural
factorization

ker(f) € 1 : Vs coker(f)

~ 17

coim(f) 7> im(f)

Furthermore, here the induced morphism f is an isomorphism.

Proof. The existence of such a factorization follows by applying the universal
property of the kernel and cokernel to

coim(f) = coker(ker(f) <—>V1> and im(f) = ker(V2 ﬁ»coker(f))

We then get from linear algebra that f is an isomorphism. O

Summarizing the above discussion, in the language of category theory we have
shown that Rep,(G) is a k-linear abelian category. In particular, the usual results
from homological algebra such as the 5-lemma or the snake lemma apply in this
context:
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DEFINITION 1.11. We say that f is a monomorphism if ker(f) = {0}, resp.
an epimorphism if coker(f) = {0}. Note that f is an isomorphism in the previous
sense iff it is both a monomorphism and an epimorphism. We say that a sequence
of morphisms

NG v bvﬁ.iﬂ/‘iﬂ .
is ezact at the i-th position if im(f;_1) = ker(f;), and by a short exact sequence we
mean an exact sequence of the form

00—V vy —o

We say that the exact sequence splits if there exists an isomorphism Vo >~ V; @ V3
such that f; and f; are the natural inclusion respectively projection maps. Unlike
in linear algebra, not every exact sequence splits:

EXAMPLE 1.12. Define a representation of the additive group G, = (k,+) on
the vector space V = k? by

p: Gu — GI(V)=Gla(k), = (é f)

Then we have an exact sequence
0—U—V —W-—70

where U = ke; C V denotes the 1-dimensional trivial subrepresentation which is
spanned by the first standard basis vector. The action on the quotient W = V/U
is also trivial as x(ez mod U) = (e2 + xze; mod U) = (eg mod U) for all z € G,. So
the above exact sequence does not split, since otherwise the group action on the
middle term would have to be trivial as well.

EXAMPLE 1.13. For a finite set S, consider the vector space V = @, g kes
freely generated by this set, where we denote by es € V' the basis vector attached
to s € S. Then any group action

GxS — S, (g9,8) — gs

defines a representation

p: G—GUV) by p(g)(es) =eqgs for seS,

the permutation representation corresponding to the given group action. Note that
this construction generalizes the regular representation of a finite group that we
introduced earlier. Again we have an exact sequence

0—U—V-—W—0

where U = ke is the trivial 1-dimensional subrepresentation that is spanned by the
G-invariant vector
¢ =Y

s€S
but now the quotient is non-trivial and the sequence splits if char(k) = 0 (exercise).

We will see later that for representations of finite groups, or more generally
of compact Lie groups, every short exact sequence splits; this will lead to a very
simple classification of all representations in terms of character theory. Permutation
representations will reappear frequently, in particular for symmetric groups.
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2. Tensor products and multilinear algebra

The k-linear abelian category Rep,(G) from the previous section comes with
a very rich additional structure: The tensor product, which allows for multilinear
algebra constructions such as symmetric and exterior powers.

DEFINITION 2.1. For (V;, p;) € Repy,(G), we define the tensor product to be the
representation

Vi,01) @ (Va, p2) = (Vi ® Vo, p1 @ p2)
where the group action on the tensor product is defined by the Kronecker product
of matrices

(p1,p2)

P Rpy: G — GUV) x Gl(Vy) — GU(V1 @ Vs),

in other words

((p1 @ p2)(9))(v1 ® v2) = p1(g)(v1) @ pa(g)(v2) forall v; €V;, geG.

We have the usual compatibility properties:
Vi@ (Ve®Vs) = VieholieV;, VieV ~1heVi, (Viel)eoVs ~ Vie(1aels),
etc. We also have a notion of duality:
DEFINITION 2.2. For V' € Rep,(G), the dual or contragredient representation is
the dual vector space
V* = Homg(V, k)
with the action given by

(9f)(v) = f(g7'v) for feV*veV,geq.
Note that the definition of the group action on the dual is made precisely so that
the evaluation
VieV — k  (fiv) = f(v)

becomes a morphism to the trivial 1-dimensional representation.
LEMMA 2.3. The dual has the following formal properties:
(1) Functoriality: Any morphism [ : Vi3 — Vs induces f* : V5 — Vi~
(2) Involutivity: There is a natural isomorphism V** ~ V.
(3) Compatibility: (Vi1 @ V2)* 2V @ V5 and (V1 @ Vo)* ~ Vi @ V.
(4) Adjunction: Homg (V) ® Va, V3) ~ Homg(Vy, V5 @ Vs).

Proof. Exercise. O

In abstract modern language, the above essentially says that the k-linear abelian
category Rep,(G) is a so-called tensor category. We will not formalize this notion
further in these lectures but only concentrate on its concrete consequences: The
tensor formalism allows to carry over constructions from multilinear algebra to our
present setting.

EXAMPLE 2.4. From linear algebra we have a natural isomorphism of vector
spaces
Hom(Vi,Va) ~ V" @ Va,
and since by the above the right hand side is endowed with a representation of G,
we can view Hom(V1, V) as an object of Rep,(G) in a natural way. This object is
called the inner Hom in the category of representations. From it the morphisms in
Rep, (G) may be recovered as the G-invariants
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Homg(Vi, V) = Hom(Vi,V3)¢
and we have natural adjunction isomorphisms
Homg (V1 ® Va2, V3) =~ Homg(Vi, Hom(Va, V3))

which explain the name inner Hom. Explicitly, the group action p on Hom(V;, V%)
is defined precisely so that the following diagram commutes for all ¢ € G and all
linear maps f € Hom(V1, Va),

Pl(g)l lpz(g)

" p(9)(f) Vs

ie (p(g)(f)(v) = g(f(g~tv)) forallv € V1. If G C Gl (k) and Vi = Vo = k™ is the
natural representation, this is just the action by conjugation on square matrices.

Combining the tensor formalism with the abelian category structure, we get a
plethora of new representations from a given V' € Rep,(G) by taking subquotients
of tensor powers

(V*aV)® for n € N.

We will see this idea at work in the representation theory of symmetric groups later
on, for now we restrict ourselves to the most basic example:

EXAMPLE 2.5. Let V be a vector space. For n € N, the symmetric group &,
acts on the tensor powers
Ve = V...V
by permutation on the factors. We define the corresponding symmetric power as
the coinvariants

Sym™(V)

(V¥Me,
VO {01 @ -+ @ Uy — Up(1) @+ D Uy | 0 € Gpy).
Similarly, we define the exterior power as the coinvariants for the action twisted by
sgn : 6, — {£1},

A (V) = (sgn@V®)s,

VE (01 @+ @y — $gn(0)  Vp(1) @+ R Vg(ny | 0 € &),
So far we have viewed these as representations of the symmetric group. However,
if G is any other group and V' € Rep,(G), then by transport of structure we may
view
Sym™(V), A"(V) € Repy(G)

as representations of the other group as well. Note that we have deliberately defined

the symmetric and exterior powers as quotient spaces, not as subspaces of the tensor
powers. This distinction does not play a role if char(k) = 0:

EXERCISE 2.6. Let V' € Rep(G) as above. Show that if char(k) 1 n!, then the
epimorphisms
Ve Sym™(V) and V&' — A™(V)
split as the projection onto a direct summand in Rep,(G). What happens if the
assumption on the characteristic is dropped?

Now that we have obtained so many examples of representations, we should try
to get a more structured picture towards their general classification. This is what
will take up most of this course starting from the next section.
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3. Semisimple representations

One of the main goals of representation theory is to decompose representations
into their smallest building blocks, the analogs of elementary particles in physics:

DEFINITION 3.1. A representation V' € Rep,(G) is called rreducible if V' # {0}
and if V' has no subrepresentation other than itself and the zero representation.

EXAMPLE 3.2. (a) Every 1-dimensional representation is irreducible, and if G is a
finite abelian group, then these are the only irreducible representations. Conversely,
we will see later that any finite non-abelian group G with char(k) 1 |G| has an
irreducible representation of dimension > 1.

(b) If char(k) # 3, the permutation representation of G = Gz on V = @?:1 k-e;
is a direct sum
V=Vw
of two irreducible representations
VG = k’ (61 +62+63),
W = k-(el—eg)@k~(eg—eg).
Indeed, clearly both these spaces are stable under the action of G, and the directness
of their sum follows from

er1 = 5-((e1+ex+es)+ (€1 —e2) + (e2 — e3)),
ey = %'((61 +ex+e3) — (er —ea) + (€2 —e3)),
es = 3-((er +ea+e3) — (e1 —e2) — 2(e2 —e3)),

using that char(k) # 3. By the above the 1-dimensional direct summand V¢ is
irreducible. To see that also W is irreducible, note that otherwise it would contain
a 1-dimensional subrepresentation. But for the subgroup H = {id,(12)} < G
generated by a transposition,

WlH = k~(el—eg)@k-(el+eg—263)

is the direct sum of the trivial and the sign representation. Since the group action
uniquely determines the subspaces underlying these two direct summands of W|g
and since neither of the two is stable under the whole group G = &3, it follows
that W cannot contain a 1-dimensional subrepresentation.

(c) Irreducibility is not stable under field extensions: For instance the rotation

representation

] o . cosyp sing
p: G =R/2mZ — Gla(R), ¢ — <_ sin Cos<p>
is irreducible as representation over the real numbers, but its composite with the
embedding Gly(R) < Gl3(C) is reducible as a complex representation (exercise).

If one wants to understand how more general representations are built up from
irreducibles, one has to control morphisms between the latter. Here life is made
easy by the following result known as Schur’s lemma:

LEMMA 3.3 (Schur’s lemma I). For every nonzero morphism f € Homg(V, W)
of representations the following holds:

(1) If V is irreducible, then f is a monomorphism.
(2) If W is irreducible, then f is an epimorphism.

In particular, if both V' and W are irreducible, then f is an isomorphism.
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Proof. Both ker(f) C V and im(f) C W are subrepresentations. O

In view of the above lemma, when dealing with morphisms between irreducible
representations it suffices to consider endomorphism rings. By the above lemma
these are division algebras, so over algebraically closed fields we can put Schur’s
lemma in the following more precise form:

LEMMA 3.4 (Schur’s Lemma II). If k is algebraically closed and V € Repy(G)
is irreducible, then
EHdG(V) =k- idv.

Proof. Since the base field is algebraically closed, every f € Endg(V) has an
eigenvalue \ € k. Then the G-equivariant map f — X - idy is not invertible, so by
the previous lemma it must be zero. O

EXERCISE 3.5. Compute Endg(V) for the rotation representation V = R? of
the circle group G = R/27Z from example 3.2(c).

The easiest way to build up more general representations from irreducible ones
is to take direct sums. This leads to the notion of semisimple representations that
we will focus on during most of this course:

DEFINITION 3.6. A representation V' € Rep,(G) is said to be semisimple if it
decomposes as a direct sum
v-@v

icl
where the V; C V are irreducible subrepresentations. These subrepresentations are
then called the irreducible constituents that occur in the decomposition. If all of
these constituents are isomorphic, we say that V is isotypic.

It is natural to ask how canonical the above decompositions are, and we will
discuss this in a minute. But first we need a few general remarks on the notion
of semisimplicity. To begin with, semisimple representations are precisely those in
which any G-stable subspace admits a G-stable complement:

LEMMA 3.7. A representation V' € Rep,(G) is semisimple if and only if for every
subrepresentation Uy C V' there is a subrepresentation Uy CV with V = U; @ Us,.

Proof. Suppose first that V' € Rep,(G) is semisimple, and let U; C V be any
subrepresentation. The subrepresentations

UQ g V  with Ulng = {0}

are partially ordered with respect to inclusion, and as a candidate for the desired
complement we take a maximal such subrepresentation Us. We want to show that
then V' = Uy 4+ Us (in which case the sum will be automatically direct). Now by
semisimplicity
V = @ V; with irreducible V; € Rep,(G).
iel
For any i € I we have
(U1 +U2) NV, # {0}

since otherwise
Uy € U+ V; and U N (U2+V;) = {0},

which would contradict the maximality of the chosen subrepresentation Us. So we
have
{0} # (U1 +U2)NV: C V;
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and since V; is irreducible, it follows that the inclusion on the right hand side is in
fact an equality. But then U; + Us 2 V; for all ¢ € I, which implies Uy + Uy =V
and so we have found the desired complement.

Conversely, suppose any subrepresentation of V' admits a complement. To see
that V is semisimple, pick any irreducible subrepresentation V3 C V', for example a
subrepresentation of smallest possible dimension > 0. By assumption we can find
a subrepresentation V{ C V with

V =ViaV,
and by induction on the dimension it will suffice to show that inside V{ € Rep,(G),
any subrepresentation Vo C V/ again has a complement. For this we first choose a
subrepresentation
Vs CV with V = VoV,

which exists by assumption. We claim that

W= Vao (VN13),
which will finish the proof. Indeed, the directness of the sum on the right hand side
is clear since

n(inv;) € vanV; = {0}

Furthermore

Vi CV = VoV,
so any v € V{ has the form v = vy + v} with vy € V2 and vh = v — v} € Vi N VY,
and the claim follows. (|

COROLLARY 3.8. The class of all semisimple representations in Repy(G) is
stable under

(1) subrepresentations and quotient representations,

(2) sums (not necessarily direct) inside any ambient representation.

Proof. (1) For subrepresentations of semisimple representations this follows from
the second half of the proof of the previous lemma, and the argument for quotient
representations is similar (exercise).

(2) For any V € Rep,(G) and any subrepresentations Vi, V2 € Rep,(G), the
sum map
VlEBVQ - V1+V2 Q 14
is G-equivariant. In particular, its image is again a representation. As a quotient
representation of the direct sum V; @ V4 € Rep,(G), it is semisimple if V4 and V;
are so. U

In general the decomposition of a semisimple representation as a direct sum
of irreducibles and the occuring irreducible constituents are only unique up to a
non-canonical isomorphism. For example, if V' is the trivial representation, there is
no distinguished basis of the underlying vector space. But we do have a canonical
decomposition into isotypic pieces in the following sense:

DEFINITION 3.9. Let Irr(G) C Rep,(G) be a system of representatives for the
isomorphism classes of irreducible representations. If V' € Rep,(G) is semisimple,
then for p € Irry(G) we call

V, = > UcCV

UCcv
Ux~p

the p-isotypic component of the representation V. Note that by the above this is a
semisimple subrepresentation. The canonical decomposition into isotypic pieces is
then given by
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LEMMA 3.10. For any semisimple representation V' € Rep,(G) there exists a
canonical decomposition
Ve ®

pElrry (G)
into isotypic components. Furthermore, for each component there exists a canonical
epimorphism
Homg(p, V)@ p — V,,

and this is an isomorphism if the base field k is algebraically closed.

Proof. By semisimplicity we may find irreducible subrepresentations V; C V

such that
V=0V
il
although this decomposition will usually not be canonical. The index set I splits
into disjoint subsets

I, ={iel|Vizp} for p € Iry(G),

and since by Schur’s lemma there is no non-trivial morphism between irreducible
non-isomorphic representations, it is clear that for each p the inclusion V, C V
factors over an inclusion

v, C @ Vi.

i€l
In fact this latter inclusion is an equality, since the reverse inclusion holds by the
definition of V,, C V as the sum of all subrepresentations isomorphic to p. Hence
the first claim of the lemma follows. Writing each V, non-canonically as a direct
sum of copies of p € Irr,(G), the second claim follows from the observation that
the map

Homg(p,V)®p = Homg(p,V,)@p — V,, f®v — f(v)

is G-equivariant and surjective by construction. Finally, if k is algebraically closed,
then we have Endg(p) = k and the injectivity follows by counting dimensions. O

Note that the above decomposition into isotypic components is functorial, i.e. it
is respected by any morphism between semisimple representations. Thus if we
denote by
dimy Homg(p, V)

dim Endg(p)
the multiplicity of p in the semisimple representation V' € Rep, (G), then for any
other semisimple representation W € Rep,(G) the morphisms f € Homg(V, W)
can be written non-canonically as block diagonal matrices

my(V) =

whose diagonal blocks
my(V)xm,(W)
M, € (Endg(p)> ’ ’
are m, (V') xm, (W) matrices with entries in the division algebra Endg(p). In many
situations such as for finite groups or compact Lie groups, every representation is
semisimple and we then have completely described the category Rep,(G) in terms
of irreducible representations and their endomorphisms.
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4. The Jordan-Holder theorem

Although for the rest of this course the focus will be on groups for which every
representation is semisimple, let us take a brief look at what may happen in the
general case.

DEFINITION 4.1. A composition series of a representation V € Rep,(G) is a
finite series

0=WcWVic---CcV, =V

of subrepresentations such that for all ¢ € {1,2,...,n}, the quotients V;/V;_; are
irreducible. We then call the quotients the composition factors of the series.

ExAMPLE 4.2. (a) If V is semisimple, the composition factors of any composition
series are precisely the irreducible constituents. Note that here the composition
factors can occur in any order, there is no canonical way to number them.

(b) If G C Gl,(k) is the group of upper triangular matrices, the composition
factors of its standard representation on V' = k™ are precisely the 1-dimensional
representations

all .. *
pi: G — kX given by .
0 Gnn,
These composition factors are ordered in a natural way since none of the successive

extensions split: p; is the unique non-trivial subrepresentation of V', ps is the unique
non-trivial subrepresentation of the quotient V/p1, and so on.

(c) Let G = &3 be the symmetric group on three letters and V = @?:1 k-e; its
natural permutation representation. One may easily check that its only non-trivial
subrepresentations are

VG = k (61 +62+€3),
W = k-(e1 —e2) k- (ea—e3).
Now there are two very different cases:
e If char(k) # 3, we have seen in the previous section that V ~ V¢ @ W is
semisimple and the two summands are irreducible.
o If char(k) = 3, then e; + es +e3 = (e1 — ez) — (e3 — e3) € W and we get
a composition series
{0} cVve cwcVv
with 1-dimensional composition factors, none of them a direct summand.

It turns out that in general, composition series always exist and the composition
factors are uniquely determined:

THEOREM 4.3. Every finite-dimensional representation V € Rep,(G) admits a
composition series. Any two such composition series have the same length n, and
up to isomorphism and reordering they share the same composition factors.

Proof. To see the existence of a composition series, let V3, C V' be any non-zero
irreducible subrepresentation, for instance a non-zero subrepresentation of smallest
possible dimension. Then replace V' by the quotient V/V; and proceed inductively,
using that the reduction map

{subrepresentations of V containing V; } ~ { subrepresentations of V/V; }
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is a bijection. For the uniqueness part, suppose that we are given two different
composition series:

0o=VwcWwvc.---CcV,=1V

0=UcU cCc---CcU,=YV
Putting
Vii = V,aa+V,NU; for i =1,....,m
Uij = U1 +U;NV; for j =1,...,n,
we obtain
S C Vi1 =VioC Vi1 C o CVju=V; C -
- Cc Uy =UpCcUy - CUy =U; C -

as a seeming refinement of our composition series. But since V;/V;_1 and U;/U;_1
are irreducible, these refinements have just inserted extra copies of the same terms
in our original series! In other words:

e For each j € {1,...,m} there exists a unique index I(j) € {1,...,n} such

that
Vi/Vio1 ifi=1(y
Vi/Viio1 ~ i/ Vi1 ifi .(])7
’ ’ 0 otherwise.
e For each i € {1,...,n} there exists a unique index J(i) € {1,...,m} such
that
Ui/Ui—1 ifti=1(5),
Ui i UZ -1 =
3/Uis1 {0 otherwise.

We claim that
Vii/Vii-1 = Ui /Ui

holds for all 4, j. Note that this will finish the proof: Indeed, the claim in particular
implies that

(TG0} = {60 | Via/Viia # 0} = {G5) | Ui /Vig # 0} = {G,J6))},

so the assignments i — J(i) and j — I(j) are mutually inverse, m = n and the
composition factors of the two composition series are the same up to reordering
and isomorphism.

It remains to prove the above claim. Going back to the definitions, we want an
isomorphism

Ui +Uin V) /(Ui + Ui NVja) = (Vg + V00 /(Viea + VN Uiy).

To get such an isomorphism, it suffices to note that the inclusion of U; N'V; in the
numerator of both sides induces epimorphisms

p: U ﬂVj —» (Ui—l +U; N Vj)/(U,’_l +U; N Vj_1)

q: U;N V] —» (Ui_1 +U; N V])/(Uz_l +U; N Vj_l)
with ker(p) = U; NV;_1 + U;—1 NV = ker(q). O
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5. Induction and restriction

It is often useful to study representations of a given group via the action of
simpler subgroups. More generally, for any homomorphism ¢ : H — G of groups
we have a restriction functor

Res§; :  Rep,(G) — Rep,(H), (V,p) = (V,poe).

What about the converse direction? In general of course we cannot expect the above
restriction functor to be an equivalence, but it turns out that in many situations it
admits an adjoint functor. We can either look for left or for right adjoints, and this
duality is best seen in terms of modules over group algebras. To this end we make
the following general observation:

DEFINITION 5.1. The group algebra of G is the (possibly infinite-dimensional)

vector space
KG) = @B ke,
geqG
with the algebra structure given on formal basis vectors by eq - en, = egp. If V' is
a finite-dimensional vector space over k, then we have a bijective correspondence
between
e representations p : G — GI(V) and

e left module structures m : k[G] — Endy (V)
given by

m(Dages)(0) = S agplg)(v) resp. plg)(v) = miey)(w).

9eG geG

Now let ¢ : H — G be a group homomorphism such that ¢(H) < G is a subgroup
of finite index; the last condition is needed to get finite-dimensional representations
but can be dropped if one allows infinite-dimensional ones. For V' € Rep,(H) we
define the induced representation as the left module

Ind§ (V) = k[G] ®um V
under k[G], so that by construction we get the following left adjointness:

THEOREM 5.2 (Frobenius reciprocity I). The induction as defined above gives a
functor
Ind$ :  Rep,(H) — Rep,(Q)
which is left adjoint to the corresponding restriction functor, i.e. we have natural
isomorphisms

Homg (Ind% (V), W) ~ Hompy (V,Res$(W)) for V € Repy(H), W € Rep,(Q).

Proof. For any finite-dimensional representation, the induced representation is
again finite-dimensional because k[G] is a finitely generated right module over k[H]
if [G : ¢(H)] < oco. The functoriality of the induced representation and the left
adjointness property is clear since any ring homomorphism ¢ : R — S induces a
scalar extension functor S ®p (—) : Mod(R) — Mod(S) between the corresponding
categories of left modules, with natural isomorphisms

Homg(S ®@r V,W) ~ Hompg(V,W)
for V € Mod(R) and W € Mod(5S5). O

Notice that if one allows infinite-dimensional representations, then the above
result remains valid for arbitrary homomorphisms ¢ without any changes. There is
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also a right adjoint to the restriction functor, but this is more naturally defined in
the following dual way and differs from the left adjoint if the finite index assumption
is dropped:

DEFINITION 5.3. Let ¢ : H — G be a homomorphism with [G : ¢(H)] < cc.
For V € Rep,(H) we define the coinduced representation by

colnd% (V) = Homyz1(k[G], V)
{f LGV | hf(@) = flp(h)r)Vhe Hae G} € Rep,(G),

1

where the latter is equipped with the group action
(9f)(x) = f(xg) for f € colnd%(V) and g,z € G.

The last definition is the same as for the right regular representation, and since right
and left multiplication commute with each other, it is clear that gf € colnd% (V)
for all f € colnd$ (V) and g € G. So the above indeed defines a group action on
the induced representation. We also note that any f € colnd% (V) is determined by
its values on a set of representatives for G/@(H), so the dimension of the coinduced
representation is finite. More precisely:

LEMMA 5.4. In the above setting,
dimy,(colnd§ (V) = [G : p(H)] - dimy, (VEr)),

Proof. For f € coIndg(V), the definition of the coinduced representation implies
that any h € ker(yp) acts trivially on f(x) for all x € G. In other words, by
construction

f: G — V@ vy
takes values in the invariants under ker(y). Furthermore, if we pick any system of

representatives ¢1,...,g, € G for the finitely many left cosets ¢(H)\G so that G
is a disjoint union

=1

then it follows from the definition that any f € colnd% (V) is determined uniquely
by the values

flgi) € VEr@) for ¢ = 1,2,... n.
Conversely, one easily checks that these values may be chosen arbitrarily. O

Notice that V¥*(¥) € Rep, (H) because ker(p) < H is a normal subgroup. The
above in fact shows

colnd% (V) = coIndgl(w(chr(“”))

when V*e'(#) is viewed as a representation of the group H/ker(yp) ~ im(¢p). So in
principle it suffices to consider (co-)induced representations in the special case of
subgroups, which is also the most interesting one for applications.

EXAMPLE 5.5. For a finite group G, the regular representations on k[G] can be
obtained by induction from the trivial 1-dimensional representation of the trivial
subgroup:

(k[G), ) ~ Ind{}y(1) and (k[G],p) ~ colnd{j,(1).
We know from the exercises that the right and the left regular representations are
isomorphic, so here the induction and coinduction are essentially the same. In fact

we will see that for [G : ¢(H)] < oo this is always the case; but first let us check
that the coinduction is indeed right adjoint to the restriction functor:
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THEOREM 5.6 (Frobenius reciprocity II). Let ¢ : H — G be a homomorphism
whose image is of finite index. Then the coinduction is a functor

colnd$ :  Repy(H) — Rep,(G)

that is right adjoint to the corresponding restriction functor, i.e. we have natural
isomorphisms

Home (U, colnd$ (V) ~ Homp (Res$(U),V) for U € Rep,(G), V € Repy,(H).

Proof. The functoriality is clear if one writes colnd$(—) = Homy g (K[G], —),
but for the sake of completeness we check by hand that everything is compatible
with the group actions: Let VW € Rep,(H). Then for ® € Hompy (V,W) we get
a map

colnd%(®) :  colnd% (V) — colndG (W), f +— Do f

h-(®o f)(x) = h-2(f(z)) (by composition)
= ®(h- f(x)) (as @ is H-equivariant)
= ®(f(p(h)z)) (since f € Indf7 (V)
= (®o f)(p(h)x) (by composition)

for all f € Ind$(V), h € H and 2 € G. These maps satisfy
md%(id) = id and Ind%(¥)oInd$(®) = Ind% (¥ o @)

when ®, ¥ are any two composable morphisms, so Indg(f) is a functor.

To see that it is right adjoint to the restriction functor, take any U € Rep,(G)
and V' € Repy, (H). We then define maps

O D°
Home (U, Ind$ (V) Homp (Res$ (U), V)
U< uh
by
®: ResH(U) — V, wur d(u)(1) for ® € Homg(U,Tnd%(V)),

U U — IdG(V), uw (x> U(z-u)) for ¥ € Homp(Res(U),V).
Note that
®° € Hompy (Res$(U), V) since @ (h-u) = ®(h-u)(1) = h-d(u)(1),
Uf € Home (U, Ind$ (V) since U¥(g-u) = (z— U(z-g-u)) =g- UH(u)

foru e U, h € H and z,g € G. Finally, the assignments ® — ®” and ¥ — U are
easily checked to be inverse to each other. O

REMARK 5.7. Under our usual assumption [G : ¢(H)] < oo one has a natural
isomorphism

md$ (V) ~ colnd% (V) for V € Rep,(H),

as one may check with the arguments of the following lemma (exercise). So for
finite index subgroups the choice between the induction functor is both a left and
right adjoint of the restriction functor, which is sometimes also expressed by saying
that the functors Resg and Indg form a Frobenius pair. However, in the setting
of infinite-dimensional representations and arbitrary subgroups, the left and right
adjoints of the restriction functor are not the same in general.
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In the study of representations, it is often important to know whether a given
representation arises by induction from a subgroup. The following lemma provides
an easy criterion:

LEMMA 5.8. Let V € Rep,(G), and suppose that there exists a subgroup H < G
of finite index and a subrepresentation U C Resg(V) such that the underlying
vector spaces satisfy

Vo= égflU
i=1

where the g; € G are representatives for the right cosets in G = | |\, Hg;. Then
we have

V ~ Imd%(U).

Proof. We prove the lemma for the coinduced representation coInde(U ), but
taking V' = Indg(U ) we obtain a posteriori that coinduction and induction are the
same. So consider the linear map

F: colnd§(U) — V defined by F(f) = Z g7t flg).
i=1

We first claim that this map is injective: Suppose that f € ker(F'). Since gi_1 - f(g:)
lies in the subspace g; U and since by assumption the sum of these subspaces is
direct, it is clear that we must have f(g;) = 0 for all i. By definition of coIndg(U )
it follows that

f(hg)) = h-f(g;) = 0 foralliandall heH.
But then
f =0 because G = U, Hg,.

So F' is injective, hence an isomorphism since the source and target have the same
dimension:

dimg Ind§(U) = [G: H]-dim, U = dimg @7, ¢;7'U = dim; V
It then only remains to check that F' is G-equivariant.

Let g € G. Since the g; form a set of representatives for the right cosets of H,
there exists a unique permutation o € &,, of the index set such that for each index i
we have

9i9 = higo;) for some unique h; € H.
For f € colnd$ (U) we then get

n

Flg-f) =Y 9" flaig) = D 9" f(higo)
=1

=1

= > 97 hi f(90)

=1
= Y 955l Fge) = g-F(f)
=1

and hence the G-equivariance of F' follows. O

A typical application is the study of representations via their restriction to finite
index normal subgroups, usually referred to as Clifford theory:
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COROLLARY 5.9. Let V € Irri(G) be an irreducible representation and N 4G
a normal subgroup of finite index. Then Res%(V) is semisimple, and one of the
following holds:

1) either the restriction Res§ (V) is isot pic,
N Y.

(2) or there exists an intermediate group N — H 75 @ and some U € Irr, (H)
such that
V ~ Ind%(U).

Proof. We first remark that for any normal subgroup N < G the action of G
permutes the subrepresentations W C Resg(V): For any such subrepresentation
and g € G the image g is again stable under the action of the subgroup N <G
since

ngW = gg 'ngW = gnW C gW for n € N and n?Y = g 'ng € N.

Clearly this action on subrepresentations preserves irreducibility. Hence if we define
the socle

S C Res§(V)
to be the sum of all irreducible subrepresentations the restriction Res% (), then S
is stable under G. Since V is irreducible, it follows that S = V and hence Res$ (V)
is a semisimple representation, being a sum of irreducible ones.

This proves the first claim. For the second claim, by semisimplicity we have a
canonical decomposition

hefV) = @ S,
p€Elrry (N)

into isotypic components S, € Rep,(N). The same irreducibility argument as
before shows that G permutes the non-zero isotypic components transitively. If
there is only a single such component, then case (1) occurs and we are done. If
there are several of them, we arbitrarily fix one isotypic component U = S,, and
consider the subgroup

H={geG|guCU} Z a.

stabilizing the underlying subspace. Notice that by construction N C H. We may
naturally view

U =S, € Repy(H) as a subrepresentation of Res% (V) = @Sm
P

and one easily checks that the previous lemma applies. O



CHAPTER I

Character theory of finite groups

In this chapter we consider in more detail the case of a finite group G. We always
assume that the characteristic of the base field k£ does not divide the group order,
i.e. char(k) 1 |G|. In this case it turns out that every representation V' € Rep,(G)
is semisimple and the decomposition into irreducible constituents is governed by a
powerful tool called character theory.

1. Maschke’s theorem

Our assumption on the characteristic of the base field implies that Rep,(G) is
a semisimple category:

THEOREM 1.1 (Maschke). If char(k) {1 |G|, every V € Rep(G) is semisimple.

Proof. We must show that any subrepresentation U C V splits off as a direct
summand in Rep,(G). So for any such subrepresentation we want a G-equivariant
projection

p € Endg(V) with im(p) = U and ply = id.

To get such an equivariant projection, we use an averaging trick: Pick any k-linear
projection p € Endy (V) with im(p) = U and p|y = id, and consider the sum over
all its conjugates,

1 L,
p € Endg(V) defined by p(v) = @Z g-plg ).
geG

Then one easily checks that all the requirements are met. O

REMARK 1.2. The converse to Maschke’s theorem also holds: If char(k) | |G|,
there exists a representation V' € Rep,,(G) which is not semisimple. Here one may
take V' = k[G] to be the regular representation: Its invariants are 1-dimensional
and spanned by the sum e = 3 - €4 of all basis vectors; but for char(k) | |G| we
have an inclusion

VG = ke W = { > ae,eV > a,=0}

geG geG

and V/W is also a 1-dimensional trivial representation. So the trivial representation
occurs twice as a composition factor, but only once as a subrepresentation.

The theory of representations over fields whose characteristic divides the group
order is also called modular representation theory. The failure of semisimplicity
makes it an interesting but rather hard subject, so from now on we will always
assume that char(k) 1 |G|. In this case the representation theory is much nicer
but still has many nontrivial applications as we will see later. For the most basic
example, the regular representation, the decomposition into irreducible constituents
takes the following form:

23
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PropoOSITION 1.3. If k is algebraically closed, then the regular representation
splits as
k[G] =~ @ p®  where d, = dimgp > 1.
pE€lrr (G)

Proof. To see how V = k[G] decomposes, it suffices by Maschke’s theorem to
compute the multiplicities

m,(V) = dimy Homeg(p, V)
= dimy Homg(p,Ind?l}(l))
= dimy Homk(Resfl}(p),l) = dimyg p

for p € Irrg(G), using Frobenius reciprocity and the observation that the regular
representation is induced from the 1-dimensional trivial representation 1. O

Note that this provides a way to determine all possible representations, as every
irreducible representation p € Irri(G) enters in the regular representation with
positive multiplicity! We also record the following important numerical

COROLLARY 1.4. If k is algebraically closed, then |G| =3 1., (q)(dimg 0)?.

As a toy application, this formula allows for a slick proof of the following result
without using the Jordan canonical form:

COROLLARY 1.5. Let k be algebraically closed. Then the finite group G is abelian
iff all irreducible representations p € Irri(G) are 1-dimensional.

Proof. For a finite abelian group, the 1-dimensional representations again form
a finite abelian group

G = Hom(G,k*)
of the same order. On the other hand, the group orders are related by the previous
corollary:

Gl = 1G] + > (dimyp)’

pEIrr(G)
dimy, p>1

Hence the second summand on the right hand side must be empty, which means
that every irreducible representation is 1-dimensional. Conversely, if this latter
property holds, then the regular representation is a direct sum of 1-dimensional
representations and it follows by faithfulness that G is abelian. O

For very small groups, the above results about the regular representation are
already enough to determine explicitly all irreducible representations. We here
restrict ourselves to a very simple example:

EXAMPLE 1.6. Over any algebraically closed field k with char(k) # 2,3, the
only irreducible representations of G = &3 are
e the trivial representation 1,
e the sign representation sgn : &3 — {£1},
e the natural representation on W = {(z,y,2) € k* |z +y + 2 = 0}.
Indeed, we know that all these are irreducible and pairwise non-isomorphic, and
the squares of their dimensions sum up to 12 + 12 + 22 = 6 = |S3|. Note that since

any other representation is a direct sum of copies of the above three ones, we get
identities such as

W =W, Wsgmme=W, WIW=WW*"~1dsgndW etc.
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Can we do such things more systematically? And is there a direct way to
determine how many irreducible representations there are for a given group? To
answer these questions, we need to gain a better understanding of what Maschke’s
theorem really says about the structure of the group algebra.

2. The structure of semisimple algebras

Although we have proved Maschke’s theorem by a simple averaging argument in
a few lines, the appropriate framework to understand its implications is the general
structure theory of semisimple algebras. Let A be a finite-dimensional algebra' over
a field k, and denote by

Mod(A)

the category of its left modules that are finite-dimensional over k. If A = k[G] is
the group algebra of a finite group, we recover the category of representations from
above, but in fact all notions from the previous chapter carry over to arbitrary
finite-dimensional algebras:

REMARK 2.1. (a) A module V € Mod(A) is called irreducible if it is non-zero
and has no submodules other than zero and itself. With the same proof as in Schur’s
lemma, one sees that any non-zero morphism with irreducible source resp. target
is a mono- resp. epimorphism. In particular, if k£ is algebraically closed, it follows
that

Ends(V) = k-idy for all irreducible V € Mod(A).

(b) A module V' € Mod(A) is called semisimple if it is a direct sum of irreducible
submodules. As in the previous chapter this is the case iff every submodule of V'
splits off as a direct summand, and the class of semisimple modules is stable under
arbitrary sums, submodules and quotient modules.

(¢) The algebra A is called semisimple if it is so when considered as a left module
over itself. For example, applying Maschke’s theorem to the regular representation
we get that for char(k) 1 |G| the group algebra A = k[G] is semisimple.

For representations of finite groups, we have seen that the regular representation
plays an important role since it contains all the irreducible representations. Again
this generalizes to modules over arbitrary algebras, and if we consider quotients
rather than submodules, we do not even need semisimplicity:

LEMMA 2.2. Any irreducible V € Mod(A) is isomorphic to a quotient of A.

Proof. Let V € Mod(A) be irreducible. For any non-zero vector v € V' \ {0},
the scalar multiplication
my,: A — V givenby a+— a-v
is a homomorphism of left modules, and it is non-zero because m,(1) = v # 0. So

by Schur’s lemma it must be an epimorphism. O

In particular, there are only finitely many isomorphism classes of irreducible
modules in Mod(A). We fix a representative set Irr(A) for these; then as in the
previous chapter any semisimple V' € Mod(A) decomposes as the direct sum of its
isotypic pieces

V = @ V, where V, ~ p®™ for certain m, € N.
p€lrr(A)

If A is semisimple, we may apply this to V' = A considered as a left module over
itself and obtain the following

1By an algebra we always mean an associative algebra A with a unit element 1 € A.
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LEMMA 2.3. Any semisimple algebra A, considered as a left module over itself,
has the decomposition

dimg p

B ~ DSm, y = YT ——
A = @ Ap where Ap = p with Mp dimkEndA(P) -

p€EIrr(A)

Proof. The argument is the same as for the left regular representation of a finite
group as dimg Homy (A, p) = dimy Hom 4 (A4, p) = dimg Homy (k, p) = dimg p. O

In fact it turns out that the above decomposition into isotypic components is
not just a decomposition as a left module but as an algebra, and as such it is as
fine as possible. To formulate the result concisely we recall the following

DEFINITION 2.4. A two-sided ideal of A is an additive subgroup a < A which
is stable under the multiplication by scalars from both left and right in the sense
that az € a and za € a for all @ € A, € a. Note that this property is the same as
being a submodule for both the left and right module structures. An algebra A is
called simple if it has no two-sided ideals different from zero and itself.

In these terms, the decomposition into isotypic components results in the main
structure theorem for semisimple algebras:

THEOREM 2.5 (Weddeburn). Any semisimple algebra A is a product of simple
subalgebras. Ezplicitly, in the decomposition

A= P 4,

pelrr(A)

each A, < A is a simple subalgebra and we have A, - Ay = {0} for all o # p.

Proof. To start with, note that by definition each isotypic component A, C Aisa
left submodule. It is also a right submodule: For any a € A the right multiplication
map x +— xa is an endomorphism of A as a left module, hence by naturality of the
isotypic decomposition it preserves the isotypic components. So each A, < A is a
two-sided ideal. Hence

A, A, € A,NA, = {0} forall o # p,

because any two different isotypic components intersect trivially. In other words, it
follows that the isotypic decomposition is in fact a decomposition as a product of
subalgebras. It remains to see that these subalgebras A, < A are simple. Suppose
we have a two-sided ideal

a d A, with a # A,
Since the ideal is not equal to the whole isotypic component, by semisimplicity we
can find an irreducible submodule

V C A4, with V & a
Then anNV = {0} by irreducibility, and using the right module property of a we
get as above

a-V CanV = {0}.
Since V' =~ p, it follows that
a C Ann(p) = {a€ A|la— 0€ Enda(p)}.

But by construction the isotypic component A, is isomorphic to a direct sum of
copies of p, hence we get that

a C Ann(4,)
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On the other hand also
a C A, C Ann(A,) forall o # p
by what we have seen earlier. It then follows that a C Ann(A4) = {0}. O

For a complete structure theorem it now only remains to describe the occuring
simple subalgebras A,. By Schur’s lemma this is particularly easy over algebraically
closed fields, in general we must consider the division algebras D = End4(p):

COROLLARY 2.6. If A is semisimple, then any irreducible module p € Irr(A)
satisfies
A, = ﬂ Ann(o) ~ Endp(p),
oFEp
where D = End4(p) and
Endp(p) = {f €Endi(p) | fog=go fforallge D} ~ Maty,,xm,(DP).

Proof. Since A, is a simple algebra, the structure map A — Endy(p) restricts
to an embedding

A€ Endg(p)

Endp(p)

and by definition the image is contained in the subalgebra Endp(p) C Endg(p)
of endomorphisms commuting with D = End4(p). But for the dimensions one
computes
dimp A, = m, -dimy p
= m} - dim D
= dimg Endp(p) - dimg D = dimy Endp(p)
by lemma 2.3 and the remark below. O

REMARK 2.7. If D is a division algebra, then the endomorphisms of D as a left
module over itself again form a division algebra Endp(D). For the latter we have
an isomorphism

D ~ Endp(D), a +— (z— za)
with the opposite algebra
D = (D,+, -,,) whose multiplication is defined by =,y = y- .

For a finite-dimensional vector space V' ~ D" over the division algebra D this shows
that
Endp (V) ~ Mat,x,(Endp (D)) ~ Mat,x, (D)

is isomorphic to a matrix algebra over the opposite division algebra.

For k algebraically closed, this allows to determine the number of irreducible
modules in terms of the center Z(A) = {z € A | az = zafor alla € A}:

COROLLARY 2.8. The center of any semisimple algebra A is the sum of those of
its simple subalgebras,
Z(A) = P z4).
pElrr(A)
If k is algebraically closed, then each summand on the right is 1-dimensional and

we then get
[Irr(A)| = dimg Z(A).
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Proof. We know that any semisimple algebra decomposes as an algebra into the
direct sum of its isotypic components. Hence any element z € A can be decomposed
in the form

z = Z z, with 2z, € A,.
p€lrr(A)
This decomposition is compatible with the algebra structure, hence (za), = z,a,
and (az), = a,z, for all a € A. Thus the center of the algebra decomposes into a
direct sum as claimed:

z € Z(A) <<= =z, € Z(A,) forall p € Irr(A).

Notice that under the inclusion map from the previous corollary, the center Z(A,)
maps into the subalgebra End 4(p) C Endy(p). If k is algebraically closed, then by
Schur’s lemma

dimy Z(A,) = dimp A,NEnd4(p) < dimgEnda(p) = 1

and the claim follows. O

EXAMPLE 2.9. Suppose that the field k is algebraically closed, and let G be a
finite group with char(k) { |G|. Then for the group algebra A = k[G] the center is
given by

Z(A) = { Zageg ’ ap-1gp = ag for allh € G }7
geG
hence the number of irreducible representations is equal to the number of conjugacy
classes in the group:

[Irr,(G)| = |CHG)| for the set CI(G) = {conjugacy classes of G}.

In particular, this number only depends on the group but not on the base field over
which the representations are defined. In general no canonical bijection between
the sets Irry(G) and C1(G) is known, although we will see later that if G = &4 is
a symmetric group, such a bijection can be constructed explicitly via partitions.

3. Characters and orthogonality

We now always assume that the base field k is algebraically closed. Let G be a
finite group with char(k) 1 |G|. We have seen that every V' € Rep,,(G) is semisimple
and hence decomposes as a direct sum

V o~ P p™ with multiplicities m, = m,(V) € N,
pElrr (G)

but how can we compute these multiplicities for a given representation? To get
an idea, let us take a look at the case where p = 1 is the 1-dimensional trivial
representation. Here

m1(V) = dimg(VE)
is just the dimension of the subspace of invariants under the group action. We
can then use the averaging argument from Maschke’s theorem: The endomorphism

given by
1
P= g > plg) € Endi(V)

e
is a projector onto the subspace of invariants. In particular, on a numerical level
this gives
. 1
dimy(VY) - 1 = tr(p) = @l > tr(olg))
geqG
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where 1;, denotes the identity element of the field k. If char(k) = 0, then Z C k and
it follows from the above equation that the multiplicity of the trivial representation
can be recovered if we know the traces of the action of all group elements.

DEFINITION 3.1. The character of a representation V' = (V, p) € Rep,(G) is the
function
xvi G —k g xvig) = tr(p(g))
Since the trace of a matrix is invariant under conjugation, this character descends to
a function on the set of conjugacy classes which we also denote by xy : CI(G) — k.

For dimy V' = 1 the character xy takes values in the multiplicative group k£ and
is the group homomorphism given by the representation: This is what is usually
called a character outside of representation theory. For dimg V' > 1, however, the
characters in the above sense are no longer group homomorphisms. The motivation
for looking at them is that we want to extract the relevant information about a
representation with as little redundancy as possible:

(1) Scalars xv(g) € k are easier to work with than matrices p(g) € GI(V),

(2) Nevertheless, we will see that the knowledge of all these scalars determines
the representation p : G — GI(V) up to isomorphism if char(k) = 0, for
instance

dimg V' = xy(1) for the neutral element 1 € G.
Roughly speaking, the passage from a representation to its character is like the one

from a matrix to its characteristic polynomial:

EXAMPLE 3.2. Let (V,p) € Rep,(G). If k is algebraically closed, then for g € G
let A\1,..., A, € k be the eigenvalues of the corresponding endomorphism, so that
the characteristic polynomial takes the form

n

Po(e)(t) = det(t-idy —p(g)) = J[(t—N) € k[t].
=1

From the character xy : G — k of the representation we then recover the power
sums

(AL, An) == A+ -+ AN = xy(g”) forall v € Z.

If char(k) = 0, these power sums determine the coefficients of the characteristic
polynomial, i.e. the elementary symmetric functions

e(MsoAn) == > Ay A,
i1 <<y
by the formulae
€1 = D1,
ex = g (pl —p2),
es = 3;(p} — 3pip2 + 2p3),
_ 1 4 2 2
es = 5 (p1 — 6pip2 + 3p3 + 8p1ps — 6p4),

v

T i e

i=1 my1+2mo+--+rvm,=v i=1 ’

In other words, knowing the character of a representation amounts to the same as
knowing the eigenvalues of the action of all group elements.
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LEMMA 3.3. For V,W € Rep,(G), the characters of the dual, direct sum and
tensor product are given by

xve(9) = x(g7"), xvew(9) = xv(9) +xv(9), xvew(y) = xv(9) xv(g)

If char(k) # 2, then for the symmetric and exterior square one has

Xsym2(v)(9) = %((XV(Q))2+XV(92))7
Xawzv)(9) = 3((xv(9)® = xv(g?)).

Proof. The claim for the dual representation is clear since the action on the
dual is given by the inverse of the transpose matrix. Furthermore, if Ay,..., A,
resp. [i1,-- ., Mm denote the eigenvalues of g acting on V resp. W, then clearly the
eigenvalues

e on Ve Ware A\,..., A \n, U1, tm,
e on V ® W are the products A;p; with 1 <i<mand1<j<m,
e on Sym?(V) are the products \;\; with 1 <i < j <mn,

e on Alt?(V) are the products \;\; with 1 <i < j <n,

so the result follows by taking the sum of the eigenvalues in each case. O

As an exercise you may try to generalize the above to a formula for the character
of Sym™(V') and Alt™ (V') for n > 2. In general, the data of the characters is usually
represented in the form of a character table, by which we understand the square
matrix of size |Irri(G)| = | Cl(G)| whose columns correspond to the conjugacy
classes and whose rows give the character values of the irreducible representations
on these conjugacy classes. Let us compute a simple example by hand:

ExaMPLE 3.4. We have seen earlier that the symmetric group &3 has precisely
three irreducible representations 1, sgn and W = {(z,y,2) € C* |z +y + 2z = 0}
over k = C. Since the conjugacy classes in the symmetric group are given by the
cycle types of permutations, we may take (1), (12) and (123) as representatives for
the classes and obtain the following character table:

(1) (12) (123)

1| 1 1 1
Xegn | 1 —1 1
ywl 2 0 -1

For the last two entries, note that in the basis (1, —1,0), (0,1, —1) of W the group
action is given by matrices

pa2) = (5 1) paz) = (7))

Note that the rows of the above character table are linearly independent! Hence by
the formula for the character of a direct sum, the multiplicities of the irreducible
representations in any semisimple representation V' € Rep¢(G) can be read off from
the character
xv=" Y. mpy(V)xp
pElrre(G)

We will see below that this is true in general, but let us take a brief look at some
easy examples: From the formulae in the previous lemma and the above character
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table one computes

XW®sgn
XWew
XSym?2(W)
XAlt2(W)

—_— W N

and writing the rows of the above table as linear combinations of those from the
character table we recover

WosgnoeW, WeW~1®sgndW, Sym*(W)~W o1, Alt>(W) ~ sgn.

Thus we have succeeded in putting our previous ad hoc computations for G = G3
in a systematic framework. In order to generalize this to arbitrary finite groups,
we only need to show that the rows of the character table are always linearly
independent. For this we make the following

DEFINITION 3.5. By a class function we mean a function f : G — k that is
invariant under conjugation. The vector space

CG)={f:G—= k| flgzg™t) = f(z)for allg € G} = {f : CI(G) — k}

of such class functions is equipped with the symmetric bilinear form

() B@)xEG) — Kk, (f, ‘Glz:f

geG

which is easily seen to be nondegenerate in the sense that it induces an isomorphism
of vector spaces

~

¢(G) — €(G)" = Homg(%(G), k), f — (f,—).

For characters of representations this bilinear form has a very concrete meaning,
where again the equality below has to be read in the field k£ but for char(k) = 0
remains true as an equality of natural numbers:

THEOREM 3.6 (Multiplicity formula). For any V,W € Rep,(G),
dimg Home (V. W) = (xv,xw).

Proof. By adjunction we may identify the equivariant morphisms from V to W
with the invariants in V* @ W = Homy, (V, W). Hence the formula for the character
of duals and tensor products together with our computation of invariants from the
beginning of this section gives

dimy, Homg(V, W) = dimy, (V* @ W)¢ = |G‘ > xveewly

geG
= |G‘ > xvle™) xwle) = vioxw)
geG
as required. 0

As a special case of the above, it follows that the rows of the character table are
indeed linearly independent:
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COROLLARY 3.7 (First orthogonality relation). The x, € € (G) with p € Irr(G)
form an orthonormal basis for the vector space of class functions in the sense that

for all p,o € Irri,(G),
1 ifo=p,
<Xana> = {

0 otherwise.

Hence

fo= Y ) xe fordl | e %0

p€Elrry (G)

Proof. The orthonormality follows directly from the previous theorem and
Schur’s lemma since k is algebraically closed. In particular, the characters of the
irreducible representations are linearly independent class functions. Hence they
form a basis since

dim, €(G) = |CAG)| = |mu(G)]
as we have seen earlier. In particular, every class function f € € (G) is a linear
combination of these characters and the coefficients can be recovered by taking
scalar products with the orthonormal basis vectors. O

We can now see that at least for char(k) = 0, the character of a representation
indeed characterizes it up to isomorphism. Note that this reduces the question of
the simultaneous conjugacy of two sets of matrices to the much simpler question of
an equality of functions:

COROLLARY 3.8. For char(k) = 0, two representations V,W € Rep,(G) are
isomorphic iff they have the same character:

W~V = xw = xv.

Furthermore,
V' is irreducible <— (xv,xv) = 1.

Proof. The orthogonality relation allows to find the multiplicity of p € Irri(G)
inV as
mp(V) = (Xp, xv)-
So the multiplicities only depends on the character and we are done. O
Since the number of rows and columns of the character table is the same due to
the identity |Irr(G)| = | CI(G)], the orthogonality of the rows also implies the one

of the columns. There is a twist here since the columns do not label group elements
but conjugacy classes

Cl(g) == {hgh™' |heG} C G
for g € G, so that in

1 1y, 1 -1
(f,9) = @Zf(g)h(g ) = @ >zl f@)ha),

geG 2€CI(G)

each summand on the right is weighted with the size of the corresponding conjugacy
classes. Since

G| =|Clg)| - |Zc(9)|
for the centralizer
Za(9) = {heG|hg = gh},
we obtain
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COROLLARY 3.9 (Second orthogonality relation). For g,h € G one has in k the
identity

> xe(@xp(hh) =

pElrry (G) 0 otherwise.

{ZG<g>| if h € Cl(g),

Proof. Consider the class function f € %(G) which is the characteristic function

of the class Cl(g~1),
1 ifz S Cl g_l )
f(z) = ~ )
0 otherwise.

For p € Irry,(G) then

_ [Clg)| _
(f:xp) |G‘Zf = o W = oy X

heG

so by orthonormality

1
f= > x9) X
1Za(9)l e

and the result follows by evaluating this class function at z = h™*. (I

REMARK 3.10. If £ = C, the eigenvalues of any endomorphism of finite order are
complex roots of unity. In particular, their inverse is equal to its complex conjugate
and

Xv(gfl) = xv(g) forall V €Repc(G), geG.

We may then everywhere in the above replace the nondegenerate bilinear form (-, -)
by the pairing

() @)X EC) — € (1) = X (o)

geG

which is a Hermitian scalar product in the usual sense. We can hence view €' (G)
as a finite-dimensional Hilbert space, so that the above becomes a toy example of
harmonic analysis; we discuss this for finite abelian groups in the next section.

4. Harmonic analysis on finite abelian groups

If G is a finite abelian group, then so is its Pontryagin dual G = Hom(G,C*)
with the pointwise multiplication

(x1-x2)(9) = x1(9) - x2(9) for xi,x2 € G and g € G.

In fact this dual is non-canonically isomorphic to the original group: Since taking
duals is compatible with direct products (exercise), this is easily reduced to the
case G = Z/nZ, and in this case any primitive n-th root of unity ¢ € C gives an
isomorphism

G = G = Hom(G,CX) via 1 — (aws (™).

While this isomorphism depends on the choice of a root of unity, the double dual
is canonically isomorphic to the original group:

LEMMA 4.1 (Pontryagin duality for finite abelian groups). For the double dual
we have a canonical isomorphism

o~
~

ev: G — G = Hom(@,(CX), g = (x— x(9))-
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Proof. The evaluation map ev is a homomorphism of finite abelian groups. We
know that its source and target are non-canonically isomorphic, so we only need to
see that ev is injective. This boils down to the statement that for any g € G\ {1}
there exists a character x : G — C* with x(g) # 1. If G = Z/nZ is a finite cyclic
group, then this statement immediately follows from the description of characters
given above, and the general case easily reduces to the cyclic one. U

The above is an elementary special case of the more general Pontryagin duality
for locally compact abelian groups and their continuous characters, and our previous
orthogonality relations for characters will then translate into Fourier analysis. To
make this analogy more vivid, let .£?(G) = {f : G — C} denote the vector space
of all complex valued functions on the group, equipped with the Hermitian scalar
product

(f1, f2)a = T;Zfl(g)m for f;:G — C.

geG

Note that the Hermitian scalar product for the dual group restricts on G & e 2(@)
via ev to

(91,92)a = ﬁ > xlg)x(g2) for g € G.
xe@
So the second orthogonality relation is just the first orthogonality relation for the
dual group:

LEMMA 4.2 (Harmonic analysis on finite abelian groups). In the above setting,
(1) we have the orthogonality relations
(x1:X2)a = Oy, xo for xi € G,
(91,92)a = 0g1.9» for gi € G.
(2) any function f: G — C admits a Fourier development

f =Y F00-x where f() = (f.x) = éZf(g)@-

xe@ geG
and the corresponding dual statement holds for the functions G — C.

(3) the Plancherel formula holds: Viewing the Fourier coefficients as functions
on the dual group we get an isometry

22G) = 22G), f = VG f = (x> VIG]- f(x)).

Proof. Essentially everything has been proven in the previous section, except
for the Plancherel formula. To show that the assignment f +— f is an isometry up
to a factor /|G|, we must see

(f1, f2)e = |G\'(f17f2)a for all fi,fo € Z*(G).

It suffices to check this on the orthonormal basis of characters. But if f; € Gis a
character, one easily sees that the Fourier coefficient f; € Z?(G) is the function
given by

; L if x = fi,
Jilx) Jix {0 otherwise.
Hence (f1, f2) = &1 " 0714, and the claim follows. O

Note that the above statement is entirely parallel to the Fourier transform for
periodic functions on the real line when one takes G = R/Z to be the circle and



4. HARMONIC ANALYSIS ON FINITE ABELIAN GROUPS 35

considers the Hilbert space .Z?(G) of square integrable functions f : G — C with
respect to the Lebesgue measure. Replacing finite sums by integrals, one uses the
scalar product

(f.h) = /G f@h@)dz for f,h € Z2(G).

Here the Pontryagin dual is
G = Hom(G,C*) =5 Z via e, = (z+ > s n.

For f € £?(G) we have the Fourier development

f =S fm)en with f(n) = (fren) = /G f(@)en(~2)dz

neZ

and the usual Plancherel formula says that the assignment

LHG) = LG) = (Z) = {(en)nez | en €T Jenl> <0}, o f

nez

is an isometry. The area of harmonic analysis on locally compact abelian groups is
a common generalization of the cases of finite abelian groups and the circle.

Even in the completely elementary setting of finite abelian groups, the above
has nontrivial applications. We would like to discuss two such applications. The
first application is a formula by Dedekind for circulants, i.e. determinants of square
matrices all of whose rows are cyclic permutations of the first row: How does the
determinant

Xo Xi Xn—1
X, 1 Xo ... Xo»

D(Xo,...,Xpn-1) = det . ) € C[Xo,X1,..., Xn1]
Xi Xo ... Xo

factor as a complex polynomial in n variables? This problem naturally arises in
number theory if one tries to find the discriminant of the set of Galois conjugates
of some algebraic number. Back to our general question, for n = 2,3 one computes
by hand that

D(Xo,X1) = X§ — X7 = (Xo+ X1)(Xo — X1),
D(Xo, X1, X2) = Xg+ X7+ X3 -3XoX1 Xy = [[ (Xo+ (X1 +PX),
(3=1

so these determinants split into linear factors. It turns out that this is a general
phenomenon which has a conceptual explanation via Fourier inversion without any
messy computations:

THEOREM 4.3 (Dedekind’s formula for abelian group determinants). Let G be
a finite abelian group and take a set of formal variables X, indexed by the group
elements g € G. Then

det(Xyp-1)gnec = H(ZX(Q)XQ)
xeG 9€G

Proof. Both sides of the identity are polynomials with complex coefficients, so
it suffices to show that the identity holds when we specialize the indeterminates X
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to arbitrary values ay € C. Now the specialized matrix (ag,-1)g,nec describes the
left translation
Ma): C[G]—C[G] by a = Y ase, € C[G]
e

with respect to the standard basis, since

Aa)(en) = Zagegh = Zaghaeg.

geG geG
So our task is to compute the determinant of the endomorphism A(a).

For this we replace the standard basis of the regular representation by the basis
of the vectors

Uy = Zx(g)-eg for y € G.

geqG

To see that these vectors form a basis, note that there are precisely |G| = |G| such
vectors; and they are linearly independent because a linear combination of them can
vanish only if the corresponding linear combination of characters vanishes, which
by Fourier inversion can happen only if all coefficients are zero. Hence we indeed
have a basis, and this is a basis of eigenvectors for the action of A(a) since

Aa)(vy) = (Zageg)(z x(h)en)

geG heG

= D (D agx(h)egn
geG heG

= > agx(g7) D> x(ghlegn = Y agx(g) - vy
geG heG geG

Taking the product of all eigenvalues one obtains

det(agp—1)ghec = H (Z ag@) = H (Z agx(9))

xeG 9€G xeG 9€G

because with x also the conjugate X runs over all complex characters of G. Hence
the claim follows. O

In the case of finite nonabelian groups, the determinant in the above theorem
has irreducible factors of degree > 1, and the study of its factorization has led
Frobenius to the general notion of characters and the discovery of representation
theory. Before we come back to the latter, we briefly mention a second application
of harmonic analysis for finite abelian groups:

THEOREM 4.4 (Dirichlet’s theorem on primes in arithmetic progressions). For
any natural numbers a,m € N with gcd(a, m) = 1, there are infinitely many prime
numbers

p =a mod m.

Idea of the proof. One way to show there are infinitely many prime numbers
uses the Euler product expansion

s 1
¢(s) = Zn = H 1_7])_3

n>1 p prime

of the Riemann zeta function. The left hand side is a holomorphic function on the
half plane {s € C | Re(s) > 1} but has a pole at s = 1, hence the right hand side
must have a pole there as well and therefore the product must involve infinitely
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many factors. If one wants to avoid considering infinite products, one may take the
logarithm and use

log((s) = Z p *+0() for s|l,
p prime

n

which is obtained from the previous identity via log ﬁ = s =

If we want to adapt this reasoning to primes in an arithmetic progression, we run
into the problem how to control the left hand side if on the right hand side we only
consider primes p = a mod m. The idea is to single out (a mod m) € G = (Z/mZ)*
by harmonic analysis: For any character

y € G = Hom(G,C¥)

we define the corresponding Dirichlet character to be the function y : Z — C
given by

x(n mod m) if ged(m,n) =1,
x(n) = 0 otherwise.

The second orthogonality relation gives

wa(n) _ {(p(m) if n=a mod m,

ol 0 otherwise,
XEG
where p(m) = |(Z/mZ)*| denotes Euler’s totient function. We therefore obtain
that
_ 1 — -
Z p° = WZX(G) Z x(p)-p~*
pEpapl:]ii)I:iem x€§ p prime

where the inner sum on the right hand side no longer involves any congruence
condition on the prime numbers over which we sum! It remains to show the right
hand side diverges when s | 1. For this we express it via generalizations of ((s),
the Dirichlet L-functions

L) = Sxmn = [ ——

n>1 p prime 1- X(p)p*‘s
Similarly as for {(s) one shows

log L(s, x) = Z x(p)-p~*+0(s) for s|l.

p prime

Delicate estimates from complex analysis, which are really the main part of the
proof besides character theory and for which we refer to any book on analytic
number theory, show that for each non-trivial character y the logarithm on the left
hand side converges to a finite number as s | 1. On the other hand, for the trivial
character y = 1 the left hand side diverges because L(s,1) — ((s) is a finite sum of
terms coming from primes p | m. U

5. How to read character tables

From now on we will always assume that the base field k is algebraically closed

with char(k) = 0. In fact we could as well work with the complex numbers or its
subfield

Q = {aeC|3f(z) € Qlz]\ {0} with f(a) = 0} C C

of algebraic numbers:
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LEMMA 5.1. For any algebraically closed field k with char(k) =0,
(1) the functor (=) ®g k : Repg(G) — Repy(G) is an equivalence.

(2) the character values of any V € Rep,(G) are algebraic integers.

Proof. We know that over any algebraically closed field of characteristic zero, a
representation is irreducible iff its character y satisfies (), x) = 1. As this condition
is stable under field extensions, the functor

(-)®gk: Repg(G) — Rep,(G)

sends irreducibles to irreducibles. The number of irreducibles is independent of the
base field since

Lrg(G)] = |CUG)| = [rre(@)]
Furthermore
VW = xv =xw
= XVegk = XWegk
— Vegk = Wegk
for V,W € Rep@(G), hence the base extension functor induces a bijection between

the sets of isomorphism classes of irreducible representations. By semisimplicity it
is then an equivalence of categories.

The statement about character values follows from the fact that the eigenvalues
of any endomorphism of finite order are roots of unity, hence algebraic integers,
and the sum of algebraic integers is again an algebraic integer. U

The same argument with character values also shows that we may read off from
the character table which group elements act trivially on a representation:

COROLLARY 5.2. For any representation (V,p) € Repe(G) and g € G, we have
the equivalence

plg) =idy <= xv(g)=dimcV

Proof. Being of finite order, the matrix of the endomorphism p(g) is conjugate

to a diagonal matrix whose eigenvalues A1,..., A\, € C are roots of unity. Now
clearly xv(g9) = A1 + -+ -+ Ay is equal to the dimension n iff all the eigenvalues are
one, and the claim follows. O

This being said, let us see what information we can read off easily from the
character table. By the second orthogonality relation the columns of the character
table determine the size of the centralizer of the elements g € G in the corresponding
conjugacy class:

Za(@)l = Y. xloxg™).
x€lrry, (G)
In particular, the column of the trivial conjugacy class {1} determines the group
order |G| = |Z¢(1)], hence also the size
e

1Zc(9)]
of the individual conjugacy classes. Often these numerical values are included above
the character table to make it easier to compute scalar products with the rows. The

above corollary also allows to determine all normal subgroups N < G as unions of
conjugacy classes:

| Cl(g)|
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LEMMA 5.3. For any character x put ker(x) = {9 € G | x(9) = x(1)}.
(1) For any V € Rep.(G),

ker(xy) = ﬂ {ker(x,) | m,(V) >0}.
(2) Any normal subgroup N <G has the form

= ﬂ ker(x,,) for suitable p; € Irrg(G).
(3) The group G is simple iff ker(x,) = {1} for all non-trivial p € Irri,(G).

Proof. The inclusion C in (1) follows from |x,(¢g)| < dimg(p) and the previous
corollary if one compares

Zmp -Xp(g) with Zmp ) dimy (p),

and the converse is trivial. For (2) one then only needs to realize N < G as the
kernel of some representation

p: G — GIV),

for which one may take the permutation representation on V' = k[G/N]. Part (3)
is immediate from part (2). O

Note that since we know the sizes of all conjugacy classes, we then also obtain

the order
Nl = > |Clg)l
Cl(g)CN
when N < G is written as a union of conjugacy classes. While there is no known
way to determine the character table of N from the one of G, the situation for G/N
is better:

LEMMA 5.4. For N < @G, the quotient map p : G — G/N gives an equivalence
of categories

P Repy(G/N) = {V € Repy(G) | N Sker(xv)} C Repy(G)

sending irreducibles to irreducibles, and a surjective map p, : Cl(G) — Cl(G/N)
such that

p«(Cl(g1)) = p«(Cl(g2)) <= xv(g91) = xv(g2) for all V € im(p®).

So starting from the character table of the group G, the character table of G/N s
obtained by

e deleting all rows corresponding to characters x with N s ker(x),

e deleting any multiple occurance of rows in the remaining table.

Proof. The surjectivity of the quotient homomorphism p : G - G/N implies
that the restriction functor p* : Rep,(G/N) — Rep,(G) is fully faithful in the sense
that

Homg (p*V,p*W) =~ Homg,n(V,W) forall V,W € Rep,(G/N).

Obviously the essential image of this restriction functor is the full subcategory of
all V € Rep,(G) on which N acts trivially, which is equivalent to N < ker(xy) by
what we have seen above. It is also clear that the induced map on conjugacy classes



40 II. CHARACTER THEORY OF FINITE GROUPS

is a surjection p, : CI(G) — CI(G/N). Finally, since the characters of G/N form a
basis for the vector space of class functions € (G/N), we have
p«(Clg1)) = p«(Clg2)) <= xw(p(g1)) = xw(p(g2)) VW € Rep,(G/N)
= xpwl9) = Xprw(g2) VW € Rep,(G/N)
and hence the claim follows. ]

As an application we get that the solvability of a group can also be read off
from the character table. Recall that a group G is called solvable if it admits an
ascending chain of subgroups

each being a normal subgroup of the following one, such that the quotients G;/G;_1
are abelian for ¢ = 1,2,...,n. Note that this is equivalent to the requirement that
its derived series

G>GY > G® > ... terminates at some finite level G = {1},
where the derived groups are defined recursively by
GY = ¢ = [G,G] and G"TY = [ GM].

Note that each term of the derived series is actually a characteristic subgroup in
the sense that it is stable under any automorphism of the ambient group G, hence
in particular normal in this group. So from the previous lemma we get

COROLLARY 5.5. For any finite group G,

(1) the derived group is given by G' = N{ker(x,) | dimy(p) = 1}.
(2) its index is given by [G : G'] = |[{p € Irr(G) | dimg(p) = 1}].

(3) whether or not G is solvable may be read off from the character table.

Proof. If an irreducible representation p € Irry(G) satisfies G’ < ker(x,), then
it factors over G = G/G’ and is therefore 1-dimensional, being an irreducible
representation of a finite abelian group. Conversely, since the group Gl (k) = k*
is abelian, any 1-dimensional representation factors over the abelianization, so it is
trivial on the derived group. Hence (1) follows. For (2) note that

{p € m(G) | &' < ker(x,)}| = [Ime(G™)] = |CUG™)| = [G*] = [G: ).

Part (3) is then a consequence of the fact that a finite group is solvable iff it admits
an ascending series of subgroups

{1}=G0§]G1§]G2ﬁﬂGn=G with GlﬂG for all 4

such that the successive quotients are of prime power order; indeed this can be seen
by refining the derived series and noting that every group of prime power order is
solvable (exercise). Since the normal subgroups, the inclusions between them and
their sizes can be read off from the character table, so can the solvability. O

Above we have seen that the group elements g € G which act trivially on a given
representation (V, p) € Rep,(G) can be characterized by x,(g) = x,(1). Relaxing
this condition, we call

Z(xp) = {9€G|[Ixp(9)=x,(1)}

the centralizer of the corresponding character. It has the following meaning:
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LEMMA 5.6. With notations as above,
(1) Z(xp) ={9€ G |plg) =A-idy for some X € k*}.
(2) Z(G) = N{Z(x,) | p € ia(G) ).
Proof. We may assume k C C. If A\y,..., A\, € C are the eigenvalues of p(g),
then we know
Xp(@)] = M-+ A < Pl ] = n = xo(1),

with equality holding iff all the eigenvalues are equal to the same number A. But
since p(g) is diagonalizable, this occurs iff p(g) = A - idy and hence the first claim
follows. For the second claim, note that by Schur’s lemma the center Z(G) acts by
a scalar on every irreducible representation, so C is clear. The reverse inclusion 2D
follows from the observation that if

[p(g),p(h)] =1 forall h € G and all p € Irri(G),

then this commutation relation holds for arbitrary representations p € Rep,(G),
whence g € Z(G) since we may take p to be any faithful representation. O

In particular, the center of a group may be determined from the character table.
Recalling that a group is called nilpotent if the upper central series
1=20<92%y Q-+ defined by Z;y1={9€ G|y h] =€ Z;Vh € G}
terminates at some level with the whole group Z,, = G, we obtain
COROLLARY 5.7. Nilpotency of a finite group is detected by its character table.

Proof. From the character table we may determine the center Z(G), hence the
character table of G/Z(G), then use the latter to determine the center Z(G/Z(G))
and carry on like this to compute the upper central series. O

REMARK 5.8. In general the character table of a finite group does not determine
the group up to isomorphism. For example, it turns out that the dihedral and the
quaternion group

D = (a,b|a*=0>=abab=1) and Q = (a,b|a* =1,bab=a,a® =b?)

share the same character table:

gl a a? b ab
[Clgp)l|1 2 1 2 2
Zalgl |8 4 8 4 4
1|1 1 1 1 1

x2 | 1 1 1 -1 -1

xs |1 -1 1 1 -1

xa |1 -1 1 -1 1

xs 12 0 -2 0 O

Indeed, one easily sees that both groups have precisely five conjugacy classes and
that these are represented by the given elements. It is also clear from the given
presentation that there are four 1-dimensional representations given by a +— =+1
and b — +1. The character x5 of the remaining representation is then determined
by the second orthogonality relation. To see that D # @ let us determine their
maximal normal subgroups from the table: The maximal normal subgroups are the
kernels
N; = ker(y;) for i € {2,3,4}.
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One checks that
(1) for the dihedral group Ny ~ Z/47 but N3 ~ Ny ~ Z/27 x Z/2Z,
(2) for the quaternion group Ny ~ N3 ~ Ny ~ 7 /47Z.
Hence the two groups are not isomorphic.
For the computation of character tables one usually starts with a few irreducible
representations that are easy to describe, then obtains as many further ones by
multilinear algebra, induction or restriction from smaller/bigger groups and ad hoc

arguments, and then hopes to complete the character table via the orthogonality
relations. Let us illustrate this with a simple example:

LEMMA 5.9. The character table for the symmetric group G = S5 looks as
follows:

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

| Cl(g)] 1 10 15 20 20 30 24
|[Za(g)] | 120 12 8 6 6 4 5
1 1 1 1 1 1 1 1

sgn 1 -1 1 1 -1 -1 1

U 4 2 0 1 -1 0 1

U’ 4 =2 0 1 1 0 -1

|4 5 1 1 -1 1 -1 0

Vv’ 5 -1 1 -1 -1 1 0

w 6 0 -2 0 0 0 1

Proof. The conjugacy classes in the symmetric group &, are given by the cycle
types of permutations. Furthermore, if for each ¢ € N we denote by n; € Ny the
number of i-cycles in g € &4, then

d!
Cl = ——
09| = [T
since the denominator gives the number of multiple counts of the same permutation
among the d! fillings of the given cycle type with the labels 1,...,d. This explains
the listed conjugacy classes and their sizes.

The values of 1 and sgn are clear. We also know that the standard permutation
representation decomposes in the form C®> ~ 1 & U for some U € Rep(G), hence
we get

xu(g) = xcs(9) —1 = [Fix(g)| - 1.
Computing
<XU7XU> = = 17
we see that the underlying representation is irreducible and obtain the third row of
the character table. We then get another irreducible representation U’ = U ® sgn
for free: The tensor product of any irreducible representation with a 1-dimensional
representation is again irreducible, and in our case U’ % U as one sees from the
character
xu'(9) = xu(g) - sgn(g).
We can get further irreducible characters by multilinear algebra: For W = Alt?(U)
one has
xw(g) = 3(xv(9)? = xv(9?)
and again

<XW7XW> = = 17
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so the underlying representation is irreducible and we obtain the last row of the
character table. Since there are precisely 7 conjugacy classes in G5, we need to find
two more representations

V,V' € Repc(G).
Since G* ~ Z,/2Z, there can be no more 1-dimensional representations, so the

missing two representations are of dimension > 1. But by the orthogonality relation
for the first column,

(dimgc V)2 + (dime V')? = 5! =12 — 1% — 4% —4* — 6% = 50
and therefore
dimcV = dim¢c V' = 5
is the only possibility. We can now successively fill in the remaining entries by using

the second orthogonality relation. O

As a sanity check for the results from this section, you may read off from the
above table that the centre Z(G5) = {1} is trivial and A5 = ker(sgn) < &5 is the
only normal subgroup. The above character table also helps if we want to determine
the character table of the alternating group:

LEMMA 5.10. Put ay = % € C. Then the character table of G = A5 looks
as follows:

g | 1 (12)(34) (123) (12345) (21345)
|Cl(g)| | 1 15 20 12 12
|Za(g)] | 60 4 3 5 5

1] 1 1 1 1 1

Ul 4 0 1 -1 -1

V1§ 5 1 -1 0 0

Wi 3 -1 0 a4 a—
Wo 3 -1 0 a_ a4

Proof. A conjugacy class of even permutations in &4 either coincides with a
conjugacy class in 2[4 or splits in two distinct conjugacy classes in the latter. Such
a splitting happens iff in the corresponding cycle type all cycle lengths are pairwise
distinct and odd, including cycles of length one (exercise). For 25 IG5 this happens
precisely for the class of (12345).

This being said, we may carry over the character values for U and V from the
previous table and compute

xv,xv) = (xv,xv) =1

also for the scalar product with respect to the alternating group. Therefore the
restrictions Ulg, and Vg, remain irreducible and we obtain the second and third
rows of the character table. The remaining two rows are then again obtained from
the orthogonality relations. O

The fact that the irreducible permutation representation of the symmetric group
remains irreducible when restricted to the alternating group is no accident, as the
following characterization of double transitivity shows:

LEMMA 5.11. An action of a finite group G on a finite set X with |X| > 3 is
doubly transitive iff

Wx = {(ax)a:eX ‘ az €k, Z ay = 0} € Rep,(G) is irreducible.
zeX
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Proof. We can assume that the action is transitive, since otherwise clearly both
statements fail: For

Vx = {(ax)xex |ax€/€} ~ Wx®d1l
one easily checks
(Xvy,1) = dimy(Vx)¥ = number of G-orbits on X,

so for a non-transitive G-operation one would have (Wx)¢ # {0}. Now we apply
the same ideas to the permutation action on the set

Y = {(z1,22) € X x X | 21 # 32},

By definition the group action on X is doubly transitive iff the one on Y is transitive,
so we want to know whether

<XVY’1> = L
Now X x X ~ X Y as a G-set, hence
Vx ®Vy ~ Vxyx ~ Vx@Vx ~ Vx ®Vy

where the last fact comes from the observation that the permutation representation
is isomorphic to its dual (exercise). Therefore

> me(Vx)® = (v xvx)

p€lrry (G)
= <XVX®V§§ ’ 1> = <XVX? 1> + <XVya 1> =1+ <XVya 1>
and the claim follows. O

6. Integrality of characters

We know that the character of any complex representation of a finite group G
takes values in the subring

Z = {ae€C| f(a) =0 for some monic polynomial f(z) € Z[z]}
of algebraic integers. In fact a much stronger property holds:

PROPOSITION 6.1. If x = xv is the character of an irreducible V € Trre(G),

then
x(g) - [ Cl(g)|
x(1)
Proof. Tt follows from Schur’s lemma that each element z € Z(C[G]) of the
center of the group algebra acts on the given irreducible representation by a scalar
multiple w, (z) - idy of the identity. Assigning this scalar to each element we get
an algebra homomorphism

€ Z foral g € G.

wy: Z(C[G]) — k,

the central character of the representation. More explicitly, the center has a basis
consisting of the vectors

ex = Z e, for the conjugacy classes K € Cl(G),
reEK

and

x(g) [ Cllg)l
x(1)

So the claim amounts to the statement that the values of the central character wy

on each of these basis vectors are algebraic integers. For this we note that the

product of any two basis vectors is again an integral linear combination of basis

wylex) = for K = Cl(g).
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vectors: If K; = Cl(g;) € CI(G) for ¢ = 1,...,n are the distinct conjugacy classes,
then

n
eK, " eK; = Z aijy - ex, with ay, = [{(z,y) € K; x Kj |2y = g, }| € No.
v=1

Hence the subalgebra

R = <eK|K€C1(G)> cC
generated by the basis vectors is a finitely generated module over Z, i.e. the ring
extension Z C R is finite. Now it is a general fact in commutative algebra that any
finite ring extension is integral.

In our present case, writing R = Zry + - - - + Zr,, for suitable r; € R, any r € R

satisfies
n

rer; = Z a;; -r; for some matrix A = (a;;) € Mat,xn(Z).

j=1
Then we obtain the eigenvalue A - v = r - v for the vector v = (r1,...,r,)* € R"
so that

ker(A —r-id) # {0},
whence f(r) = 0 for the monic polynomial f(x) = det(z - id — A) € Z[z]. O

COROLLARY 6.2. If x is the character of an irreducible representation, then for
any g € G the complex number
_ x(9)

x(1)
has absolute value |a| < 1. Furthermore, we have |a| € {0,1} iff o € Z.

Proof. If n = ord(g), then the eigenvalues of the action of g are n-th roots of
unity. In particular, it follows that o € Q((,) where (,, € C is a primitive n-th root
of unity, and

o(a)] < % — 1 forall o € Gal(Q(()/Q)

since the Galois operation permutes the roots of unity. Then the norm of « also
satisfies

INoc.)/e(@)] < 1.
If o € Z, then

Noeyo(@) € ZNQ = Z and hence |o] € {0,1}

by the previous estimate. Conversely, for |a| = 0 obviously a = 0 € Z, whereas
for || =1 all the eigenvalues of g in the given representation are the same root of
unity. But then « is equal to this root of unity and hence an algebraic integer. [

THEOREM 6.3. If a finite group G contains a conjugacy class of prime power
order |Cl(g)| = p" > 1, then it cannot be simple.

Proof. After division by the prime p, the second orthogonality relation for g # 1

reads
Ly
P
where the sum runs over all non-trivial irreducible characters. In particular this
gives
x(1)x(9)

¢ 7 for some irreducible character x # 1.
p
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Then p { x(1), and since by assumption | Cl(g)| = p" we get from Bézout’s identity
that
a-|Cl(g)] + b-x(1) =1 forsome a,b € Z.

Multiplying by x(g)/x(1) we get

Cl(g)| - x(1) (9) = x(9)

x(9) x(1)’
The left hand side is an algebraic integer by proposition 6.1. The right hand side
is nonzero since x(g)x(1)/p ¢ Z, hence by the previous corollary we get that the
right hand side must have absolute value one:

‘M’ _

x(1)

By what we have seen in the previous section, this implies that g € Z(x). But the
centralizer Z(x) < G is a normal subgroup. Hence if G is simple, then from g # 1
we get that the centralizer Z(x) = G. But again by simplicity of the group we have
ker(x) # {1} so that the character x is faithful. Altogether then Z(G) = G and

hence the group G is abelian. But then it does not contain any conjugacy class
with more than one element, a contradiction. O

a + b

COROLLARY 6.4 (Burnside). Any group of order p®q® with primes p, q is solvable.

Proof. Suppose that G is a group of order p®¢® and let N < G be any maximal
proper normal subgroup. If N # {1}, we are done by induction on the order |G|
since

{1t — N — G — G/N — {1}
is an exact sequence and any extension of solvable groups is solvable. So N = {1},
i.e. G is simple. Take a Sylow subgroup

P < G with |P| = p®>1.

Any p-group has non-trivial center, so there exists 1 # g € Z(P). Now P < Zg(g)
because g € Z(P). But then
G| b

_ _lg] o _
|Cl(g)| = Za (9] divides G P q

hence | Cl(g)| is a prime power. Since G is simple, this forces | Cl(g)| = 1 by the
previous theorem. But then g € Z(G), which again is impossible since the center
of a simple group must be trivial. O

As another nice application of the integrality result from the beginning of this
section, we get the following

THEOREM 6.5. For any V € Irre(G), the dimension dime V' divides |G|.

Proof. Let x = xv and let g1,...,9, € G denote a representative system for
the conjugacy classes of G. Recalling that the central character w, is given by the

formula
_ [ Ki|x(g:)

for Kz = Cl i)
) (9:)

wX(eKi)

one computes

n

Gl =Y x(gxlg™") = D_IKil-x(g)x(gi") = x(1) D wylex,)x(g; ).
geG i=1 i=1

For the right hand side we know that all the w,(ex,) and x(g; ') are algebraic
integers, hence |G| - x(1)™! € ZNQ = Z and we are done. O



CHAPTER III

Representations of the symmetric group

We now specialize to symmetric groups. Here everything about the irreducible
complex representations can be made completely explicit in terms of combinatorial
data encoded in Young tableauz and symmetric functions. At the same time, we
will later see that there is a close connection with the representation theory of the
general linear group known as Schur- Weyl-duality.

1. Young tableaux and irreducibles

We have seen that any irreducible representation V' € Irre(G) can be embedded
as a direct summand in the left regular representation on the algebra o = C[G],
and any G-equivariant projection

p: o —V C oA

must then be given by right multiplication with the element ¢ = p(1) € &, which
is a primitive idempotent in the following sense:

REMARK 1.1. Any element e € &/ \ {0} with e? = e is called idempotent. Such
an idempotent is called primitive if it cannot be written as the sum e = e; + e5 of
two idempotents ej,eq € & \ {0} with e; - e = 0. Recalling that the left ideals
of the group algebra are precisely its subrepresentations, we obtain a bijective
correspondence

idempotents left ideals subrepresentations of
— —>
0#eecd o e#0 the left regular one
where primitive idempotents correspond to the irreducible subrepresentations. So

in order to determine all the irreducible representations we “only” need to find the
idempotents in the group algebra.

This is not feasible in general, but it can be carried out explicitly for symmetric
groups. So put

G =64 and & = C[6y for d € N.

To see what the primitive idempotents may look like in this case, let us begin with
the following

ExAMPLE 1.2. With notations as above, there are two cases where & -e =C-e
has dimension one:

o Fore=7)"
e Fore=>)"

geG €9 We get the trivial representation & -e =C-e~ 1.

e sgn(g)ey we get the sign representation &7 -e = C-e ~ sgn.

It turns out that every primitive idempotent can be obtained by combining these
two constructions. For this we introduce the following notions:
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DEFINITION 1.3. Let A = (A1,...,A¢) be a partition of d, i.e. a finite sequence
of integers

Al > o> X >0 with M+--+ A, =d.

We also call n = £()) the length of the partition and d = deg(\) its degree. We will
represent such a partition by its associated Young diagram, which is the left-aligned
diagram consisting of

e )\; boxes in the top row,
e )\ boxes in the second row,

e
e )\, boxes in the bottom row.

By a Young tableau of shape \ we mean an assignment of the numbers 1, ..., deg()\)
to the boxes of the Young diagram without repetitions. For example, the following
is a Young tableau of shape (4, 3,1):

’\1[\3»&
(=

By abuse of notation we will often simply write A for a Young tableau, the filling of
the boxes being understood. Via the filling we attach to each row and each column
a subset of {1,2,...,d}, and we define the row resp. column stabilizer to be the
subgroups

P, = { g€ &,4| gpreserves the total contents of each row },
@x

Inside &7 = C[&4] we define the row symmetrizer and the column antisymmetrizer
by

{ g€ 64| gpreserves the total contents of each column }.

ay = Z eg and by = Z sgn(g) - eg,
gEPA gEQN
and we define the Young symmetrizer to be their product ¢y = a)by € <.

REMARK 1.4. For any Young tableau of shape A = (d) resp. = (1,1,...,1) we

have
cay = Z eg and c¢u,..1) = Z sgn(g) - eg,
g€S, 9g€Sq

which are precisely the primitive idempotents corresponding to the trivial and the
sign representation. For more general partitions, different fillings of the same Young
tableau will usually lead to different Young symmetrizers, but any two such will
be conjugate via a permutation g € S,. Hence for the classification of irreducible
representations up to isomorphism, the choice of the filling does not matter and we
fix any Young tableau of given shape in what follows.

The main ingredient for the classification of irreducible representations will be
the following result; since its proof is slightly technical, the reader is invited to first
consult the following theorem 1.6 and its proof for motivation.

PROPOSITION 1.5. Let o7 = C[S,], and fix Young tableaux of shape A, .

(1) Up to a scalar the Young symmetrizer is the unique element cy € o such
that p-cy - q = sgn(q) - cx for allp € Py, g € Qx.
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(2) We have

) Ceen if A=,
CM{'C“{{O} ifA# .

Proof. (1) The definitions easily imply p - ¢y = ¢x and ¢y - ¢ = sgn(q) - ¢y for
all p € Py and g € @y, so it only remains to show that these conditions determine
the Young symmetrizer uniquely up to a scalar. Suppose that we are given n, € C
such that the element

c = Z ng-eq € A

g€G,
also satisfies them, i.e.
Npgg = sgn(q) -ng forall ge &y, pe Py, g€ Qx.
We must see
ng = 0 forall g ¢ Py-Qx.
This is now a bit messy:

First of all, we claim that for any group element g ¢ Py - @ there exist distinct
indices ¢ # j which are simultaneously

e in the same row of the tableau A, and

e in the same column of the tableau A’ = g\ obtained from A by applying
the permutation g € G4 to the entries.

Indeed, if this were not true, all the entries of the first row of A were in different
columns of A, hence we could find an element of Q) which when applied to X’
moves all these entries to the first row. Proceeding inductively we then obtain an
equality
pA = ¢\ forsuitable pe Py and ¢ €Qyn = gQg '
Since a permutation is determined uniquely by what it does to a tableau, pA = ¢’g\
gives p = ¢'g and so
g = p-q fortheelement ¢ = g7'-(¢)"'-g € Qx,
a contradiction. This proves our claim.
For any i # j as in this claim, consider the transposition p = (ij) € Px. We
have
g = p-g-q forthe odd permutation ¢ = g~ '-p-g € Qi
hence it follows that ng = nyeq = sgn(q) - ng = —ng and hence ny = 0 as required.
(2) The containment ¢y - &7 - ¢y C C- ¢y follows from the uniqueness in (1) by
computing
p-exacy - q = sgn(q) -caacy for a € o, pe Py, q€ Q.
To see that this containment is in fact an equality, it suffices to observe that ¢3 # 0,

for which one may use that P\ N @, = {1} is trivial so that any element of Py - Qx
admits a unique representation as a product p- ¢ with p € Py, g € Q.

It remains to check the vanishing cy - & - ¢, = {0} for all partitions pu # A. Via
the anti-involution
v A — A, eg — eg
and similar arguments to those below, this can be reduced to the case that in the
lexicographic order A > p (exercise). It suffices to show ay-a-b, =0 for all a € &7
since one can then specialize to a € by - &/ - a). Furthermore, by linearity it will be
enough to treat the case of a standard basis vector a = ¢, for g € &,4. Using the
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conjugation action e - b, - €,-1 = by, We can even assume g = 1 and only need to
show

ax-b, =0 if A > pu.
To check this remaining vanishing statement, we use an argument similar to the
one in the first part: Under the condition A > i one can find distinct indices i # j
that lie simultaneously

e in the same row of A and

e in the same column of p.

We leave this as an exercise to the reader. For the transposition g = (ij) one then
computes

ax-g = ax and g-b, = —b,
which together gives
ax-b, = ax-g-9-b, = —ax-b,
and hence ay - b, = 0 as required. Il

After these preparations, we can now easily list all irreducible representations
of the symmetric group:

THEOREM 1.6. For any partition X\ of degree d = deg()\), fiz a corresponding
Young tableau. Then
Vi = & -cx € Repe(Ba)
is irreducible, and every irreducible representation of the symmetric group &4 is
isomorphic to such a representation for a unique partition \.

Proof. To see V), is irreducible, let W C V), be an irreducible subrepresentation,
then we have
C)\~W Q C)\~V)\ Q (C-C)\
where the second inclusion comes from the previous proposition. Since the right
hand side is 1-dimensional, we either have cxW = C - ¢y or exW = {0}. In the
former case it follows that

V)\:JZ{‘C)\QQ%'W:W
and we are done. In the latter case
W - WCVN,- W=« ¢, W= {0} ={0}.

But then, since the projection p = & — W is given by right multiplication with
an idempotent e € W we get

W =im(p) =im(pop) CW - W = {0}.
Summing up, V) has no non-trivial subrepresentations and is hence irreducible.

It remains to see that V) % V), if A # p are distinct partitions. By symmetry
we can assume A\ > u in the lexicographic ordering. But in that case the previous
proposition shows

ex-Vy = cen-o ¢, = {0},
ey Vi = cex- -cy > Ci 75 0,
where the last inequality comes from the fact that c) is a non-trivial projector. [

Notice that the above gives an explicit bijection between conjugacy classes and
irreducible representations. It also explains why all character tables of symmetric
groups we have seen so far had integral entries:
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COROLLARY 1.7. Any representation of the symmetric group is defined over Q,
i.e. the functor Repg(&4) — Repc(Sa) is an equivalence of categories.

Proof. We have V) = (Q[&,] - ¢)) ®q C. U

At this point, it is natural to ask for an explicit formula for the dimensions and
characters of the irreducible representations of the symmetric group. Before we
come to this, we first make a small detour to the representation theory of general
linear groups.

2. Schur-Weyl duality

There exists a beautiful connection between the representations of symmetric
groups and general linear groups, based on the commuting action of these groups
on tensor powers. We formulate this over an arbitrary field k with char(k) = 0
since all irreducible representations of the symmetric group are defined over the
rationals: Let & and % be k-algebras and U a finite-dimensional k-vector space
with commuting actions

A: o — Endg(U) Endg(U),
p: # — Endy(U) Endy (U).

Note that since the actions commute, each factors over the centralizer of the other
as indicated above. If one is the full centralizer of the other, then in the semisimple
case we get a strong link between the respective isotypic decompositions: Let us
call a module absolutely irreducible if its base change to the algebraic closure k is
irreducible, then we have

<
c

PROPOSITION 2.1. Suppose that U ~ @, V; @ Hom (V;,U) with absolutely
irreducible V; € Mod(&/). If

p: B — Endy(U)

is surjective, then the

W, = Homﬂ(Vl,U) S MOd(%)

are absolutely irreducible modules and they are pairwise non-isomorphic.

Proof. Our assumptions imply that m : 8 — End (U) ~ @}, Endi(W;), so
the maps m; : Z — Endy (W;) are surjective. Therefore each module W; € Mod (%)
is absolutely irreducible, and these modules must be pairwise non-isomorphic since
otherwise m would factor over some diagonal in ;. End (W;). O

EXAMPLE 2.2. (1) Let G be a finite group. For the group algebra o# = % = C[G]
acting via the two regular representations on U = C[G], the above decomposition
becomes

U ~ P VEV* € Repe(GxG),
Velrre(G)
The dual on the right hand side is needed to make the splitting canonical: Think
of VX V* = Homg(V, V), then the right resp. left regular representation gives the
action on morphisms by pre- resp. postcomposition.

(2) Let V be a finite-dimensional vector space. On U = V® for d € N, we have
two commuting actions of G4 and GI(V'), so we may apply the above formalism to
the algebras

o = k[&y] and 2B = Span,(9®---®g|ge GUV)) C Endy(U).

Let us check that the centralizer condition in the above proposition holds:
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THEOREM 2.3. For any d € N, the image of GI(V') spans all of Endg,(V®?).

Proof. Via the natural identification Endy(V®?) ~ E®? for E = Endg (V) we
have
Ends,(V®Y) ~ (E®1)S ~ Sym?(E).
But an exercise in multilinear algebra shows that the symmetric powers Symd(W)

of any vector space W are spanned by tensors w® - - - @ w with w € W. In the case
at hand, it follows that

Ends, (V®?) = Span, (f® - ® f | f € Endy(V)) C Endy(V®).

Since

GI(V) C Endg(V)
is dense in the Zariski topology or alternatively in the classical one for £ C C, the
span Span, (¢ ®---®g | g € GI(V)) C Endg,(V®?) is a dense subspace, hence the
whole space since the target is finite-dimensional. O

COROLLARY 2.4 (Schur-Weyl duality). For any vector space V with n = dimy V
and d € N one has a natural decomposition

Vet~ B VARSA(V) € Repy(Sa x GI(V))
deg(A)=d
where the
Sx(V) = Home, (Va,V®%) € Repy(GI(V))

are absolutely irreducible or zero, the non-zero ones being pairwise non-isomorphic.

Proof. Since the irreducible representations of the symmetric group are precisely
the V) € Rep,(64) with deg(A) = d, the previous proposition and lemma apply. O

REMARK 2.5. The above construction is natural in the vector space V and we
call Sy : Vect(k) — Vect(k), V — Sy(V) a Schur functor. These Schur functors
generalize the symmetric and alternating powers: The direct summands in the
corollary are precisely the isotypic pieces of V¥4 € Rep, (&), so for the trivial and
sign representations we get

Say(V) ~ Sym* (V) and Squ__1)(V) ~ ALY (V).

.....

Notice that the latter vanishes for d > n. More generally we have:

LEMMA 2.6. Let A be a partition of d. Then for any Young tableau of shape A
the image of the multiplication by the Young symmetrizer cx on V®? is isomorphic

to Sx(V),
Sy(V) ~ ¢y -V C V¥ in  Rep,(GI(V)).

Proof. Let of = k[&,4]. Recalling that V) = & - ¢y, the desired isomorphism is
given by
S\(V) = Homg,(Va,V®) = ¢y - V& C y&d
fo= flen)
Indeed, we know by the previous section that the symmetrizer satisfies ci =c-cy

for some ¢ € Q* and so

flex) = Loex-flen) € ex-V®? forany [ € Homgy(ocy, VEY);
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the same argument furthermore shows that Ann (cy-V®%) = Ann, (cy) and hence
the claim follows. O

This in particular allows to generalize the previous vanishing statement for the
alternating powers to a precise vanishing criterion for Schur functors:

COROLLARY 2.7. We have Sx(V) = {0} iff £(A) > dimg (V).

Proof. For simplicity of notation, we fix the Young tableau of shape A whose
boxes are filled column by column in a monotonically increasing way, such as in the
following example:

’ww»—l

The reason for taking this tableau is that in terms of the transpose pu = (u1, .. ., fim)
of A, the image of the column antisymmetrizer
by VO = A (V)@ @ AltF™(V) C VO g ... @ VOHn = V&l
is embedded in the standard way. Clearly
pr = L) > dimg(V) <= by-V® = {0} = -V = {0},

so it only remains to check that for the implication on the right the converse holds
as well. Fixing an arbitrary basis v, ..., v, € V we consider the basis of V®¢ given
by

B = {vi,® - @uy, |i1,...,iq € {1,2,...,n}}.

One computes by our choice of the tableau that for the vector

v = (U1®"'®Uu1)®(vl®"'®Uu2)®"'®(vl®"'®'Uum)a

one has
ex-v # 0
because the coefficient of the basis vector v in ¢y - v is strictly positive. O

REMARK 2.8. From a conceptional point of view, theorem 2.3 can be upgraded
to the statement that for U = V®9 the images

o = im(k[ed] — Endk(U)) and 2 = Span,(g®---®g|ge GI(V))
are the full centralizers of each other in the sense that
# = Endy(U) and & = Endg(U).

Indeed, the second of these two equalities is a formal consequence of the first one
via the following more symmetric reformulation of proposition 2.1. Here U can be
any vector space with dimy U < co. For simplicity we assume the base field to be
algebraically closed:

THEOREM 2.9 (Double centralizer). Suppose that k is algebraically closed, and
let o C Endg(U) be a semisimple subalgebra. Then the centralizer 28 = End o (U)
is a semisimple algebra with &/ = Endg(U) and

U ~ P VoW, e Mod(d e %),
VaElrry ()
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where the Wy = Homg (Vy,U) € Mod(%B) are irreducible, pairwise non-isomorphic,
and form a complete representative set for the isomorphism classes in Irri(%). So
we have a bijection

Irrg (o) ~ TIrrg(B), Vi — Wi

Proof. From the theory of semisimple algebras and their modules in chapter I
we know

o ~ P  Endi(V)

Vi €lrry (&)
and
U ~ P Wwew, for Wy = Homy(Vy,U).
Va€Elrry (o)
For the centralizer of the algebra it follows that % = Endy(U) ~ €, End, (W),
which implies the result. O

3. The representation ring

For a finite group G we define its character group R(G) to be the free abelian
group generated by the irreducible complex representations of G. Since up to
isomorphism any representation is determined by its character, we can equivalently
define

R(G) = (xv |V elrrc(G)) € €(G)
to be the subgroup of class functions generated by characters. Its elements are the
linear combinations

Z my - xv € %(G) with my € Z
Vel (G)
and are called virtual characters as opposed to the characters with my > 0.
As a shorthand we also write [V] € R(G) for the character of V' € Repg(G). For

example, the induction from an arbitrary subgroup H < G gives rise to a group
homomorphism

md$: R(H) — R(G), [V] —~ [md%(V)].
In the sequel we combine the character groups of all symmetric groups in the graded
abelian group
R = @D R(d) with graded pieces R(d) = R(&,).
deN

LEMMA 3.1. This R is a commutative graded ring with multiplication o defined
on homogenous pieces by

o: R(d)xR(e) — R(d+e), UoV = Indg't's (URV).

Proof. Associativity follows from the transitivity of induction in steps, indeed
we have

Satets Sapex&y Sdtestrs
Indg’7"s, o Indg (s, ve, = Indg (s ve,

-~ Satets SaxGeyy
~ Indedxgeﬂ ) Indedxeexef

for any d, e, f € N. Commutativity says that

Indg™'s (URV) ~ Indg*ts (VRU)

S gx6S, e XSy

since the two subgroups from which we induce here are conjugate to each other. [
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It turns out that the above ring has a very concrete description in terms of
symmetric polynomials. Let

S(x1,...,xn) = (Z[xl,...@n])(sn

denote the ring of symmetric polynomials in n variables. Note that this is a graded
ring, the grading being given by the total degree of monomials.

PROPOSITION 3.2. Let V be a complex vector space of dimension n. Then for
any partition A of degree d = deg(\) there exists a unique homogenous symmetric
polynomial

sx € S(z1,...,2y)
of degree d such that

tr( Sy(V) SA(V)) = sx(t1ye.stn)

for every g € GI(V') with eigenvalues ty,...,t, € C.

Sx(9)

Proof. 1t suffices to show the existence of a polynomial s, with this property for
all g in an open dense subset of GI(V'), so we only need to consider diagonalizable
matrices. Conjugate matrices have the same trace, so fixing a basis vy,...,v, € V.
we may assume

g = diag(t1,...,tn)
is a diagonal matrix. Furthermore, we know by lemma 2.6 that Sy(V) = cy - V&4
is spanned by the vectors

Cx Vi @ Qu;, with 141,...,9q € {172,...7’11}.

Each of these vectors is an eigenvector for the action of the element g € GI(V'), and
the corresponding eigenvalue

ti -t
is a polynomial in t1,...,%,. Of course the above eigenvectors will in general not
be linearly independent, but any maximal linearly independent subset of them
will form a basis of Sx\(V). Hence there exists a polynomial sy € Z[z1,...,Z,]
such that tr(Sx(g)) = sa(t1,...,ts), and this polynomial is necessarily symmetric
since any permutation of the eigenvalues can be obtained via conjugation with the
corresponding permutation matrix. O

id

REMARK 3.3. An exercise in algebra shows that the ring of symmetric functions
is a polynomial ring

S(x1,...,xn) = Zlel,...,en] = Zlh1, ..., hy]

freely generated by either the elementary or the complete symmetric polynomials
given by

ev(T1, ..., xy) = Z Xy Ty,
hy(x1,... @) = Z Tiy - Ty

For example, for n = 2 one has e; = hy = z1 + 22, €3 = 2172, hy = 23 + 2129 + 73
so that

3, .3 3 2 2 3
] +xy = (1 +22)° —3r125 — 372 = €] — 3eren

etc. In general, the homogenous part

S(x1,...,zp)(d) C S(x1,...,2p)
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of given degree d € N is the free abelian group generated by either the symmetric
polynomials

ex(1,...,x,) = H ex; (1, ..., %)

or the symmetric polynomials

h,\(acl, N ,CL’n) = H hAi(xl, ce ,xn)
i=1
where A = (A1,..., A¢) runs over all partitions of degree d with \; < n. Its rank is

given by
rank(S(xl, e ,xn)(d)) = #{partitions of degree d} if d < n.

Coming back to the result of proposition 3.2, the polynomials sy(x1,...,x,) are
called Schur polynomials. Like characters, they can be considered as footprints of
the irreducible representations of symmetric groups:

THEOREM 3.4. Sending each irreducible representation to its Schur polynomial
we get an epimorphism

chn: R — S(x1,...,25), [Va] = sxa(z1,...,2n)

of graded rings. Furthermore, this is an isomorphism in all degrees d < n.

Proof. Since the irreducible representations V) freely generate R as an abelian
group, it is clear that there exists a unique group homomorphism sending each [V} ]
to the Schur polynomial sy(z1,...,z,). Since the latter is homogenous of degree
deg(\), it is also clear that this homomorphism preserves the grading. To see that
it is a ring homomorphism, recall that the multiplication on the ring R is defined
by

VioV, = Indg'%s (VaBV,) for d = deg(\), e = deg(p).
Using Frobenius reciprocity we therefore get for any complex vector space V' the
following chain of GI(V')-equivariant isomorphisms:
Homsg,,, (Vy oV, V®@9)) ~ Homg, s, (Va KV, VIR V)
Homsg, (Vi, V¥%) ® Homs, (V,,, V)
SA(V)® S,.(V)

Unravelling the definitions, we obtain after taking traces of g € GI(V') on both sides
that

1R

12

ch,(VaoV,) = chn(Va) - chy(V,) for n = dimcV
which shows that ch,, is a ring homomorphism. It is then automatically surjective
since the image contains the elementary symmetric functions

tr(diag(xl, ) | Altu(v))

= tr(dmg(ﬂﬁl,nwxn) | Sa,... 1)(V)) = chy(sgn),

which by the previous remark generate the ring of all symmetric functions. Finally,
in degrees d < n the epimomorphism ch,, is also injective since in these degrees the
source and the target are free abelian groups of the same rank, this rank being the
number of all partitions of degree d. O

ev(T1, .-, 2p)
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REMARK 3.5. For d € N, let eq = [sgn],hq = [1] € R(d) denote the classes
of the sign respectively the trivial representation of the symmetric group &,. The
above argument shows

chn(eq) = eq(x1,...,2n) and chy(hg) = ha(x1,...,25)

for all n € N. For d > n one has eq(z1,...,2,) = 0 and then hy(zq,...,z,) is
a polynomial in lower degree complete symmetric polynomials, which explains the
restriction on the degrees. We can get rid of this by passing to polynomials in
infinitely many variables:

COROLLARY 3.6. The ring R is a polynomial ring in either of the above infinite
sets of variables:
R = Z[hl,hQ,...] = Z[el,eg,...].

Proof. To see that the representation ring is generated by the elements e;, it
suffices to show

[V] € Zlei,ez,...] forevery V € Repp(64) and d € N

For this we fix n > d. Since every symmetric polynomial is a polynomial in the
elementary symmetric ones,

cho([V]) = f(e1,...,en) forsome [ € Zly1,...,Yn)

But then
[V] = f(ela"'aen)
by the injectivity of ch,, in degrees d < n as required. It remains to see that the

generators e; € R are algebraically independent. If not, we could find a relation
between finitely many of them, say

fle1,...,em) = 0 forsome [ € Zyi,...,ym]\ {0}
Applying ch,, we get
flen(zr, - o yxn), .y em(@r, ... 2n)) = chp(fler,...,em)) =0

in the ring of symmetric functions in n variables. For n > m the algebraic inde-
pendence of the elementary symmetric polynomials ey, ..., e, in this ring implies
that f = 0 and we are done. O

The above can be reformulated conveniently as follows. For any n € N we have
restriction homomorphisms

Tt S(@1,. s Tng1) S, T0),
f(xl,...7l’n+1) — f(l’l,...,ilin,()).

We define the ring of symmetric polynomials in infinitely many variables as the
inverse limit
S = S(x1,22,...) = ImS(z1,...,20),

i.e.
S = {(fa)nen | fu € S(@1,...,2,) and ryy(fry1) = fn foralln e N'}

is the subring consisting of all elements of the product ring ] S(x1,...,z,) that

are compatible with the restriction maps.

neN
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EXAMPLE 3.7. Since r,(e,(z1,...,2n11)) = ey(x1,...,2,) for any v € N, we
may define the elementary symmetric polynomials in infinitely many variables by
the formula

e, = (ey(xl,...,xn))neN es

and obtain that

S ~ limZley,...,e,] ~ Zley,ea,...]
is a polynomial ring in this infinite set of variables. For h, = (hl,(ajl, ... ,xn))neN
we similarly have
S ~ Z[hhhg,. . ]

We can summarize the above discussion by the following
COROLLARY 3.8. We have an isomorphism of graded rings ch : R — S.

Proof. By the previous results it only remains to show that r, o ch,11 = chy,
for all n € N. Both maps send e, — e,(x1,...,x,) which by convention is taken
to be zero if v > n, hence the claim follows. O

4. Schur polynomials and character values

In the previous section we have attached to each V' € Repg(6,) a homogenous
polynomial

ch([V]) € S = S(x1,22,...)

of degree d, and we have seen that this polynomial determines the representation
uniquely up to isomorphism. In order to compute the values of the character xy
from this polynomial, we need to understand what the dashed arrow at the bottom
of the diagram

x—x(9)

R(d)—— ¢(6;) —————— C
°
S(d) i ~C

for g € G4 looks like in terms of homogenous symmetric polynomials. For this we
first give another description of the upper row: Recall that the classes Cl(g) are
parametrized by cycle types, partitions of degree d, and if we denote by C € Cl(&,)
the class of cycle type A = (A1, Ag,...), then the centralizer of each of its elements
has order

d!

N = 5
SN

= H ma(N)! - ame™

a>1
where mq(A\) = #{i | \; = a}.
LEMMA 4.1. With notations as above, define a class function py € €(S4) by
the formula
zy ifx e Chy,
pi(z) = 0

otherwise.

Then x(g) = (x, Py} for any g € Cx and all x € €(Sy). In particular, py € R(d).
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Proof. The first equality is immediate from the definition of the scalar product

on class functions since (x,py) = 7 Yees, X(@)py(2) = 4 -1CA - x(9) - pA(g). For
the second claim, note that

Py = Z(P,\JO "X

X

where x runs over the characters of all irreducible representations of &4. Since for
symmetric groups all character values are integral, it follows that p, is an integral
linear combination of characters. O

Let sy € R(d) be the character of the irreducible representation V\ € Repq(&y),
and consider the polynomials

ch(sy) € S(d),
ch(py) € S(d).

The first of these are the Schur polynomials, the second will be identified explicitly
below. Notice that both form a basis of the vector space S(d) ®z C of degree d
symmetric functions since

1 ZX if A= M,
S\, 8,) = and , =
(o2 80) {O (P Py ) {O otherwise.

SA
DPx

So the problem of finding character values reduces to a base change between these
two sets of polynomials:

COROLLARY 4.2. Write each symmetric polynomial px as a linear combination
of Schur polynomials
by = Z Cxp * Spy
o

then each cy,, is the value of the character s, = xv, on the conjugacy class Cy.
Proof. Since the s, are orthonormal, this follows from the previous lemma. [

The combinatorial complexity of the problem lies in the Schur polynomials, the
polynomials py are very easy to describe explicitly although the proof takes a bit
of effort:

THEOREM 4.3. For any partition X = (A1,..., ) the polynomial px(x) is a
product
pa(@) = pa () pa(@)

where the factors are power sums:
pr(z) = 2 +a5+--- € S(r) for 7 e N

Proof. We will first reduce this to the case of singleton partitions, for which we
will proceed by showing that both sides can be computed via the same recursion
relation. More precisely we claim

(1) pA=Pxr, - P

(2) n-hyp=31_prhyp_y for any n € N,

(3) n-hy,=3"_1q -hypy for any n € N,

where in the last part (3) we temporarily denote by ¢,(x) = 27 + a5 +--- € S(r)

the power sums, which by comparison with (2) will a posteriori be equal to the
symmetric polynomials p,(z) = ch(p,).
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(1) We prove the corresponding identity in the representation ring. By definition
the class function
IS
Py, O 0Py, = Indei1 XX G, (py, ¥R p,,)
is induced from
A1--- X if each g; € By, is a Aj-cycle,
(p)\lg"'x’p/\g)(gla""gé) = .1 '
0 otherwise,

on the subgroup

H =6,=06, x---x6,, <G = 6,

Now a general formula for induced characters says

M0 = g Y e

z€G
zgr—leH

for any character x and any g € GG, as one may check as an exercise in Frobenius
reciprocity. In our setup it follows that (py, o---op,, )(g) vanishes unless g € Cj,
in which case

1 _
(Py, 0 -0y, (9) = @’#{xGGdlxgx IEGA}'HM-

To compute this character value, note that the set in the middle is a union of right
cosets & - y where y € &4 permutes the cycles in g of the same length. The total
number of such permutations is [],~; m4(A)! in the notations from the beginning
of this section, so -

(Pr, o opa)9) = [[maW)!-a™® = 2 = py(g) for g € Cy
a>1

and hence the claimed identity (1) follows.

(2) Again we prove the corresponding identity >."'_; p, o h,,_, = nh,, of class
functions. Here
b, o hpnr = Indg(pr X 1)
for the subgroup

H = Gr,n—r = 67" X 6n—r S G = 677,7

and for h € &, we have

r if h € C, is an r-cycle,
p,(h) = 0 otherwise.

So the formula for the induced character gives

1
(p,ohn—r)(g) = W : #{x €6, |rgzt €C, x GR,T} -7

To compute this character value, note that the set in the middle is a union of right
cosets (6, X &,,_,.) -y where y € &4 maps one of the r-cycles of g to &, x {1}.
The number of such cosets is therefore equal to m,.(\), and we obtain the character
values

(P o hnr)(g) = 7-mr(A)
whose sum is equal to the desired value deg(A) =n =n-p,(g) in (2).
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(3) This is a formal identity of power series. We start from the formal product
expansion
D ha(x) -t = [ -2t
n>0 [

in infinitely many variables z; and a dummy variable ¢t. Taking % log we obtain
that

Zn>1n' hn($) .tn_l — rar—
> WAOR Z%bg(l—xit) b= ZZwit !

r>1 1

and hence

Zn chp(z) -t = Z hom () - t™ - qu(ac) St

n>1 m>0 r>1
which gives the desired formula by equating coefficients of t*~! on both sides. [
EXAMPLE 4.4. In the special case d = 3 the Schur-Weyl decomposition takes
the form
VO~ 1R Sym*(V) @ WK Sy (V) @ sgnXAlt*(V)

where W is the two-dimensional standard representation of &3. We get the Schur
polynomials

S3 = ECU-}-Ex:L‘j-i- E TiTiT,
i#£] 1<j<k
S1,1,1 = €3 = E LiZjLl,
i<j<k
e} —s3— 5111
3271:— g xx]+2 E TiT;j Tk
i#] i<j<k

One then computes

P11 = Zx +3Zx z; +6 Z T;TjxTy, = 53+ 81,11 + 2521

iF#£] i<j<k
p3s = E Jﬁi =83+ S1,1,1 — 2,1
P21 = E T; +§ x? i T =83 — S1,1,1-

i#]

The transpose of the matrix of coefficients on the right hand side gives the character
table for &3 as predicted:

|1 (123) (12)
1|1 1 1
sgn | 1 1 -1
W |2 -1 0

In the next section we will develop a general formula for Schur functions which will
allow to give a closed formula for the character values of any symmetric group.
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5. The character formula

Let A = (A1,..., ) be a partition of degree d. In order to compute the Schur
polynomial

sa(x1,...,xn) = chy(sy) € S(z1,...,x,) for n > r

directly from the definition, we need to consider the action of diagonal matrices on
the Schur functor

diag(x1,...,2,) O Sy(C") = ey~ (C")®"

and then compute the traces in a suitable basis. This is indeed possible but needs
some combinatorial effort; in what follows we will take a different route, so we just
sketch the idea:

REMARK 5.1. By a semistandard tableau of shape A on n letters, we mean a
Young tableau with entries in [n] whose rows are weakly increasing and whose
columns are strictly increasing. For instance, we have the following semistandard
tableaux of shape (2,1) on three letters:

11\ 11\ 12\ 12\ 13\ 13\ 22\ 23\
2 3 2 3 2 3 3 3

In general, if V is a complex vector space with an ordered basis ey, ..., e,, then for
any semistandard tableau 7" we consider the vector

vp = (eTn/\"'/\eT1u1)®"'®(eTs,1/\"'/\eTws) c b>\~V®d — ®Alt”i(V)
i=1

where = (pt1,...,1s) = A! denotes the transpose partition. We then form the
image

er = ay-vr € S\(V) = ¢y~ V&
under the row symmetrizer. Note that both the row and column symmetrizers are
formed with respect to a fixed Young tableau of shape A and content {1,2,...,d},
which should not be confused with the tableau T" that describes which basis vectors
are selected for the elementary tensors. One may show:

FAcT 5.2. When T ranges over all semistandard tableaux of shape \ on n letters,
the vectors er defined above form a basis of Sx(V).

Note that diagonal matrices in GI(V') with respect to the basis ey, ..., e, act on
the er by
diag(z1,... 2n) er = " TM o gmr) o

where the exponents are the multiplicities mrp(v) = #{(4,7) | Ti; = v}. For the
Schur polynomials this gives

S)\(l'1, .. .,xn) = ZxTT(l) .. .xZTT(n)
T

where the sum runs over all semistandard tableaux of shape A on n letters. In what
follows we discuss a different approach to Schur polynomials which will result in a
determinantal formula more suitable for our application.

Like in the construction of the vectors ep above, the idea is to write Sy\(V') as
the image of the composite map given by the column antisymmetrizer and the row
symmetrizer:

Al (V)@ - @ Alth (V) — Vo Sym™ (V) ®@ - - @ Sym™ (V).
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The Schur functor we are interested in enters both the source and the target of
the above map. In the representation ring of the symmetric groups this is reflected
by the following result, where for arbitrary partitions A and p we write A > u to
indicate that

Mt >
for all 4. Note that this dominance order is a partial ordering on partitions; as an
exercise you may check that \ D> p iff pf > A%
PROPOSITION 5.3. Let \ and p be partitions of the same degree. Then

0 wunless pt >\,

thaseu) = (ex hu) = {1 VAT

Proof. Recall that by definition of the product in the representation ring we
have
hy = [Indg?(1)] for &) = &), x -+ x &y,
Sa -
ex = [Indgi(sgn)] for &y = &y, x - x G,
Frobenius reciprocity gives
(hy,e,) = dimHomGd(Indgi(1)7Indgj(sgn))
: & &
= dimHome, (Resg’Indg{ (1), sgn).
In the exercises we have seen Mackey’s theorem about the restriction of induced

representations, which says that if we fix a representative set S C &, for the double
cosets in 6,\G4/G so that

Gy = || 6,56,

seS

then we have
& & S,
Resg!Indg? (1) ~ € Indg” e, , 1 (1)-
seS
For each term on the right hand side, another application of Frobenius reciprocity
shows that

S
Homg,, (Indg;‘jﬁsgks_l(l)7 sgn) = Homg ,nsa,s-1(1,59n).

The right hand side does not change if the roles of 1 and sgn are interchanged, so
it follows that (hy,e,) = (ex, h,). Furthermore, this right hand side is either zero
or one-dimensional, and the latter occurs iff

G, NsGys~! C ker(sgn) = Aq.

In the latter case the subgroup on the left contains no transpositions, so if we fill A
and p row by row from left to right and top to bottom, then s maps the entries
of each row of X into pairwise distinct rows of . By definition of the dominance
order this can happen only if

ut >N

If ut = ), it remains to show that there exists a unique coset representative s with
the above property. This follows as in proposition 1.5: If s € S maps the entries of
each row of X into distinct rows of p, then

s-p-A = q-pu forsome p € P, and q € Qu = P,

Then ¢ 'sp = so € &4 is the unique permutation with so - A = u' and this
determines the double coset of s in &,\&;/G& uniquely. d
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COROLLARY 5.4. Let A = ut be conjugate partitions of d. Then V) is the unique
irreducible representation that enters both in

Indg’i(l) and Indgi(sgn).
Furthermore, its multiplicity in each of these induced representations is one.

Proof. By the proposition there is a unique irreducible representation V' which
enters both these induced representations. To see V ~ V) we must by Frobenius
reciprocity only check

1 < Resg‘i(v,\) and sgn — Reng(V,\),

which one may read off from V) = & - ayby = & - byay for & = C[Sy]. O

REMARK 5.5. Forgetting about Young symmetrizers for a moment, we could
as well have defined V) by the property in the above corollary: Their existence
only uses the previous proposition, and the proof of the next theorem will give
an independent argument that these V) are pairwise non-isomorphic and hence
form a complete set of irreducibles. While the combinatorial approach using Young
diagrams has its own interest (see e.g. remark 5.1), the approach via representations
of GI,,(C) generalizes to any algebraic group or compact Lie group. The following
is a special case of the general Weyl character formula for such groups:

THEOREM 5.6. Let A = (A1,...,A.) be a partition of length r < n. Put \; =0
for i >r, then we have

1

sx(@1,. .., mn) = X det(x?i+"_i)1§i7j§n

for the discriminant
A = det(w?ﬂ)lgmgn = H@Cl — ;).
i<j
Proof. In the next section we will show the classical determinantal formulas of
Jacobi-Trudi and Giambelli

1 i
x ~det (211" Z)lgi,jgn = det(h,\ﬁiﬂ‘)lgi,jgr = det(eui7i+j)1§i7j§5.

where p = A* = (u1,. .., us) denotes the conjugate partition and by convention we

put
1 forv =0,
0 forv <O.

ev(T1,y ..., xn) = hy(x1,...,2,) = {

For the rest of the proof we forget the determinant on the left hand side, we will use
only the equality between the determinant in the middle and the one on the right
to see that sy (z1,...,2,) must be equal to both of them. By direct inspection one
verifies that

e the determinant in the middle is a sum of terms 4hy, with A’ > A, and h)
occurs precisely once,
o the determinant on the right is a sum of terms +e,, with p/ > p, and e,
occurs precisely once.
Now by the previous proposition we can have (hy, e,/) # 0 only if (¢/)* >\, which
for p/ > p and X > X implies
A=t () e N A
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and this is possible only if equality holds everywhere. So we obtain for the virtual
representation

dy = det(h’/\ﬁiﬂ’)gi,jgr = det(em*iﬂ)gi,jgs'
that
(dr,dr) = (ha,en)+ Y +(hy,en) = (hae,) = 1,

A B By
(i) #(xn)

which by positive definiteness of the scalar product implies that either +dy or —d)
must be not just a virtual but a true irreducible representation. Since we know
that (dx,hy) = (dx,e,) = 1, we then get d) = [V)] from the previous corollary
and the claim follows. O

Let us see how this allows to compute characters of the symmetric group. We
fix a number n € N and extend partitions A of length ¢ < n by zeroes at the end,
writing

A=(A,..., ) with A1 =---=A, =0.
For any such partition let

A* = (/\1+n71,)\2+n72,...,)\n)

be the partition which is obtained from the Young diagram of A by adding ¢ boxes
torow n —i for ¢ = 1,...,n — 1. Note that these are precisely the exponents
that occur in the matrix entries of the Weyl character formula from the previous
theorem and these form a strictly decreasing sequence, for example

A=(3,1,1)  ~ A =(632).
For polynomials P(z1,...,x,) we put

[P])\ = coefficient of the monomial 27" --- 3" in P(zy,...,z,).

The above theorem then shows

COROLLARY 5.7. Any symmetric function P € S(x1,...,2,) has the expansion
in Schur polynomials

P(zy,...,xq) = Z [A . PLL* csp(Tr, . T).
14

Proof. Note that we have only defined p* if £(u) < n, but for all other u the
Schur polynomials s, (21, ..., 2,) vanish. So the right hand side is well-defined with
the summation running over the finitely many partitions u of length £(\) < n and
degree deg(p) < deg(P). This being said, since the right hand side of the claimed
formula is clearly linear in P it suffices to prove it in the special case of Schur
polynomials

P = sx(x1,...,2p).

Then the theorem says

A-sy = det(a:%‘””*i

Artn—1_As+n—2 . An .
j )1§i,j§n ) " +

= I n

43

where “ --” does not involve any monomials with strictly decreasing exponents. In

other words
1 ifpu=2A
[A . 5)\} . = hH .7
w 0 otherwise,

and hence the claim follows. O
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We now get a closed formla for the characters of all irreducible representations
of the symmetric groups as follows:

COROLLARY 5.8 (Frobenius character formula). If A\ and p are partitions of d,
then

xv,(9) = [A ~p>\]w for all g € &4 of cycle type \.

Proof. We have seen in the previous section that for any g of cycle type A one
has px(z1,...,2n) = 22, Xv, (9) - Su(21, ..., @), so the claim follows by comparison
with the above corollary since Schur polynomials are linearly independent. Notice
that the number n of variables only needs to satisfy n > ¢(u), for any such n the
formula gives the same value and works for cycle types of any length (). O

Let us see how this works in a concrete example: Let x be the character of the
standard representation V,, of G3. Here p = (2,1) and we can take n = 2, which
gives the values

x((1)(2)(3)) (21— 22) - (21 + 552)3](3,1) = 2,
x((12)3)) = [(z1 —w2) - (2] +23) - (1 + 902)](3,1) =0,
x((123)) = [(z1 —w2) - (2} + 17%)](371) = —-L

by taking the coefficient of 325 in the respective polynomials. This is much easier
than our previous computations of character tables!

The Frobenius character formula in particular allows to compute the dimensions
of the irreducible representations V,, € Repc(S4) as follows. Recall that we have
put

w* = (l1,la,...,1l,) where l; = py;+n—1i for ¢ = 1,2,...,n,

extending our partitions by zeroes at the end if needed. Although the I; depend on
the chosen n, the outcome of the following formula does not:

COROLLARY 5.9 (Frobenius dimension formula). Let n > €(p). Then with I; as

above we have a2
1 N <i<i<n

Proof. We have dimc(V,,) = xv, (1), so we need to take A = (1,1,...,1) in the
character formula:

dimC(VH) = coefficient of mlll xﬁ{’ in pri1-A
Here
_ 4 _ d! o .
P11,..1 = (x1+..-—|-xn) = Z m.xl R i
e1+-+e,=d
and
1 Tn N xz_l
A =det|: = . : = Z sgn(o) - xf(n)fl g
1 T . x?_l ceS,
so that
imc(V,) = Z sgn(o) - RO TR

eSSy i

= %'ln' Z sgn(a).H Ll —1) (i —o(n—i+1)+2)

[SSP]



5. THE CHARACTER FORMULA 67

where the sums run over all o such that e¢; =1; —o(n—i+1)+1 > 0 for all i. The
second sum can be rewritten as a determinant, which by column reduction takes
the form

Lol h(n—1) - 11, 2 -
det | 1 =1 0 o ] = H(li—la‘)-
1 b Ll -1) - 1L B i<j
Hence the claim follows. O

The dimension formula has a nice interpretation in terms Young diagrams. Let
us define for any box b € p in the Young diagram of shape u the hook length h(b)
to be the number of boxes which are

e to the right of the box in the same row, or

e below the box in the same column,

with the box itself counted precisely once. For example, the following are the hook
lengths for u = (4, 3,3, 2):

N | =] Ot 3
W&

We then get the following

COROLLARY 5.10 (Hook length formula). For any partition p of degree d one

has
dime (V) d!
img = =—.
! [Tpe, h(b)
Proof. We label the rows and columns of the Young diagram p from left to right
and top to bottom as usual. Then the key observation is that for any (i,j) € p,
the numbers

h(i,b) for b > j
h(i,j) — h(a,j) for a > i

are pairwise distinct and that each of the numbers 1,2,... h(7,j) occurs among
them precisely once: As an exercise you may check by looking at the jumps in
the column lengths that the differences h(i,j) — h(a,j) precisely fill out the gaps
between the numbers h(i,b). For j = 1 we get that the product of all hook lengths
in row ¢ is equal to

h(i,1)!
Ha>z‘ (h(iv 1) - h(a’ 1))

where
h(i,1) = gi+n—i =1 for 1 <i < n = (u)

in the previous notations. Taking the product over all rows ¢ we obtain the claim
from the Frobenius character formula. O
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REMARK 5.11. In the exercises we will see by an independent combinatorial
argument that dimc(V),) is the number of standard tableauz of shape p, i.e. Young
tableaux of shape  whose rows and columns are increasing from left to right and top
to bottom. Viewing the corollary as a formula for the number of such tableaux, we
get a heuristic to memorize the hook length formula: A Young tableau is standard
iff the label of each box b € i is smallest among those of its hook. The probability
for this is 1/h(b), and under the boldly unrealistic assumption that these events are
independent we get that the number of standard tableaux should be [[,c, 1/h(b)
times the total number d! of Young tableaux.

6. Determinantal formulas

It remains to prove the two determinantal formulas that have been used in the
proof of the Weyl character formula in theorem 5.6. Both come from the formal
identities

H(z,t) = Zhj(x)-tj = 1_[(1—35i15)_1
720 i=1

Bt) = Yey) -t = [[ 0+
>0 i=1

for the generating functions of the complete symmetric and elementary symmetric
polynomials in = (z1,...,2,), for some fixed n € N. Notice that e;(z) = 0
for j > n. Put

det(z®) = det(m?i)gi,jgn for a = (aq,...,an) € Ny.

For instance, we have
A(z) = det(z®) for 6 = (n—1,n—2,...,1,0).

and the first determinantal formula that we used in the proof of theorem 5.6 can
be written in the following form, where as usual we extend partitions by zeroes at
the end if required:

THEOREM 6.1 (Jacobi-Trudi). For any partition A of length £(A) < n we have
the formula

det(2?9)
“det(a?) det(hn—it5) 1<
Proof. In order to separate the various coordinate functions, for 1 < k < n we
put
& )
E® () = [[a+ait) = > ()¢
ik >0
where i
e§- )(gc) = ej(x1,..., 0k-1,0,Zp41, -, Tp)

is an elementary symmetric polynomial in one variable less. From the generating
series we have
H(z,t)- E®(z,—t) = (1 —zyt)""

and hence
n

Z ha—nsj(z) - (=1)"77 efbk_)j(:c) = zp forall a € Ny
j=1

by comparing the coefficients of t* on both sides. Note that e(yk)(x) =0forv>n
as these are elementary symmetric polynomials in n—1 variables. Taking the above
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relation with a = «; ranging over the coordinates of a given a = (a1, ..., a,) € N§
we get

H, -E = det(z®) and hence det(H,) - det(E) = det(z®)

for the matrices

H, = (hai,nﬂ'(ac)) and E = ((—1)"_je£1k_)j(a:))1Sj7kgn.

1<i,j<n
Notice that the second of these two matrices does not depend on the chosen value
of a. To compute its determinant, we plugin a =§d =(n —1,n—2,...,1,0) and
note that H is a triangular matrix with entries 1 on the diagonal. Hence the above
equation says

det(E) = det(Hj) - det(E) = det(z®) = A(x)

is the discriminant. This being said, the theorem follows by taking o = A+§ and by
noting that H1s is a block triangular matrix, the top left block being the matrix
that figures in the right hand side of the Jacobi-Trudi formula, and the bottom
right block being triangular with entries 1 on the diagonal. O

To finish the proof of theorem 5.6, it remains to show that the determinant in
the previous theorem is equal to the corresponding determinant with entries in the
elementary rather than complete symmetric polynomials. Before we can do this we
need some preparations: For a matrix A = (a;;)1<ij<ny and I,J € {1,2,...,N}"
with r < N, let

Ay = (aij)(i,j)eIxJ
be the I x J minor of A. We then have the following generalization of Cramer’s
formula for the inverse of a matrix:

LEMMA 6.2. Let A, B € Matyxn(C) be two matrices such that A-B = c-id for
some scalar ¢ € C. Consider two permutations (I,1') and (J,J') of (1,2,...,N)
with [I| = |J|. Then

N det(Ar ;) = e-det(A) - det(By 1)

where e € {£1} denotes the product of the signs of the two permutations.

Proof. Let P,Q € Gln(C) denote the permutation matrices such that left
multiplication by these matrices permutes the rows in any given matrix according
to (I,I') resp. (J,J'). Since the transpose of a permutation matrix is equal to
the inverse, the right multiplication by P~ resp. Q! then gives the corresponding
permutations of the columns. So we can shift the minors in the top left resp. bottom
right position via

-1 _ A[J * -1 _ * *
PAQ™ = ( S and @QBP - = « By )

By assumption

(A” *><* * ) — PABP! = ¢.PP™! = ¢.id.

* ok * By

Writing out each block of this matrix equation separately, one sees that then also

the identity
A[J * . id * o A[J 0
* ok 0 Bppr) x  c-id
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holds, where on the left hand side of the equation the entries labelled * have the
same meaning as before. Taking determinants we get
det(PAQ™") - det(Byp) = VM. det(Ar))
and the claim follows since det(PQ~!) = det(P) det(Q) = e. O
THEOREM 6.3 (Giambelli). If A = (Ay,...,\) and p = (p1,...,pus) = A are
conjugate partitions, then

det(h,\i_iﬂ(x)) = det(eui_i+j(aj))

1<i,5<r 1<4,j<s

Proof. The idea is again to obtain a matrix relation from the generating series
for the elementary and complete symmetric polynomials. Indeed, the identity of

power series
H(z,t)-E(z,—t) =1

shows for V € N that the matrices
A= (hij(®),q,jen and B = (1) eij(2)),, oy

are inverse to each other. Furthermore, these matrices are triangular with entries 1
on the diagonal, hence have determinant one. We take N = r + s and apply the
previous lemma to

I = (N4r+1—ili=1,...r), J=(r+1—jlj=1,...1),

I'= (r+i—p |i=1,...,s), J =(r+jli=1...,s).
Clearly (J,J') is a permutation of (1,2,...,N). To see the same for (I,I’), notice
that
T N+r+1—1 is strictly decreasing and maps {1,...,r} into {1,..., N},
T r+i— is strictly increasing and maps {1,...,s} into {1,...,N}.
and that these two sequences are disjoint: If for some 1 <i<rand 1 <k < s we
had

ANi+tr+1—i =r+k— u,
then
Nt = ki1,

SO0 A\; > k or ug > i. But then in fact both these inequalities would hold, because

each one implies the other since A and p are transpose to each other. Thus we
obtain \; + ur > i+ k > k+¢— 1, a contradiction. O

REMARK 6.4. We have used both Jacobi-Trudi and Giambelli to prove the Weyl

character formula
det(2*19)

det(z9)
by comparison of two different induced representations. A posteriori we can rewrite
the Jacobi-Trudi-Giambelli formulas as

sa(z) =

sa(z) = det(hAi,Hj(x)) and sy(x) = det(eAi,iJrj(x))

1<i,j<r 1<i,j<s

In this more symmetric formulation the Jacobi-Trudi and Giambelli formulae are
mirror images of each other in the following sense: The representation ring admits
a natural involution

t: R — R, [V]+— [V® sgn]
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which is a ring homomorphism with ¢(sy) = syt and t(ey) = h) (exercise); under ¢
the Jacobi-Trudi formula is mapped to the Giambelli formula and vice versa.

The Jacobi-Trudi and Giambelli formulae are usually presented together with
yet another determinantal formula which describes the multiplication of symmetric
functions in the basis of Schur polynomials:

THEOREM 6.5 (Pieri’s formula). For any partition A and m € N, one has the
formulas

sx(z) - em(z) = Zs# and sx(@) - hm(z) = Zs,,
“w v
where . and v run over all partitions that are obtained from X by adding m boxes
in pairwise distinct rows respectively columns.

Proof. Applying the involution ¢ from above, it suffices to prove the first of the
two formulas. Now

det(z*9) - e (z) = Z sgn(o) - 27 A+ Z Tiy - T,

ceS, 1<i1 < <im<n

_ o(A+6

— E : sgn(o) - x (A+6) E : To(in) " Tolin)
€S, 1<ip < <im<n

= Z det (22 0+€)

e€{0,1}",deg(e)=m

and in the last sum, the only non-zero terms are those where A + § + € is strictly
decreasing. These are precisely the ones corresponding to the p in the statement of
the theorem, hence the claim follows after multiplication by A on both sides. [

Recall that in the previous section we have characterized V,, € Repc(&4) as the
unique irreducible representation of the symmetric group that enters both induced
representations

IS S
Indg?(1) and Indsit (sgn).

As an application of Pieri’s formula we may completely decompose these induced
representations as follows. For partitions A, u of degree d the Kostka numbers are
defined by

Ky, = #{ semistandard tableaux of shape A and content p },

where a tableau is said to have content p if it contains each number i precisely p;
times. For instance

2 111
K3z2)2,21) = 2 3‘

In general,
o K,,, =1,
e K), =0if A < p in the lexicographic order,

® Ky (1,1,..,1) is the number of standard tableaux of shape A, etc.

The above induced representations then decompose as follows, which in particular
recovers our previous characterization of V,, € Rep¢(Sq):

COROLLARY 6.6 (Young’s rule). With notations as above,

mdg! (1) = P K, Va and d$’, (1) = @ Ky - Vi
A A
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Proof. The second formula follows from the first one by twisting with the sign
character since V) ® sgn ~ V,:. For the first formula we apply the character map
to get

&
chp, [Indei(l)] = €1 C€uy €y = Sui€us €pgs

so that Pieri’s formula implies the claim by induction on the length ¢ = ¢(y). O



CHAPTER 1V

Representations of compact Lie groups

The last two chapters were mostly about representations of finite groups, but
we have already encountered some representations of the algebraic group G, (C)
in relation with Schur-Weyl duality. The ideas from the Weyl character formula
will now be developed in the more general framework of compact Lie groups, or
equivalently of reductive algebraic groups over C.

1. Lie groups and algebraic groups

By definition, a Lie group is a group whose underlying set carries the additional
structure of a smooth manifold such that both structures are compatible, i.e. the
multiplication and inversion maps are smooth. It is convenient to reformulate this
more abstractly as follows:

DEFINITION 1.1. Let € be a category with finite products, i.e. there is a final
object {1} € € and any two objects A, B € ¥ admit a product A x B € €. By
a group object in the category € we mean a quadruple consisting of an object G € €
and morphisms

m:G x G— G (the multiplication),
i:G— G (the inversion map),
e: {1} = G (the neutral element),

such that the following diagrams commute, where diag : G — G x G denotes the
diagonal embedding and pri, pro are the projections onto the factors:

e Associativity:

GxGxGL G x G
idml im
GxG—" @G
e Two-sided unit:
Gx {5 axG {1pxG2 G

\

e Two-sided inverse:

/ 0 \

iXid
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A homomorphism between group objects G, H € ¥ is a morphism f: G — H in €
which is compatible with the unit and multiplication in the sense that the following
diagram commutes:

GxG—"=@G
fo\L if
HxH-"sH
Let us take a look at a few examples:

o If ¥ is the category of sets, a group object in % is just a group.

e If ¥ is the category of finite sets, a group object in ¥ is a finite group.

o If ¥ is the category of topological spaces, with continuous maps as mor-
phisms, then a group object in % is called a topological group.

The main topic of this chapter will be the following example:

ExXAMPLE 1.2. If ¥ is the category of smooth manifolds, with smooth maps as
morphisms, then a group object in ¥ is called a Lie group. For instance, (R,+)
and GI,(R) are Lie groups. In this chapter we will focus on compact Lie groups
such as

(1) the unit circle
UQ) = {zeC| =1}
and the compact tori, i.e. products U(1) x --- x U(1),
(2) the unitary groups
U(n) = {M € Gl,(C) | M"-M=1}
and the special unitary groups SU(n) = U(n) N Si,,(C),
(3) the orthogonal groups
O(n) = {M e Gl,(R) | M*-M =1}
and the special orthogonal groups SO(n) = O(n) N SI,,(C),
(4) the symplectic groups
Sp(n) = {M € GlL,(H) | M"-M =1},
where Gl, (H) denotes the group of invertible n x n matrices over the

Hamiltonian quaternions and the complex conjugation on quaternions H
is defined by

a+bi+cj+dk = a—bi—cj—dk for a,bc,d € R.
We leave it as an exercise to verify that all of these are compact Lie groups.

ExXAMPLE 1.3. If € is the category of complex manifolds, with holomorphic maps
as morphisms, then a group object in € is called a complex Lie group. Examples
include

(1) the multiplicative group
Gn(C) = C*
and more generally complex tori, i.e. products G,,(C) x - -+ x G,,,(C)

(2) the general linear groups Gl,(C) and the special linear groups S, (C),
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(3) the orthogonal groups
0,(C) = {Me€GlL,(C)|M"-M=1}
and the special orthogonal groups SO, (C) = O, (C) N SI,,(C),
(4) the symplectic groups
Spa, (C) = {M € Glon(C) | M*-T- M = H}

of matrices preserving the standard symplectic form
(): C"xC™ — C, (u,v) = u'-T-v

defined by the 2n x 2n block matrix

(0

Note that each of the above examples is a subgroup of some general linear group,
inside of which it is defined by finitely many polynomial equations in the matrix
coefficients. This leads to a third incarnation of the objects to be considered, for
which we need a bit of language from algebraic geometry:

DEFINITION 1.4. The category % of affine algebraic varieties over a field k is the
opposite of the category of reduced k-algebras of finite type. We think of the objects
of € as zero loci of polynomials: For V' € €, write the corresponding algebra as a
quotient

OV) ~ klx1,...,z,)/I for someideal I = (f1,...,fm).

If k is algebraically closed, then Hilbert’s Nullstellensatz says that this ideal can be
recovered from the zero locus

V| = {a€k™| fla)=0Vfel} C k"
via
I = {f€klz,....z,] | fla) =0Va€|V|} < klz,... 2]
If k£ is not algebraically closed, then in general the above zero locus is not enough
to determine the variety, it may even be empty. Nevertheless, intuitively we think

of (V) as the algebra of polynomial functions on the affine variety V' € ¢ and call
it the coordinate ring of the variety.

EXAMPLE 1.5. By definition, an affine algebraic group over k is a group object
in the category of affine algebraic varieties from the previous definition. All the
complex Lie groups in example 1.3 have underlying algebraic groups, and all of
them can be defined over an arbitrary field k. The corresponding coordinate rings
have the following shape:

(1) O(Gy) = k[t,t71],
(2) O(Gly,) = k[, det(z5) 7],
O(Sly,) = klzij]/(det(zy5) — 1),
(3) O(On) = klwy;] /(60 — >, zjiz 1),
O(S0y) = klzi;]/(det(ziz) — 1, du — 32 wjizji),
(4) O(Spay) = klzi5]/(Lim — 325 255 - Lin - Tum)-

If you unravel the definition of a group object in the category of affine algebraic
varieties, you will find the notion of a Hopf algebra (which we will not discuss here).
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The relation between the various categories of group objects in this section can
be summarized by the following

LEMMA 1.6. One has natural analytification and complexification functors for
algebraic groups as indicated by the solid arrows in the following diagram:

{ affine algebraic groups / ]R} e {afﬁne algebraic groups / (C}

| =

{ real Lie groups} 7777777 > { complex Lie groups }

Sketch of proof. The complexification functor G — G¢ on algebraic groups is the
base change functor from real to complex algebraic varieties, which on coordinate
rings is defined by

O(Ge) = O(G)®g C.

This base change functor is compatible with finite products in the respective two
categories of varieties, hence it sends group objects to group objects.

The analytification functor G — G*™ sends a real affine variety G to the set of
its real points
G = G(R).
Intrinsically the latter is defined as the set of algebra homomorphisms €(G) — R,
but writing the coordinate ring as 0(G) ~ R|x1,...,x,]/] we can identify it with
a subset
GR) ~ {aeR"| fla)=0Vfel} C R"

of some affine space defined by finitely many real polynomial equations. One can
check that this subset is a submanifold and the induced manifold structure does not
depend on the chosen presentation of the coordinate ring. If G is an algebraic group,
then by transport of structure the manifold G*” is a Lie group. The analytification
functor for complex algebraic groups is defined similarly. O

ExXAMPLE 1.7. Each of the real Lie groups in example 1.2 is the analytification
of a real algebraic group in a natural way, e.g. U(1) has the underlying real algebraic
group given by

oU1) = Rlz,y]/(2* +y* - 1).
After complexification we get an isomorphism of algebraic groups Gl c ~ U(1)c
since
Clt,t 7] = Clz, ] /(22 + 9> — 1) via tT1 =z +iy.
However, this isomorphism cannot be defined over the reals: The Lie group U(1)
is compact while the group GI;(R) = R* is not. Similarly you may check as an
exercise that

U(n)c ~ Gl,(C), SU(n)c ~ Sl,(C) and Sp(n)c =~ Sp,,(C),
but none of these are induced by an isomorphism of the underlying real Lie groups.

REMARK 1.8. (a) Via the inclusion R C C any complex algebraic group is also
a real algebraic group and the analytification functor is left adjoint to the forgetful
functor

{ affine algebraic groups /C } — { affine algebraic groups /R },
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i.e. for any affine algebraic groups G over R and H over C there exists a natural
isomorphism
Homg (G, H) — Homc(Gc, H).

By considering universal coverings of Lie groups, one may show that such a left
adjoint also exists for the forgetful functor from complex to real Lie groups, yielding
the dashed arrow making the diagram in lemma 1.6 commute.

(b) Neither the complexification functor (—)c nor the analytification (—)%" is
an equivalence of categories. However, a result of Chevalley says that on the full
subcategory of real algebraic groups with compact analytification, these functors
induce equivalences

{afﬁne alg gps G over R | G compact} (;:C> {reductive alg gps / (C}

<>“¢m

{ compact real Lie groups}

where an affine algebraic group over C is called reductive if all its representations are
semisimple. Here we use the following convention that will remain valid throughout
the rest of the chapter:

DEFINITION 1.9. Let € be any of the categories from above, assumed to be clear
from the context in what follows. By a representation of a group object G in € we
mean a pair (V| p) where V is a finite dimensional complex vector space and where

p: G — GIV)

is a homomorphism of group objects in the chosen category 4. So for Lie groups p
is assumed to be smooth, for algebraic groups it is given by polynomials, etc.

With this convention, Chevalley’s result implies that for any compact real Lie
group K = G*" with underlying real algebraic group G, the above functors induce
an equivalence of categories

Repc(K) — Repe(Ge)

between the categories of representations of the compact real Lie group and the
associated complex algebraic group. For the rest of this chapter we therefore focus
on representations of compact real Lie groups.

2. Haar measure, semisimplicity and characters

The key ingredient in the proof of semisimplicity for the representations of finite
groups was the idea of averaging over the group. If one wants to extend this to the
case of infinite Lie groups, one needs to replace the summation by an integral, so
let us briefly recall some basic notions about integration on manifolds.

REMARK 2.1. A smooth manifold M is said to be orientable if it satisfies the
following equivalent conditions:

(1) There exists an atlas for M such that the transition functions between all
coordinate charts have positive Jacobian determinant.

(2) Let n = dim(M), then the top exterior power Alt"(.7};) of the cotangent
bundle has a nowhere vanishing smooth section.
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In this situation, any nowhere vanishing smooth section wys of Alt™(7;;) will be
called a volume form and defines an orientation on the manifold as follows: For
any open subsets U C M, V C R™ we say that a coordinate chart ¢ : U — V
is oriented if the standard volume form on R™ pulls back to the chosen volume form
on the chart,

*(dxy A--+dxy) = c-wpy  for some ¢ > 0.

The collection of all oriented charts then forms an atlas for which all transition
functions have positive Jacobian determinant. The choice of an orientation allows
to define the integral over any compactly supported top differential form w on M
as follows: If Supp(w) C U for some oriented coordinate chart (U, ¢) as above, we

define
Aw=LWﬂW)

By the change of variables formula this is invariant under coordinate changes with
positive Jacobian determinant, hence it does not depend on the chosen oriented
chart (U, ). For a general compactly supported top differential form w on M we
take a partition of unity 1 = >_._;&; subordinate to an open cover by oriented
charts (U;, ¢;) and put

iel

—1\*
[o=3% [ @e .
M ier Ui
which again only depends on the chosen orientation. O

Now let M = G be a real Lie group. The left and right multiplication by h € G
are diffeomorphisms

Ah: G — G, g +— hg
pn: G — G, g~ gh

of the underlying smooth manifold. We say that a differential form w on the group
is left invariant if A} (w) = w for all h € G, and right invariant if p}(w) = w for
all h € G. This notion allows to single out a distinguished volume form on any
compact Lie group:

LEMMA 2.2. Up to multiplication by a scalar ¢ € R* there exists a unique left
mvariant and a unique right invariant volume form on any Lie group G.

Proof. The action of G on itself by left translations is transitive, therefore any
left invariant differential form w of degree n € N is determined uniquely by its value
at 1 € G,

w(l) € (Alt"(F8))1 = AI™(TT(G))
For n = dim(G) the vector space on the right hand side is one-dimensional, hence
up to a multiplication by a non-zero scalar there is at most one left invariant volume
form. To see that such a volume form does exist, fix any vector v € Alt"(T(G))
and define
w(g) = (d\g)*(v) € A" (T,(G)) for g € G,
using the differential
(dAg)" : T, (G) — T7(G).

Since the multiplication in a Lie group is a smooth morphism, the above defines a
smooth section w of Alt"(.7%) and by construction this is a left invariant volume
form. The statement for right invariant volume forms follows similarly. ]

Thus any Lie group is orientable. For the rest of this chapter we fix one of
the two possible orientations preserved by all left translations; this last condition
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is automatic for connected Lie groups, but for disconnected ones it is a way of
orienting the various connected components consistently. Note that working instead
with right translations would in general give a different orientation convention, as
you may check for the orthogonal group G = O(2) as an exercise!

COROLLARY 2.3. If G is compact, then there is a unique left invariant volume
form w = dg such that in the orientation chosen above,

/dg = +1.
€]

Proof. Since G is compact, it can be covered by finitely many compact subsets
of oriented charts and hence 0 < | [,w| < oo for any volume form w. So the
claim follows from the previous lemma. O

DEFINITION 2.4. The Haar measure on a compact Lie group G is defined to be
the functional

¢G,C) — C, F — / F(g)dg
G
on continuous complex valued functions, using the above volume form dg.

COROLLARY 2.5. The Haar measure is invariant under left and right transla-
tions and the inverse map, i.e.

/F(g)dg = /F(g—l)dg = /F(fgh)dg forall f,h € G.
G G G

Proof. Invariance under left translations is clear by definition. Since left and
right translations in the group commute, for any h € G the form pj (dg) is also left
invariant and so

pr(dg) = c(h)-dg for some c(h) € R

by the previous lemma. Clearly the map ¢ : G — R* is a continuous group
homomorphism, so its image lies inside the maximal compact subgroup {£1} C R*
since continuous images of compact sets are compact. So

orientation-preserving,

|
o(h) = {+1 it oy G — G s {

orientation-reversing,

and in both cases
/ F(gh)dg = / F(g)dg
G G
by the change of variables formula, since in the orientation-reversing case two minus
signs cancel out. The argument for the inverse map is similar. O

Let us now prove the analog of Maschke’s theorem in the setting of compact Lie
groups. Let V be a representation of a Lie group G. By a Hermitian inner product
on the underlying complex vector space we mean a positive definite sesquilinear
form

(w): VxV — C,
and call it G-invariant if

(gu,gv) = (u,v) forall w,v € V andall g € G.

If V € Repc(G) denotes the complex conjugate representation, such a product can
be viewed as an isomorphism of representations

V = V* givenby u — (u,—).
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Averaging over the group we get

PROPOSITION 2.6. If G is a compact Lie group, any representation V€ Repe(G)
admits a G-invariant Hermitian inner product.

Proof. Take any Hermitian inner product (-,-) : V' x V' — C on the complex
vector space. For any u,v € V' the map
G — (C, g — (gu,gv)

is continuous, as by definition of a Lie group representation the action G x V. — V
is smooth. So for u,v € V put

(6,0 = /G (gu, gv) dg.

This is again a sesquilinear pairing since the integral is linear. Since the integral
over strictly positive real function is strictly positive, the pairing is positive definite,
and it is G-invariant because of the invariance of the Haar measure. O

COROLLARY 2.7. If G is a compact Lie group, any V' € Repc(G) is semisimple.

Proof. Fix a G-invariant Hermitian inner product (-,-) : V' x V' — C. Then for
any subrepresentation U C V' the orthocomplement

Ut = {veV|{uv)y=0foralluclU} C V

is stable under the action of G and V = U @ U+ by construction. O

Recall that by definition the character of a representation (V,p) € Rep¢(G) is
the function
xv: G — C, g tr(p(g)).
This function is invariant under conjugation, and for Lie group representations it is
continuous — even smooth, but this will not be important for us. If G is compact,
the space €(G) of continuous functions f : G — C comes with the Hermitian
product

(b = /G F@h(g)dg for fh € €(C),

and like for finite groups we obtain
PROPOSITION 2.8. If G is a compact Lie group and V,W € Repc(G), then

(1) dimg¢ V& = fG xv(g)dg.
(2) {(xv,xw) = dim¢ Homg(V, W).

Proof. For the first part we claim that the projection onto the invariants V¢ is
given by the averaging operator

p: V. — V sending v — /gvdg7
G

where the integral over vector valued functions is defined by choosing a basis of V'
and integrating each coordinate functions separately. By definition this integral is
compatible with linear maps, so for any fixed h € G we have h-p(v) = p(h-v) and
therefore p € Endg (V). Since the Haar measure is invariant under translations, we
also see that

p(V) € VE and plye = id,
which proves the claim and therefore

imc VC = tr = T =
dim¢ V tr(p) /Gt (9)dg /GXV(Q)dQ
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as required. The second part of the proposition follows formally from the first part
since

dim¢ Home (V, W) = dimc(V* @ W)¢ = /XV*@W(Q) dg = (xv,xw)
G
by adjunction. O

COROLLARY 2.9. Let G be a compact Lie group. Then

(1) the characters of the irreducible representations of G are orthonormal,
(2) a representation V' € Repe(G) is irreducible iff (xv,xv) =1,
(3) any representation is determined by its character: For V,W € Repc(G)
we have
VoW = xv =xw
Proof. The first part follows from the above proposition since Endg (V) = C - id

for any irreducible V' € Reps(G) by Schur’s lemma. The second and third parts
then follow by semisimplicity. O

3. The Peter-Weyl theorem

For finite groups we have seen that every irreducible representation enters the
regular representation. In the more general setting of compact Lie groups G a naive
idea would be to consider instead the space €' (G, C) of continuous complex-valued
functions on the group. We consider this space as a representation of G x G with
the action

((91,92)()(g) = f(gflggg) for g1,92,9 € G, f € €(G,C),

combining both the left and the right regular representation on functions. Like for
finite groups we get

LEMMA 3.1. If Irrc(G) C Repe(G) denotes a representative system for the
isomorphism classes of irreducible representations, we have a G x G-equivariant
embedding

L P vev o ¢GoO).
Velrre(G)
Proof. We define 1 : V* @ V — ¥(G,C) on simple tensors f @ v € V* @V by
putting
f®v)(g) = flgv) for g € G.

Then ¢ is an equivariant map with respect to the action of the product G x G since
we have

((91,92) - u(f @v)(g) = o(f ®0)(g; " g92)

= fg1 992 v)

= (91 f)(gg2 - v)
(g1 f) @ (92 - v))(g)
= 1((91,92) - (f®v))(9)

for g1, 92,9 € G. Since ¢ is clearly not the zero map, it must then be an embedding
because the representation V* ® V € Repc(G x G) is irreducible. O

However, in contrast with the situation for finite groups, the above inclusion is
not an equality if dim(G) > 0, since the algebraic direct sum on the left hand side
has countable dimension while the target space has not. To get a better statement
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we consider ¥ (G,C) as a pre-Hilbert space with respect to the Hermitian inner
product

() = [ Falhto)dg
€]
given by the Haar measure of the previous section. Fix a G-invariant Hermitian

inner product (—, —)y on each V' and make the identification

~

V =V ovia u = (u,—)y.
Then ¢ is given by

e VeV <= F(G,C), u®v — pu
where we put
pun(9) = (u,gv)yy = (g tu,v)y for g € G.
To explain this notation, note that if the vectors u, v € V are part of an orthonormal

basis, then p,,(g) is the corresponding coefficient in the matrix for p(g) € End¢(V)
in this basis. Summing up:

REMARK 3.2. The image of the embedding ¢ : @y cpppo o)V @V — €(G,C)
is spanned by the matriz coefficients of the irreducible representations.

The direct summands for the various irreducible representations are orthogonal
to each other by the following

LEMMA 3.3 (Schur orthogonality). For V = (V,p) and W = (W, 0) in Irrc(G)
we have
0 iV Ew,
1oy (v (v,z)y V=W,

{puvs Owe) = {

Proof. Put M = (v,—)y -« € Hom¢(V,W). Averaging over the matrix-valued
function
G 3> g olg)oMop(g™') € Home(V, W)

we get that

0 iV LW,

M — M Ndg € H VW) =
/Gcr(g)o op(g~")dg ome( ) {(C-idv itV =Ww.

By construction

= /(v,g_1u>v (w, gz)w dg
G

= /(; <g_1u,v>v : <w7gx>W dg = <puvaam’w>-
So for V % W we are done since then the left hand side vanishes, while for V =W
it only remains to show
1
M =
(0. M(u)y, = v

Now M = ¢ - id for some scalar ¢ € C that can be computed from the trace tr(M)
via

A(w,u)y (v, x).

c-dimV = tr(M),
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so the claim reduces to
witt) = [ trlgMg ) dg = tr(00) = tr(y > (w)y 2) = (o)
G

where the last equality follows by computing the trace in some orthonormal basis
containing the vector x. O

We have already noted that unlike in the case of finite groups, ¢ is not an
isomorphism if dim G > 0. Let us look at a simple example:

EXAMPLE 3.4. Let G = U(1) be the unit circle. Since this is an abelian group,
any irreducible representation of it must be one-dimensional, and you may check as
an exercise that every continuous homomorphism p : G — C* has the form z — 2"
for a unique n € Z, so

Irre(G) = Z.
On the other hand, in terms of the universal covering map R — G,z > 2™ we
can identify

%(G,C) = {f€G(R,C)| f(x+1)=f(z)Vz € R}

with the space of all continuous periodic functions with period one, and the image
of ¢+ with the subspace
N
{ a,e*™™ | N € N,a, € (C}
N

n=—

of trigonometric polynomials. It is a basic result of Fourier analysis on the circle
that this subspace is dense with respect to the .2 norm and that with a suitable
normalization the functions €*™"* form a Hilbert space basis of -Z?(R/Z).

We can now do the same for any compact Lie group G. Considering € (G, C) as
a pre-Hilbert space under

(f by = /G F@)h()dg.

we denote by
Z2(G) = £*(G, dg)
its Hilbert space completion. We endow this Hilbert space with the action of G x G

given by the left and right regular representations as before. This is the proper
generalization of the group algebra:

THEOREM 3.5 (Peter-Weyl). We have a G X G-equivariant decomposition as a
Hilbert space direct sum

2 ~ *
< (G) o @Velrrc(G)V V.

Proof. Recall that the Hilbert space direct sum is by definition the completion of
the algebraic orthogonal direct sum. This latter algebraic direct sum is identified
with the image of + under the embedding ¢(G,C) C £?(G), hence in view of
the above it only remains to be shown that this image is dense inside .#%(G), or
equivalently in ¢ (G, C).

For the proof of this density result we assume that G is a closed subgroup of
some GI(V), or equivalently that it has a faithful representation V' € Rep¢(G). In
fact one can prove the same result in general and deduce a posteriori that every
compact Lie group is a matrix group, but we will not do this here. The advantage
of working only with matrix groups is that one can use the
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Stone-Weierstrass Theorem. Let X be a compact metrizable topological space
and & C (X, C) a C-subalgebra such that

e o/ is stable under conjugation: Vf € o7 one has f € o7,
e o/ separates points: Vo # y € X 3f € o with f(z) # f(y),
e o/ vanishes nowhere: Vo € X 3f € & with f(x) # 0.

Then <7 is dense in ¢'(X, C) with respect to the norm || f||oc = sup,cx |f(z)|.

We apply the theorem of Stone-Weierstrass to the compact Lie group X = G
and the complex vector space &/ which is spanned by the matrix coeflficients of all
its representations. Note that this vector space is in fact a subalgebra: Suppose
that (V, p), (W, o) € Repe(G) and that the vectors u,v € V and w,x € W are part
of an orthonormal basis on the respective spaces for some G-invariant Hermitian
inner product, then the product

Puv * Owz = (P Y U)(u@w)(v@w)
is a matrix coeflicient for the tensor product of the two representations, hence again
in o/. Similarly, since the dual of a representation is given by the complex conjugate
matrix, &/ is stable under complex conjugation, and &/ vanishes nowhere because
representations are given by invertible matrices. Finally, the existence of a faithful
representation implies that <7 separates points, so we are done. O

We have already seen earlier that the characters xy of all V' € Irr¢(G) form an
orthonormal set. We can now show by harmonic analysis that when considered as
a subset of

L@ = {f e LG) | flg 'xg) = f(x)Vg,2 € G},

this orthonormal set is complete:

COROLLARY 3.6. For any f € Z*(G)¢ we have an £?-convergent expansion
as a series

fo=> v xv
Velrre(G)
and Plancherel’s formula

LhH = > v HP

Velrre(G)

Proof. For each V' € Irrc(G) pick an orthonormal basis of vectors ey; with re-
spect to some invariant Hermitian inner product. Then by the Peter-Weyl theorem
and Schur orthogonality the functions

1
evik = \/ﬁ *Pevievi
form an orthonormal basis for the Hilbert space .#?(G). Thus any f € £?(G) has
an .Z2-convergent expansion

with 1<4,k < dimV and V € Irre(G)

dim V

fo= Z Z cyik - ey with unique ¢y € C.
Velrre(G) i,k=1

and by uniqueness such a function is invariant under the conjugation by g € G iff
for each V € Irrc(G),

dim V'

Z Cvik - evik € b((V* ®V)G>

ik=1
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is invariant. Since under the identifications
VeV ~ End¢(V)
(Ve V)¥ ~ Endg(V) = C-idy

the identity idy is the image of the vector v = ). jev; @ ey; € V ® V with
corresponding function

dim V' dim V'
Uo)(g) = D (evig-evi) = Y Pevier = trlpv(9) = xv(9),
i=1 =1

the characters of the irreducible representations span a dense subspace of .Z2(G)¢
and we are done by orthonormality. O

4. Maximal tori and weights

We have seen that for a compact Lie group G every irreducible V € Irrc(G)
can be found inside .#?(G), but we really want an explicit and more algebraic
parametrization of the irreducibles. Recall that in Schur-Weyl duality for G, (C)
we characterized the Schur functors via the action of diagonal matrices. In the
setting of compact Lie groups the role of diagonal matrices is taken by compact
tori

T ~U®N1)x---xU®).

The representation theory of such tori is extremely simple: Since T is an abelian
group, it follows from Schur’s lemma that every irreducible representation of 7' is
one-dimensional, and we have

LEMMA 4.1. Any irreducible representation of the compact torus T = U(1)" has
the form

p: T — UQ), zw 2% = 2"z with unique a; € Z.

Proof. Tt suffices to prove this for r = 1, so suppose that p: T =R/Z — C* is
a homomorphism of Lie groups. By continuity the image of this homomorphism is
a compact subgroup of C* and hence contained in U(1). Again by continuity there
exists € > 0 with

Re(p (z mod Z)) >0 forall =z € I(2¢) = (—2¢,2¢) C R.

Then there is a unique lift
p: I(2¢) — R with plro = e?™% and  @(0) = 0.

Since p is a group homomorphism, we have p(z+y) = ¢(x)+p(y) for all x,y € I(e)
and may therefore extend ¢ from the chosen small interval to the whole real line
by putting

o) = nh_{rolon ~p(%£) forany x € R.
This extension ¢ is additive, hence Q-linear and then by continuity even R-linear,
and

p(m mod Z) = ¥ forall z € R.

Hence ¢(x) = ax for a unique integer a € Z and the claim follows. g



86 IV. REPRESENTATIONS OF COMPACT LIE GROUPS

DEFINITION 4.2. For a compact torus T we define the group of its characters
and cocharacters by

X*(T) = Homeom(T,U(1)) ~ Z" and X,(T) = Homeon(U(1),T) ~ Z"

respectively, where as usual all homomorphisms are assumed to be continuous. The
number 7 is called the rank of the torus. The above lemma implies that composition
gives a perfect pairing

() XNT) x X, (T) — X*(UQ)) = Z.

We want to describe the representations of a compact Lie group G in terms of
their restriction to subtori T' C G. Such subtori can be specified by a single element
of the group:

LEMMA 4.3 (Kronecker). Let T' be a compact torus. Then for generalt € T the
subgroup
{teT|neZ} C T isdense

Proof. Write T = (R/Z)" for some r € N. For general ¢t = (t1,...,t.) € R” the
numbers 1,tq,...,t,. are linearly independent over Q, since there are only countably
many possible linear relations with rational coefficients. We claim that any such ¢
generates a dense subgroup of the given torus. Indeed, if this were not the case,
then the closure

S={tr|nez} - T
would be a proper closed subgroup. But the quotient of any compact Lie group
by a closed subgroup is a compact Lie group, hence in our case Q = T/S # {1}
would be a non-trivial compact abelian Lie group and as such it admits a non-trivial
one-dimensional representation
p: Q — U(1).
By the above lemma the pull-back of this representation under the map 7' — @ is
of the form
p(xr) = e*™** for some acZ"\{0}.

But then p(t) =1 implies a -t € Z so that 1,¢1,...,¢, are not linearly independent
over Q. O

DEFINITION 4.4. By a subtorus of a compact Lie group G we mean a closed
subgroup T' C G isomorphic to a compact torus. A mazimal torus is a subtorus
that does not lie in any larger subtorus. Maximal tori clearly exist in any compact
Lie group and we will soon see that any two or them are conjugate via some inner
automorphism of the group. Let us take a look at the classical groups:

EXAMPLE 4.5. (1) Inside G = U(n) we have the subtorus T' C G of all diagonal
matrices
diag(z1,...,2,) with z1,...,2, € U(1).
This is a maximal torus because it is equal to its own centralizer, T = Zg(T).

(2) Inside G = SO(2n) we have the torus T of all block diagonal matrices of the
form

, . o cos(p;)  sin(p;) ‘
diag(By,...,B,) with B; = (_ sin(p;)  cos(r) for ¢, € R/2nZ.
Similarly, inside G = SO(2n + 1) we have the torus of block diagonal matrices of

the form
diag(By, ..., By, 1).

In both cases the subtori are maximal since they are their own centralizer.
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(3) Inside G = Sp(n) C Gl,(H) we have the subtorus 7' C G consisting of all
diagonal matrices

diag(z1,...,2n) with z1,...,2z, € U(1) C H,

which again is a maximal torus because it is equal to its own centralizer.

In general there is no distinguished choice of a maximal torus in a compact Lie
group. However, the following result says that any of them will do, which explains
why maximal tori are so important in representation theory:

CARTAN’S THEOREM. If G is a compact Lie group, g € G and T C G a mazimal
torus, then
hgh™ € T for some h € G.

This is a deep theorem, the shortest proof is due to A. Weil and uses a topological
fixed point formula as discussed in the appendix. We here only illustrate a special
case:

ExXAMPLE 4.6. For G = U(n), Cartan’s theorem says that any unitary matrix
can be diagonalized via a unitary matrix. This can be checked directly: Unitary
matrices A € U(n) are normal, i.e.

A'A = A4
and the spectral theorem from linear algebra says that for any normal matrix A
there is a basis vy, ...,v, € C"® which is orthonormal with respect to the standard

Hermitian inner product and satisfies Av; = t; - v; for some t; € R. But then we
have

M™YAM = diag(ti,...,t,) where M = (vi,...,v,) € U(n).

Returning to the case of arbitrary compact Lie groups G we get from Cartan’s
theorem the

COROLLARY 4.7. Any two mazximal tori in G are conjugate.

Proof. Let S, T C G be maximal tori. By Kronecker’s lemma we may pick s € S
which generates a dense subgroup inside S. Cartan’s theorem gives an h € G such
that hsh™! € T, and taking the closure of the subgroup generated by this element
we get an inclusion hSh~' C T. This last inclusion must be an equality because
with S also hSh~! is a maximal torus. O

Summing up, for the purpose of representation theory all choices of maximal tori
are equivalent. In what follows we fix a maximal torus T C G and put X, = X, (T)
and X* = X*(T). Any representation V € Rep(G) restricts under this maximal
torus to

Vir = @ Vy where V, o~ x®dimW
xex*
and we call the occuring characters x € X* with V,, # {0} the weights of the
representation with respect to the chosen maximal torus. These give a fingerprint
of the representation: Let

R(G) = K°(Repc(G))

be the free abelian group which is generated by the isomorphism classes in Irre(G),
or equivalently the group of all class functions which are Z-linear combinations of
characters yy with V' € Repe(G). We view R(G) as a ring with the product given
by the tensor product of representations, or equivalently by the point-wise product
of class functions, and call it the representation ring of G. Looking at weights we
embed it into the group ring of X™* as follows:
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PROPOSITION 4.8. For any connected compact Lie group G one has a natural
embedding of rings

R(G) = R(T) ~ Z[X*], [V] = Y dim(V3)-[x].
xeX*

Proof. The elements of the representation ring R(G) are linear combinations
of characters. But characters are invariant under conjugation, hence determined
uniquely by their restriction to a maximal torus 7' C G using corollary 4.7. So the
restriction map R(G) — R(T) is an embedding, and the claim follows. O

The above embedding is a counterpart of the one in the previous chapter that
sent representations of Gl,,(C) to the polynomials given by the trace of the action of
diagonal matrices. These latter were symmetric functions, and similarly the image
of the above embedding has extra symmetries:

DEFINITION 4.9. Let G be a connected compact Lie group and T' C G a maximal
torus. The conjugation action

p: G — Aut(G), g +— (x — gngl)
moves the maximal torus around, but its restriction to the normalizer Ng(T) < G
gives an action
o: Na(T) = {g€Gp(g)T) T} — Au(T)
which is trivial precisely on the centralizer
Za(T) = {9€G|p(g)lr = idr}.
We define the Weyl group as the quotient
W(G,T) = Ng(T)/Za(T).
One may show that for a connected compact Lie group always Zg(T) = T but this
will not be used in what follows. By construction the Weyl group acts faithfully on

the maximal torus and hence also on its character group: For w = [g] € W(G,T)
and x € X*(T) = Hom(T,U(1)), define w - x € X*(T') by

elg™") X

As a result of the above we obtain:

COROLLARY 4.10. The Weyl group W = W (G, T) is a finite group. It permutes
the weights of any representation, and the above embedding factors over the subring
of Weyl group invariants:

R(G) — z[x* ]V

Proof. One may check that the normalizer Ng(T') is a closed subset of G and
hence compact. Thus W (G, T) is compact as well when endowed with the quotient
topology, so to see that it is finite it will be enough to show it is discrete. But
this follows by noting that the conjugation action Ng(T) — Aut(X*) = Gl,(Z) is
continuous with respect to the discrete topology on the target and that its image
is precisely the quotient W(G,T) = Ng(T)/Za(T).

The Weyl group permutes the weights of any V' € Repc(G) because xy is a
class function on G, so that yy|r is invariant under conjugation by Ng(T). O

We will see later that the embedding R(G) < Z[X*]" is an isomorphism,
and on the way we will develop a general formula for the images of the irreducible
representations under this isomorphism. But let us first look at a concrete example:



4. MAXIMAL TORI AND WEIGHTS 89

EXAMPLE 4.11. Let G = U(n). Since the maximal torus T C G of unitary
diagonal matrices is normalized by all permutation matrices, we have a natural
embedding

1 ifi— oli
t: &, = Ng(T), o+~ M where M,;; = nJ U.(Z)’
0 otherwise.
We claim that the composite map
S, < Na(T) - W(G,T) = Na(T)/T
is an isomorphism: Indeed, the injectivity of this map is clear since «(&,)NT = {1};
for surjectivity note that

g € Ng(T) < VseT 3t €T with sg =gt

any rescaling of the rows of g by scalars from U(1)
can be obtained via some rescaling of the columns

<= each row and column of g contains only one entry # 0

and the last condition says that g is the product of a permutation matrix and a
diagonal matrix. Hence

W(G, T) >~ Gd
and this group acts on
X* = X¥(T) =~ "

in the standard way by permuting the factors. We view the group ring Z[X*] as
a ring of Laurent polynomials in n variables x1,...,x, by attaching to each char-
acter the corresponding Laurent monomial which describes the action of diagonal
matrices. Then

Z[X* W ~ (Z[:clﬂ,...,mil})en = Z[61,627...,en,—]

€n

becomes the ring of symmetric Laurent polynomials in these variables, which can
be obtained from the ring of ordinary symmetric polynomials by inverting the
determinant e, = x;---x,. Like the corresponding map in the previous chapter,
the character map

&,
R(G) — (Z (27, ,xle is given by [V] — xv(diag(x1,...,z,)).

Thus if V = C” denotes the standard representation of G = U(n) C GI,,(C), then
for the Schur functors we get

R(G) 3 [Sa(V)] = sa(z1,...,30) € Zler,... €]

for any partition « of length £(cr) < n. As a result we obtain
COROLLARY 4.12. For the irreducible representations of G = U(n) we have a
bijection
{a: (a1,...,a,) €Z" =~ X*(T) | a1 > -+ > an} — TIrre(G)
given by
a v Vo = det(V)® @ 8,(V) for a = (a1 —an,az — Gn,-..,0n_1 — ap)-
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Proof. Since the ring Zley, ..., e,] of symmetric polynomials is spanned by the
Schur polynomials, it is clear that the images of the classes [V,] € R(G) span
the ring of symmetric Laurent polynomials; hence these classes a fortiori span
the representation ring R(G). Furthermore, the V, € Rep(G) are irreducible and
pairwise non-isomorphic since they are so as representations of G¢ = Gl,,(C); if one
wants to avoid a reference to the previous chapter one can also check this directly
from the linear independence of the Schur polynomials s, (z1,...,z,) with a of
length ¢(«) < n (exercise). O

5. From Lie groups to Lie algebras

In order to generalize the previous example to arbitrary compact Lie groups G
we need some basic structure results about such groups. We consider the action of
the group on itself by conjugation

p: G — Aut(G), g+ ¢4 = (z — gwg_l).

For g € G, taking the differential of ¢(g) : G — G at the neutral element z =1 € G
we get an endomorphism

Ady = (Dgg)(1): Th(G) — T1(G)

of the tangent space. This tangent space is called the Lie algebra of G and will be
denoted

g = Lie(G) = TW(G)

in what follows. The above endomorphisms for varying g € G fit together to a
smooth homomorphism

Ad: G — Autr(g), g — Ad,

which is called the adjoint action of G. Differentiating once more, we obtain a
linear map

ad: g — Endg(g), X — adx = (DAd)(X)

between the tangent spaces. Let us make this more explicit:

REMARK 5.1. Choosing a faithful representation we may assume G C G, (C)
for some n € N, so that g C Mat,, «,(C) as a real vector subspace. In this case one
computes

Ady(Y) = gYg ' for g€ G C GL,(C), Y €gcC Mat,x,(C),

so the adjoint action is given by the conjugation of matrices. To compute ad, take
any smooth test curve

g: (—€¢)—G, treg(t) with ¢(0)=1 and %g(t)h:o = X.
Note that
d t -1 — _d ¢ - _X
(97 )]e=o 79(0)]t=0

by the product rule, since the derivative of the constant curve ¢t — g(t)~! - g(t)
vanishes. So again by the product rule

1

adx(Y) = G (9(O)Yg(t) )= = XY -YX = [X,Y]

is given by the commutator of matrices. In particular, the tangent space g = Lie(G)
is indeed a Lie algebra in the following sense:
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DEFINITION 5.2. A Lie algebra over a field k is a vector space g over k endowed
with a k-bilinear map
[,:]: gxg — 9
such that

[z,2] =0 and [z, [y,2]]+ [y, [z, 2] + [z, [x,y]] =0 forall z,y,z€g.

The last identity is called the Jacobi identity. The finite-dimensional Lie algebras
over a given field k form an abelian category, where by a homomorphism between
two Lie algebras g and h we mean a k-linear map f : g — b such that [f(z), f(y)] =
f([z,y]) for all z,y € g.

In the above remark we have verified the Jacobi identity for the Lie algebra of a
Lie group via matrix representations, but for a more intrinsic interpretation of the
bracket on g = Lie(G) one can use that every tangent vector extends uniquely to
a left invariant vector field. This gives an isomorphism

{left invariant vector fields on G} — g = T.(G), (Xy)gec — Xe

under which the bracket [-,-] : g X g — g corresponds to the commutator of vector
fields. In what follows, for any given tangent vector X € g we denote by (X,)gecq
the unique left invariant vector field with X = X.. The above correspondence gives
a way to go back from the Lie algebra to the Lie group:

PROPOSITION 5.3. For any X € g = Lie(G) there is a unique homomorphism
of Lie groups

dOéX

ax: R — G with 7

‘t:to = (Dax(to))(%) = Xax(to) Vityg € R,

where % € Ti, R denotes the derivation by the standard coordinate on the real line.

Proof. We know from differential geometry that locally any smooth vector field
admits unique integral curves, i.e. for sufficiently small ¢ > 0 there is a unique
smooth map

ax: (—ee — G
with
ax(0) = e and ‘%—tx\t:to = Xax(to) Vito € (—¢€).

Then for any g € G the curve
gax: (—€¢) — R, t — g-ax(t)

has the same differential property as the previous one but is centered at g rather
than at e. Taking g = ax(+e/2), we may by uniqueness of integral curves extend
our curve smoothly to
ax: (—3€/2,3¢/2) — G
by putting
ax(t) = {ax(:Fe/Q) cax(tte/2) fortte/2 € (—€/2,¢/2),
ax(t) else,

indeed by uniqueness the various curves glue smoothly on their overlap. Continuing
like this we obtain a smooth extension
ax: R — G

and the uniqueness implies that this is in fact a homomorphism, since for 5 € R
the curves t — ax(tp +t) and t — ax(tg) - ax(t) are both integral curves of the
same vector field centered at the same point. ]
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For G = U(1) one computes that ax : R — R is given by ax(t) = exp(27t).
Motivated by this example, we call

exp: g — G, exp(X) = ax(1)
the exponential map of the group. Its basic properties are summarized in
LEMMA 5.4. The exponential map exp : g — G is smooth, it restricts to a local

diffeomorphism in a neighborhood of the origin, and for any homomorphism of Lie
groups [ : G — H of Lie groups we have a commutative diagram

Lie(f)
g —_—

eflfpl \L exrp

¢ t-m
Proof. The smooth dependence of integral curves on the initial values implies
that exp is a smooth map. By construction its differential at the origin is the identity
map (Dexp)(e) = id : g = To(g) — g, hence exp is a local diffeomorphism by the
inverse function theorem. The commutativity of the diagram holds by uniqueness
of integral curves. O

REMARK 5.5. For nonabelian Lie groups G the exponential map exp : g — G is
not a homomorphism. However, the group structure on the connected component
can be recovered in terms of the Lie algebra via the Baker-Campbell-Hausdorff
formula

exp(z) - exply) = 6xp(w+y+%[x,y]+-~-)

o ”

where is a complicated power series in iterated commutators of z and y
convergent for x,y in a small neighborhood of the origin. We will not use this in
what follows but point to some other subtleties in the passage from Lie groups to
Lie algebras, illustrated by the following examples:

e we have SU(2) 2 SO(3) but Lie(SU(2)) =~ Lie(SO(3));

e for the rank two compact torus T'= U(1) x U(1), any linear subspace of
the form

{(z,az) |z € R} € R* = Lie(T) with a € R
is a Lie subalgebra but comes from a closed Lie subgroup only if a € Q.
The situation is clarified by
THEOREM 5.6 (Lie’s three theorems).

(1) Let G be a Lie group with Lie algebra g. For any Lie subalgebra § C g
there exists a unique connected Lie group H together with an injective
immersion H — G that induces an isomorphism Lie(H) ~ b.

(2) If G, H are Lie groups with Lie algebras g,b and if G is connected, then
the natural map

HomLiers(GaH) — HomLieAlg(g7h)a f = Lze(f) = Df(e)

is injective. If G is simply connected, then this map is an isomorphism.
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(3) On connected simply connected Lie groups, the functor G — Lie(G) is an
equivalence of categories

Lie(—) : { connected simply connected Lie groups }
— { finite-dimensional real Lie algebras }

Proof. (1) In differential geometry one proves the following higher-dimensional
generalization of the existence and uniqueness of integral curves which is known
as Frobenius’ theorem: If M is a smooth manifold and .% C ), a vector subbundle
of the tangent bundle, the following are equivalent:

e 7 is involutive, i.e. stable under the Lie bracket [-,-] : T X T — .

e 7 is integrable, i.e. for any py € M there exists a neighborhood U > pg
and a unique connected closed submanifold N C U containing py such
that T,N = %, for all p € N.

One also calls the submanifolds N the leaves of the foliation defined by .#. Note
that any point pg € M lies one a unique maximal leaf of the foliation.

Now let M = G be a Lie group with Lie algebra g. For any Lie subalgebra ) C g
we consider the subbundle .% C J; whose local sections are the left invariant vector
fields with fibers

Fg = Agx(h) € Agu(g) = T,G for g € G.

Since [h,h] C b and since the Lie bracket of vector fields is compatible with left
translations, it is clear that the subbundle .% is involutive. Hence by Frobenius’
theorem it is integrable, and a similar glueing argument as for the exponential map
shows that any leaf extends to a unique subset H C G which is the image of an
injective immersion H — G and whose points form a subgroup of G.

(2) By the lemma the map exp : g — G is a local diffeomorphism, hence its
image contains some open neighborhood of e € G. Every connected topological
group is generated by any neighborhood of the neutral element, hence it follows
that the image of exp generates G. But then by the commutative diagram in the
lemma, any f € Hom(G, H) is determined uniquely by (D f)(e) € Hom(g, h).

Now assume that G is connected and simply connected, and let ¢ : g — b be
any homomorphism of Lie algebras. We endow g x b with the Lie algebra structure
given by [g1 + h1, g2 + ha] := [g1,92] + [h1, he] for g; € g and h; € . Since ¢ is a
Lie algebra homomorphism, the graph

7 ={(g,0(9)) lgea} € gxb
is a Lie subalgebra. So by (1) there is a unique connected Lie group I' with an
injective immersion
I' & G x H inducing an isomorphism Lie(T") ~ 7.

Composing this immersion with the projection on the first factor, we get a Lie
group homomorphism

pr: I' = GxH —» G

whose differential at the identity is the projection from the graph v C g x h onto
the first factor. Thus

Lie(p1): v — ¢
is an isomorphism, and one easily checks that then p; : I' = G is a topological
covering map (exercise). Since G was assumed to be simply connected, it does not
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admit any non-trivial topological cover, hence p; must be an isomorphism. Then
the composite

f = peop;': G —T < GxH - H
is a homomorphism of Lie groups with Lie(f) = ¢ as desired.

(3) The functor is fully faithful by the above, so it only remains to see that it is
essentially surjective, i.e. that every finite-dimensional real Lie algebra b is the Lie
algebra of a connected simply connected Lie group. For this we cheat a bit like in
the proof of the Peter-Weyl theorem: We assume that h is a Lie algebra of matrices,
i.e. it embeds in gl,,(R) = Lie(GL,(R)) for some n € N. In fact a theorem by Ado
says that this is always true, but we will not prove this here. By (1) we get a Lie
group H with an injective immersion H — Gl,(R) which induces on Lie algebras
an isomorphism

Lie(H) ~ b.
If H — H denotes the universal cover of the topological space H, then H inherits a

natural structure of a Lie group with Lie(H) = b and hence the claim follows. O

6. Roots and the adjoint representation

Recall that by definition the adjoint representation (g, Ad) € Repgr(G) is a
representation on a real vector space. By extension of scalars we obtain a complex
representation

Ad: G — Autc(ge) on gec = grC.

Fixing a maximal torus T' C G with character group X* = X*(T'), we consider the
weight decomposition
gclr ~ P o

aceX*
Note that

[gavg,@] C gatp foral a,8 € X*(T)

Since the adjoint representation is the complexification of a real representation, it
is clear that its non-trivial weights come in pairs of complex conjugate ones. This
already implies

LEMMA 6.1. The only connected compact Lie groups of rank one are U(1), the
orthogonal group SO(3) and its double cover SU(2) — SO(3).

Proof. Let G be connected compact of rank one. We may assume G # U(1), so
dim(G) > 1. Then in fact
n = dim(G) > 3
by the above remark on non-trivial weights in the adjoint representation. Choose
an Ad(G)-invariant inner product (-,-) : g x g = Ron g = Lie(G), and let T C G
be a maximal torus. Fixing

X €t = Lie(T) with (X,X) = 1,
we get a smooth map
f: GIT — S = {Yeg|(Y,Y)=1}, 7 — Ady(X).
We claim that this map is finite-to-one (in fact injective). Indeed f(g;) = f(g2)

implies Ady(X) = X for g = gflgg. Then Adg : t — tis the identity map and
therefore g € Zg(T), but we know that Zg(T)/T is finite (in fact trivial).
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Since dim(G/T) = n — 1 = dim(S"~1), it follows that f is surjective, the image
of f being closed by compactness. Hence there exists g € G with Ady(X) = —X
and then
Ady = —id € Auwt(T) =Z/2Z = Aut(m(T)).

Now the inclusion ¢ : T"— G gives a diagram

Adg=id

m(G) 1 (G)

where the lower row is the identity map because Ad, : G — G is homotopic to the
identity by connectedness of G (note that this fails for Ad, : T'— T because Ng(T')
is not connected). So

iv: m(T) — m(G)

is not injective. But from algebraic topology the fiber bundle T < G — S™! gives
rise to an exact sequence

cee — Wz(snil) — 7T1(T) — 7T1(G) — 7T1(Sn71)

of homotopy groups, and the group on the left vanishes for n > 3. For a more direct
argument, if i, is not injective, the fiber bundle

T < G —» S*!

is not trivial. But it is well-known from topology that non-trivial fiber bundles with
fiber T = S over S™~! exist only for n < 3. Indeed, write S"~' = D, UD_ as
the union of two hemispheres; since these are contractible, any fiber bundle over
them is trivial, so we may pick trivializations ¢y : G|p, ~ T x Dy. Now the fiber
bundle G — S™~! is obtained by glueing the two trivial bundles via the clutching
function

propt: S =D, ND. — T = S!

and the fiber bundle is trivial iff this clutching function is homotopic to a constant
map. For n > 3 this is always the case, since then S"~2 is simply connected so that
we get a lift
R
7
P 4 \Lea:p
Ve

Sn—2 Sl

and can use that the universal cover of the circle is contractible. Hence we must
have n = 3, and incidentally we have rediscovered the Hopf fibration.

Via the invariant inner product from above, the adjoint representation then gives
a homomorphism p : G — SO(3). Now for any connected Lie group the kernel of
the adjoint representation is precisely the center Z(G). In our case Z(G) is finite
since it lies inside but differs from the torus T of rank one. Accordingly ker(p) is
finite and p : G — SO(3) is a topological covering map. But we have seen in the
exercises that

m1(SO(3)) ~ Z/27Z

and that SU(2) — SO(3) is the universal cover, hence the claim follows. O
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Returning to a general compact connected Lie group with maximal torus T' C G,
let us now study the adjoint representation in more detail.

DEFINITION 6.2. The non-zero weights of the adjoint representation are called
the roots of the compact Lie group G. In what follows we denote the set of roots
by

o = PG, T) = {0#£ae X" | g #0}.
Via the diagram

t s T

Lie(a)

exp

R £ p(1)

we embed the characters as a lattice X* C t* in the dual vector space of the Lie
algebra t = Lie(T) and view the roots as a subset of this real vector space.

ExaMPLE 6.3. For the unitary group G = U(n) the complexified Lie algebra
takes the form

—t
gc = {M € Mat,,xn(C) | M =-M} @ C =~ gl,(C)
via the assignment
M®zw— z-M for M € g C Mat,x,(C), z € C.

Hence
gc ~ tc® @ 9jk
ik
where we put

n
tc = @C'Ekk and 9ik = (C'Ejk.
k=1
for the elementary matrices E;, € Mat, «,(C) with an entry one at position (j, k)
and zeroes everywhere else. Thus the adjoint action of the maximal torus of diagonal
matrices T = {diag(z1,...,2n) | 21,--.,2n € U(1)} C G is trivial on tc, but on g,
it is given by
dz'ag(zl, ey Zn) . Ejk = ijk . Ejk.

So

O = {£(e;—ex)|j<k} C X* =172"
where e; € Z™ are the standard basis vectors. All roots enter with multiplicity one,
and this is a general pattern:

THEOREM 6.4. Let G be a compact connected Lie group and T C G a mazimal
torus with Lie algebra

t = Lie(T) C g = Lie(G).
Then
(1) g0 = tc,
(2) for all &« € ® one has dimg, = 1, QN ® = {£a}, and a Lie algebra

isomorphism

S[Q(C) ~ fa @gfa@[gavgfa] g dc,
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(3) there exists an element s, € W(G,T) of order two acting trivially on the
hyperplane

Lie(ker(a)) C Lie(T) = t.

Proof. (1) Clearly tc C go. On the other hand, since T acts trivially on go, we
have

[t(Ca 90} = 0.

Hence if t¢ # go, we can find a strictly bigger subspace t¢ C b C go with [h,h] =0,
and since on commutative Lie subalgebras the exponential map is a homomorphism,
the image

H = explh) C G

will then be a connected abelian subgroup. A priori this subgroup might not be
closed, but its closure H C G is still a connected abelian subgroup and, being
closed, it is automatically a Lie subgroup as we will see in the exercises using the
exponential map. As such it is compact and hence a subtorus with 7' C H, which
contradicts our assumption that T C G is a maximal torus.

(2) For any 8 € ® denote by Ug = ker(8) C T the kernel of 5. Then for t € T
we have

(*) Lie(Za(t))e = {X €g| Ady(X) =X} = tc® P g5
Ug>t

since Zg(t) = {z € G | t712t = z}. Now fix @ € ® and consider the connected
component

Us C Ua,s
which is a subtorus of dimension r — 1 where r = dim(T"). Taking ¢ € U to be a

topological generator for this subtorus, i.e. an element generating a dense subgroup,
we claim that

(**) dim Zg(t) =r+2

Note that in this case on the right hand side of equation (%) only f = +a occur
and both do with multiplicity one, so the first two properties in part (2) follow and
the third one will become clear in the proof. To prove claim (xx) we first observe
that

U, CT C Zgt) and U = {t"|neZ} C Z(Za(t)),
which together implies that
T/Us = Za(t)/Ug

is again a maximal torus (exercise). But this torus has dimension r — (r — 1) = 1,
hence the connected compact Lie group Zg(t)/US has rank one. Now the only
connected compact Lie groups of rank one are

e the circle U(1),
e the orthogonal group SO(3),
e its double cover SU(2) — SO(3),
as we have seen in the previous lemma. In our case the circle group U(1) cannot

occur since by (x) the inclusion T < Zg(¢) is strict. Hence it follows that there
exists an isomorphism

su(2) — Lie(Za(t)/US),



98 IV. REPRESENTATIONS OF COMPACT LIE GROUPS

which implies (xx). After complexification we obtain that g, ® g—o @ [9a, 9o C gc
is a Lie subalgebra which can be at most three-dimensional, and it follows that the
composite

9o D g—a D [8a,8a] = Lie(Za(t))c — Lie(Za(t)/Ug)e ~ su(2)c ~ sl(C)

is an isomorphism of Lie algebras.

(3) For the corresponding Weyl groups, a look at the above rank one Lie groups
implies

LJ2L = W(Za(t)/US) = Nyow(T)/Zzw(T) = Na(T)/Za(T) = W(G)
and we can take s, € W(G) to be the non-trivial element on the left hand side. O
DEFINITION 6.5. For any a € ® C t* the involution s, € W(G) in the above

theorem acts non-trivially but fixes a hyperplane, hence there exists a unique o € t
such that

sa(a’) = —a¥ and (a¥,a) = 2.

Then a short computation shows that the adjoint action of s, on t and t* is given
by

50(B) = B—{(B,a)-a¥ for B €t
sa(7) = v—{(a¥,7)-a for v €t
We call o the coroot attached to o and denote by

oY = V(G T) = {a' |ac®} C t

the set of all such coroots. With respect to the embedding X, C t = Homg(R, t)
given by the exponential map

— U(1)

R
Lz‘e(ml 8
t

exp
exp

— T

all the coroots sit inside the cocharacter lattice:

LEMMA 6.6. We have &V C X, C t.
Proof. Let a € ® be a root, and put { = za" € t. Then (a",a) = 2 implies
that a(exp(€)) = 1, hence
exp(§) € Uy = ker(a)°®

Since sq|ve = idye, it follows that exp(sq(§)) = sa(exp(§)) = exp(§). But for
commutative Lie groups the exponential map is a homomorphism, hence it follows
that

E—sa(f) € ker(tﬂT) = X,.

Inserting
5u(€) = sa(l0¥) = —la¥ = —¢

we get oV = 2¢ € X, as required. O
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EXAMPLE 6.7. (a) For G = SU(2), the adjoint representation is the conjugation
action on complex trace-free matrices via su(2)¢ ~ sl (C). Thus ® = {£a} for the
root

a= (diag(ma*l) — a2) € Hom(T,U(1))
= (diag(X, ~X) QX) € Hom(Lie(T),R),

where T' C G denotes the maximal torus of diagonal matrices. Here s, € W(G,T)

is the coset
0 1
Sa = (-1 0) T

(a — diag(a,a71)> € Hom(U(1),T)

and we have

av

1

I

(X — diag(X, —X)) € Hom(R, Lie(T)).
Therefore
X*T) = Z > ®G,T) = {+2} and X.(T) = Z > ®"(G,T) = {+1}.

(b) Now consider the quotient G — G = G/{£1} ~ SO(3). Putting T = T/{+£1}
but still using the previous character and cocharacter lattices as a reference point,
we get the same roots and coroots but in X*(T) = 2Z and X,(T) = 3Z. So after
rescaling

X*T) = Z > ®@G,T) = {+1} and X.(T) = Z > ®"(G,T) = {+2}.

Note that the configuration of roots and coroots is different from the previous one,
even though both groups share the same Lie algebra.

REMARK 6.8. The above structure can be summarized concisely as follows. We
define a root datum to be a tuple (X, ®, XV, ®V) where X and XV are finite rank
free Z-modules with a perfect pairing

() XYxX — Z

and ® C X, ®V C XV are finite subsets between which we are given a bijective
map

such that the following axioms hold:

e for all @ € ® one has (aV,a) = 2,
e the reflection s, : X — X, 8+ 8 — (aV,3) - a sends @ to itself,
e its dual with respect to (-,-) sends ®" to itself.

The root datum is called reduced if furthermore Qa N ® = {+a} for all @ € ®. In
the above we have assigned to each compact connected Lie group a reduced root
datum via

G — (X*(T),CD(G, T),X*(T),fbv(G,T))

where T is a maximal torus; the last two axioms follow from the fact that the Weyl
group action permutes the roots and hence also the coroots. With the obvious
notion of isomorphism of root data, the isomorphism class of the above root datum
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does not depend on the chosen maximal torus 7" and one can show that this gives
a bijection

{isomorphism classes of compact } ~, {isomorphism classes of }

connected Lie groups reduced root data

This classifies compact connected Lie groups by discrete combinatorial data. We
also note that on the isomorphism classes of reduced root data one has a natural
involution

(X,®,XV,3Y) — (XY,dY,X,d)

which interchanges the role of roots and coroots. The corresponding involution on
compact connected Lie groups is known as Langlands duality.

For the study of compact connected Lie groups modulo their centre one can use
the weaker notion of a root system. Here X and XV are replaced by a real vector
space V and its dual; the axioms for a root system are the same as for a root datum
plus the extra condition that V = (®)g and (a, ) € Z for all «, 3 € P.

In talking about root systems one often identifies V' with its dual V* by choosing
an inner product

(b): VxV — R

which is invariant under the Weyl group. Then s, is the reflection in the hyperplane
orthogonal to «, so

Napg = 2 = (aV,8) € Z forall a,B € ®.

This integrality condition imposes strong restrictions on the possible configurations
of roots, which only leaves finitely many cases in each dimension. If § € (0,7)
denotes the angle between two roots a # £ € @, then 4cos?(0) = nap - nga € Z
implies 4 cos?(9) € {0,1,2,3}:

Bo (6o = 5)

Br(61=73)

B2 (02=17)

_m

40050 nga g llall/ 1] Bs (63 = §)

3 +1 43 V3 o

-1 -3 V3
2 1 +2 V2
-1 =2 V2
T I E— T
11 1
0 0 0 any

Since the coroots a are determined uniquely by (o, —) = 2(a, —)/(«, @), the root
system is given by the configuration of roots in the ambient Euclidean vector space.

ExAMPLE 6.9 (Reduced root systems of rank two). The following pictures
from en.wikipedia.org/wiki/Root_system show all two-dimensional reduced root
systems:
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AxAy Ay

=

/2
2w3

B, G,

The first three come from the classical groups G = SU(2) x SU(2), SU(3), SO(5)
and the last one comes from G = G3, one of the so-called exceptional groups that
only exist in small dimensions and do not fit in the classical series of unitary,
orthogonal or symplectic Lie groups.

EXAMPLE 6.10 (Root systems of the classical groups). In the exercises we have
obtained the following list of roots and Weyl groups, where eq, ..., e, € R" are the
standard basis vectors on which the Weyl groups act by signed permutations and
we put (£1)§ = ker(det) C (£1)™ for the even orthogonal groups:

G| ®(G,T) W(G,T)
SUn) | {x(ei—ej)|1<i<j<n} S,
SO(2n) | {£(e; +ej)|1<i<j<n} (1) <6,
SO2n+1) | {£e; |1 <i<n}UP(SO(2n)) (£1)"<G,
Spn) | {£(e;£e;) #0|1<i<j<n} (£1)"<6G,

In each case the standard scalar product on R" is preserved under the Weyl group
action, so V = (®)r C R™ may be endowed with the induced scalar product. This
in particular identifies the first three root systems from the previous example.

We will not enter further in the rich geometry of root systems ® C V and only
state the most basic facts without proof:

(1) The subgroup W(®) := (s, | @ € ®) C GI(V) generated by the reflections
in the root hyperplanes is a finite group. It is called the Weyl group of the
root system. For the root system of a compact connected group G with
maximal torus T' C G we recover the Weyl group defined in the previous
section, i.e.

W(®(G,T)) = W(G,T).
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(2) A subset ®T C @ is called a set of positive roots if

o O =0t (—dT),

e if o,3€ ®" and o + B is a root, then o + 3 € dT.
Such sets always exist: For any vector v € V' with (v,a) # 0 for all « € ®
one can take

ot = {ae®|(v,a)>0}.

In fact this sets up a bijection between sets of positive roots and connected
components of

V\ U H, where H, := (R-a)t = ker(s, + id).
acd

These connected components are called Weyl chambers; the group W (®)
permutes them simply transitively. Note that by the above any set of
positive roots lies in some open half-space {w € V' | (v,w) > 0}.

(3) Fixing a set T C ® of positive roots, a root o € ®T is called simple if it
cannot be written as the sum of two positive roots. The set A C & of
all simple positive roots is a basis of V' with the additional property that
every 3 € ®T has the form

8 = Zna~a with n, € Ng.
aEA
All this can be shown entirely in the combinatorial framework of root systems, with
no Lie groups involved (except for the comparison between Weyl groups).

COROLLARY 6.11. For any a € A, we have s, (1 \ {a}) = T\ {a}.

Proof. Any 8 = ZveA ny -y € @\ {a} must satisfy n, > 0 for some v # «,
because no non-trivial multiple of a root is again a root. But s4(8) = 8 — naeg - @,
so the expansions of the elements s, (8) and § differ only in the coefficient of the
simple root . Hence in s,(8) some simple root v # « enters with multiplicity > 0,
and then all of them enter with non-negative multiplicity by (3). O

7. The Weyl character formula

Recall that for any compact connected Lie group G with maximal torus T C G
we have an embedding

R(G) — Z[X]W where X = X*(T) and W = W(G,T).

and we want to show this is an isomorphism. The representation ring on the left
hand side can be viewed as a subring of the ring of continuous functions € (G, C) by
attaching to a representation its character, and then the above embedding comes
from the restriction map
¢(G,C) — %(T,C).
Both sides come with a Hermitian inner product defined by the the integral over
the Haar measure on the respective group, and we want to relate these two. For
this we define
Ait) = JJ a-t) e ¢(1.0),
aedt
where we use the exponential notation t¥® = (a(t))*! since we want to view the
group X = Hom(T,U(1)) as an additive rather than a multiplicative group. On
the subring of conjugation invariant functions we have
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THEOREM 7.1 (Weyl integration formula). On class functions, the multiplication
map

¢5 %(Gv(c)G — %(T,C), f = ‘lwlAf|T

is an isometry in the sense that for all conjugation-invariant f,h € € (G, T) we
have

(f,h) = (W) ¥(h)),.

Proof. Since ® = &* U (—®dT) and complex conjugation acts by inversion on the
roots, the claim amounts to the formula

1 «
|ty - |W|~/Tf(t) [T -t

acd

for all functions f : G — C that are invariant under conjugation. Here dg and dt
denote the volume forms on the compact Lie groups G and T that give rise to the
normalized Haar measure on these groups. For the proof of the above formula we
put G = G/T and consider the map

7: TxG — G, (t,7) — gtg™*

It follows from Cartan’s theorem that this map is a generically finite cover of degree
deg(m) = |W]|, so

1 * *
/Gfdg = o7 | o).

Since f is a class function,

(T (M)(t9) = flgtg™") = f(t) forall (tg) € TxG

so we need to show
m*(dg) = [J(—t*)-dtndg
acd
where dg is the normalized left invariant measure on G of total mass one. We check
this at any given point (¢g, g,) as follows: First of all, since both sides are invariant
under left translations by the group {1} x G, we can assume go = 1. Now look at
the diagram

T3 (T) % T1(G) == T(;, 1,(T x G) —"> T, (G) —= T}, (T) x T5(G)

td g/t gtt@g/t

where the vertical arrows are given by left translation with t;. Note that the
identification on the bottom right is canonical since it is the splitting of the adjoint
representation into its invariants and the remaining isotypic pieces. One checks
that via this identification

dg(toj) = (dt A dg)(toj)’

indeed dt extends uniquely to a left-translation-invariant differential form dr on G
and then

dg = dr Aq*(dg) for the quotient map ¢q: G — G

by uniqueness of the Haar measure. So it only remains to compute the determinant
of the linear map

(Dr)(to,1): tdg/t — tdg/t
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Now
1

W(to(l—i—eX),l—i—eY) (1+€Y) (tO—I—toeX)(l_i_ey)*

= (14 €Y) (to + toeX) (1 — toeY + O(e?)) "
= t1g- (1 + e(X -Y + tleto) + 0(62))

so that with respect to the decomposition t @ g/t the map in question is given by
a block diagonal matrix

_ 1 0
DD = (5 4, 1)
0
Hence
det((Dm)(to, 1) = J[(1—1)
acd
as the roots are precisely the weights of the adjoint representaiton on (g/t)c. O

For an irreducible representation V' € Irrg(G) with character ch(V) = xv|r and
for A as above put

A-ch(V) = Zcﬂt“ with ¢, € Z.
pneX

The coeflicients ¢, may be negative, but the Weyl integration formula already gives
an upper bound on their total number:

COROLLARY 7.2. With notations as above 3, ci = |[W].

Proof. Since (xv,xv)a = 1, we know that (Axy,Axv)r = |W| by the Weyl
integration formula. Therefore the claim follows from the orthonormality of the
characters p: T — U(1),t — t* of the torus. O

In order to compute the coefficients c,, we will exploit the fact that ch(V) is
invariant under the Weyl group action, so we need to understand the transformation
behaviour of A under the Weyl group. For this it will be convenient to consider

the half-sum
1
acedt
of all positive roots:

LEMMA 7.3. For s € W(G) one has (s- A)(t) = det(s) -2~ - A(2).

Proof. Let us introduce the shorthand notation Ap(t) = [[,cp(1—t7%) for any
subset P C ®. Clearly s-Ap = A, p. Now for the set of all positive roots P = &+
the identity

s-P = (Pns-P)U—(P\s-P)

implies
= 1% _ P\s-P| N
Acp(t) = Ap(t)- [[ 705 = Ap()- ()77
aEeP\s-P
where
N = Z a =1 Z (a—a) + 1 Z (a—(—a)) = §—s-6.
a€P\s-P aePNsP a€P\sP

Furthermore, writing s as a product of reflections at simple roots « and recalling
that every such simple reflection s, permutes the roots in P\ {a}, one inductively
checks (—1)/P\s"Pl = det(s) and hence the claim follows. O
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COROLLARY 7.4. We have c,.(uy5y—5 = det(s) -c, for allp € X and s € W.

Proof. Since ch(V) is invariant under the Weyl group, the function f = A-ch(V)
transforms in the same way as A in the previous lemma. Thus

ch,ts” = s-f(t) = det(s)-t°7%°. f(t) = Zdet(s)cﬂ“”‘sa
v I
and the claim follows by a comparison of coefficients, putting sv = p+ § — sd or
equivalently v = s(u + d) — 4. O

We are now prepared for the classification of all irreducible representations. We
begin with the following

DEFINITION 7.5. A weight A\ € X is called a highest weight of V' € Irrc(G) if we
have
(] V)\ 75 0 but
o V,=0foral pu=X\+)(Q) with @ #Q C &*.

Here we use the notation > (Q) := >_ .o «. Clearly, any V' € Irrc(G) has a highest
weight in the above sense. It turns out that the highest weight is unique and the
irreducible representations are classified by their highest weights. We prove this
alongside with an explicit formula for the character of a representation, where we
put
det(t"+0) .= Z det(s) - t#+%0=% for p e X
weW
to underline the relation with our previous character formula for Gi,,(C):

THEOREM 7.6 (Weyl character formula). Any V € Irrc(G) has a unique highest
weight X\. This highest weight determines the representation up to isomorphism,
more precisely
det(tA19)

det(t9)

Proof. Put P = @ for brevity. Let V' € Irrc(G), and write ch(V) =37 my, - t#

with m, € Ny. By definition

A(t) = Z (-1l = 2@

Qcp

ch(V) =

SO
o(t) = A(t)-ch(V)(t) = Z(—1)|Q| -my, - 2@
wQ
and by comparison of coefficients

ca = ) (D) maisg).
,Q

Now the fact that P = ®T is a proper cone, i.e. contained in a half-space lying on
one side of a hyperplane, implies that we can have > (Q) = 0 only if @ = @. Hence
it follows that

cx = my for any highest weight .

We next claim that the stabilizer of A with respect to the shifted Weyl group action
defined by

sop = s(u+d)—6 for pe X, s € W(Q)
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is trivial: Indeed
seX = X < sA=X+(d—s0)
= s)\:)\—l—Z(P\sP)
Since mgy = my > 0 and A is a highest weight, this can happen only if P = sP
and then s = 1 because W (G) acts faithfully on systems of positive roots.

So it follows that the Weyl group orbit O(A) = {w e A\ | w € W} has size |W|,

but then
Wl = > G <Y =W
neO(N) neX

implies that

o {0 if 1 ¢ O(N),

P | det(s) if p=seA
Therefore

A(t) - ch(V)(t) = det(t**?).
Applying the above formula in the special case of the trivial representation V' =1
we get A(t) = det(t%), hence the claim follows. O

To complete the classification of irreducible representations, it only remains
to clarify what weights can occur as highest weights. For this we introduce the
following

DEFINITION 7.7. A weight A\ € X is dominant if (a¥,\) > 0 for all « € .

For example, for G = U(n) we have X = Z" D & = {¢; —¢; | e < j} and in
this case
A= (A,..0, ) €Z" isdominant iff A > Ay > > N,

Note that any such dominant weight occurs as the highest weight of the irreducible
representation

Vi = det(C™)®* @ S4(C") where & = (A1 — Any- -y An1 — An, 0).
This extends to the general case:

THEOREM 7.8. For any compact connected Lie group G, the highest weights of
the irreducible representations are precisely the dominant weights.

Idea of the proof. To see that the highest weight of V' € Irrc(G) is dominant,

one uses for a € ® the representation theory of
5l2(C) = 9o @ 0-a D [0a:0a)] C gc}
to see that for any p € X,
V,#{0} = V,_na#{0} forall n € {0,1,...,(a", )}

If the highest weight A of V would satisfy k = (a¥,X) < 0, then taking pu = s4(\)
and n =1 —k > 0 we get a contradiction. For the converse that every dominant
weight occurs as a highest weight of some irreducible representation, one computes
that the

det(tM9)

w wo_ G . .
gty € LY € @O = %(G,C)¢ with A dominant

form an orthonormal system of class functions on G. By what we have seen above,
this system contains the characters of all irreducible representations. If it contained
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any other member, this member would be orthogonal to all class functions, which
is impossible by the Peter-Weyl theorem. O

REMARK 7.9. For the representation ring a closer look at the character formula
shows that we get an isomorphism

R(G) = zZ[X)W via [V]w ch(V).






APPENDIX A

Topological proof of Cartan’s theorem

In this appendix we discuss a very short and elegant proof of Cartan’s theorem
given by A. Weil. The basic input for this is the Lefschetz fixed point theorem, for
which we first recall some basic intersection theory on smooth manifolds.

1. Some intersection theory

Let M be a smooth manifold. In intersection theory one wants to understand
the intersections of a closed submanifold Y C M with another submanifold, or more
generally the preimages

XNy = f4Y)
where f : X — M is a smooth map from a compact manifold X. This preimage
behaves in the expected way if the subvarieties are in general position:

DEFINITION 1.1. We say that f is transversalto Y at a point p € X if the image
of the differential
Df(p) : TZ,X — Tf(p)M

satisfies
Df)TpX) + Trp)Y = Tpp)M.

Note that the sum on the left hand side is not required to be direct. We say that f
is transversal to Y if it is so at every point, and we then write f M Y. If f is a
closed immersion, we also write X MY and say that X and Y are transversal.

REMARK 1.2. If f M Y, then the preimage f~1(Y) C X is a smooth submanifold
of dimension
dim (V) = dim X +dimY — dim M
and the map f~1(Y) — Y is a submersion. Note that the notion of transversality
depends on the ambient manifold M. For instance, two submanifolds X, Y C M
with dim X 4+ dim Y < dim M cannot be transversal unless they are disjoint.

In order to deal with non-transverse intersections, we look for small deformations
that become transverse:

DEFINITION 1.3. Two maps fy, f1 : X — M are called homotopic if there
exists a smooth map

F: Xx[0,1 — M with Flxxpy = fo forv=0,1

Any such map is called a homotopy and we then say that f; is a deformation of fy.

Fact 1.4. In the above setting,

(1) if f is transversal to Y C M, then so is any small deformation of it,
(2) conversely any smooth f is homotopic to one transversal to Y C M,

(3) 4f fo, f1 MY are homotopic, then there exists a homotopy F between them
which is transversal to 'Y, i.e. F|XX(0’1) MhY.
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Now suppose dim X +dimY = dim M. In the transverse case f~1(Y) will then
consist of finitely many points. In general one could try to define the intersection
number X ;Y as

#IHY)
where f. MY is a small transverse deformation of the map f : X — M. However,
the following picture illustrates that this is ill-defined:

[PICTURE]

This problem disappears if we only consider intersection numbers modulo 2. For
example, if M = [0,1] x (=1,1)/((0,a) ~ (1,—a)) is the open Mdbius strip, the
circle

f: X =R/Z — M, z — (x,0) withimage Y = f(X)
satisfies

#f7HY) = 1 mod 2

€

for any small transversal deformation f. MY as illustrated by the following picture:
[PICTURE]

In order to define intersection numbers with values in Z rather than Z/27, we
need to take orientations into account. So for the rest of this sections we will always
assume that all our manifolds are oriented. We can then count the points of the
intersection f-1(Y') with the appropriate signs:

DEeFINITION 1.5. If dim X 4+ dimY = dim M and f is transversal to Y at p,
consider the sum map

(Df)TpX) ® Trp)Y —> Ty M.

We endow the source with the orientation induced by the given orientations of X
and Y and define the oriented local intersection number of X and Y at the point p
by

+1 if the sum map is orientation-preserving,

(X f Y)p = {

For instance, in the first example the local intersection numbers look as follows:

—1 if the sum map is orientation-reversing.

[PICTURE]

Now the ambiguities in the choice of the deformations f. cancel out, and this is
what happens in general:

LEMMA 1.6. If fo, f1 MY are homotopic transversal maps, then

Z (X-nY)p = Z (X Y)p

pESTH(Y) pefy (V)
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Proof. By the deformation property (3) we find a homotopy F between the f,
that is transversal, i.e.

F|X><(0,1)mY and F|X><{,,}mY for v = 0,1.

In that case the preimage
F7HY) ¢ X x[0,1]

is a 1-dimensional smooth manifold with boundary. Any such manifold is a disjoint
union of circles and closed intervals as illustrated in the following picture

[PICTURE]

and hence that the orientations at the boundary points cancel out. O

DEFINITION 1.7. If dim X +dim Y = dim M, then for a smooth map f: X — M
we define the intersection number

XpY = Z (X Y)p
pef:l(Y)

where f. M Y is any small deformation of f transversal to Y. If f is a closed
immersion, we simply write X - Y for this intersection number.

For example, the two oriented circles X,Y C M in the torus M = U(1) x U(1)
shown below

[PICTURE]

have the intersection numbers X - Y =-Y - X =1land X - X =Y -Y =0.

2. Lefschetz numbers

Now suppose that we have a smooth self-map f : X — X of an oriented compact
manifold X. We define the number of fixed points, counted with multiplicities, as
follows:

DEFINITION 2.1. For M = X x X, let Ax C X x X be the diagonal, and
consider the graph

I'y = {(z,f(z)) |z e X} C M.
Then the integer
L(f) = Ax Ty € Z
is called the global Lefschetz number of f. Note that homotopic maps have the same
Lefschetz number. Almost by definition we have

THEOREM 2.2 (Lefschetz). If L(f) # 0, then f has a fized point.

Proof. Otherwise Ax NI'y = & set-theoretically, but then Ay and I'y are
trivially transverse, and their intersection number is zero. U
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REMARK 2.3. Using Poincaré duality and the Kiinneth decomposition for the
cohomology of X x X, one may give a global interpretation of the Lefschetz number
as the sum

L(f) = Y (-0 (| BV (X, Q).

v

This result is sometimes called the Lefschetz-Hopf trace formula. For f = idx it
says that

A = x(X)

is the topological Euler characteristic, which can be seen as a reformulation of the
Gauss-Bonnet theorem. The trace formula also has an arithmetic analog for the
étale cohomology of varieties over finite fields, where it is used in the proof of the
Weil conjectures by counting fixed points of the Frobenius endomorphisms.

EXAMPLE 2.4. The trace formula says that if f : X — X is homotopic to the
identity but has no fixed point, then x(X) = 0. It follows for instance that

(1) the antipodal map f : S? — S?,x — —x is not homotopic to the identity,
since it has no fixed points but the Euler characteristic is x(S?) = 2.

(2) any compact Lie group G has Euler characteristic x(G) = 0, since the left
translation by any non-trivial element has no fixed point, but is homotopic
to the identity if the element lies in the connected component.

How can one compute the global Lefschetz number in concrete applications? Going
back to the local definition of intersection numbers we get

PROPOSITION 2.5. With notations as above,

(1) We have T'y h Ax at (p,p) iff Df(p) — id € Endr(T,X) is invertible.

(2) If this condition is satisfied for all fized points p € X, then L(f) can be
written as a sum

L(f) = Y L(f)
p=f(p)
of the local Lefschetz numbers L, (f) := sgn det(D f(p) — id|T,X).

Proof. For the first claim, note that the tangent spaces to the graph and the
diagonal are given by

Tonls = pre) © LX x DX,
T(p,p)AX = AT,,X C TpX X TpX.
Putting A = D f(p) we get
'y M Ax at (p,p) — 'y +ATPX = T,X xT,X
— I'y ﬂATpX = {0}
<= A € Endgr(7,X) has no non-zero fixed point

<= A € Endgr(7,X) does not have 1 as an eigenvalue
<= A —id is invertible

and hence the first claim follows. For the second claim, we must see that

(T - Ax)pp = sgndet(A —id|T,X).
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For this let vy,...,v, be an oriented basis of the tangent space 7}, X. We then get
oriented bases

('Ul, U1)7 RN} (Unv vn) for T(PJ’)AX’
(v, Av1), ..., (v, Av,) for TipmL'ss
(v1,0),...,(vn,0),(0,v1),...,(0,v,) for T X x X.

Denoting by sgn(#) € {£1} the orientation of any basis & of T(, )X x X with
respect to the product orientation chosen in the previous line, we get

(Tr-Ax)pp = sgn((v1,v1),- -, (VnyVn), (v1, Av1), ..oy (Un, Avp))
= sgn((v1,v1), ..., (Vn,vn), (0, (A —id)v1),..., (0, (A — id)vy,))
= sgn((v1,0), ..., (vn,0), (0, (A —id)v1),...,(0,(A —id)vy,))
= sgndet(A — id)
where for the second equality we have subtracted the first n basis vectors from the
last n ones, noting that this does not change the orientation of the basis, and for

the third equality we have similarly subtracted (A — id)~! times the last n basis
vectors from the first n basis vectors, which again does not affect orientations. [

EXAMPLE 2.6. Let dim X = 2. If in a suitable basis of the tangent space 1, X
the Jacobi matrix is in diagonal form D, f = diag(A1, A2) with Ai, A2 > 0, then

+1 if p is a source or sink,
Lp(f) = sgn((h —1)(A2 = 1)) = {

—1 if p is a saddle point,
as illustrated by the following picture:

[PICTURE]

As a fun application, we may compute the Euler characteristic of all compact
oriented surfaces. Any such surface has the form of a doughnut with g holes. If we
cover it with a chocolate topping and let this flow down vertically as indicated in
the following picture, we obtain a family of maps f homotopic to the identity but
with precisely 2¢g + 2 fixed points: A source at the top, a sink at the bottom, and
two saddle points in each hole.

[PICTURE]

Thus for the total Lefschetz number we get the value x(X) = L(f) =2 — 2g.

3. Proof of Cartan’s theorem

Now let G be a compact connected Lie group with a maximal torus T' C G, and
pick an arbitrary element g € G. Recall that Cartan’s theorem claims that we have

g € zTz~! forsome z € G.

The idea of A. Weil is to interpret this as a fixed point relation. For this we consider
the coset space X = G/T (which may be shown to be again a smooth manifold)
and the smooth map

Ag: X — X, 2T — gaT

given by left translation. In what follows we write T = «T for the cosets.
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LEMMA 3.1. We have g € 2T iff T € X is a fized point of \,.
Proof. We have \,(2T) = 2T iff g2T = 2T iff gz € 2T iff g € 2Tz~ 1. O

In these terms, Cartan’s theorem translates to the statement that each of the left
translations Ay : X — X has a fixed point. By the Lefschetz fixed point theorem it
will thus be enough to show

L(A\g) # 0 forall g € G.

Note that by connectedness of G all the left translations A, are homotopic, so it
suffices in fact to show the above non-vanishing for a single g € G. In particular,
if we knew that x(G/T) # 0, then we could take ¢ = 1 and would be finished,;
but we will take a different route which does not require any information about
cohomology: We choose g =t € T to be a topological generator of the maximal
torus and obtain

COROLLARY 3.2. Ift € T is a topological generator, then T € X 1is fized by \;
iff © € Ng(T). In particular, Ay : X — X has only finitely many fized points.

Proof. The first statement is clear from the above lemma, since for a topological
generator ¢t € xTx~! implies by maximality that T = xTz~!. For the finiteness
statement, note that © € Ng(T) iff T € W(G,T), and the Weyl group is finite. O

We must now compute the contribution of each of these finitely many fixed
points T € W(G,T) to the global Lefschetz number L()\;). However, In fact all of
them yield the same contribution and so it suffices to consider the contribution at
the neutral element e € G:

LEMMA 3.3. For all x € Ng(T),

det (D)\t(f) —id| TEX) = det (D)\t (€) —id| TEX).

Proof. Since © € Ng(T'), the right translation by z gives a well-defined smooth
map

pe: X — X, g=49gI' = gTx = g2T =7
of the left coset space X = G/T. Since right and left translations commute, we get
a commutative diagram
Dp. ()
TEX —— TEX
DX (e) DX (T)
TEX —_— TEX
Dpg ()
which shows that DA;(€) and DA:(T) are conjugate matrices. O

Since by the above lemma all the local Lefschetz numbers are the same, the
proof of Cartan’s theorem is finished by the following

LEMMA 3.4. For any topological generator t € T we have det(DM:(€) —id) # 0.

Proof. On the coset space X = G/T the left translation A; acts in the same
way as conjugation by ¢, hence on the level of tangent spaces we get a commutative
diagram of short exact sequences
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0 ——> Lie(T) —— Lie(G) ——> TsX ———> 0

i lAdt iD)\t(é)

0 —— Lie(T) ——— Lie(G) ———— T X — 0

where Ad; denotes the differential of ¢(—)t~1 : G — G. Now the complexification
of the adjoint representation

(Ad: G — Aut(Lie(G))) € Repr(G)
restricts on 1" to

(Lie(G) @r C)|r ~ Lie(T) ®x C & P Va
acd

for some ® C X*(T')\ {0}, in particular the subspace Lie(T") ®r C consists precisely
of the invariants since otherwise the subtorus T' C G would not be maximal. Thus
the representation

T.(X)®r C ~ @Va € Repc(T)
acd
does not contain trivial subrepresentations. Since t € T is a topological generator,
it follows that the action of ¢ on this representation has all its eigenvalues # 1,
which implies that

det(D)\t(E) —id | (TeX) @ <c) £ 0.

Since an R-linear map is invertible iff its complexification is so, this proves the claim
and hence also Cartan’s theorem. O



