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PREFACE

Basic idea: If k is a field and V is a k-vector space, then the set of k-linear
automorphisms of V' form a group GL(V') under composition. The basic idea is to
study a general group G by considering group homomorphisms

G —"— GL(V).
We think of g € G as being complicated and of m(g) € GL(V) as being easier.
Indeed, we can use the methods of linear algebra to study m(g) € GL(V).

Textbook: E. B. Vinberg, Linear representations of groups, Translated from the
1985 Russian original by A. Tacob. Reprint of the 1989 translation. Modern Birkh&user
Classics. Birkh&user/Springer, New York, 2010.ISBN: 978-3-0348-0062-4.

Schedule: The plan is to cover one chapter in the textbook each week, beginning
with Chapter 0.



1. BASIC DEFINITIONS

Let k be a field (typically k = R or k = C), and let V' be a k-vector space. The
group of k-linear automorphisms of V' is given by the set
GL(V)={f:V — V| f is k-linear and an isomorphism}
with group structure given by the map
GL(V) x GL(V) —— GL(V)
that to (f, g) assigns fog.

Definition 1.1. A k-linear representation of a group G is a pair (V, ) of a k-vector
space V and a group homomorphism 7: G — GL(V).

So elements g € G are represented by k-linear operators w(g): V' — V such that

m(g-h) =m(g)om(h)
and such that
w(e) =idy .
Here e € G is the identity element.

Suppose that dimy (V) = n < co. A choice of a basis (eq, ..., e,) of V determines
an isomorphism of groups

GL(V) —2— GL, (k)

that to the k-linear automorphism f: V' — V assigns the invertible n x n-matrix
a(f) = (ai;), whose entries a;; € k are the unique solutions to the equations

f(ej) = era1j + exazj + - + €pan;

for 1 < j < n. Hence, a k-linear representation 7: G — GL(V') determines and is
determined by the composite group homomorphism

G —"— GL(V) —2= GL, (k).

We stress that the group isomorphism « depends on the choice of basis! We say
that the composite map oo m: G — GL, (k) is a matrix representation of G.

Definition 1.2. A matrix representation of a group G over a field k is a group
homomorphism 7: G — GL, (k).

In order to do calculations, it can be convenient to choose a basis of a vector
space and calculate in coordinates. However, for theoretical considerations, it is
always best to avoid making a choice of basis.

If we study mathematical objects given by sets equipped with some structure,
then we should at the same time study the maps between such objects that preserve
this structure. If V3 and V5 are k-vector spaces, then the maps f: V3 — V5 that
preserve the structure of a k-vector space are the k-linear maps. And if X; and X,
are topological spaces, then the maps f: X; — X5 that preserve the structure of a
topological space are the continuous maps. The maps that preserve the structure
of a k-linear representation of a fixed group G, which we now define, are called the
intertwining (or equivariant) maps.



Definition 1.3. If (V;,7;) and (Va, m3) are k-linear representations of G, then an
intertwining map f: (Vi,m1) — (Va,m2) is a k-linear map f: V4 — V4 such that

f(mi(g)(z)) = m2(g)(f(z))
for all g € G and « € V.

If (V,7) is a k-linear representation of G, then we will sometime abbreviate

gx = m(g)().

So if both (V1,m) and (Va,my) are representations of the same group G, then a
k-linear map f: V3 — V5 is intertwining if and only if

flgx) = gf(x)
for all g € G and « € V7.

Definition 1.4. Let (Vi,7) and (Vz, m2) be k-linear representations of a group G.
An intertwining map f: (V1,m1) — (Va,m2) is an isomorphism, if there exists an
intertwining map g: (Va,m2) — (V4,71) such that go f =idy, and f o g =idy,.

We show in the problem set that an intertwining map f: (Vi,m1) — (Va,m2) is
an isomorphism if and only if the map f: V73 — V5 is a bijection.

Remark 1.5. Let (V4,71) and (Va,m2) be two k-linear representations of a group G.
We say that (Vi,71) and (Va,ms) are isomorphic and write (Vi,71) ~ (Va,ms), if
there exists an isomorphism f: (Vq,m) — (Va,m3). However, note that it is much
better to know that “the map f: (Vi,m1) — (V2,7m2) is an isomorphism” than it
is to know that “(Vy, 1) and (Va, ma) are isomorphic.” Indeed, in the former case,
the given isomorphism f: (Vi,71) — (Va,7m2) tells us *how* to translate between
the two representations, whereas in the latter case, we only know that, in principle,
such a translation is possible.

We consider examples of representations and begin with the group
G=(R,+)
of real numbers under addition. Given a € R, the exponential function
G — GLy(R)
defined by m,(t) = e is a matrix representation. Indeed, we have
Ta(t +u) = e?tHW) = gattan — eateau — o (), (u)
and
7a(0) = e =¥ =1,

as required. This begs the question as to whether every 1-dimensional representation
m: G — GL1(R) of G is of this form. The answer is “Yes,” provided that we require
the map 7 to be continuous. We prove the following weaker result:

Lemma 1.6. Let G = (R,+) be the additive group of real numbers. For every
differentiable 1-dimensional representation w: G — GL1(R), there exists a unique
a € R such that m = my: G — GL1(R), namely, a = ©'(0).
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Proof. We will assume the stronger hypothesis that 7 be differentiable instead of
continuous. That  is a representation means that 7(0) = 1 and that for all ¢, u € R,

m(t +u) = n(t) - 7(w).

We differentiate the latter equation with respect to v at w = 0, which gives the
ordinary differential equation

7' (t) = w(t) - 7' (0).

Every solution to the ODE is of the form 7 (t) = Ce®, where a = 7/(0) € R, and
the initial condition 7(0) = 1 implies that C' = 1. This proves the lemma in the
case, where 7 is differentiable. [

We let M, (k) be the set of n x n-matrices with entries in &, considered as a ring
under matrix addition and matrix multiplication.” If kK = R or £ = C, then we have
the matrix exponential of A € M, (k) defined by the series

1

A n

e _E —n!A € M, (k),
n>0

which converges in operator norm, because
1 1
=A™ < —| A" < el
n! )

If AB = BA, then e2tB = ¢4eB, but this is generally *not* true without this
assumption! In particular, the map

G = (R, 4) —2= GL, (k)

defined by ma(t) = €' is a group homomorphism, and hence, an n-dimensional
matrix representation of GG, where k =R or k = C.

Lemma 1.7. Ifm: G = (R,+) — GL, (k) is a differentiable real or complex repre-
sentation, then m = m4: G — GL,, (k) with A =7'(0) € M, (k).

Proof. As before, we obtain the ordinary differential equation
' (t) = m(t) - 7'(0)

with the initial condition 7(0) = E € M, (k), and it has 7 = 74 with A = 7/(0) as
its unique solution. O

FEzample 1.8. We consider
0 -1
and calculate

A — (=1)™E if n=2m is even
)l (=1)™A ifn=2m+1is odd,

L The book writes Ly, (k) instead of M, (k).



which shows that

n > 0, even n > 0, odd
_ Z (_1)mt2mE+ Z (_1)mt2m+1
= (2m)! = (2m + 1)!

=cost-E+sint- A
_ (cost — sint>
sint cost/)’
So we conclude that the map 7: G = (R, +) — GL2(R) defined by
w0 = (o “oent)
is a 2-dimensional real representation of G.

In general, if (V, ) is a k-linear representation of a group G, then we call
ker(m) ={g€ G |n(g) =idv} C G

the kernel of 7. It is a normal subgroup of G. The representation (V, ) will obviously
not be of any help to study the elements in ker(7) C G. We recall that ker(w) = {e}
if and only if 7: G — GL(V) is injective.

Definition 1.9. A k-linear representation (V,7) of a group G is faithful if the
group homomorphism 7: G — GL(V) is injective.

Ezample 1.10. (1) The representation m,: (R, +) — GL;(R) defined by 7, (t) = e*
is faithful if and only if a # 0.

(2) The representation 7: (R, +) — GL2(R) defined by
cost —sint
() = (sint cos t)
is not faithful, since ker(w) = 27Z C R.

Ezample 1.11. We next let G = S,, be the (finite) symmetric group on n letters. It
is defined to be the set of all bijections

{1,2,...,n} —2={1,2,...,n}
equipped with the group structure
Sp x Sy —— S,

that to (o, 7) assigns the composite bijection o o 7.

If k is any field, then we define the n-dimensional matrix representation
Sp —2— GL,, (k)
to be the map that to o € 5, assigns the permutation matrix

P(0) = (€s(1) €o2) --- €o(n)) € GLy(k).

20One much check that P(c o 7) = P(c) - P(7) and that P(e) = E, which is not difficult, but
we will give a high-tech proof later in Example
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Clearly, the kernel of P is trivial, so P: S, — GL, (k) is a faithful representation.
We recall that the determinant defines a group homomorphism

det

and therefore, the composite map

Sp — GL, (k) 2% GLy (k)
is a 1-dimensional matrix representation of S,,. It is called the sign representation,
since the sign of o, by definition, is given by
sgn(o) = det(P(0)) € {£1} C GL4(k).

If 2 # 0 in k, then the kernel ker(S,) = A4,, C S, is the alternating group on n
letters. In particular, the sign representation is not faithful, except in trivial cases.

We next consider the regular representation. If X is any set and k is a field, then
we view the set of all maps f: X — k as a k-vector space k[X]| with vector sum
and scalar multiplication defined by

(f +9)(x) = f(x) +g()
(a-f)(z) =a- f(z).
The k-linear representation (k[G], L) of a group G, where L: G — k[G] is given by

L(g)(f)(z) = fg™ ),
is called the left regular representation, and the k-linear representation (k[G], R) of
G, where R: G — GL(k[G]) is given by
R(9)(f)(z) = [(zg),
is called the right regular representation. We check that (k[G], L) and (k[G], R) are
representations of G. First, we clearly have
L(e) = idyjq = R(e),
and second, the calculations
L(gh)(f)(z) = f((gh)'z) = f(h™ g™ 2) = L(A)(f) (g "2)
= L(g)(L(h)(f))(x) = (L(g) o L(h))(f)(x)
R(gh)(f)(x) = f(zgh) = R(h)(f)(xg)
= R(g)(R(h)(f))(x) = (R(g) o R(h))(f)(x)
)

(
show that L(gh) = L(g)oL(h) and R(gh) = R(g)oR(h) as required. The left regular
representations give rise to a representation on a subspace V' C k[X], provided that
V is G-invariant in the sense that L(g)(V) C V for all g € G. Similarly, for the
right regular representation.

Ezample 1.12. If G = (R, +), then we have
L@t)(f) (@) = f(=t+z) = f(z - 1),
so the following subspaces are G-invariant:
V ={f € k[G] | f is a polynomial function} C k[G],

W = span(cos, sin) C R[G].
6



In the case of W C R[G], we have
L(t)(cos)(x) = cos(—t + x) = costcosx + sintsinx
L(¢t)(sin)(x) = sin(—t + ) = —sintcosx + costsinz,
so we recover the representation 7: G — GLy(R) given by
cost —sint
m(t) = <sint cos t) '

Finally, we consider premutation representations. Let X be any set, and let S(X)
be the group of all bijections o: X — X with the composition group structure
defined by (0 o 7)(z) = o(7r(x)). For example, the group S, = S({1,2,...,n}) is
the symmetric group on n letters. If k is any field, then we may define a k-linear
representation (k[X],7) of S(X) by

w(0)(f)(@) = f(o~ ().

A left action by a group G on a set X is defined to be a group homomorphism
p: G — S(X). Thus, given a left action by G on X, the composite map

G —2 5(X) —" GL(k[X])
defines a k-linear representation (k[X],mop) of the group G. We say that a k-linear
representation of this form is a permutation representation.

Ezample 1.13. The identity map p: S, — S({1,2,...,n}) is a left action, where

p(o)(i) = o(i).
So we obtain the permutation representation

T=TOop

Sp — GL(K[{1,2,...,n}]).
Let us calculate the corresponding matrix representation with respect to the basis
(ej,es,....er)
of k[{1,2,...,n}], where ef: {1,2,...,n} — k is the map defined by
. 1 ifi=j,
i) =9. 7
0 ifi#j.
By the definition of 7, we have
m(o)(e))(j) = ei (671 (4))
1 ifi=o"1(j)
0 ifi#o"l(j)
1 ita(i) =
0 if o(i) # j
= ei(i)(j),
which shows that

3The book writes o (f) instead of 7(c)(f).



Hence, we conclude that the matrix that represents the k-linear map

KL 2,0l — k1,2, 0]
with respect to the basis (e}, e, ..., e%) is the permutation matrix
P(0) = (€s(1) €o2) --- €o(n)) € GLy(k).

So we recover the matrix representation

Sp —2—5 GLy (k)
from Example . In particular, we may conclude that the identities
P(ocoT)=P(o)- P(T)
and P(e) = E hold.



2. COMPLETE REDUCIBILITY AND SEMISIMPLICITY

In this lecture, we define semisimple representations and we prove three theorems
that we will use repeatedly to show that various representations are semisimple. We
apply these theorems to three important examples, all of which are representations
of the group G = GL(V) with V a finite dimensional k-vector space.

Definition 2.1. Let (V,7) be a k-linear representation of a group G. A subspace
U C V is said to be m-invariant if for all g € G and u € U, 7(g)(u) € U.

We note that the subspaces U = {0} C V and U =V C V always are m-invariant.

Ezample 2.2. Let G = (R,+) be the additive group of real numbers, and let
(R[G], L) be the left regular representation of G on the real vector space R[G]
of all functions f: R — R, which, we recall, is defined by

Lt)(f)(z) = f(~t + ).
We say that a function f: R — R of the form
f(z) = Z anz"”
0<n<d

with ag, aq,...,aq € Ris a polynomial function of degree < d, and we claim that the
subspace Uy C R[G] of polynomial functions of degree < d is L-invariant. Indeed,
for t € G and f: R — R as above, we calculate that

L) (f)(z) = f(=t+a)= Y an(~t+a)"

0<n<d
= > an( Y (=" ) = > (D) an(—0)" ),
0<n<d  0<i<n 0<i<d i<n<d

which shows that L(t)(f) € Uy, as required.

Remark 2.3. Suppose that (V,7) is a k-linear representation of a group G with
dimy (V) < oo, and let U C V be a subspace. We first choose a basis (eq, ..., ey,) of
U, and then extend it to a basis (€1, ..., €m, €m+1;- - -, €mtn) of V. In this situation,
the subspace U C V is m-invariant if and only if the matrix that represents the k-
linear map 7(g): V — V with respect to this basis is of the form

(A(g) B(Q))
O | D(g)
with A(g) € My, (k), B(g) € Mymn(k), and D(g) € M, (k).

We recall from algebra that if V' is a k-vector space and U C V is a subspace,
then the quotient vector space V/U is defined to be the set
VIU={v+UCV |veV}

equipped with the vector sum (v +U) + (v + U) = (v + v') + U and the scalar
multiplication (v 4+ U) - a = (v - a) + U. Moreover, a k-linear map f: V — V with
the property that f(U) C U gives rise to a k-linear map

viu 22,

9
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defined by (f/U)(v+U) = f(v)+U.If f1, fa: V — V are two such maps, then we
have (f1 0 f2)/U = (f1/U) o (f2/U). Hence, if GL(V,U) C GL(V) is the subgroup
of k-linear automorphisms f: V' — V such that f(U) C U, then the map

aLv,v) —2 arviv)
that to f: V — V assigns f/U: V/U — V/U is a group homomorphism.

Definition 2.4. Let (V, ) is a k-linear representation of a group G, and let U C V
is a m-invariant subspace.

(1) The representation (U, my), where my: G — GL(U) is defined by
mv(9)(w) = 7(9)(u)

for uw € U, is called the subrepresentation of (V,7) on U.
(2) The representation (V/U, 7y v), where my,: G — GL(V/U) is defined by
mvu(9)(v +U) =m(g)(v) +U
for v+ U € V/U, is called the quotient representation of (V,7) on V/U.

It is common to abuse language and simply say that my is a subrepresentation
of m and that my,y; is a quotient representation of 7.

Remark 2.5. Let (V, ) be a k-linear representation of a group G, and let U C V be
a m-invariant subspace. Suppose that dimy (V') < co. If we choose a basis (eq, ... ex)
of U and extend it to a basis (e1,...,€m,€m11,...,€mtn) of V, then the family
(em+1 + U,...,€min + U) is a basis of V/U, and moreover, the matrices that
represent the maps 7y (g): U — U and my,y(g): V/U — V/U with respect to
these bases are A(g) and D(g), if 7(g): V — V is represented by the matrix

(A(g) B(Q))
O | D(g)
with respect to the basis (e1,...,€m,€mi1s---s€min)-

Definition 2.6. A k-linear representation (V,m) of a group G is irredicible (or
simple) if V' # {0} and if the only m-invariant subspaces of V are {0} C V and
Vcv.

We note the formal similarity of the definition of an irreducible representation
to the definition of a prime number.

Ezample 2.7. (1) Every 1-dimensional representation if irreducible. In particular,
the trivial representation of G on k given by the constant map w: G — GL(k) that
to every g € G assigns id; € GL(k) is irreducible.

(2) The identity representation m = idgrv): G = GL(V) — GL(V) is irreducible.
(3) The 2-dimensional representation 7: G = (R, +) — GLy(R) given by

cost —sint
m(t) = (sint cOS t)

41t is also common to write f instead of f/U.
5The assumption V # {0} is missing in the book.
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is irreducible. Indeed, the map (¢): R? — R? is given by counterclockwise rotation
through t radians around the origin, so it leaves no line through the origin invariant,
unless t € ker(m) = 27Z.

(4) Let G = (R, +), and let (Ug, 7y,) be the subrepresentation of the left regular
representation (R[G], L) from Example 2.2. If d > 1, then my, is not irreducible,
since any U, C Uy with 0 < e < d is my,-invariant and {0} G U. & Uy.

(5) Let G = S,, be the symmetric group on n letters, and let 7: G — GL, (k) be
the standard permutation representation on V' = k™. The subspaces

Vo={zeV|X cic,zi=0}CV
Vi=k-(1,1,...,1)CV
are m-invariant subspaces of dimension n—1 and 1, respectively. Moreover, if char(k)
does not divide n, then V3 NV = {0}, so in this case, the intertwining map
VooV —V

induced by the canonical inclusions is an isomorphism. We claim that both the
subrepresentations my = 7|y, and m; = 7|y, are irreducible. This is clear for my,
since dimy(V;) = 1. To prove that also mg is irreducible, we let {0} # U C Vj be a
mo-invariant subspace and prove that U = V{). We choose a nonzero vector

T = Zlgign e;x; € U.

Since x ¢ V7, the coordinates z; are not all equal, and since U C Vj is mp-invariant,
we may assume that x; # xo. But then

70((12))(x) —x = (e1 — €2)(x2 —x1) € U,

so e; — ey € U. Again, since U C Vj is mp-invariant, it follows that e; —e; € U, for
all 1 <14 < j <n. But this shows that

Vo =spang(e; —e; |1 <i<j<n)CU,
so we conclude that U = V. Hence, mq is irreducible as claimed.

Definition 2.8. A k-linear representation (V,7) of a group G is completely re-
ducible if for every m-invariant subspace U C V, there exists a m-invariant subspace
W C V such that the map induced by the canonical inclusions

UeoW ——V

is an isomorphism.

If UyW C V are as in the definition, then we say that W C V is a m-invariant
complement of U C V. We note, in this situation, that the composition

w—sv -2y

of the canonical inclusion and the canonical projection is a k-linear isomorphism,
which intertwines between my and my,y. We also remark that if a m-invariant
complement W C V of U C V exists, then it is typically *not* unique.

Remark 2.9. If (V,m) is a k-linear representation of a group G with dimy (V') < oo,

then a m-invariant subspace U C V admits a w-invariant complement if and only

if we can find bases (ey,...,e,) of U and (e1,...,€m,€mt1,---,E€min) of V such
11



that for all ¢ € G, the matrix that represents 7(g): V' — V with respect to the

latter basis is a block matrix
(A(g) o) )
O | D(g)

Ezample 2.10. We consider two representations (R?,74) of the form
G = (R,+) — GLy(R)

where 74 (t) = !4 with A € My(R).

We first let
0 1
(0.

1 ¢
TAlt) = et = B+ tA = (0 1).

Since A% = O, we have

It follows that the subspace

U = spany (é) Cc R?,
is m-invariant but has no 7 4-invariant complement. Therefore, the representation
T4 is not completely reducible.
We next let
1 1
=0 o)
so that A2 = A. It follows that
t ot
mat) = =E+ (¢! —1)A = (% € 1 1).

In this case, the same subspace

U = spany (é) C R?

is ma-invariant, but it now has the m4-invariant complement
1 2
W = spang 1) € R*.

Moreover, the subspaces U,W C V = R? are the only 1-dimensional 7 4-invariant
subspaces, so we conclude that 74 is completely reducible; compare Theorem

We now prove three theorems that we will use repeatedly. The theorems are
listed as Theorem 1, 2, and 3 in Chapter 1 of the book.

Theorem 2.11. Let (V,m) be a k-linear representation of a group G, and letU C V
be a w-invariant subspace. If w is completely reducible, then so is 7.
12



Proof. Let Uy C U be a my-invariant subspace. We must show that U; C U admits
a my-invariant complement W7, C U. Now, since U; C V is w-invariant, there exists,
by the assumption that 7 is completely reducible, a m-invariant subspace W C V'
such that the map induced by the canonical inclusions

UioW——YV
is an isomorphism. But then
U=U+W)NU=UNU)+(WnU)=U,+(WnNU),
so W1 =W NU CU is a my-invariant subspace, and the map
UyeW, ——U

induced by the canonical inclusions is an isomorphism. This shows that W; C U is
a my-complement of Uy C U as desired. (I

Theorem 2.12. Let (V,7) be a completely reducible k-linear representation of a
group G with dimg (V) < oo. There exists w-invariant subspaces Vi,...,Vy CV
such that the map induced by the canonical inclusions

we eV, —V

s an isomorphism and such that 7y, , ..., my, are irreducible.

Proof. We argue by induction on n = dimg (V). If n = 0, then the statement is
trivial, so we assume, inductively, that the statement has been proved for n < r
and prove it for n = r. We claim that there exists a m-invariant subspace V; C V
such that 7y, is irreducible. Granting the claim, there exists, by the assumption
that 7 is completely reducible, a m-invariant complement W C V of V; C V, and
since dimg (V1) > 1, we have

dimy (W) = dimg (V) — dimg (V1) < 7.

So by the inductive hypothesis, there exist my -invariant subspaces Vs, ..., V,, C W
such that the map induced by the canonical inclusions

VoV, — W

is an isomorphism and such that my,,...,my,, are irreducible. It follows that the
map induced by the canonical inclusions

is an isomorphism and the subrepresentations my,, my,, ..., Ty, all are irreducible,
which proves the induction step. It remains to prove the claim. The set S of nonzero
m-invariant subspaces U C V is partially ordered under inclusion. It is nonempty,
since V € S, and it has a minimal element, since dimg(V) = r < co. Let V5 € S
be such a smallest element.” If {0} # U C V; is a my, -invariant subspace, then we
necessarily have U = V7, since otherwise U € S is smaller than V; € S. This shows
that 7y, is irreducible, which proves the claim. O

61n general, a minimal element V] € S is not unique.
13



Theorem 2.13. Let (V,7) be a k-linear representation of a group G, and suppose

that there exist m-invariant subspaces Vi,...,V,, CV such that
V=Vi+-+Vy,
and such that Ty, , ...y, are irreducible. If U C 'V is a w-invariant subspace, then

there exist {i1,...,ip} C{1,...,m} such that the map
UoV,® oV, —V

induced by the canonical inclusions is an isomorphism. In particular, w is completely
reducible.

Proof. We let S be the set of subsets {i1,...,i,} C {1,...,m} with the property
that the map induced by the canonical inclusions

Uevy® oV, —V

is injective. The set S is partially ordered under inclusion. It is nonempty, since
) € S, and it is finite, since there are only finitely many subsets of {1,...,m},
and therefore, it has a maximal element. So we let {i1,...,4,} € S be a maximal
element and prove that map induced by the canonical inclusions

UV, & &V, —V
is an isomorphism. By the definition of S, we know that the map is injective, so we
only need to show that the map is surjective, or equivalently, that
V=U+Vy+-+V,.
Moreover, since V = V; + --- + V,,,, it suffices to show that
ViCU+Viy 44V,
forall 1 <i<m.Ifi € {i1,...,ip}, then there is nothing to prove, so suppose that
i ¢ {i1,...,ip}. We consider the maps
UoVio---oV, oVi—s U+Vy +--+V,)®V,—V

induced by the canonical inclusions. Since {i1,...,i,} € S, the left-hand map is an
isomorphism, and since {i1,...,%,} € S is maximal, the composite map is *not*
injective, so we conclude that the right-hand map is not injective. Therefore, its
kernel, which is equal to

U+Vi, +-+Vi,) NV, CV;
is nonzero. But 7y; is irreducible, so this implies that
U4V +--+Vi,)NV; =V,
soV; CU+V;, +---+V,, as desired. O

Remark 2.14. A representation (V, ) is defined to be semisimple, if there exists a
finite number of 7-invariant subspaces Vi, ...,V,, C V such that the map

we---eV, —V

induced by the canonical inclusions is an isomorphism and such that each of the
subrepresentations my, is irreducible. Thus, Theorems and shows that
a finite dimensional representation is semisimple if and only if it is completely
reducible.
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Corollary 2.15. Let (V,w) be a k-linear representation of a group G, and let
U CV be a m-invariant subspace. If dimy (V) < oo and if 7 is completely reducible,
then also the quotient representation v,y is completely reducible.

Proof. By Theorem , there exists m-invariant subspaces Vi,...,V,, C V such
that the map induced by the canonical inclusions
Wwe eV, —V

is an isomorphism and such that each 7y, is irreducible. We let V; C V/U be the
image of the composition

Vi—V——>V/U

of the canonical inclusion and the canonical projection and note that V; is zero if
and only if V; C U. So let S = {i1,...,i,} C {1,...,m} be the subset consisting
those i € {1,...,m} for which V; ¢ U. The subspace V; N U C V; is my,-invariant,
so if ¢ € S, then V; N U = {0}, because 7y, is irreducible. Therefore, if i € S, then
the canonical map V; — V; is an isomorphism. This shows that the Ty y-invariant

subspaces V;,,... ,Vip C V/U satisfy the hypothesis of Theorem , we conclude
that my,; is completely reducible, as stated. (I

We consider three examples, in all of which G = GL(V) with V' a k-vector space
of finite dimension n. We first consider the k-vector space Endy (V)" of all k-linear
maps f: V — V with vector sum and scalar multiplication defined by

(fi+ f2)(v) = fi(v) + fa(v)
(a-f)(v) =a-f(v).

We consider the representation of G on Endy (V') by left multiplication:
Proposition 2.16. Let V be a k-vector space of finite dimension n, and define

G = GL(V) —2— GL(End,(V))
by Mg)(f) = go f. The representation (Endg(V'), A) is completely reducible.
Proof. We choose a basis (v1,...,v,) of V and define

L; ={f € Endg(V) | f(v;) =0 for i # j} C Endg(V).

It is a A-invariant subspace. Indeed, if g € G and f € L;, then

Ag)(f)(wi) = g(f(vi)) =0
for i # j, because g is k-linear, so A(g)(f) € L;. Moreover, the map

h;
Lj*>V

defined by h,;(f) = f(v;) is an isomorphism. It is also intertwining between A and
the identity representation of G on V. Indeed,

hi(A9)(f)) = hj(g o ) = (g ° f)(v;) = g(f(v;)) = id(g)(f(v)) = id(g)(R;([))-

7 The book writes L(V) instead of Endy (V).
15



Thus, h;: (Lj, Ar;) — (V,id) is an isomorphism, and since (V,id) is irreducible, so
is (Lj, Az, ). Finally, the map induced by the canonical inclusions

Li® - ® L, —— Endg(V)
is an isomorphism, since every f € End (V') can be written uniquely as
f=htth
with f; € End (V) defined by
O

Hence, Theorem shows that (Endg(V),A) is completely reducible, as stated.
U

We next consider the adjoint representation of G on Endy (V). It is an example of
the adjoint representation Ad: G — GL(g) of a reductive group on its Lie algebra.
Proposition 2.17. Let V be a k-vector space of finite dimension n, and define

G = GL(V) —2%5 GL(End,(V))
by Ad(g)(f) =go fog L. The adjoint representation (Endy(V), Ad) is completely

reducible, provided that char(k) does not divide n.

Proof. We let t C Endg (V) be the 1-dimensional subspace spanned by idy, and let
sl, C Endg(V) be the subspace consisting of the k-linear maps f: V — V with
tr(f) = 0. Both subspaces are Ad-invariant. In the case of sl,,, we use the fact from
linear algebra that tr(go fog~!) = tr(f). By our assumption that char(k) does not
divide n, we have tr(idy) =n # 0 € k, so tN sl, = {0}, and hence, the map

t & sl, —— Endg(V)

induced by the canonical inclusions is an isomorphism. It turns out that Ad; and
Adg, both are irreducible. This is trivial in the case of the t, but the proof for sl,
is not so simple. We prove this for n = 2 in the appendix. So Theorem shows
that m is completely reducible. ([l

Finally, we consider a representation of G = GL(V') on the k-vector space
B(V)={f:V xV = k| fis k-bilinear} ~ Hom(V ® V, k)
of k-bilinear forms on V.

Proposition 2.18. Let V be a k-vector space of finite dimension n, and define
G = GL(V) —"— GL(B(V))

by ©(g)(f)(z,y) = f(g (=), g™ ( )) The representation (B(V), ) is completely
reducible, provided that char(k) #
16



Proof (Incomplete). Let B¥ (V) C B(V) be the subspaces of symmetric forms and
skew-symmetric forms, respectively. We recall that f € BT (V) if and only if

[z y) = fy, )
for all ,y € V, and that f € B~ (V) if and only if
flz,y) =—f(y,z)

for all ¢,y € V. Clearly, B*(V) c B(V) are both m-invariant, and if char(k) # 2,
then the map induced by the canonical inclusions

Bt (V) B (V) —— B(V)

is an isomorphism. One can prove that 7=y both are irreducible, but we will not
do so here. So Theorem shows that 7 is completely reducible. O

APPENDIX: DIRECT SUM OF VECTOR SPACES

Let & be a field. If V; and V5 are two k-vector spaces, then their direct sum is a
triple (V4 @ Va,1i1,142) of a k-vector space Vi @ V5 and two k-linear maps

Vi viev et o1,

with the property that if (W, f1, f2) is any triple of a k-vector space W and k-linear
maps f1: Vi = W and fo: Vo — W, then there exists a *unique* k-linear map

VieoV,— W

such that f; = foi; and fo = f 0iy. The commutative diagram

Vi — Vi@ V2V
|
3
f1 + f2
w

indicates this definition. In this situation, we also write f; + fo: V4 & Vo — W for
the unique k-linear map f: V3 & Vo — W.

A direct sum (V4 @ Va, 41, 142) of k-vector spaces V7 and V5 is not unique, but it is
unique, up to *unique* isomorphism, which is just as good, or even better. Indeed,
if also (V4 @' Va,14},1%) is a direct sum of V4 and Vs, then since (V4 @ Va,i1,142) is a
direct sum of V7 and V3, there is a unique k-linear map ¢’ making the diagram

Vi via et

N %

Vid Va
17



commute, and similarly, since (V4 @' Va,141,4%) is a direct sum of V; and Vs, there
is a unique k-linear map ¢ making the diagram

Vi— Vi@ Vo=V

N

Vie s

commute. It follows that both f = o4’ makes the diagram

Vliﬂfleﬂ/mLVz

\ Jf /
11 2
iev,
commute, but clearly f = idy, v, does so, too, and therefore, by the uniqueness
statement in the definition of a direct sum, we conclude that i 0 i’ = idy,gyv,. The

same argument shows that i’ o4 = idy, v, , so we have proved that the unique maps
1 and i’ are each other’s inverses.

We will often abuse language and say that (V3 & V3, i1, 145) is *the* direct sum of
V1 and V3, since we unique isomorphisms between any two choices of a direct sum.
We may also abuse notation and write that V3 & V5 is the direct sum of Vi and V5,
omitting the k-linear maps i; and is that are part of the structure.

Now, suppose that V1, Vo C V are subspaces of a k-vector space V. The canonical
inclusions j1: Vi — V and js: Vo — V give rise to the unique k-linear map
VieV,——V

such that j; = jo4; and jo = j ois. In general, the map j is neither surjective nor
injective. The image of j is a subspace of V' that we denote by

Vi+VoCV,

and a kernel of j is given by the k-linear map

VinV, % VieV,
that to @ € Vi N V3 assigns i1 (x) — i2(x) € V1 @ V5. In other words, the sequence
0——VinVs S V@V — Vi +Va——0

of k-vector spaces and k-linear maps is exact. In particular, we see that

VieVe v

is an isomorphism if and only if V3 NV, = {0} and V; + V5 = V. Please note that
we will *never* use V; @ V5 to denote a subspace of V.

8 This is general fact in category theory: Objects that are defined by a universal property are
unique, up to *unique* isomorphism.
9 The map iz —i1: V1 NVa — V1 @ Vs is also a kernel of j.
18



APPENDIX: THE ADJOINT REPRESENTATION

We include a proof of the following theorem, which we used above.

Theorem 2.19. If char(k) # 2, then the adjoint representation

GLy(k) —2%5 GL(sly(k))
18 1rreducible.
Proof. We must show that if U C sla(k) is an Ad-invariant subspace, then either

U = {0} or U = sly(k). So we assume that U # {0} and proceed to prove that
U = sly(k). We fix the basis (H, X,Y) of sly(k), where

i) w0 N =0 )

We claim that H € U if and only if X € U if and only if Y € U. First, we have

@)@ o) Go)r(o)-x
so if X € U, then Y € U and vice versa. Second, we use the fact that X2 = 0 so
that 1 + X € GLo(k) with inverse 1 — X. Hence, the calculation
HX =X, XH=-X, XHX =0
shows that
(1+X)H1-X)=H—-HX+XH-XHX =H —2X.

Therefore, if H € U, then 2X € U, and hence X € U, since we are assuming that
2 # 0 in k. Similarly, the calculation

0 0 1 0
YX_(O 1), XY—(O 0), XYX =X

shows that
1I+X)Y1-X)=Y-YX+XY-XYX=Y+H-X.

Therefore, since we have already seen that Y € U if and only if X € U, we conclude
that if Y € U, then H = (Y + H — X) — Y + X € U. This proves the claim.

It remains to prove that at least one of H, X, and Y is in U. Since U is nonzero,
there exists 0 # A € sly(k). We write

A=aH +bX +cY = (“ b),
c —a
with (a,b,c) # (0,0,0). For all t € k*, we have
t 0
g(t) = (O 1) € GLa(k)

with inverse g(t)~! = g(t~!). Since U is assumed Ad-invariant, the calculation

Ad(g(t))(A) = g(t)Ag(t)* = (talc ﬂ;) =aH +thX +t'cY
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shows that aH +tbX +t~'cY € U for all t € k*. We wish to conclude that each of
aH, bX, and ¢Y is in U. So we wish to show that the system of linear equations

aH +rbX +r 'Y =aH

aH + sbX + s 'Y =bX

al +tbX +t ey =cY
has a solution with r, s,t € k*. The calculation

1 r 7t

det |1 s s 1| =—(rst) L(r—s)(r—1t)(s—t)
I

shows that a solution exists, provided that k£* has order at least three. Hence, if
this is the case, then aH, bX, and ¢Y are all in U, and since (a,b,¢) # (0,0,0), it
follows that at least one of H, X, and Y is in U, so we are done.

The only missing case is k = F3, where k* = {£1} only has order 2. In this case,
the argument above shows that

spang(aH +bX +cY,aH —bX —cY) C U,

soaH € U and bX +c¢Y € U. If a # 0, then H € U. Also, if a = b = 0, then ¢ # 0,
so Y € U, and similarly, if a = ¢ = 0, then b # 0, so X € U. Hence, it only remains
to prove that both the subspaces

V = span, (Ad(g)(X +Y) | g € GLa(k)) C U
W = span, (Ad(g)(X —Y) | g € GLa(k)) U
are equal to U. The calculation
1 -1 1 -1 -1 -1
Ad(<1 1))(XJFY) = (1 1) (X+Y) ( 1 1) =H

shows that H € V, so that V = U, and the calculation

1 1 11 1 -1
Ad((O 1))(X—Y):(O 1) (X-Y) (0 1):—H—X—Y
shows that H+ X +Y € W, so W = U, since, by the argument above, H €¢ W. O

Remark 2.20. We note that if char(k) = 2, then the adjoint representation
GLa (k) —2%5 GL(sly(k))
is not irreducible. Indeed, since H = 1, the 1-dimensional subspace
spany, (H) C sla(k)

is Ad-invariant.
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3. UNITARITY OF FINITE DIMENSIONAL COMPLEX REPRESENTATIONS

We recall from last time that a k-linear representation (V,7) of a group G is
defined to be completely reducible if for every m-invariant subspace U C V, there
exists a m-invariant subspace W C V such that the map

UesW ——V

induced by the canonical inclusions is an isomorphism. In this lecture, we will show
that every finite dimensional continuous real or complex representation of a compact
topological group is completely reducible.

Definition 3.1. A finite dimensional real (resp. complex) representation (V, ) of
a group G is orthogonal (resp. unitary), if there exists an inner product (resp. a
hermitian inner product) (—,—): V x V — k such that

(m(9)(v1), m(g)(v2)) = (v1,v2)

for all g € G and vy,v2 € V.

Remark 3.2. If f: V — V is a linear endomorphism of a finite dimensional real
(resp. complex) vector space with inner product (resp. hermitian inner product)
(=, —), then its adjoint f*: V — V is the unique linear map such that

(f*(v1),v2) = (v1, f(v2))

for all v1,v2 € V. Hence, in Definition 3.1, the requirement that

(m(g)(v1), m(g)(v2)) = (v1,v2)

for all g € G and vy,v9 € V is equivalent to the requirement that

*

m(g)" =7(g™")

for all g € G.

Definition 3.3. Let (V,(—,—)) be a finite dimensional real inner product space
(resp. hermitian inner product space). The orthogonal group (resp. the unitary
group) is the subgroup ' O(V,(—,—)) C GL(V) (resp. U(V,(—,—)) C GL(V)) of
all k-linear maps f: V — V with the property that

(f(v1), f(v2)) = (v1,v2)

for all v1,v9 € V.

So a finite dimensional real (resp. complex) representation (V,7) is orthogonal
(resp. unitary) if and only if the group homomorphism 7: G — GL(V') takes values
in the subgroup O(V,(—,—)) € GL(V) (resp. U(V,(—,—)) C GL(V)) for some
inner product (resp. hermitian inner product) (—,—) on V.

Proposition 3.4. Every orthogonal (resp. unitary) representation is completely
reducible.

1050 that (V, ) is orthogonal (resp. unitary) means that it has the *property* that such an
inner product (resp. a hermitian inner product) exists. It does not mean that the *structure* of
such an inner product (resp. hermitian inner product) has been chosen.

L Often O(V, (—, —)) and U(V, (—, —)) are abbreviated O(V') and U(V), but we will not do so.

21



Proof. We let (V,7) be an orthogonal (resp. unitary) representation of a group G
and choose an inner product (resp. a hermitian inner product) (—, —) on V such
that 7(g)* = w(g~!) for all g € G. If U C V is a subspace, then its orthogonal
complement with respect to (—, —) is the subspace defined by

t={veV|(wu)=0forallucU}cCV.

We claim that U C V is w-invariant if and only if UL C V is m-invariant. Indeed,
given any linear endomorphism f: V' — V', we have

fOycu & frUH)cU,
and therefore, we conclude that
U CV is w-invariant <&
m(g)U)CUforallge G &
m(g)*(U) c U forallge G &
(g HUH) cUt forallge G <
(@)U cUt forallge G <

Ut C V is m-invariant,

3

as claimed. In particular, every m-invariant subspace U C V has a w-invariant
complement, namely, U+ C V, so 7 is completely reducible. O

We first consider finite groups.

Theorem 3.5. Every finite dimensional real (resp. complex) representation of a
finite group is orthogonal (resp. unitary).

Proof. Let (V,7) be a finite dimensional real (resp. complex) representation of

a finite group G. We choose an arbitrary inner product (resp. hermitian inner
product) (—, —)o: V x V — k and define (—,—): V x V — k by

(v1,v2) = |G| > (z)(v2))o-

zeG
It is easy to check that (—, —) is an inner product (resp. a hermitian inner product),
and we claim that it is w-invariant. Indeed, for all g € G, we have
(m(g)(v1),m(g)(v2)) = ﬁ > (w(@)(w(9) (1)), 7 () (7(9) (v2)))o
zeG
= = > (@) o m(9))(v1), (m(x) 0 7(9)) (v2))o
|G| zeG
- & 3 trlaa)wn)wleo) o)l
1
e yEZGW(y)(vl)J(y)(vz»o
= (v1,v2)
as desired. O
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Definition 3.6. A topological group is a group G with a topology such that the

maps pu: G x G — G and 1: G — G given by u(g,h) = gh and 1(g) = g~ are

continuous. A compact group is a topological group, whose underlying topological
space is compact and Hausdorff.
Ezample 3.7. (1) A finite group with the discrete topology is a compact group.

(2) If V is a finite dimensional real or complex vector space, then GL(V) is a
topological group with the compact-open topology. It is a locally compact group,
but it is not compact, unless V' = {0}.

(3) If (V,{—, —)) is a finite dimensional real inner product space (resp. hermitian
inner product space), then O(V, (—, —)) (resp. U(V, (—, —))) is a topological group
with the compact-open topology. It is a compact group.

We will only consider (real or complex) representations (V,7) of a topological
group G that are continuous in the sense that the group homorphism

G —"— GL(V)
is continuous.

Ezample 3.8. Suppose that (V| (—, —)) be a finite dimensional real inner product
space (resp. hermitian inner product space). The canonical inclusion

O(V, (-, -)) —— GL(V)
is continuous and a group homomorphism, so (V, ) is a continuous representation.

Theorem 3.9. Let G be a compact group, and let (V,7) be a finite dimensional
continuous real (resp. complex) representation of G. Then (V,7) is orthogonal
(resp. unitary), and hence, completely reducible.

We will give two different proofs of the theorem. The first proof uses the following
deep theorem. This is a important and useful theory, but it will take us too far afield
to prove it here. A proof can be found in [2, Chapter 7, §1, No. 2, Theorem 1].

Theorem 3.10. Let G be a compact group. There exists a map
C°'(G,C)——cC
f—— fG f(z)dx
with the following properties:

(1) It is linear.

(2) It is positive in the sense that if f € C°(G, C) takes non-negative real values,
then fG f(x)dx >0, and the integral is zero only if f = 0.

(3) It is right invariant in the sense that for all f € C°(G,C) and g € G,

| taptr= [ faa.

(4) The constant function 1 € C°(G,C) with value 1 € C has integral

/ld:czl.
G
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Remark 3.11. (1) If G is a compact glroup7 then there is a unique measure y on G
called the Haar measure such that fG x)dx = fG fdp. If G is finite, then

/G f(w)dz = @ S f@)

z€G
and in this case, the Haar measure is called the counting measure.

(2) In fact, parts (1)—(3) of Theorem hold for every locally compact group
such as G = (R, +). Moreover, for compact G (but not for locally compact G),
part (3) can be replaced by the stronger statement that

/G flzg)dz = /G f()dz = /G f(gz)ds

for all f € CY(G,C) and g € G.

Proof (of Theorem 3.9). We repeat the proof for G finite, replacing sum by integral.
So given any choice (—, —)o of inner product (resp. hermitian inner product) on V|
we define (—, —): V xV — C by

(01, 0) = /G (n(@)(01), 7(z) (v2))ode,

where we use the integral provided by Theorem . The linearity of the integral
implies that (—,—) is an inner product (resp. a hermitian inner product), and we
claim that it is m-invariant. Indeed, given vq,vs € V, we define f € C°(G, C) by

f(@) = (m(x)(v1), m(2)(v2))o

so that (vy,va) fG x)dz. The right-invariance of the integral shows that

(m(9)(v1), 7(g) (v2)) = /G f(zg)d = /G f(@)dz = (v1,v2)

for all ¢ € G, as claimed. We conclude that 7 is orthogonal (resp. unitary), so
Proposition shows that it is completely reducible. ([

Remark 3.12. We explain the idea in the proof above, assuming that 7 is a real
representation. The representation 7 induces a representation

G —2— GL(BT(V))

on the space BT (V) of real symmetric bilinear forms on V' defined by

p(9) (= =), v2) = (n(g™")(v1), 7(g7") (v2)).

The subset I(V) C BT(V) consisting of the real inner products is an open cone,
and it is preserved by p in the sense that p(I(V)) C I(V) for all g € G. Thus, given
(—, =)o € I(V), we have p(G)({(—,—)o) C I(V), which expresses that the G-orbit

through (—, —) is fully contained in I(V'). The w-invariant inner product
1.02) = [ (x(@)(o1).wla)w2)ods
may thus be seen as an “average” over the G-orbit through (—, —)g.
The second proof is to construct the w-invariant inner product (—, —) as a center

of mass. We recall the definition of the center of mass.
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Definition 3.13. Let W be a finite dimensional real vector space, and let u be a
Lebesgue measure ~ on W. Suppose that K C W is a Lebesgue measurable subset
with positive volume p(K) > 0. The center of mass of K C W is the vector

1
c(K)_’u(K)/Ka:da:EW.

We prove three lemmas in the situation of Definition
Lemma 3.14. If K C W is a Lebesque measurable subset with pu(K) > 0, then
(f(K)) = F(e(K))
for all f € GL(W).

Proof. Substituting y = f(x) and dy = det(f)dx, we find that

1 1
c(f(K :7/ ydyzi/a:detfdw:cK
VD= LD o ™~ aa(nai) S, ®otae = <)
as desired. Here we use that det(f) is a scalar, independent of & € K. O

We recall that if K C W is any subset, then its convex hull is defined to be the
subset conv(K) C W that consists of all linear combinations of the form

xoag + -+ Tyl €W

with m > 0, ®g,..., &, € K, ag,...,a;, € [0,1], and ag + -+ + a,, = 1. We say
that a linear combination of this form is a convex combination.

Lemma 3.15. If K C W is compact, then so is conv(K) C W.
Proof. Let n = dimg(W). A classical theorem of Carathéodory states that every

w € conv(K) is a convex combination of at most n + 1 points xo,...,z, € K. So
in fact, the subset conv(K) C W consists of all convex combinations

xoag + -+ xpa, €W

with xg,...,z, € K, ag,...,a, € [0,1], and ag + --- + a, = 1. It follows that we
have a continuous surjection

K™ x Am — 2 conv(K)
that to (xo,...,xn, a0, ..., a,) assigns xpag + - - - + €, a,. Here
A’n C [07 1]’”,—‘,—1

is the subspace of tuples (ag,...,a,) with ag + -+ + a, = 1. So conv(K) is the
image of a compact space by a continuous map, and therefore, it is compact. [

Lemma 3.16. If K C W is a compact ~ subset with u(K) > 0, then
c¢(K) € conv(K).

12 The normalization of p is irrelevant for this definition.
13 Every compact subset K C W is Lebesgue measuable.
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Proof. By the theory of (Lebesgue) integration,
.

c(K) = lim ﬁ Z @i (Ky),

where K = [[;_, K; is a decomposition of K into r disjoint Lebesgue measurable
subsets, and where x; € K; is any point. By definition, we have

ﬁ Zmz#(Kz) € conv(K)

for all » > 1. But by Lemma , conv(K) C W is a compact subset of a Hausdorff
space, and hence, closed, so ¢(K) € conv(K) as stated. O

Proof (of Theorem 3.9). We first suppose that (V,7) is a finite dimensional real
representation of the compact group G and show that 7 is orthogonal. Let BT (V)
be the real vector space of symmetric bilinear forms on V', and let

G —2— GL(B*(V))
be the group homomorphism defined by

p(9) (= =) (w1, v2) = (w(g™")(v1), 7(g7") (v2)).

The pair (BT (V), p) is a representation of G. The subspace I(V) C BT (V) of inner
products is an open cone, and it is p-invariant in the sense that for all g € G,

p(g)I(V)) C I(V).
We now choose (—, —)o € I(V) and (—,—)o € K¢ C I(V) with K, compact, and
define K C I(V) to be the image of the composite map

G x Ko 2% G x BT (V) —2— B+(V),
where i: Ko — BT (V) is the canonical inclusion. Since both maps are continuous,
so is the composite map, and since G x K is compact, so is the image K C BT (V).
Moreover, we have K C I(V'), because Ko C I(V) and because I(V) C BT (V) is
p-invariant. We have p(K) > u(Kp) > 0, so the center of mass

(=, =) =c(K) € conv(K) C BT(V)
is defined. But K C I(V) and I(V)) C BT (V) is convex, being an open cone, so we
have conv(K) C I(V'), and hence,
(—,—) =c(K) € conv(K) C I(V)

is an inner product. By Lemma , it is p-invariant, which is equivalent to the
statement that (—, —) is a w-invariant inner product on V. In particular, (V, ) is
orthogonal, and hence, completely reducible by Proposition

Finally, if instead (V,7) is a finite dimensional complex representation of G,
then we argue in the same way, but with BT(V) replaced by the *real* vector
space HT (V) of hermitian forms on V, and with I(V) C B (V) replaced by the
open cone J(V) C HT(V) of hermitian inner products. O
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APPENDIX: HERMITIAN FORMS AND HERMITIAN INNER PRODUCTS

Since we have already used the notions of a hermitian form and a hermitian
inner product on a complex vector space, let us recall the definition. So let V' be a
(right) complex vector space. A hermitian form on V' is a map

(=~
VxV —>> C

such that for =, x1,x2,y,y;,y5 € V and a € C, the following hold:

(HL)  (z,y1 +y2) = (@, Y1) + (T, ¥5)
(H2) (z1+x2,y) = (z1,Yy) + (T2, 9)
(H3) (z,y-a)=(z,y)-a
(H4) (x-a,y)=a-(x,y)

(H5) (y,z) = (x, y>

Here @ € C is the complex conjugate of a € C. By (H5), we have in particular that
(z,x) € R, and a hermitian form is defined to be a hermitian inner product if, in
addition to (H1)—(H5), it has the following positivity property:

(P) (z,z) >0 and (x,x) > 0 unless x = 0.

As we have also used, the set H1 (V) of hermitian forms on V form a *real* vector
space with vector sum and scalar multiplication defined by

(<_7 _>1 + <_7 —>2)((L’,’y) = <$,y>1 + <(B,y>2
(<_v _> : a’)(xvy) = <$ay> - a
with ,y € V and a € R C C. The subset J(V) C HT(V) of hermitian inner

products is an open cone. Indeed, while J(V)) C H* (V) is closed under vector sum,
it is only closed under scalar multiplication by *positive* real numbers a.

APPENDIX: CARATHEODORY’S THEOREM

Let us prove Caratheodory’s theorem that we used in the second proof above.
So we let W be a finite dimensional real vector space, and recall that, by definition,
the convex hull of a subset K C W is the union

conv(K) = U conv,, (K) C W,
—1<m<oco
where conv,, (K) C W is the subset of all convex combinations of m + 1 points in
W, that is, the subset of all vectors of the form

Toao + -+ + T,
with ®g,...,&m € K, ag,...,a;, €[0,1] and ag + -+ + ap, = 1.

Theorem 3.17. Let W be a real vector space of finite dimension n, let K C W
be any subset, and let —1 < d < n be the dimension of the smallest affine subspace
that contains K. In this situation,

conv(K) = convy(K).

14 We use the physics convention that (—, —) is linear in the second variable and conjugate
linear in the first variable. Much of the mathematical literature, including the book, uses the
opposite convention that (—, —) is linear in the first variable and conjugate linear in the second
variable.
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Proof. By the definition of the convex hull, we may assume that K C W is a finite
subset. We prove the statement by induction on the cardinality N of K. If N =0,
then K =0, so conv(K) = () = conv_; (K), and hence, the statement holds in this
case. So we let N = r > 0 and assume that the statement has been proved for
N < r. We let K C W be a subset of cardinality r, and write K = L U {x} as
the union of a subset L C W of cardinality » — 1 and a singleton. Let d and e be
the dimensions of the smallest affine subspaces that contain K and L, respectively.
Clearly, either d = e or d = e 4+ 1. By the inductive hypothesis, we have
conv(L) = conv.(L) = U Af,
1<i<s
where each Af C W is an e-simplex, whose e + 1 vertices are elements of L, and
this implies that
conv(K) = conv(LU{x}) = | conv(AfU{x}).
1<i<s
So it will suffice to prove that
conv(A{ U{x}) C convy(K)

foralll1 <i<s.Ifd=e+1orif d=eand x € A, then there is nothing to prove.
So we assume that d = e and that @ ¢ AS. For every subset M C W, we have

conv(M U {x}) = U conv({u,x}),

ueM
so it suffices to show that for every u € AY, the line segment

conv({u,z}) ={ua+xbe Wa,bel0,1],a+b=1}

is contained in a d-simplex, whose vertices are elements of K. Since u € A{, we can
write u as a convex combination

U =T + -+ Tele

with ag,...,a. € [0,1] and ag + - - + a. = 1. Thus, every y € conv({u,x}) can be
written as a convex combination

y=wua+ xb= (xoag + - + Tcae)a + xd
with a,b € [0,1] and a + b = 1. Since d = e and @ ¢ A¢, we can arrange that at

i
least one of the aq, ..., a. be equal to zero. By rearranging the x;, if necessary, we

can assume that ag = 0. But then
conv({u,x}) C conv({xy,..., e, x}),

which is an e-simplex with vertices in K as required. This proves the induction step
and the theorem. O

28



4. DUAL REPRESENTATION, TENSOR PRODUCT OF REPRESENTATIONS

We first discuss the dual vector space. To do so (and not make mistakes), we will
let k be any skew-field. So we do not assume a - b and b - a are equal for a,b € k.
A skew-field k = (k, +, -) has an opposite skew-field k°P = (k, +, ) with the same
underlying set and the same addition, but with the new multiplication

axb="-a.

By a k-vector space, we will always mean a *right* k-vector space. So we agree that
scalars multiply from the right and not from the left. We have to do so, if we want
matrices (that represent linear maps) to multiply from the left, and I think that we
all agree that we want that. Let us recall how this works.

So let p: W — V be a linear map between right k-vector spaces, which we will
assume to be finite dimensional, and let (v1,...,v,,) and (w1,...,w,) be bases
for V and W, respectively. Every w € W and v € V can be unique written as

V=011 +V2X2+ -+ VT,
W =wiy; + WYz + 0+ WalYn
with © = (z;) € My, 1(k) and y = (y;) € My, 1(k). Now, there is a unique matrix
A = (aij) € My (k)
such that for all v € V and w € W, v = p(w) if and only if x = Ay, namely, the
matrix whose entries a;; are the unique solutions to the linear equations
p(w;) = via; + v2a2; + - -+ Vil

with 1 < j < n. So the jth column in A is the coordinate vector of ¢(w;) with
respect to the basis (v1,va,...,v,). We say that A is the matrix that represents
w: W — V with respect to the bases (v1,...,vn) and (wy,...,w,).

If U= (U,+, -) is a *left* k-vector space, then we view it as a right k°P-vector
space U = (U, +, %) with the same underlying set (of vectors) and the same vector
sum, but with the new scalar multiplication x: U x k°? — U given by

UG =a-U.

We now discuss the dual vector space. So suppose that V = (V, 4+, -) is a *right*
k-vector space. Its dual is the *left* k-vector space

V* = (Homy(V, k), +, -)
with vector sum and *left* scalar multiplication given by

(f +9)(v) = f(v) + g(v)

(a-f)(v) =a-f(v).

Let us check that a - f € V*. It is clear that a - f is additive, and the calculation
(@a-f)lv-b)=a-flv-b)=a-(f(v)-b)=(a-f(v)-b=(a-f)(v)-D.

shows that it is also preserves right multiplication by b, as required. Note that this

would not be true, if we instead let @ multiply from the right, unless a -b =0 - a.
We agreed to consider this left k-vector space as the right k°P-vector space

V* = (Homy (V) k), +,%),

15 The book writes V'’ instead of V*.
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with the right scalar multiplication by a € k°P given by

(f*xa)(v) = (a- f)(v) =a- f(v) = f(v) xa.

If dimg (V) < oo, then a basis (v1,...,v,,) of the right k-vector space V gives rise
to a basis (v7,...,v},) of the dual right k°P-vector space V* defined by

. 1 ifi=y
v; (v)) = o .
0 ifi#j,
which we call the dual basis.

A k-linear map ¢: W — V between right k-vector spaces V and W determine a
k°P-linear map ¢*: V* — W* between right k°P-vector spaces defined by

Moreover, if V and W are finite dimensional, and if A € M,, ,,(k) is the matrix that

represents : W — V with respect to bases (vi,...,v,) and (w1,...,w,) of V
and W, respectively, then the matrix that represents the map ¢*: V* — W* with
respect to the dual bases (vy,...,v}) and (w3,..., w) is the transpose matrix

Al = (aji) c Mn}m(k()p).

If V is a right k-vector space, then its double dual V** = (V*)* is also a right
k-vector space, so it is possible to compare them. There is a natural k-linear map

VoV e

defined by d(v)(f) = f(v). That the map Jy is natural ” means that if o: W — V
is any k-linear map, then the diagram

ow

L{, lw
3%

V_)V**

commutes. If dimy (V') < oo, then dy is an isomorphism. Indeed, if (vy,...,v,) is
a basis of V, then (vi*,...,v:F) is a basis of V**| and the calculation

. 1 ifi=j
dv (vi)(vj) = vj(vi) = {o if i #

shows that dy (v;) = v}

i -

16yWe use the word “natural” to indicate natural transformations between functors, whereas
we use the word “canonical” to indicate some particular or preferred choice. So “natural” has a
precise mathematical meaning, whereas “canonical” does not.
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Warning 4.1. By contrast, there is *no* preferred way to compare V and V*. If V
is a right k-vector space, then V* is a right k°P-vector space. So to convert V* into
a right k-vector space o,(V*), we need a ring homomorphism

k —7— k°P.
Such a ring homomorphism may not exist, and if it does, then it may not be unique.
For instance, if £ = C, then we can choose o to be the identity map, but we can

also choose o to be the map given by complex conjugation, which is different! Given
o: k — k°P, we must choose a map of right k-vector spaces

V00, (V).
The map b determines and is determined by the map

VxV i}
defined by (x,y) = b(x)(y), and b is a well-defined and k-linear map if and only if
the map (—, —) satisfies

(S1) Forall z,y,z € V, (x,y + z) = (x,y) + (x, 2).

(S2) Forall z,y € Vand a € k, (x,y -a) = (z,y) - a.

(S3) Forall z,y,z €V, (x +y,2) = (x,2) + (y, 2).

(S4) Forall z,y e Vand a € k, (x-a,y) = (x,y) xo(a) =0o(a) - (x,y).
We say that (—,—) is a o-sesquilinear form, and we say that it is non-singular
if the map b is an isomorphism. Therefore, in order to compare V and V*, we
must both choose a ring homomorphism o: k — k°P and a o-sesquilinear form
(—,—): V. xV — k. Obviously, we should never do so, if we can avoid it! Let us
also mention that if o o 0 = idy, then the o-sesquilinear form (—, —) is said to be
o-hermitian if, in addition, it satisfies:

(H) Forall z,y € V, (y,x) = o({x,y)).

The requirement (H) is equivalent to the statement that the diagram

V—L o (V)

lév Tm(b*)

V== 0.((0.(V"))")

commutes.

We now assume that k is a field. Since a -b = b - a for all a,b € k, the identity
map is a ring homomorphism idg: k — k°P. If V is a right k-vector space, then we
agree that we will *always*™ use the identity map o = idg: k — k°P to view the
right k°P-vector space V* as a right k-vector. In particular, if £k = C, then we will
*not* use complex conjugation to view V* as a right C-vector space.

Definition 4.2. Let k be a field, and let (V,7) be a k-linear representation of a
group G. The dual representation is the pair (V*,7*) of the dual k-vector space V*
and the group homomorphism

G- GL(V*)
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defined by 7*(g) = 7(g~1)*.

Let us check that 7* is indeed a group homomorphism. We have
m™(g-h)=x((g-n)") =n(h~t- g7 = (x(h ") om(¢g™"))*
=n(g ") om(h™1)* =7*(g) o w*(h)
as required. Also, if V' is finite dimensional, and if the matrix

A(g) € My (k)

represents w(g): V — V with respect to the basis (v1,...,v,), then the matrix
Alg™)" = (A(9)™")" € Ma(k)
represents 7*(g): V* — V* with respect to the dual basis (v],...,v%).

Ezample 4.3. Let (V,7) be a finite dimensional real representation of a group G.
We claim that if 7 is orthogonal, then 7* ~ 7. To see this, recall that 7 is said to
be orthogonal if there exists an inner product (—, —): V' x V — R such that

(m(9)(x), 7(9)(y)) = (z,y)

for all ¢ € G and x,y € V. Therefore, the matrix Q(g) € M, (R) that represents
w(g): V — V with respect to a basis (vy,...,v,) that is orthonormal with respect
to (—, —) is orthogonal, that is, it satisfies Q(g) = (Q(g)~!)!. So the map

V—Love

defined by b(x)(y) = (x,y) is intertwining between = and 7*. Since (—,—) is an
inner product, the map b is also an isomorphism of vector spaces, so the claim
follows. We note, as in Warning 4.1, that the isomorphism 7 ~ 7* is not canonical,
let alone natural, but depends on the choice of inner product.

Ezample 4.4. If k is a field and if (V,7) is a k-linear representation of a group G,
then the map oy : V — V** is intertwining between 7 and 7** = (7*)*. Indeed,

T (g) =7 (971" = 7(9)",
and the diagram

Jﬂ(g) Jﬂ(g)**
5

v

commutes by the naturality of 4.

Theorem 4.5. Let k be a field, and let (V,7) be a finite dimensional k-linear
representation of a group G.

(1) m is irreducible if and only 7 is so.
(2) 7 is completely reducible if and only if ™™ is so.

Proof. Indeed, the sequence

0 U—"sv




is exact (resp./ split exact) if and only if the sequence

0 ARG VAN 0

is exact (resp. split exact). O

Remark 4.6. In elementary particle physics, an elementary particle is an irreducible
representation m of the gauge group §. The corresponding antiparticle is the dual
(irreducible) representation 7*.

SUMS OF REPRESENTATIONS

We will next define (direct) sums of representations. There are two version, the
exterior sum denoted “B” and the (interior) sum denoted “®.” First, let
Vi VoV oV,
be a direct sum of k-vector spaces Vi and V5. Given v, € V; and vg € Vs, we write
v Dvy = il(vl) + iz(’UQ) eVials.
If f1: W7 = Vj and fo: Wy — V5 are k-linear maps, then there is a unique k-linear
map f1 @ fo: W1 & Wy — V3 &V, that makes the diagram

Wi —Ls W @ Wh 22— W,
Jfl J/fl@f2 lfz
Vit VeVt 1
commute. In terms of elements, we have
(/1 ® f2) (w1 @ w2) = fi(w1) © fa(ws).
Moreover, if also g1: Vi — Uy and go: Vo — Us are k-linear maps, then

(91 ®g2)o(fi® f2) = (10 f1) ® (920 f2).

In particular, we have a well-defined group homomorphism
GL(V1) x GL(Va) —2— GL(V; & V3)

that to (f1, f2) assigns f1 @ fo.

Definition 4.7. Let (V1,m) and (V3, m2) be k-linear representations of two groups
G1 and G, respectively. The k-linear representation (V3 @Va, m1Hms) of the product
group G1 X G4, where 7 H 75 is the composite group homomorphism

T X T

G x Gy "5 GL(V3) x GL(Va) —2— GL(V; @ V),
is called the exterior sum of (Vi,7) and (Va,m2).

Spelling out the definition in terms of elements, we have

(m1 B m2)(g1, 92)(v1 ® v2) = m1(g1)(v1) B m2(g2)(v2)

for g1 € G1, gs € GQ, vy € V] and vy € V5.
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For every group G, the diagonal map

G- 6xG
defined by Ag(g) = (g, 9) is also a group homomorphism.

Definition 4.8. Let (V;,m) and (V2, m2) be k-linear representations of the *same*
group G. The k-linear representation (Vi @ Vs, 71 @ma) of G, where m @y is defined
to be the composite group homomorphism

G2 axa - QL @ Va),

is called the sum of m; and ms.

Again, spelling out the definition in terms of elements, we have

(m & m2)(g)(v1 & v2) = m1(g)(v1) B T2(g)(v2)
for g € G, vy € V5, and vy € V5.
Remark 4.9. If (Vi,m) and (Va, m2) both are k-linear representations of the same
group G, then it may seem as if there is not much difference between the represen-
tations 7 H w3 and m; & me. However, there is a big difference, which is that the

former is a representation of the group G x G, while the latter is a representation
of the much smaller group G.

Ezample 4.10. Let (V,7) be a k-linear representation of a group G. If Uy, Uy C V
are m-invariant subspaces, then the canonical inclusion maps
Ul J1 v J2 U2
are intertwining between 7y, and 7, and hence, the induced map
—
Ul ® U2 JitJ2 Vv

is intertwining between 7y, @ 7y, and w. We recall that j; + js is surjective if and
only if Uy + Us = V and that j; + jo is injective if and only if U; N Uz = {0}. In
particular, if j; + jo is bijective, then m >~ 7y, @ 7y,.

We can now restate Theorems and as follows:

Theorem 4.11. A finite dimensional k-linear representation (V,m) of a group G
is completely reducible if and only if m >~ m & -+ D W, with w1, ..., Ty irreducible.

Theorem 4.12. Let (V,7) be a k-linear representation of a group G, and suppose
that m ~ m @ -+ ® Wy, with w1, ..., Ty irreducible. If U C V is w-invariant, then
my 48 isomorphic to the sum of some of the m;, and my,y is isomorphic to the sum
of the remaining ;.

Lemma 4.13. Let (V,7) be a k-linear representation of a group G, and sup-

pose that Vi,...,Vy,, C V are w-invariant subspaces such that the representations
TV, ..., Ty, are irreducible and pairwise non-isomorphic. In this case, the canon-
ical map

we eV, —V

is injective, so my, © --- B Wy, s a subrepresentation of .

17 The book writes 71 + 72 instead of w1 @ 7a.
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Proof. We argue by induction on m > 0, the case m = 0 being trivial. So we
assume that the statement has been proved for m < r and prove it for m = r. By
the inductive hypothesis, the canonical map

Vi Vg —V
is injective with image Vi 4 --- 4+ V;._1, so the kernel of the canonical map
We---eViaeV, —V

is equal to (V4 + -+ + V,._1) NV,.. Since 7y, is irreducible, the kernel in question is
nonzero if and only if V. C V; 4+ -+ V,._;. However, by Theorem , this is not
possible, because 7y, % my, for all 1 <i <. O

We can now prove the following analogue of unique prime factorization for
semisimple representations.

Theorem 4.14. Let my,...,my and p1,...,pn be trreducible k-linear representa-
tions of a group G, and suppose that T & -+ ® T = p1 D -+ D pyn. In this case,
m =mn and, up to a reordering, m; ~ p; for all 1 <i < m.

Proof. The proof is by induction on m > 0, the case m = 0 being trivial. So we
assume that the statement has been proved for m < r and prove it for m = r. We
choose any 0 < s < r and consider the two subrepresentations

7(-1@"'@77577(_5+1®"'@7rrCﬂl@"'@ﬂ-rzpl@'”@pn-

Theorem shows that m & - - & 7, is a sum of some of the p;, and that 75,1 &

- @ 7, is the sum of the remaining p;. Since we s < r and r — s < r, it follows
from the inductive hypothesis that, up to a reordering, m; ~ p; for 1 < i < s and
for s+ 1 < ¢ < r. This proves the induction step, and hence, the theorem. O

TENSOR PRODUCTS OF REPRESENTATIONS

We finally define tensor products of representations, and again there is both an
exterior tensor product “X” and an interior tensor product “®.” First, we recall
that a tensor product of two k-vector spaces is a k-bilinear map

Pvy,vo
VixVo——"—Vi® VWV
with the property that for every k-bilinear map
Vi x Vo —2s U

there is exists a unique k-linear map b: V1 ® Vo — U that makes the diagram

le%4>V1®V2

NS
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commute. We say that this property of the tensor product is its defining universal
property. In particular, we conclude that if also gy, v, : Vi xVa = V1 ® V5 is a tensor
product of Vi and V5, then the unique k-linear maps

q ~
ViV Vidh
P

are each other’s inverses. In this way, a tensor product of V; and V5 is unique, up
to unique isomorphism, so we often abuse language and call it *the* tensor product
of V1 and V5. Given vy € V] and vy € Vs, we write

v1 @ V2 = Py, v, (V1,02) € VI @ Va.

We recall that if the families (e;);c; and (fj)jej are bases of Vi and V3, respectively,
then the family (e; ® f;) (i j)erxs is a basis of V1 ® Va. In particular, we have

dimk(Vl ® VQ) = dimk(vl) ! dimk(VQ)‘

Suppose that fi: Wy — Vi and fo: Wy — V5 are two k-linear maps. It follows
from the defining universal property of the tensor product, there is a unique k-linear
map f1 ® fo: W1 @ Wy — V; ® V5 that makes the diagram

Pwq, Wy
Wi x Wy ——— W @ Ws

Jflez Jfl@fé
p

Vi,Va

VixVo——m—V1@ W,

commute. Indeed, the map py, v, o (f1 X fa) is k-bilinear. By the uniqueness of this
assignment, we conclude that there is a well-defined map

GL(V1) x GL(Va) —2— GL(V; ® Va)
that to (f1, f2) assigns f1 ® f2 and that this map is a group homomorphism.

Definition 4.15. Let (V1,1 ) and (Va, m2) be k-linear representations of two groups
G1 and G, respectively. The k-linear representation (V3 ® Va, m1®my) of the product
group G1 X G4, where m; X 75 is the composite group homomorphism

T X T

G x Gy 5 GL(V;) x GL(Va) —2— GL(V; @ V),
is called the exterior tensor product of (Vi,m) and (Va,m2).

Spelling out the definition in terms of pure tensors, we have

(m1 R m2) (g1, 92) (01 @ v2) = m1(91)(v1) ® m2(g2)(v2),
where g1 € G1, g2 € Go, v1 € V7, and vy € Vs.

18 The tensors of the form v1 ® va are called pure tensors. They are the tensors that belong to
the image of the map py, v, : V1 X Vo — V1 ® Va. Every tensor can be written as a sum of pure
tensors, but it is almost never useful to do so, since the sum is not unique. A tensor that is not a
pure tensor is said to be entangled. This is the source of entanglement in quantum mechanics.

19 Confusingly, the book writes 71 ® 72 instead of 71 X ma.
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Definition 4.16. Let (V1,7 ) and (Va, m2) be k-linear representations of the *same*
group G. The k-linear representation (V; ® Va, 1 @ 7o), where m ® 7o is defined
to be the composite group homomorphism

™1 |X7T2

G—>G><G—>GL(V1®V2)
is called the tensor product of 7, and ms.

Again, spelling out the definition in terms of pure tensors, we have

(m1 ® 72)(9)(v1 ® v2) = m1(g)(v1) ® T2(g)(V2).

Ezample 4.17. 1) We recall that sum and tensor product satisfy a distributive law
in the sense that the canonical map

U)o UaV) — U (Vo)

is an isomorphism. So if 7: G — GL(k™) is the trivial k-linear representation of G
on V =k" and if 7: G — GL(U) is any k-linear representation, then

TRT2rR(k® k)T Rk)PD-- B (rRk)~1d - &,

where there are n summands.

2) If U and V are right k-vector spaces, then there is a natural k-linear map

V& U* —2 s Homy (U, V)

defined by a(v ® f)(u) = v - f(u). It is an isomorphism if at least one of U and V/
is finite dimensional. That the map «ay,y is natural means that if ¢: Uy — U; and
: Vi — Va5 are k-linear maps, then the diagram

Vi @ U —2 Homy, (Uy, Vi)
\Ld’@Ul J]Hom(Ul,w)
Vo @ Uy e Homy, (Uy, Va)
l‘/z@(ﬂ JHom(v V2)
Vo @ Uf —22; Homy (Us, Va)

commutes. In particular, if (V,7) is a k-linear represenstation of G, then
Ve v —2Y s Homy(V,
J‘"(g)@@‘/* Hom(V,m(g))
Ve v — s Homy(V,V
lV®ﬂ(91)* Hom(w (g9~ 1),V
Ve v —2Y s Homy(V,V

20 The book writes mime instead of 1 ® 2.
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commutes for all g € G. The outer diagram is

VeV —Y L Endy(V)

l(ﬂ@%*)(g) J/Ad(fr(g))

Ve Vs — s Endy (V).
So if V' is finite dimensional, then ay - is isomorphism of k-linear representations
T ~Adom,
where the right-hand side is the k-linear representation of G on V given by the
composite group homomorphism
G —"- GL(V) 24 GL(V).

In particular, if we take G = GL(V') and 7 = id, then 7 and 7* are irreducible, but
their tensor product 7 ® 7* is not!

Remark 4.18. If m; and my are irreducible representations, then it is an important
problem called “scattering” to determine how m; ® 7o decomposes as a sum

T Q@me>p1 D---DpPm

of irreducible representations. The name “scattering” comes from physics. Indeed,
by colliding the elementary particles 1 and 75, one obtains the state m ® o, which,
in turn, decays to the collection of elementary particles p1, ..., pm-
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5. EXTENSION AND RESTRICTION OF SCALARS

Let f: A — B be a ring homomorphism. If N = (N, +, -) is a right B-module,
then we define a right A-module

f*(N) = (Nv"_»*)

with the same underlying set and addition, but with right scalar multiplication by
elements a € A on elements y € N given by

yxa=1y- f(a)
Moreover, if h: N1 — Ny is a B-linear map between right B-modules N7 and N,
then the same map is an A-linear map

foN) 82 p ()

between the right A-modules f.(N7) and f.(N2).
Conversely, if M = (M, +, ) is a right A-module, then we define
[(M) = (M @4 B+, -)
to be the right B-module, where for « € M and by,b, € B,
(x®@b1) by =@ (b1ba).
If g: My — M, is an A-linear map, then we define

Frov) 22 ey

to be the unique B-linear map such that for x € M and b € B,
[ (9)(x2b)=g(x) 0.
It is well-defined, because g is A-linear. Indeed, if x € M, a € A, and b € B, then
[ (g)(xa®b) =g(xa) @b =g(x)a®b=g(x) @ f(a)b = f(9)(x @ f(a)b).

We say that f* is the extension of scalars along f, and we say that f, is the
restriction of scalars along f. They are functors

*

Mod 4 ¢ > Mod g

fs

between the respective categories of right modules and linear maps. Indeed, it fol-
lows immediately from the definitions that, as required,

f(g1092) = f*(g1) © f*(g2)

fe(idn) = idy, (n)
fe(h1oha) = fi(h1)o fi(ho).
Example 5.1. If o: C — C is the ring homomorphism given by complex conjugation,
o(a+ib) = a —ib,
and if V = (V,+, ) is a right C-vector space, then
0o (V) = (V,+,%)

is the complex conjugate right C-vector space V.
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Returning to the general situation above, we define the unit map

uhvs
)

M —— fuf*(M
by nyv(x) = * ® 1 and the counit map
fI(N) == N

by en(y®b) = yb. They are both natural transformations of functors, which means
that if g: My — My and h: N; — Ns are an A-linear map and a B-linear map,
respectively, then the following diagrams commute:

My —20 s £ (M) ) —2 N
Jg lf*f*(g) lf*f*(h) lh
My —20 £, £5(My) £ 1 (N2) —2 N,

Moreover, for every right A-module M and every right B-module N, the diagrams

f (nM "lf*(N)

fr (M) ——— f* fuf* (M) Jo(N) ——— fo /" f«(N)

NN

commute. We refer to this by saying that n and e satisfy the triangle identities and
that the quadruple (f*, f«,€,7n) is an adjunction from Modg to Mod 4.

Proposition 5.2. In the above situation, the maps

Hom (f*(M), N) —W; Hom 4 (M, f.(N))

defined by a(g) = f«(g) onar and B(h) = en o f*(h) are each other’s inverses.

Proof. By definition, the map «(g) is the composite map

M £ () s (N

so the map (8o «)(g) = B(a(g)) is the composition of the upper horizontal maps
and right-hand vertical map in the following diagram:

f(mw) Frfpe ) L9 ff*(g) £ 1 (V)

~l )

M) —2— N

(M) ——

But the left-hand triangle commutes by the triangle identities, and the right-hand
square commutes by the naturality of €. So we conclude that (8o «)(g) = g, as
desired. Similarly, the map S(h) is defined to be the composite map

£ ()

ff(N) —"— N
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so the map (a0 f)(h) = a(B(h)) is the composition of the left-hand vertical map
and lower horizontal maps in the following diagram:

M——" s f(N)

JWM lnf* (N
fof"(h)

foprn) 20 p e () LY v,

But the left-hand square commutes by the naturality of n, and the right-hand
triangle commutes by the triangle identities, so we conclude that (o 8)(h) = h. O

Let f: k — k' be an extension of fields. If V' is a k-vector space, then the map

aL(v) - aL(sr(v))

is a group homomorphism, because f* is a functor. Hence, if (V,7) is a k-linear
representation of a group G, then we obtain a k’-linear representation of G given
by the pair (f*(V), f*n), where f*r is the composite group homomorphism

G- GL(V) L QL (V)

We call f*r the k’-linear representation obtained from the k-linear representation
7w by extension of scalars along f.

Similarly, if V' is a k’-vector space, then the map

GLV') L GL(£.(V)

is a group homomorphism, because f, is a functor. Hence, if (V’/, ') is a k’-linear
representation of G, then we obtain a k-linear representation of G given by the pair
(f«(V"), fur"), where f.7' is the composite group homomorphism

G " GL(V') —L GL(f. (V).

We call f.m’ the k-linear representation obtained from the k’-linear representation
7' by restriction of scalars along f.

Remark 5.3. If f: k — k' is a field extension, then
dlmk(f*(V’)) =d- dimk/(V’),

where d = [k’ : k] is the degree of the extension.

Theorem 5.4. Let f: k — k' be a field extension. Two finite-dimensional k-linear
representations (Vi,m1) and (Va,m) of a group G are isomorphic if and only if the
k' -linear representations (f*(V1), f*m1) and (f*(Va), f*ma) are so.

Proof. If h: Vi — V5 is a k-linear isomorphism that is intertwining between 7 and
ma, then f*(h): f*(V1) — f*(V2) is a k’-linear isomorphism that is intertwining
between f*m; and f*my. This proves the “only if” part of the statement.
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To prove the “if” part of the statement, we assume that f*m; ~ f*ms and prove
that m; ~ mo. The proof that we give here uses that the field k is infinite. A different
proof based on the Krull-Schmidt theorem works for all k. We first note that

dimk(Vl) = d1mk,(f*(V1)) = dlmk/(f*(‘/'g)) = dlmk(‘/g),
where the middle equality holds by the assumption that f*m; ~ f*m. So we may
consider m; and 7 to be matrix representations

1,72

G- GL, (k).

Moreover, by viewing k as a subfield k C &/, namely, as the image of the extension
f:k — K, we may consider f*m; and f*my as the matrix representations

1,72

G GL, (k) C GL,(K).
Now, that 71 ~ w9 means that there exists C € M, (k) such that
(a) Forall g € G, C-m(g) =m(g)-C.
(b) The determinant det(C') is nonzero.

The requirement (a) is a system of linear equations of k in n? variables. By Gauss
elimination, we know that a general solution has can be written uniquely as
C=tC1+ 4+ t,,Cn

with (C1,...,Cy,) a linearly independent family of vectors in the k-vector space
M, (k) and with (t1,...,t,,) a family of scalars in the field k. The requirement (b)
is the statement that there exists a family (¢1,...,%,,) of scalars in k such that the
value of the polynomial

p(x1,. .., xy) =det(x1Cy + - + 2, Cp) € K[y, ..., T

at (z1,...,Tm) = (t1,...,tm) is nonzero. Similarly, that f*m; ~ f*ms means that
there exists C’ € M, (k') such that

(") Forall g e G, C'-m(g) =ma(g)-C".
(b’) The determinant det(C") is nonzero.

But (a’) is the same system of linear equations as (a), so Gauss elimination tells us
that a general solution C’ € M, (k") can be written uniquely as

C'=t1Ci+-+t,Cn
with (C1,...,Cp) as before and with (¢],...,1],) a family of scalars in the field ¥’

rm
And (b’) is the requirement that there exists a family (¢),...,t/ ) of scalars in &’

such that the value of the polynomial
p(x1,. .., Tm) € klT1, .. 2w CK 21, 2]
is nonzero. Since k, and hence, %k’ is infinite, the &’-linear map
E'w1,. .. @] —— Map((k")™, k')
is injective, so our assumption that f*m; ~ f*my implies that the polynomial
P(T1y .oy Tm) € K[T1, ..., Tm]
is nonzero. But, since k is infinite, the k-linear map

k[, ... Zm] —— Map(k™, k)
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is injective, so we exists (t1,...,t,) € k™ such that p(t1,...,t,) # 0. This shows
that m; ~ 7o, as desired. O
Suppose that f: k — k' is a Galois extension with Galois group

I'= Autk(k').
If V is a k-vector space, then the group homomorphism

P *

['—— GL(f.f"(V))

given by the formula

p(Y)(x @b) =z @ y(b)

with @ € V and b € k' defines a k-linear representation of I on f, f*(V). Suppose
that we also have a k-linear representation

G —— GL(V)

of some group G on V. In this situation, the group homomoprhism

G L GL(f (V)

also defines a k-linear representation of the group G on f,.f*(V). We note that for
all g € G, the k-linear isomorphism f, f*m(g) is intertwining with respect to .
Similarly, for all v € T, the k-linear isomorphism p(7) is intertwining with respect
to fuf*(m). Indeed, for ally €T, g € G, x € V, and b € K/, we have

p(Y)(fuf (g )(fv®b)) p(7)(m(g)(x) @ b)
m(g)(z) ©~(b)
—f*f* (9)(x @ ~(b))
= [/ m(9)(p(7)(x @ b)).
Equivalently, the map
G xT —— GL(f.f*(V))
given by
7(g,7)(x © b) = m(g)(x) @ ~(b)

is a group homomorphism and defines a representation of the group G x I' on the
k-vector space fi f*(V). It follows that the subspace

= (S V) ={y e ff* (V) | p(1)(y) = y for all y € T} C fif*(V)

is fi f*m-invariant. Moreover, the unit map
Vs f (V)
is intertwining between 7 and f, f*m and induces a map
7 *
V——W=(ff (V)"

that is intertwining between 7 and (f. f*7)w
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Theorem 5.5. Let f: k — k' be a finite Galois extension with group T’ = Gal(k'/k).
If (V,7) is a k-linear representation of a group G, then the map

Vo W = (L))
is an isomorphism between w and (f« f*T)w .

Proof. By faithfully flat descent for modules, the diagram

v fef"(nv)
Vo LW W)
faf*(V

is an equalizer. This only uses that f: k — k' is faithfully flat, which is true for
every extension of fields. That the diagram is an equalizer means that the map 7y
is injective and that its image is equal to the subspace

W' ={y € ff* V)| fuf () (@) = np .01 (@)} C fuf (V).

So we wish to show that W = W’ and write out the diagram above as

v Fef™(v)
V%‘/@kk/n;)‘/@kk/@kk/
Fx (V)

with ny(z) =z @ 1, fuf*(nv)(x®@b) =z ®1®b, and ny, f+(v)(x@b) =xRbX 1.
The assumption that f: k — &’ is a finite Galois extension with group I' implies
that the ring homomorphism

N S | I

with yth component h- (b1 ® ba) = bi17y(b2) is an isomorphism. Thus the subspace
W' CV @ k' is equal to the equalizer of the two composite maps

, £ (mv) , , V&h ,
Verk X Verk ok 4>H7€I‘V®kk'
Nfs f*(V)

Finally, the yth components of the two composite maps are given by
(V@hy)o fuf (nv))(x®b) =2 (b)
(V@hy)onp p-(v))([@®@b) =2 R0,
which shows that W = W’ as desired. O

This was rather abstract! Let us now specialize to the case

E=R— K =C

which is Galois with group I' = Gal(C/R) = {id, o}, where o: C — C is complex
conjugation. If V' is a real vector space, then it is common to write

Ve =f*(V)

and call it the complexification of V. If V' is a complex vector space, then it is also
common to abuse of notation and write V' for the real vector space fi(V’). This
is very confusing, however, since V' is a complex vector space, whereas f,(V’) is a
real vector space.
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If V is a real vector space, then so is f.(V¢), and we have the R-linear map

£ V) 22 £ (V)

where 0 € I' = Gal(C/R) is complex conjugation. We will also refer to this map as
complex conjugation, and given y € f.(V¢), we write

y = p(o)(y).
If we write y = > @; ® z; with @; € V and z; € C, then y = > x; ® z;.
If W C V¢ is a complex subspace, then so is its image
W =p(o)(W) C V¢
under complex conjugation. Indeed, if ¥ = p(c)(y) € W and z € C, then also
g-z=p(0)(y)-z=plo)(y-2) e W.

Lemma 5.6. Let V' be a real vector space, and let W C V¢ be a complex subspace
of its complexification. The following are equivalent.

(1) The complex subspaces W, W C V¢ are equal.
(2) There exists a real subspace U C'V such that W = Ug C V.
Proof. 1t is clear that (2) implies (1), so we assume (1) holds and prove (2). The
unit map gy : V — fio(Vg) is R-linear, and we define
U=ny' (fs(W)) C V.
By Proposition 5.2, the R-linear map

nvlu

U——— fu(W)
determines and is determined by the C-linear map

Uc = f*(U) B(nvlu) W,

and we claim that the latter map is an isomorphism. It is injective, because the

diagram commutes and because the left-hand vertical map is injective.

FE(U) Blnvlu) w

| |

[ (V)=——=W

To prove that it is also surjective, let y € W. We have y € W, so by (1), we also
have y € W. It follows that both u = 3(y + ) and v = 5-(y — ) belong to W.
But 4 = v and v = v, so by Theorem 5.5, we have

w,v € im(V 2% f.(Ve)).

and since also u,v € W, we have

w0 € im(U 2% £ (W),

21 Here we use that f: R — C is flat, as is any field extension. Indeed, extension of scalars
along a ring homomorphism f: A — B preserves monomorphisms if and only if f: A — B is flat.
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But this shows that

y=u-+iveimUe = f*(U) L2 W)

as desired. 0O

Example 5.7. We recall the real representation (R?, ) of the additive group of real
numbers G = (R, +) defined by

cost —sint
m(t) = (sint cos t) ’
It is an irreducible representation, but its complexification ¢ is not. Indeed, in the
basis (€] + iez, e — ieg) of (R?)¢ ~ C?, we have

re(t) = <egt e9it> .

Theorem 5.8. Let m: G — GL(V) be a real representation.

(1) If wc is irreducible, then so is .

(2) If w is irreducible, then either wc is irreducible or a sum of two irreducible
representations, which are each other’s conjugate.

(3) The represention m is semisimple if and only if ¢ is so.

Proof. (1) If U C V is w-invariant, then Ug C V¢ is me-invariant. So Ug is equal to
either {0} or V¢, which shows that U is equal to either {0} or V as desired.

(2) Let W C V¢ be a me-invariant subspace with mc y irreducible. In this situation,
WnNW,W+W cC V¢
are both mc-invariant subspaces, and since
WAW=WnW=Wnw
WAW=W+W=W+W,

it follows from Lemma that both are complexifications of real subspaces of V.
By the assumption that V is irreducible, the only possibilities are that

i) WnW =W+ W = {0},
i) WnW={0}CcW+W =g, or
(iii)) WNW=W+W =1¢.
In case (i), we have W = {0}, in (ii), the map W & W — V¢ induced by the
canonical inclusions is an isomorphism; and in case (iii), we have W = V. This
proves (2). Finally, (3) follows immediately from (1) and (2). O

Ezample 5.9. Let m: X3 — GL(R®) be the standard (permutation) representation
of the symmetric group. The subspaces

Vi={xcR®|z; =2y =23} CR?

V2:{$6R3‘$1+$2+$3=O}CR3
are m-invariant, and moreover, the representations m; = 7y, and 7 = 7y, are both
irreducible and 7y is faithful. We claim that ma ¢ is irreducible. If not, then it is a
sum of two irreducible representations, and since

dim(c(‘/g’c) = dlmR(Vg) = 2,
46



each of these two irreducible representations much be 1-dimensional. But m ¢ is
again faithful,”” so this would give an injective group homomorphism

Yz — GLl((C) X GLl((C),

which is impossible, since X3 is non-abelian, while GL;(C) x GL;(C) is abelian.

22 This is true, because f: R — C is faithful
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6. SCHUR’S LEMMA AND ITS APPLICATIONS

Let (V1,71) and (Va,m2) be k-linear representations of a group G and recall that
a k-linear map f: V73 — V5 is intertwining between m; and 7o if the diagram

vi—l

J/Wl(g) JM(Q)

vi—l v

commutes for all g € G. We will write
Hom(my,mo) C Homyg (V7, V3)
for the subspace of intertwining k-linear maps.

Theorem 6.1 (Schur’s lemma). Let (Vi,71) and (Va,m) be two irreducible k-
linear representations of a group G. A k-linear map f: Vi — Va that is intertwining
between m and Ty is either an isomorphism or the zero map.

Proof. 1t follows immediately from the fact that f: V3 — V5 is intertwining between
m1 and ma, that ker(f) C Vj is mi-invariant and that im(f) C V3 is mp-invariant.
Therefore, since m; was assumed to irreducible, either ker(f) = {0} or ker(f) = V1,
and since my was assumed to be irreducible, either im(f) = {0} or im(f) = Vo. O

Theorem 6.2. Suppose that (Vs,7s))ses is a finite family of pairwise non-isomorphic
irreducible k-linear representations of a group G, and that U C @, g Vs is a
P, cg ms-invariant subspace. There exists a (unique) subset T C S such that

U= @teTVt - @SES Vs.

Proof. Let V. = @, g Vs, let m = @, g7, and let is: Vo — V be the canonical
inclusion, which is intertwining between 7, and 7. Theorem shows that U C V
is the image of *some* injective k-linear map

f
Dicr Vi —V
that is intertwining between @, ., 7; and 7, and we wish to show that the map

i=3", e i
@teT ‘/vt teT V
will do. Let ps: V — Vi be the unique map such that psois: V; — Vi is the identity

map of Vj if s =t and the zero map if s # ¢t. We consider the composite maps

®u€T Vu ! 4

L

st

Vi——Vs
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for s € S and t € T'. Theorem shows that f,; is zero if s # ¢, so the diagram

@teT V;f !
J@teT ftot V

ag%////ﬂ

(2

commutes. Moreover, the maps f;: cannot be zero, since the top slanted map is
injective, so Theorem shows that the f;; all are isomorphisms, and hence, the
left-hand vertical map is an isomorphism. In particular,

U = im(f) = im(i),

as we wanted to prove. O

If (V,7) is an irreducible k-linear representation of G, then Schur’s lemma shows,
in particular, that the endomorphism ring

End(7) C Endg(V)

is a division algebra D over k. In general, every finite dimensional division algebra
over k occurs as End(7) for a finite dimensional irreducible k-linear representation
of some group G.”” We now make the very simplifying assumption that

k=k

is an algebraically closed field, so that, up to unique isomorphism, the only finite
dimensional division algebra over k is D = k. In this case, Schur’s lemma implies
the following result, which is also known as Schur’s lemma.

Theorem 6.3. Let k be an algebraically closed field. If (V,x) is a finite dimensional
irreducible k-linear representation of a group G, then the map

k —— End(r)

defined by n(\) = X -idy is a ring isomorphism.

Proof. The map 7 is injective, because V is nonzero, and to prove that it surjective,
we let f: V — V be a k-linear map that is intertwining with respect to 7. Since k is
algebraically closed, the map f has an eigenvalue A € k, and since f is intertwining
with respect to m, the eigenspace

{0} #V\CV
is a m-invariant subspace. Since 7 is irreducible, we conclude that V) = V, or
equivalently, that f = X -idy, which shows that 7 is surjective. (I

Corollary 6.4. Let (Vi,m) and (Va,m2) be isomorphic finite dimensional irre-
ducible k-linear representations of a group G. If k is algebraically closed, then

dimg Hom(7y, 79) = 1.

231f D finite dimensional real division algebra, then D ~ R, C, or H.
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Proof. We choose any k-linear isomorphism h: V3 — V5 that intertwines between
m1 and 7. (Such an h exists by assumption.) Now, if f: V; — V4 is any k-linear
map that intertwines between m; and 7o, then f o h~': Vo — V5 is intertwining
with respect to mo. Hence, by Theorem 6.3, f o h=! = X -idy, for a unique \ € k,
so we find that f = A h. O

Remark 6.5. More precisely, Corollary shows that the composition maps

Hom(y, m2) x End(m;) —— Hom(7y, 7o)
End(7) x Hom (7, mo) —— Hom(7ry, 7o)

simultaneously make Hom(m, ) a free right End(m )-module of rank 1 and a free
left End(72)-module of rank 1. However, neither module has a preferred generator:
There is no preferred way to compare m; and 7.

In Theorem 6.2, we considered a finite sum of pairwise non-isomorphic irreducible
representations. In the next result, we will consider the opposite situation of a finite
sum of irreducible representations, all of which are isomorphic.

Theorem 6.6. Let k be an algebraically closed field, and let (U,7) and (V,7) be
finite dimensional k-linear representations of a group G such that T is trivial and
7 is irreducible. Given a m ® T-invariant subspace W C V @ U with (v @ T)w
irreducible, there exists (a non-unique) vector w € U such that the map

VL VeU

defined by i, (v) = v ® u is an isomorphism from V onto W and is intertwining
between 7 and (7 @ T)w .

Proof. The map i,, is clearly k-linear and intertwining between 7 and 7 ® 7, so we
must show that u € U can be chosen such that W = 4, (V) C V @ U. We have
seen earlier that every irreducible subrepresentations of m ® 7 is isomorphic to .
In particular, we may choose a k-linear isomorphism h: W — V that intertwines
between (7 ® 7)w and 7. Now, for every f € U*, we let

VeU—sv
to be the unique k-linear map such that c¢;(v®@wu) = v- f(u). It intertwines between
7 ® 7 and 7, and since k is algebraically closed, Corollary shows that

crlw =Af) - h

for a unique A(f) € k. The map
U2k
that to f assigns A\(f) is k-linear, so A € U**. But the map
U—"1o U
is an isomorphism, since U is finite dimensional, so A = n(u) for a unique u € U.

We claim that for this u € U, we have i, (V) = W C V @ U. To prove this, we
choose a basis (v1,...,v,) of V and write w € W as

sz1gi§n”i®“i
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with w; € U. (This way of writing w is unique, but we will not need this fact.)
Now, for every f € U*, we have

Licicn Vil (W) = cp(w) = A(f) - h(w) = f(u) - h(w).
Therefore, if f(u) =0, then f(u;) =0 for all 1 <i < n, and hence,
u; € spang(u) C U.

This shows that {0} # W C 4, (V) C V ® U, and since i, (V) ~ V is irreducible,
we conclude that W = i,, (V) as stated. Note that the vector u € U depends on the
choice of the isomorphism h: W — V. O

ABELIAN GROUPS

We will next show that if &k is algebraically closed, then every finite dimensional
k-linear irreducible representation of an abelian group is 1-dimensional. We have
seen that the representation of the group (R, +) on R? by rotation is irreducible,
so the assumption that k& be algebraically closed is necessary.

Theorem 6.7. Let k be an algebraically closed field. If (V,x) is a finite dimensional
irreducible k-linear representation of an abelian group A, then

dlmk(V) =1.

Proof. Since A is abelian, we have
m(g)om(h) =7(g-h) =m(h-g) =m(h)on(g)
for all g,h € A. Hence, for all g € A, the k-linear map

v 7(9) v

is intertwining with respect to 7, so by Schur’s lemma, we have

’iT(g) =X idv
for some A = A(g) € k. But this implies that every subspace W C V is m-invariant,
and since V is irreducible, this shows that dim (V) = 1. O

We recall that the abelianization of a group G is a group homomorphism
G —L— Geb

with the property that for every group homomorphism f: G — A with A abelian,
there exists a unique group homomorphism f2P: G®» — A such that f = f2P o p.
This property characterizes the abelianization p: G — G uniquely, up to unique
isomorphism under G. The group homomorphism p is surjective, and its kernel is
the commutator subgroup [G,G] C G. In particular, any 1-dimensional k-linear
representation 7: G — GL(V) of a group G determines and is determined by the
I-dimensional k-linear representation 72: G#® — GL(V) of G*". Moreover, if k
is algebraically closed, then a finite dimensional k-linear representation of G2 is
1-dimensional if and only if it is irreducible.
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Example 6.8. The abelianization of the symmetric group X, is the signature
Sp 2y {+1).

Therefore, up to non-canonical isomorphism, the only 1-dimensional representations
of 3J,, over an algebraically closed field k£ are the trivial representation and the sign
representation.

EXTERIOR TENSOR PRODUCT

We have seen that tensor products of irreducible k-linear representations are
typically not irreducible, even if k is algebraically closed. We now show that the
exterior tensor product of irreducible k-linear representations is always irreducible.

Theorem 6.9. Let k be an algebraically closed field. If both 7w1: G1 — GL(V4) and
ma: Go — GL(V2) are finite dimensional irreducible k-linear representations, then
s0 is their exterior tensor product

T Ko

G1 x Gy ——= GL(V; ® Va).
Proof. We let {0} #W C V; ® V5 be a m; X mo-invariant subspace and must show
that W = V7 ® V5. We note that

(m1 W ma)(g1,€) = (m1 @ 7)(g1)
(m1 X m2)(e, g2) = (T @ m2)(g2),

so W C Vi ® V5 is both a m; ® T-invariant subspace of the k-linear representation
m @7 of Gy x{e} C G1 X G2 and a T @ me-invariant subspace of the k-representation
T ® g of {e} x G2 C G1 X G4. Hence, by Theorem 6.6, there exists Uy C V, and
Uy C V1 such that both the (injective) maps induced by the canonical inclusions

ViU —Vi@Vo+——U; ® Vs
have image W. So the square diagram of inclusions
U19Us —— V1 @ Uz
VieUy ———W

is cocartesian, and the right-hand vertical map and the lower horizontal are both
isomorphisms. This implies (by the five-lemma) that

(W/Ul) ® U2 ~ {0} ~ U1 & (VQ/UQ),
which, in turn, implies that U; = V; and Us = V5. So W = V; ® V5 as desired. [

FEzxzample 6.10. We show that, in Theorem , the assumption that k be alge-
braically closed is necessary. The representation 7: G = (R, +) — GL(R?) defined

by
r1\ _ [cost —sint T
m(t) (xz) - (sint coS t) <x2>
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is irreducible, but we claim that 7 X 7 is not. Indeed, if 7 X7 were irreducible, then
also (mX )¢ would either be irreducible or a sum of two irreducible representations.
But this contradicts Theorem 6.7, since G X G is abelian and

dime((m X 7)¢) = dimg (7 K 7) = 4.
Let k be a field, and let G be a group. We recall that k[G] is k-vector space of
all functions f: G — k and that
¢ -2 aLia)
are the left and right regular k-linear representations defined by
L(g)(f)(h) = f(g"h)
R(g)(f)(h) = f(hg).

Since the maps R(g1) and L(g2) commute, we obtain a representation

G x G 2%, QL(K[G)

defined by Reg(g1,92) = L(g2) o R(g1) = R(g1) o L(g2). We call this representation
the two-sided regular representation. Spelling out the definition, we have

Reg(g1,92)(f)(h) = f(g5 'hon)-
Given any k-linear representation
G —"— GL(V),
the k-linear map
VeV 5 kq)
defined by p(x ® f)(h) = f(x(h)(x)) is intertwining between m X 7* and Reg. We
define the space of matrix coefficients (or matrix elements) of 7 to be its image
M(m) =p(Ve V") CkG].

The reason for this name is as follows. Suppose that V is finite dimensional. If we
let (v1,...,v,) be a basis of V, let (v},...,v}) be the dual basis of V*, and let

A(h) = (ai; () € My (k)
be the matrix that represents 7(h) with respect to (vy,...,v,), then

aij(h) = p(v; @ v7)(h).
This shows that that space of matrix coefficients is the subspace

M (m) = spang(a;; | 1 <1i,5 <n) Ck[G]

spanned by the functions a;;: G — k, whence the name. The reason that we do not

take this formula as our definition of M () is that it is not a priori clear that the
subspace spany (a;;) C k[G] is independent of the choice of basis.

Theorem 6.11. Let k be an algebraically closed field. If (V, ) is a finite dimen-
stonal irreducible k-linear representation of a group G, then

TR — Regar(x

is an isomorphism of k-linear representations of G X G. In particular, the k-linear
representation Regyy ) is irreducible.
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Proof. The map u: V ® V* — M(n) is surjective, by definition, and it intertwines
between X 7* and Regyy (). Since m is finite dimensional and irreducible, the same
is true for 7*, and since k is algebraically closed, Theorem shows that 7 X 7* is
irreducible. Hence, the kernel of y is either zero or all of V' ® V*. But it is easy to
see that p: V @ V* — E[G] is not the zero map. Indeed, choosing a basis of V' as
above, we see that a;;(e) =1, so 0 # a;; € M(w) = im(u). So p is injective. O

We list some consequences of Theorem

(1) If k is algebraically closed and if 7 is an irreducible k-linear representation
of finite dimension n, then

dimg (M (7)) = n?.

*

(2) For m as in (1), we have Ry(;) 7@ --- @ mand Ly 7" @ - &1,
where there are n summands in both cases.

(3) If k is algebraically closed and if 71 and 7o are finite dimensional irreducible
k-linear representations, then Regys (., >~ Regy(r,) implies that m ~ 7.

(4) If k is algebraically closed and if m1,...,m, are pairwise non-isomorphic
finite dimensional irreducible k-linear representations of G, then

M(Wl)@@M(Wm)*}k[G]

is injective.

UNITARY REPRESENTATIONS

Our final application of Schur’s lemma concerns unitary representations. A finite
dimensional complex representation (V) 7) of a group G is unitary if there exists a
hermitian inner product (—, —) on V that is m-invariant in the sense that

(m(9) (@), (9)(y)) = (=, y),

for all g € G and x,y € V, or equivalently, if the induced isomorphism
A v

given by b(z)(y) = (x,y) is intertwining between 7 and 7*. We will now show that
a m-invariant hermitian inner product is unique, up to scaling.

Theorem 6.12. Suppose that m: G — GL(V) is a finite dimensional irreducible
unitary representation. If both (—, —)1 and (—, =)o are w-invariant hermitian inner
products on V, then there exists a real number A\ > 0 such that for all x,y € V,

(@, y)2 =\ (2, y)1.
Proof. We define h: V — V to be the composite isomorphism

_p by)"t -

QG TCR L 7
By assumption, both b; and by are intertwining with respect to 7 and 7*, so h is
intertwining with respect to 7. Finally, since 7 is irreducible, Schur’s lemma shows
that h = A -idy for some A € C, and A # 0, because h is an isomorphism. Finally,
for any 0 # @ € V, both (x,x); and (x,x)s are positive real numbers, so X is

necessarily real and positive. O
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Theorem 6.13. Let (V, ) be a finite dimensional unitary representation of a group
G, and suppose that Uy, Us C V are w-invariant subspaces with the property that
the representations Ty = Ty, and Ty = Ty, are non-isomorphic and irreducible. In
this situation, the subspaces Uy,Us C V are necessarily orthogonal with respect to
any w-invariant hermitian inner product on V.

Proof. We choose a m-invariant hermitian inner product (—, —) on V. Since Uy C V/
is w-invariant, so is its orthogonal complement Wy C V with respect to (—, —), and
moreover, the composition of the canonical inclusion and the canonical projection

U 2 v I vw

is a complex linear isomorphism h = ¢; 0i; that intertwines between 7y, and 7y /w, -
The orthogonal projection p: V' — U; with respect to (—, —) is the composition

—1
V2 viw L,
so it is intertwining between 7 and 7. Now, the composite map
Uy ——V 2510,
is intertwining between 7o and 71, and since these representations are assumed to be
irreducible and non-isomorphic, it follows from Schur’s lemma that the composite

map is zero. This shows that the subspaces Uy, Us C V are orthogonal with respect
to (—, —), as stated. O
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7. CHARACTER THEORY FOR FINITE GROUPS
Let us first show that, for every field k& an irreducible k-linear representation of
a finite group G is necessarily finite dimensional.
Lemma 7.1. Let k be a field. If a k-linear representation (V,7) of a finite group

G is irreducible, then the k-vector space V is finite dimensional.

Proof. Let (V,m) be an irreducible k-linear representation of G. Since V' is nonzero,
there exists a nonzero vector & € V, so the subspace W C V spanned by the family
(7(g9)(x))gec is nonzero. But it is also m-invariant, so W =V, by the assumption
that 7 is irreducible. Since G is finite, the family (7(g)(x))g4ec is a finite family, so
W =V is a finite generated, and hence, finite dimensional k-vector space. O

So let G be a finite group. Because of Lemma 7.1, we will only consider finite
dimensional k-linear representations of G. We will also assume that k is algebraically
closed. Since G is finite, a basis of k[G] is given by the family (0, ).cq, where

5uly) = 1 ifz=y,
== 0 ifzx#y.

We let (V,7) be a finite dimensional k-linear representation of G and recall that
the subspace of matrix coefficients

M(r) C k[G]
is defined to be the image of the map
VeV —L5kq)

given by pu(x ® ¢)(h) = @(w(h)(x)). It is a Reg-invariant subspace, where

G x G — 5 GL(K[G))
is the two-sided regular representation of G x G on V defined by
Reg(g1,92)(f)(h) = f(g5 ' hgn).

Since k is algebraically closed, Schur’s lemma implies the following statements,
which we proved last time.

(1) If 7 is irreducible, then Regy () ~ 7 K7~
(2) If w1 and 7o are irreducible, then 7y ~ 7 if and only if M (my) = M (ma).
(3) If mq,...,my, are pairwise non-isomorphic and irreducible, then the map

M(m)® - & M(my) — k[G]
induced by the canonical inclusions is injective.

Theorem 7.2. If G is a finite group and if k is an algebraically closed field, then
G has at most |G| pairwise non-isomorphic irreducible k-linear representations.
Proof. It follows from (3) that

q < dimy(M(m1) & - -+ & M(mg)) < dimy(k[G]) = |G,

which proves the theorem. ([
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Theorem 7.3. Let G be a finite group, and let k be an algebraically closed field of
characteristic zero. If w1, ..., m, are representatives of the isomorphism classes of
irreducible k-linear representations, then the map

M(m)&-- & M(ry) — Ek[G]
induced by the canonical inclusions is an isomorphism.
Proof. The map is injective by (3) above, so it remains to prove that it is also

surjective. Let R: G — GL(k[G]) be the right regular representation, which, we
recall, is defined by R(g)(f)(h) = f(hg). We claim that

M(R) = k[G].
Indeed, let e: k[G] — k be the k-linear map defined by €(f) = f(e). So € € k[G]*
and for all f € k[G], the calculation
p(f @e)(h) = e(R(h)(f)) = fle-h) = f(h)

shows that f = u(f ® €) € M(R). Now, since G is a finite group, whose order |G|
is not divisible by the characteristic of k, it follows from Maschke’s theorem that
every finite dimensional k-linear representation of G is semisimple. So

R~qi' @ - @mye.
But if p and 7 are any finite dimensional k-linear representations of G, then
M(peT)=M(p)+ M(T) C k[G].
Therefore, we conclude that
E[G] = M(R) C M(m)+---+ M(m,) C k[G],
which shows the surjectivity of the map in the statement. [

Addendum 7.4. Let G be a finite group, and let k be an algebraically closed field of
characteristic zero. If (Vi,m1),...,(Vy,mq) are representatives of the isomorphism
classes of irreducible k-linear representations, then

where n; = dimg (V;).

Proof. By Theorem 7.3, we have

and dimy (M (7;)) = n2. Indeed, since k is algebraically closed and 7r; irreducible, the
map fr, 1 V; V¥ — M(m;) is an isomorphism, and dimg (V;*) = dimg(V;) =n,;. O
Ezxample 7.5. Let k be algebraically closed of characteristic zero.

1) A finite abelian group A has precisely |A| pairwise non-isomorphic irreducible
k-linear representations, all of which 1-dimensional.

2) Let G = ¥3. We have found three pairwise non-isomorphic irreducible k-linear
representations of G, namely,

(i) the 1-dimensional trivial representation 7,
(ii) the 1-dimensional sign representation sgn, and
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(iii) the 2-dimensional representation 7 of G on

V={zek®|zi+a+a35=0}CK

defined by
Ty Ta(1)
71'((7)( To ) = xo.(g)
] Ls(3)

Since we have
|G| =6 =17 + 1% + 22 = dimy(7)? + dimy (sgn)? + dimy,(7)?,
we conclude from Addendum that, up to non-canonical isomorphism, we have

found all irreducible representations of G.

We next prove a lemma concerning matrix coefficients.

Lemma 7.6. Let G be a group, let k be a field, and let (V, ) be a finite dimensional
k-linear representation of G. There is a commutative diagram

Endy (V) — 5 k(@]
VeV
with @' (f)(h) = tr(w(h) o f) and a(x @ v)(y) = - ©(y), and moreover, the map «
is an isomorphism. Accordingly, the subspace of matriz coefficients
M(m) C k[G]

s equal to the common image of p and p'.

Proof. Let (v1,...,v,) be a basis of V, and let (v},...,v}) be the dual basis of
the dual k-vector space V*. For g € G, let

A(g) = (ai;(9)) € Mn(k)
be the matrix that represents 7(g) with respect to the basis (v1,...,v,) of V. As
we have calculated before, we have

w(v; @ vi)(g) = ai;(g)-

* o s .
Now, we have a(v; ® v}) = v, - v

*
19

(r(g) o v, - v})(vp) = {g(g)('ug) i: ; Z

and

and therefore, we find that also

(1 o @) (v; ® v])(g) = tr(m(g) o v; - v7) = ai;(g),
which shows that indeed 1 = p/ o v as stated. Finally, the map « is an isomorphism,
since it maps the basis (v; ® v])i<i j<n of the k-vector space V @ V* to the basis
(v; - v} )1<i,j<n Of the k-vector space Endy (V). O

Remark 7.7. In the situation of Lemma 7.6, the maps u = pr and ¢/ = pl. depend
on the k-linear representation (V) ), where as the map o = ay only depends on
the k-vector space V.
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Definition 7.8. Let k be a field, and let G be a group. If (V,x) is a finite dimen-
sional k-linear representation of (G, then its character

X= € k[G]
is the function defined by x(g) = tr(w(g)).

We note that x. belongs to the subspace of matrix coefficients. More precisely,
Xr = iy (idy) € M(r) C K[G].

The main result of this lecture is that for G finite and k an algebraically closed
field of characteristic zero, the character y, determines m, up to non-canonical
isomorphism. We first record some properties of the character.

Proposition 7.9. Let k be a field and let G be a group. The character of finite
dimensional k-linear representations of G has the following properties.

(1) If my = ma, then Xny = Xns-
(2) The character of the dual of a representation is given by

X (9) = Xx(9™1)-
(3) The character of a sum of representations is given by
Xmi@ms = X1 T Xra-
(4) The character of a tensor product of representations is given by

Xmi®@ms = Xm " Xma-
(5) For all g,h € G, xx(ghg™") = xx(h).

Proof. (1) That m ~ 7o means that there exists a k-linear isomorphism h: V4 — V3
such that m3(g) = hom(g) o h™! for all g € G. But then

Xrs(9) = tr(ma(g)) = tr(homi(g) o h™") = tr(m1(g9)) = X, (9)-
(2) By definition, 7*(g) = m(g~1)*, so
Xa=(9) = tr(7*(9)) = tr(x(g~")") = tr(w(9™") = xx(g7").

(3) This follows immediately from the fact that tr(f1 @ f2) = tr(f1) + tr(f2).
(4) Since tr(f1 ® fa) = tr(f1) - tr(f2), we have, more generally, that

X Ry (gla 92) = Xm (gl) * X (QQ)a
so restricting along A: G — G x G, the stated formula follows.
(5) This follows from the fact that tr(f1 o fa) = tr(fz 0 f1). d

Definition 7.10. Let & be a field, and let G be a finite group. A function f: G — k
is central if f(ghg™') = f(h) for all g,h € G.

It is clear that the subset of k[G] that consists of the central functions is a k-linear
subspace. We denote this subspace by
Z(k[G]) C k[G].

The explanation for this notation is as follows. The k-vector space k[G] becomes a
k-algebra under the convolution product * defined by

(fr* f2)(9) = Xop nyeyg f1(R1) f2(R2),

24 The book write k[G]# for this subspace.
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and moreover, the map u! : Endg (V) — k[G] is a k-algebra homomorphism with
respect to the composition product on Endg (V) and the convolution product on
k[G] in the sense that u!. is k-linear and

tn (f1 o f2) = i (f1) * p(f2)

for all f1, fo € Endg(V). Now, the subspace Z(k[G]) C k[G] is the center of the
k-algebra (k[G], +, %) in the sense that f € Z(k[G]) if and only if

frxh=hxf
for all h € k[G].

Lemma 7.11. Let G be a finite group, and let k be an algebraically closed field of
characteristic zero. If w is an irreducible k-linear representation of G, then

Z(k|G]) N M () = spany, (Xx)-

Proof. We use that by Lemma 7.0, we have

M(m) = {puz(f) | f € Endi(V)} C K[G],

where p/.(f)(g) = tr(n(g) o f). Since 7 is irreducible, the map p,, and hence, also
the map ;. is injective, so the induced map

Endg (V) Lﬂ> M ()
is an isomorphism. Now, we calculate that
1 (f)(ghg™") = tr(m(ghg™") o f)
= tr(n(g) om(h) o m(g) " o f)
= tr(m(h) om(g) " o fom(g))
= i (m(9)~" o f o m(g))(h),
which shows that the function /. (f) is central if and only if for all g € G, we have
f=nl9) "o forlg).

So ul(f) is central if and ounly if f: V — V is m-invariant. By Schur’s lemma,
f:V — V is m-invariant if and only if f = ¢-idy for some ¢ € k. But

pr(e-idy) = c- pir(idy) = ¢+ xx,
which proves the lemma. (I

Theorem 7.12. Let k be an algebraically closed field of characteristic zero, let G
be a finite group, and let w1, ..., m, be representatives of the isomorphism classes of
irreducible k-linear representations of G. In this situation, the family

(X7T17 s aXWq)
of their characters is a basis of the k-vector space Z(k[G]).

Proof. This follows immediately form Theorem and Lemma . O

The promised main result concerning characters is the following corollary.
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Corollary 7.13. In the situation of Theorem , the following hold:

(1) The dimension of the k-vector space Z(k|G]) is equal to the number of
isomorphism classes of irreducible k-linear representations of G, which, in
turn, is equal to the number of conjugacy classes of elements of G.

(2) The isomorphism class of any finite dimensional k-linear representation m
of G (not necessarily irreducible) is determined by its character x.

Proof. (1) The fact that the dimension of the k-vector space Z(k[G]) is equal to
the number of isomorphism classes of irreducible k-linear representations follows
immediately from Theorem . But Z(k[G]) is defined to be the k-vector spaces
of central functions f: G — k, and a function f: G — k is central if and only if it
factors through the canonical projection p: G — G'\G®! onto the set of orbits for
action by G on itself by conjugation. Hence, the dimension of Z(k[G]) is also equal
to the cardinality of G'\G®d.

(2) Since 7 is semisimple, we have m ~ 7" @ - - @ 74'?, so by Proposition 7.9,

Xr = M1Xrm + 0+ MgXmy-
But k has characteristic zero, so the unique ring homomorphism Z — k is injective,

and therefore, this identity in k[G] determines the integers my, ..., m,. O

Let us use this result to determine the isomorphism classes of irreducible complex
representations of the symmetric group G = ¥4, which has order |G| = 24. We recall
that the cycle-type of a permutation of n letters is the partition of n obtained from
counting the number of elements in cycles.

Lemma 7.14. The map that to a permutation o € ¥, assigns its cycle type induces
a bijection of the set of conjugacy classes of elements in X, onto the set of cycle-
types of permutations of n letters.

Proof. Indeed, a conjugation of a permutation corresponds to a relabelling of the
elements in {1,2,...,n}. O
For n = 4, there are five cycle-types, namely
1+14+1+1,24+1+41,242,34+1, and 4,
and the permutations
e, (12), (12)(34), (123), and (1234)
represent the corresponding conjugacy classes of elements in G = 4. Hence,
dime (Z(C[G])) = 5,

and there are five isomorphism classes of irreducible complex representations of G.
We know three of these already, namely,

(i) the 1-dimensional trivial representation w3 = 7,
(ii) the 1-dimensional sign representation 7o = sgn, and

251f instead the characteristic of k were a prime number ¢, then the identity in k[G]| would
only determine the congruence classes of the integers my,..., mq modulo 4.
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(iii) the 3-dimensional representation 73 of G on

V3={.’13€(C4‘Z1+22+Z3+Z4=O}CC4

defined by
<1 2o (1)
22 — 2o (2)
m@) (| 2= 7
24 Zo(4)
By Addendum , the dimensions n4 and ns of the remaining two irreducible

complex representations 74 and 75 satisfy
24 =12 4+ 12 + 3% + n3 + nZ,
which implies that ny = 3 and ns = 2. We claim that
Ty ™ o Q T3.

To prove this, we must show that mo ® 73 is irreducible and not isomorphic to 3.
Now, the representation me ® 73 is irreducible, because

Sgn @ Mo @ M3 = SgN @ Sgn & 7y ~ 73,
and because 73 is irreducible, and to show that 7o ® 73 is not isomorphic to s, it
suffices by Corollary to show that
Xmo®@mz = Xmg * Xmz = S8 Xrs 7é Xms-
To prove this, it will suffice to find o € G such that sgn(o) = —1 and x,(c) # 0.
To this end, we consider m = 1 @ 73, which has
Xm = Xm +X7r3 =1 +X7T3'

But 7 is isomorphic to the standard permutation representation of G on C*, so the
matrix that represents m((12)) with respect to the standard basis of C* is

01 00
1 000
FIGE R I
0 0 01
50 xr((12)) = 2, which shows that xr,((12)) = 1 # 0 as desired. This proves the

claim that 74 ~ m ® 73.

What about the remaining 2-dimensional irreducible complex representation 757
In general, for every set X, there is a group homomorphism

Aut(X) — Aut(P(X))
from the group of permutations of the set X to the group of permutation of its
power set P(X) defined by
tx(0)(U) ={o(z) e X |z €U} C X.

Hence, given a (left) action p: G — Aut(X) by a group G on a set X, we get the
induced action tx o p: G — Aut(P(X)) of G on P(X). We let X ={1,2,3,4}, and
let p: G — Aut(X) be the identity map and consider the action

Lp(x)0lxop

G Aut(P(P(X)))
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on the iterated power set P(P(X)). It leaves the subset
Y = {12}, {3, 41}, {{1,3}, {2,4}}, {{1,4}.{2.3}}} € P(P(X))
with three elements invariant, so we obtain a group homomorphism
G —2— Aut(Y) ~ ;.
Clearly, the kernel of p is the (necessarily normal) subgroup
N ={e, (12)(34),(13)(24), (14)(23)} C G,

so comparing orders, we conclude that p is surjective. Hence, the 2-dimensional
irreducible complex representation (V, 7) of 33 defines the 2-dimensional irreducible
complex representation (V, 7 o p) of G, and this is 5.

Remark 7.15. Geometrically, we can picture the group homomorphism
G —2 Aut(Y)

above as follows. We may view G as the group of symmetries of the tetrahedron

N

e

—

It has 6 edges, and hence, 3 pairs of an edge and its opposing edge. Now the map
p takes a permutation of the 4 vertices to the induced permutation of these 3 pairs
of opposing edges.
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8. TRANSITIVE GROUP ACTIONS. SCHUR ORTHOGONALITY

Before we get to Schur orthogonality, we will finish some left-over business from
last week. We recall that a left G-set is defined to be a pair (X, p) of a set X and
a group homomorphism p: G — Aut(X), and we say that p is a left action by G
on X. As is common, we will abbreviate and write ¢ - « or simply gz for p(g)(z),
where g € G and x € X. We define the isotropy subgroup (or stabilizer) at x € X
for the left action by G on X to be the subgroup

Gy, ={9€G|gz=2z}CQG,
and we define the orbit through x € X of the left action by G on X to be the subset
G-z={greX|geG}CX.

Moreover, there is a well-defined bijection
GGy 225G x

from the set of left cosets of the isotropy subgroup G, C G, which is typically not
normal, and onto the orbit G -z C X defined by p,(hG;) = hx. The map p, is
equivariant with respect to the action of G on G/G, by left multiplication and by
the action of G on G - & C X obtained by restriction of the action by G on X.
Indeed, given hG, € G/G, and g € G, we find that

Pe(9-hGy) = p(ghGy) = gh- 2 =g-hx = g - p.(hG,)

as required. The orbits of the action by G on X are the equivalence classes of the
equivalence relation R C X x X defined by the image of the map

GXX%XXX

where u: G x X — X is given by pu(g,x) = p(g)(z), and where p: G x X — X is
the canonical projection. We write

G\X={G-zeP(X)|ze X}

for the set of orbits. If there is only one orbit, in which case G\X = {X}, then we
say that the action by G on X is transitive. Equivalently, the action by G on X is
transitive if for all x,y € X, there exists g € G such that y = gz.

If two elements x,y € X belong to the same orbit for the left action by G on X,
then their isotropy subgroups G, G, C G are conjugate, albeit not canonically so.
Indeed, if we choose g € G such that y = gz, then the map

g
G, —— G,
defined by ¢4(h) = ghg~! is a group isomorphism. We remark that this isomorphism

depends on the choice of g € G with y = gz.
If H C G is a subgroup, then we define the subset of H-fixed points for the left
action by G on X to be the subset
X? ={reX|hz=aforallhec H} C X.

It is generally not a G-invariant subset, so the action by G on X does generally not
restrict to an action by G on X*. However, we claim that the action by G on X
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restricts to an action by the normalizer subgroup
Ng(H)={geG|gHg ' cH} C G

on X . Indeed, if g € Ng(H), then for all h € H, there exists some h’' € H such
that hg = gh’, and therefore, if € X then hgr = gh'z = gx, which shows that
also gr € X Let pyr: Ng(H) — Aut(X*) denote this action. By definition, this
group homomorphism maps every element of H C Ng(H) to the identity map of
XH 50 it factors (uniquely) as the composition

of the canonical projection py of Ng(H) onto the quotient
Wq(H) = Ne(H)/H
and a left action pg of Wg(H) on X*. The group Wg(H) is called the Weyl group
of H in G.
Ezample 8.1. 1) The group G = O(3) of orthogonal 3 x 3-matrices acts on
S?={xcR®|||z| =1} CR?
by left multiplication. The action is transitive, and the “North Pole”

0
x=|0] e5?
1

has isotropy subgroup

Gw:{(o ?) eO(3)|QeO(2)}CG.

Hence, writing G = O(2), by abuse of notation, we have a canonical bijection
0(3)/0(2) —=— 52

This bijection is in fact a homeomorphism.

(2) Let k be a field. The action by GL,, (k) on M, »(k) be left multiplication is
not transitive, except in trivial cases. The theorem in linear algebra, which we call
Gauss elimination, states that the map

{A € My, (k)| A is on reduced echelon form} —— GL,, (k)\ M, (k)

that to A assigns the orbit GL,,(k) - A is a bijection. Indeed, we learn in linear
algebra that two matrices B,C € My, (k) belong to the same orbit for the action
by GL,, (k) on My, (k) if and only if B can be transformed to C' by means of row
operations, and that every orbit for the action by GL,,(k) on M, (k) contains
exactly one matrix on reduced echelon form.

26 Challenge problem: Let A € M,, (k) be a matrix on reduced echelon form. Determine the
isotropy subgroup GLy, (k)4 C GLy, (k).
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Let G be a group. If H C G is a subgroup, then the action by G on G/H by
left multiplication is transitive, and conversely, if a left action by G on a set X is
transitive, then we have the G-equivariant bijection p, : G/G, — X, once we choose
an element x € X. So every transitive left G-set is non-canonically isomorphic to
G/H for some subgroup H C G. Let k be a field. By analogy with the two-sided
regular representation of G X G on k[G], we have the k-linear representation

We(H) x G —"— GL(k[G/H))

defined by ) B
plg1H,92)(f)(gH) = f(95 ' 991 H).

Moreover, from the general discussion above, we find that the two-sided regular
representation of G x G on k[G] restricts to a k-linear representation

We(H) x G —2— GL(k[G)H*{e}),
where we use that the canonical projection
Wexa(H x {e}) — We(H) x G
is an isomorphism of groups. This representation is given by
p(91H, 92)(f)(9) = f(92 " 991).
In this situation, we have the following result.

Lemma 8.2. Let p: G — G/H be the canonical projection. The map

K[G/ H) — K[GH (e}

defined by p*(f) = f op is a k-linear isomorphism that is intertwining with respect
to p and p.

Proof. The right-hand side is the set consisting of the functions f: G — k such that
f(gh) = f(g) for all g € G and h € H. But for every such function, there exists a

unique function f: G/H — k such that f = fop. So the map p* is a bijection, and
it is clear that it is k-linear and intertwining with respect to p and p. (]

If H C G is a subgroup of a group G, and if (V, ) is a k-linear representation of
G, then we write (V7)) for the k-linear representation of W (H) on V| where

W (H) — GL(VH)
is given by 7 (gH)(z) = 7(g)(z).

Theorem 8.3. Let G be a finite group, let H C G be a subgroup, and let k be an
algebraically closed field of characteristic zero. Let (Vi,m1),. .., (Vy, mq) be represen-
tatives of the isomorphism classes of the irreducible k-linear representations of G.
In this situation, the isomorphism

7T1|XFT@~--@WQ|X|7T;L>R€g

of k-linear representations of G x G restricts to an isomorphism

Hx{e}

Wfﬁﬁf@~-~@ﬁf®wa‘”—>Reng{e}
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of k-linear representations of We(H) x G.

Proof. In general, if I is a group and K C T is a subgroup, then an isomorphism of
k-linear representations of I' induces an isomorphism of the k-linear representations
of Wr(K) obtained by taking K-fixed points. We apply this to I' = G x G and

K = H x {e}. O
Let G be a finite group, and let (X, p) be a transitive left G-set. We will use
Theorem to determine the structure of the left regular representation
G —L k[X]

which, we recall, is given by L(g)(f)(z) = f(p(g)~*(z)).

Corollary 8.4. Let G be a finite group, let (X, p) be a transitive left G-set, and
let H = G, C G be the isotropy subgroup of an element v € X. Let k be an
algebraically closed field of characteristic zero, let (Vi,m1), ..., (Vy,mq) be represen-
tatives of the isomorphism classes of irreducible k-linear representations of G, and
let m; = dimy (V;H). In this situation, there exists a non-canonical isomorphism

L~ @?:1 ﬂ-:’“
with L: G — GL(k[X]) the left regular representation of G on k[X].

Proof. The map p,: G/H — X defined by p,(gH) = gz is an isomorphism of left
G-sets. Moreover, Lemma and Theorem give k-linear isomorphisms

KIG/H] —2 s kG X L VH < vy,

which are intertwining with respect to the respective representations of the group
Wea(H) x G on these k-vector spaces. In particular, they are also intertwining with
respect to the subgroup G = {H} x G C Wg(H) x G. Therefore, we conclude
that the representation 7} appears with multiplicity dimy(77) in L. But the dual
representations 7y,...,m; also form a set of representatives of the isomorphism
classes of irreducible k-linear representations of G, so we may equivalently conclude
that the representation m; appears with multiplicity dimy((7})#) in L. Thus, it

remains to prove that dimy((7})) and dimy(77) are equal.

More generally, for every finite dimensional k-linear representation (V,x) of G,
we will prove that dimy ((V*)#) = dimy, (V). The composition

H——G—"-GL(V)

of the canonical inclusion and the representation 7 is a finite dimensional k-linear
representation of H, and hence, it decomposes as a sum

Tt BB
of irreducible k-linear representations of H. It follows that
T (o)™ @ @ (o)™

Exactly one of p1,. .., p, is a trivial (1-dimensional) representation of H, and exactly
one of pi,...,pk is a trivial (1-dimensional) representation of H. Moreover, p; is
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trivial if and only if p} is trivial. Reordering, if necessary, we can assume that p;
and p} are trivial. But then

wfl oo™ o (a)] e ()",

so their dimensions agree, as we wanted to show. O
Remark 8.5. In addition to the choice of an element z € X, the isomorphism in

Corollary depends on a choice of basis of V;# for all 1 < i < ¢, and therefore, it
is non-canonical.

SCHUR ORTHOGONALITY

We now let k& = C be the complex numbers and continue to let G be a finite
group. Given a finite dimensional complex representation of G, we have defined the
associated subspace of matrix coeflicients

M(7) C C|G]

to be the common image of the maps u, and p/ in the diagram

(V) — = C[G]
VeV*

which are defined by pir(z ®¢) = ¢(7(g)(x)) and pl (h)(g) = tr(w(g)oh). The map
ay in the diagram is defined by ay(x ® ¢)(y) = - ¢(y) and is an isomorphism.
We also saw that if (vq,...,v,) is a basis of V and (v},...,v}) is the dual basis
of V*, then the family (ur(v; ® v]))1<i j<n always generates M(w), and if 7 is
irreducible, then the family is a basis of M (7).

Let (—,—) be a hermitian inner product on V. I will use the convention that

End@

<wz,yw> =z <$ay>wa
which is the opposite of the convention used in the book. It determines and is
determined by the C-linear isomorphism

VL
defined by b(z)(y) = (x,y). So we may also identify M (7w) C C[G] with the image
of the composite map

VeV Y% ve v,

which is given by
(ko (Vab))(zey)(g) =by)(r(9)(x) = (y,m(9)(x)).

So if (v1,...,vy,) is a basis of V that is orthonormal with respect to (—, —), then
the matrix A(g) = (ai;(9)) € My »(C) that represents m(g): V' — V with respect
to this basis has entries given by

aij(g) = (vi, m(g9)(v;)).
The hermitian inner product (—, —) on V gives rise to a hermitian inner product

(=, =)Frob on Endc(V) called the Frobenius inner product. To define it, we recall
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that given a complex linear map h: V — V, its adjoint with respect to (—, —) is
the unique complex linear map h*: V' — V such that

(h*(z),y) = (@, h(y))
for all ,y € V. Equivalently, the adjoint with respect to (—, —) is the unique
complex linear map h*: V — V that makes the diagram

V—Ltove
-
V—Lov
commute. Here, the right-hand vertical map is given by h*(¢)(x) = ¢(h(x)). Now,
for hy, he € Endc(V), the Frobenius inner product is defined by
(h1, h2)mrob = tr(h] o he).

It is a hermitian inner product, which, we stress, depends on the choice of the
hermitian inner product (—, —) on V.

Definition 8.6. Let G be a finite group. The Schur inner product on C[G] is the

hermitian inner product given by

(f1, f2)sch = é > filg) f2(9).

geG

It is straightforward to verify that the Schur inner product is invariant with
respect to the two-sided regular representation of G X G on C[G] in the sense that

(Reg(g1, 92)(f1), Reg(g1, 92)(f2))seh = (f1, f2)sen
for all (g1,92) € G x G and f1, fo € C[G].
Theorem 8.7 (Schur orthogonality). Let G be a finite group.

(a) If m and wy are non-isomorphic irreducible complex representations of G,
then their subspaces of matriz coefficients

M (1), M (m2) C C[G]

are orthogonal with respect to the Schur inner product.
(b) If (V,7) is an irreducible complex representation of G that is unitary with
respect to an hermitian inner product (—, —) on V, then

1
</’L;—(hl)?ﬂgr(h2)>80h = E : <hlah2>Frob
for all hy, hy € Endc(V), where n = dime (V).

Proof. (a) We wish to prove that the composition

P

M(my) —— C[G]

of the canonical inclusion and the orthogonal projection with respect to the Schur
inner product (—, —)sen is the zero map. But the map is intertwining with respect to
Reg M(m) and Reg M(ra) and we have proved before that, as complex representations
of G X G, Regyy(x,) and Regy;(r,) are irreducible and non-isomorphic. So Schur’s
lemma proves that the map is zero, as desired.
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(b) The representation 7: G — GL(V') gives rise to a representation
G x G —2— GL(Endc(V))
defined by p(g1,92)(h) = m(g1) o hom(g2)~t, and we claim that the map

Ende(V) 5 C[@]
is intertwining between p and Reg. Indeed, we have
1 (p(g1, 92)(h))(9) = tr(m(g) o m(g1) 0 h o m(g2) ™)
= tr(m(g2) " o m(g) o m(g1) o h)
= tr(m(g ' 991) o h)
= Reg(91, 92) (11 (1)) (9)-

Since 7 is irreducible, the map p is injective, and hence, defines an isomorphism

Ende(V) —2 M (x)

that is intertwining between p and Regy(r). Now, we have two hermitian inner
products on End¢(V'), namely, the Frobenius inner product (—, —)gop and, via the
isomorphism g, the Schur inner product (—, —)§,, defined by

(h1, h2>/Sch = </’I’{Ir(h1)7 Iu';I'(h2)>’
and both are p-invariant. But p ~ 7#X7* is irreducible, so Theorem shows that
there exists a positive real number ¢ such that

<h1? h’2>’Sch =cC- <h17 h2>FI‘Ob
for all hy, he € Endc (V). It remains to determine the constant c.

We choose a basis (v1, ..., v,) of V that is orthonormal with respect to the given
hermitian inner product. Since 7 is unitary with respect to (—, —), the matrix
A(g) = (aij(9)) € Mn(C)
that represents 7(g): V' — V with respect to the basis (v1,...,v,) is a unitary

matrix. Therefore, we find that
<a7,j7akl>Sch |G‘ Z azg ak:l g |G| Z a]z akl )
geG geG

where the second identity holds, because the matrix A(g) is unitary. This formula
gives us the idea to consider the sum

Z (av (v; @ v7),av (v @0} ))sa = D (in(v; © V7). ir (01 @ ]))scn

1<i<n 1<i<n
| | § § a]z azl | E E ajz azl ) 55
1<i<n geG geG 1<i<n

where the last identity holds, because A(g~!) = A(g)~!. By comparison,
> lav(v; @), av (v @ v)))men = Y, tr(av(v; ® v))" o ay (v ® v]))

1<i<n 1<i<n
= E tr(av(vi®v )oay (v ® v)) E dji =n-0d;,
1<i<n 1<i<n
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so we find that ¢ = %, as stated. Let us explain the second and third identity in

this calculation. The matrix B that represents cvy (v; ®v}): V — V with respect to
the basis (v1,...,v,) has only one nonzero entry, namely, b;; = 1. Since the basis
(v1,...,v,) is orthonormal with respect to (—, —), the matrix that represents the
adjoint map ay (v; @ v})*: V — V with respect to this basis is the adjoint matrix
C = B*, whose only nonzero entry is ¢;; = 1. Similarly, the only nonzero entry in
the matrix D that represents ay (v; ® v}) with respect to (vy,...,v,) is dy = 1.
Finally, the matrix that represents ay (v; @ v} )*oay (v;Qv}): V — V with respect
to the basis (v1,...,v,) is F = C - D, whose only nonzero entry is f;; = 1, so its
trace is indeed d;; as stated. O

Corollary 8.8. Let G be a finite group, and let Z(C|[G]) C C[G] be the sub-C-
vector space consisting of the central functions. If w1, ..., are representatives of
the irreducible complex representations of G, then the basis of Z(C|G]) given by the
family of their characters (Xx,,...,Xx,) i orthonormal with respect to the Schur
inner product.

Proof. Theorem (a) is precisely the statement that (xr,,...,Xnr,) is orthogonal
with respect to the Schur inner product. Moreover, we have,

. . 1. .
Omis X Dsen = (e, (1dva), iz, (v ))sen = —(idvy, idv; o,
where the second identity is Theorem (b), and by definition
<1d\/7 , idV}>Frob = ‘EI‘(](RK/7 o ldv7) = tr(idw o ld\/;) = tI‘(ldv;) = n,,
which shows that (xu,, Xx;)sech = 1, as desired. O

Corollary 8.9. Let G be a finite group, and let 7y, ..., 74 be representatives of the
irreducible complex representations of G. If (V, ) is any finite dimensional complex
representation of G, then there is a non-canonical isomorphism

,ﬂ.:,n.;”l @'.'6971_:177,(17
where m; = (Xr, X, )Sch-
Proof. By Corollary , it suffices to show that

Xr = M1Xm +-+ MgXn,
with m; as stated. But this follows immediately from Corollary &.5. ]
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9. SIX-FUNCTOR FORMALISM FOR QCoh([G\X])

Let (V, ) be a k-linear representation representation of a group G. If f: G' — G
is a group homomorphism, then the composite group homomorphism

o a s aLw

defines a k-linear representation of G’ that we write f*(7) and call the restriction
of 7 along f. We will show that, given a k-linear representation (V' ,7’) of G,
there are two ways to produce a k-linear representation of G. We write fi(7’) and
f«(7") for these two k-linear representation of G and call them compact induction
of ' along f and induction of 7’ along f, respectively. However, to define and
understand these, it is better to first generalize our notion of k-linear representation.
So, in this lecture, I will assume some familiarity with categories, functors, natural
transformations, and adjunctions. We have already encountered these in Lecture 5,
when we discussed extension/restriction of scalars.

If G is a group, then we define a category BG, whose set of objects is the singleton

set 1 = {0}, and whose set of morphisms is
Map(0,0) = G.
We define the composition of morphisms in the category BG to be the product of
these as elements of the group G, that is,
goh=gh,
and we define the identity morphism of the unique object 0 in the category BG to
be the identity element in the group G, that is,
ido = €.

Let k£ be a field, and let Vecty be the category, whose set of objects is the set of
(small, right) k-vector spaces, and whose set of morphisms is the set of k-linear
maps between such k-vector spaces. Composition of morphisms is defined to be
composition of maps, and the identity morphism of V' is defined to be the identity
map idy. Now, a k-linear representation (V,7) of G determines a functor

BG —=— Vecty,

that to the unique object 0 assigns the k-vector space w(0) = V and that to the
morphism g: 0 — 0 assigns the k-linear map mw(g): V — V. Indeed, it is a functor,
since for all morphisms g,h: 0 — 0 in BG, we have

m(goh) =m(gh) =m(g) om(h),
and for the unique object 0 in BG, we have
m(idg) = m(e) = idy = id(g) -
Conversely, a functor 7: BG — Vecty determines a k-linear representation
G —— GL(V),

where V' = 7(0), and where 7(g): V — V is the k-linear map 7(g): 7(0) — =(0).

This map is invertible. Indeed, every morphism g: 0 — 0 in BG is an isomorphism,

and every functor takes isomorphisms to isomorphisms, but let us give the proof.
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Let g: 0 — 0 be a morphism in BG. That h: 0 — 0 is an inverse of g means that
goh =1idg and h o g = idgy. Since 7: BG — Vecty, is a functor, we have

m(g) om(h) = w(g o h) = 7(ido) = idr(o),
m(h) om(g) = w(hog) = 7(ido) = idr(o),
which shows that 7(g) € GL(V), as claimed.

We generalize this as follows. Let G be a group and recall that a left G-set is
defined to be a pair (X, p) of a set X and a group homomorphism

G —— Aut(X).

As we explained in the Lecture 8, we also write g - « or gz instead of p(¢)(z) and
we say that G acts from the left on the set X. Given a left G-set (X, p), we define
a category called the translation groupoid of (X, p) and denoted

[G\X]

as follows. The set of objects is the set [G\X]o = X, and the set of morphisms is
the set [G\X]; = G x X. The source and target maps

[G\X] $ [G\X]o

are given by s(g,x) = = and t(g, ) = gz, respectively, and the identity map
[G\X]o —— [G\X]x

is given by e(x) = (e, z). So, in other words, we view the pair (g, z) as a morphism
from z to gz, and we define the identity morphism of 2 to be the pair (e, z). The
composition of (g, hx): hx — ghx and (h,x): * — hx is (gh,x): z — gha:

(h.w) _y hx —(9:he)
x/;—>h’z)\;yhx.
In the case of the trivial action of G on the set 1 = {0}, we recover the category
BG = [G\1].
We now define a k-linear representation of [G \ X] to be a functor
[G\X] —"— Vect, .

Such a functor assigns k-vector spaces and k-linear maps as indicated below.

x m(x)
<h,x>/ \:(h,z)
ha (gh2) —"— w(gha)| w(hx)
(g,hz)\/ /r(g,hm)
ghx 7w (ghx)
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The category [G\X] is a simple example of what is called a stack, and a functor
m: [G\X] — Vecty, is also called a quasi-coherent sheaf on this stack. We write

QCoh([G'\X]) = Fun([G'\ X], Vect,)

for the category, whose objects are the functors 7: [G\X]| — Vecty, and whose
morphisms are natural transformations between such functors. So a morphism

mT— T

is a family (hs)zex of k-linear maps

7(z) BECEN 7' (z)

such that for every (g,2) € G x X, the diagram

7(z) SELEIN 7' (z)
lﬂ(gaw) Jﬂ/(g,w)
Ry
m(gx) —— 7' (gx)
commutes. In particular, the category
Repy(G) = QCoh(BG) = QCoh(IG\1])

is the category of k-linear representations and intertwining k-linear maps.

It happens rarely that categories are equal or even that they are isomorphic.
Being equal or being isomorphic are not good notions for categories. (In fact, they
are so-called “evil” notions, because they involve equality.) Instead, the notion of
equivalence is a good notion. A functor

D¢
is defined to be an equivalence, if there exists a functor
e
in the opposite direction and natural transformations
FoH——ide
idp —-— HoF
such that for all ¢ € € and d € D, the morphisms
(F o H)(c) ——ide(c) = ¢
d = idp(d) —2— (H o F)(d)

in € and D, respectively, are isomorphisms. In this situation, we say that ¢ and 7
are natural isomorphisms, and that H is a quasi-inverse of F'. We note, however,
that H is *not* uniquely determined by F.
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Remark 9.1. If F: D — C is an equivalence (of categories), then it is always possible
tochoose H: € — D and e: FoH — ide and n: idp — HoF such that the following
diagrams of natural transformations commute.

FoHoF HoFoH
F—>F H—>H

In this situation, we say that € and 7 satisfy the triangle identities and that the
quadruple (F,G,¢,n) is an adjoint equivalence from D to C.

Proposition 9.2. Let G be a group, and let (X, p) be a transitive left G-set. Let
x € X, and let G, C G be the isotropy subgroup. The canonical inclusion functor

=[G \{#}] —— [G\X]

s an equivalence.

Proof. To produce a quasi-inverse, we choose for all y € X, an element h, € G such
that y = hyx, and define

[GA\X] —— [G\{=}],
to be the functor given on objects and morphisms by
) T

(g,y)l —a l(hgylghyx)

9y T
We further define e: 10 H — idjg\x) and n: Hoi — id[Gm \{z}] by

(i o H)(y) — — s (H o) (x)
H (h ) H H (h;tz) H
—_—Y r —=—" s

respectively. The family € = (e,)yex is a natural transformation, since the diagram

T (hyvl) y

Jh;}ghy J(gyy)
(hgyw'”)

r—F—— 39y
commutes for all (g,y) € G x X, and similarly, the family 7 = (1;)ze{2} is a natural
transformation since the diagram

(h; ')
4)

T T
J( ) l(h Lghe,@)
x x

%
commutes for all g € G,. Both € and 7 are automatically natural isomorphisms,
since all morphisms in [G\X] and [G,\{z}] are isomorphisms. O
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A category § is defined to be a groupoid if all morphisms in G are isomorphisms.
The translation groupoid [G'\X] of any left G-set (X, p) is indeed a groupoid.

Corollary 9.3. In the situation of Proposition 9.2, the restriction along i,

QCoh([G\X]) —— QCoh([G,\{x}]) = Rep;,(G.),

which to ™ assigns ™o 1, is an equivalence.

Proof. If H is a quasi-inverse of 4, then H* is a quasi-inverse of i*. O

Remark 9.4. Something better is true, namely, that, as opposed to the equivalence
1, the equivalence i* has a canonical quasi-inverse i, >~ i, given by the left or right
Kan extension along i. Explicitly, the functors 4, and i, are given by

in(m)(y) = lim(m | BG2 X (e \x7 [G\X]/y)
~ (B ha): 0y T(@))/CGa
ix(m)(y) = lim(7 | BGy x(a\x] [G\X]y))
~ (ny): ysw T(@)

It is the possibility of forming sums and products in Vecty, which we cannot do in
[G\X], that makes it possibly to define these functors.

Ezample 9.5. Let G be a group, and let H C G be a subgroup. The pair (X, p)
consisting of the set X = G/ H of left cosets of H in G and the group homomorphism
p: G — Aut(X) defined by p(g)(¢'H) = g¢'H, is a transitive left G-set. If we use
Corollary with © = H = eH € G/H, then we find that

QUoh([G\(G/H)]) —— Rep, (H)

is an equivalence.
Let (X, p) be a left G-set, and let
xLtse\x
be the canonical projection onto the set of orbits. (We remark that
G\X ~7o([G\X])
is the set of isomorphism classes of objects in [G\X].) If we choose an element
r=sZ)ex=G -z G\X

in each orbit, then we obtain an isomorphism of left G-sets

]_[feG\X G/G,—— X

that to gG, assigns g - x. We note that this isomorphism is highly non-canonical,
since it depends on the choice a section s: G\X — X of p: X — G\ X. Be that as
it may, given this choice, we obtain equivalences

[zea\x BGe —— zea\x [G\(G/Ge)] — [G\X].

Finally, taking functors into Vecty, we obtain the following result.
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Proposition 9.6. Let G be a group, and let (X,p) be a left G-set. A choice of
representative © € T € G\X of each orbit determines an equivalence

QCoh([GN\X]) —— [Lcc\ x Repi(Ga)-

In Proposition 9.0, the big advantage of the left-hand side is that it only depends
on the left G-set (X, p), whereas the right-hand side also depends on a choice”" of
section s: G\X — X of the canonical projection p: X — G\ X. We are now ready
to define the compact induction and induction functors.

So let G be a group, and let f: Y — X be a G-equivariant map between left
G-sets X and Y. We do not assume that G, X, or Y is finite. It induces a functor

6\Y]—L- [6\X],

which, by abuse of notation, we again denote by f, and that maps

Yy ()
| —I J(g,f(y))
9y flgy)

Since the map f: Y — X is G-equivariant, we have f(gy) = gf(y), so this functor
is well-defined. The functor f induces a functor

QCoh([G\X]) —L— QCoh([G\Y))

that to 7 assigns 7 o f and that we call the restriction along f. It admits both a
left adjoint functor f; and a right adjoint functor f, given by the left Kan extension
along f and the right Kan extension along f, respectively. We call the functor f
compact induction along f, and we call the functor f. induction along f. We now
spell these out two functions out in detail. First, the functor

fi

QCoh([G\Y]) —— QCoh([G\X])

is given by
fi()(g,)
Si(7)(z) fi(r)(g)
T
D sy)=a TW) = D 5= T(99),
where the two sums are indexed by
@) ={yeY | fly) =},

and where we use that, since f: Y — X is G-equivariant, we have

D (y)=g2 TW) = Dp(y)=a T(99)-
We define natural transformations € = (e,) and n = (n,) with

€

fiff(n) —=— 7 T f*fi(7)

271n general, we need the axiom of choice to even know that it is possible to make this choice!
28 We abbreviate and write fif* instead of fio f*, etc.
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as follows. The k-linear map

€,z

() (z) ——— w(x)
@f(y)::c m(f(y) —— m(x)

is the fold map (or co-diagonal), whose restriction to each summand is the identity
map of w(z) = 7(f(y)), and the k-linear map

(y) ———s f* fi(T)(y)

7(y) —— Dry)=re) TW)

is the inclusion of the summand indexed by y. One verifies that € and 1 are indeed
well-defined natural transformations and that the triangle identities

fif*fi hfr
V \i nf* \";e
fgLﬁ f*id—f*”f*

hold. As explained in Lecture 5, this immediately implies:

Theorem 9.7 (Frobenius reciprocity I). In the situation above, the maps
Map(fi(7),) — Map(r, f*())

defined by a(h) = f*(h) on, and B(k) = €x o fi(k) are each other’s inverses.
Similarly, the functor
I
QCoh([G\Y]) —— QCoh(|G'\X])
is given by

P06D 1, (r)(ge)

o) |
I yme 7(0) = Ty = 7(90),

fe(r)(@)

where the products are indexed by f~!(x) as before. The natural transformations
e = (e;) and n = (n,) with

f*f*(T)éT WL}f*f*(W)
as follows. The k-linear map

€Ty

[ r(m)(y) —————7(y)

p ‘ ‘

Y

n=rw) 0) ———7(y)
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is the projection on the factor indexed by y, and the k-linear map

m(z) — " o f* () (@)

7(x) —2 I;ey)=e m(f(¥))

is given by the diagonal map. One verifies that € and 7 are well-defined natural
transformations and that they satisfy the triangle identities:

AR fof fe

fV Xf: nfu Xe
" idg= idy,
fre—r fo —————F
This gives the following result:

Theorem 9.8 (Frobenius reciprocity II). In the situation above, the maps
Map(f*(m),7) <T} Map(r, f«(7))

defined by a(h) = fi(h) ong. and B(k) = €, o f*(k) are each other’s inverses.
There is a canonical natural transformation called the norm map

Nm ¢
fi—— fe
In our description of fy and f,, it is given by the canonical inclusion

Nmy o
—)f*

D)=a W) ———— )= 7®)

of the sum in the product. We will say that a map f: Y — X is proper, if for all
x € X, the inverse image f~!(z) C Y is finite.

Theorem 9.9. If f: Y — X is proper, then the norm map

Nmf
fi—— [«

is a natural isomorphism.
Proof. Indeed, finite sums and finite products of k-vector spaces agree. O

Finally, we will prove an important theorem called the base-change theorem. A
commutative diagram of left G-sets and G-equivariant maps

(9.10) vy My

N

X I x
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induces a diagram of categories and functors

QCoh([G\Y']) +—""— QCoh([G \Y])

Tf’* Tf*
QCoh([G\X']) +—"“— QCoh([G\X])

that commutes, up to unique natural isomorphism. The diagram ( ) is defined
to be cartesian, if the map

(f',h")

VL X xx Y ={(2,y) e X' x Y | h(z') = f(y)} C X' X Y

is a bijection. In this case, also the diagrams

QCoh([G\Y']) +—""— QCoh([G \Y])

lfﬁ (resp. f/) Jf* (resp. f1)

QCoh([G\X']) +—"— QCoh(/G\X))
commute, up to specified natural isomorphisms. Here is a precise statement:

Theorem 9.11 (Base-change). If a diagram of G-sets and G-equivariant maps as
in ( ) is cartesian, then the following hold.

(1) The composite natural transformation

h . i
e S A S e
18 a natural isomorphism.
(2) The composite natural transformation

fih' " n eh* fi

f!/ h'* EEARELEN f!/ h/*f*f! ~ f!/ f/*h*f! h*f|

18 a natural isomorphimsm.

Proof. We first remark that (1) and (2) are in fact equivalent statements. Indeed,
the natural transformation A*f, — fLh'* in (1), determines and is determined by a
natural transformation h{f'* — hif*, which, up to interchanging the role of f and
h, precisely is the natural transformation in (2). So it suffices to prove (1). To this
end, let 7 € QCoh([G\Y]), and let 2’ € X’. On the one hand, we have

R fo(m) (') = fo(T) (M) = T1 1) =niary TW),
and, on the other hand, we have
P ) = iy B O = Ty 7)),
and since the diagram ( ) is cartesian, the two products agree. Finally, one checks
that the composite map in the statement takes the factor indexed by (y,z’) with
f(y) = W' (2) to the factor indexed by the unique 3’ € Y’ such that f/'(y') = 2’ and
KW (y') = y by the identity map
id
T(y) —— (W' ()

So it is an isomorphism, which proves (1). O
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In the next lecture, we consider the special case, where G is a finite group, where
H, K C G are two subgroups, and where ( ) is the cartesian diagram

G/H x G/K —" G/H

I |
G/K—" . q/a.

Here, f and h are the unique maps (note that G/G = {G} only has one element),
and A’ and f’ are the canonical projections. The left G-sets G/H and G/K are
both transitive, but G/H x G/K is not, unless either H = G or K = G or both.
Proposition 9.6 gives a product decomposition of QCoh([G'\(G/H x G/K)]), once
we fix a choice of representatives of the G-orbits in G/H x G/K. As we will see,
this turns out to be rather complicated!

Remark 9.12. The formulas for the left Kan extension f; and right Kan extension
f+ that we have given above are based on the fact that the diagram of anima

Y —— > [G\Y]

|

X — [G\X]

is cartesian. (This follows from Theorem 6.1.0.6 in Lurie’s Higher Topos Theory,
since anima form an co-topos.)

291n Lurie’s Higher Topos Theory, anima are called “spaces.” However, since these are nothing
like topological spaces and are in fact discrete in nature, Clausen and Scholze have proposed to
use the name anima or animated sets instead.
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10. INDUCTION AND RESTRICTION

This time, we will apply the general theory that we developed last time to the
particular map of left G-sets given by the unique map

G/H 5 G)G ={G},

where H C G is a subgroup.””’ We have defined functors

BG 7  BH

(G\(G/Q)] L [H\(H/H)]

[G\(G/H)]
with i an equivalence of categories, and adjoint pairs of functors

G
Res%

Rep,(G) — Repy,(H)
| H

*

QCoh([G\(G/G)]) <:> QCoh([H \(H/H)])

s

IS 2

QCoh([G\(G/H)]).

We call Resg = f* the restriction from G to H and its right adjoint Indg = fs
the induction from H to G. (We also defined a left adjoint f; of f*, which we call
compact induction from H to G. It is sometimes written indg in all lower-case.)
Since composition of functors is (strictly) associative, we have

fr=(poi)t =i"op,
but it is not true that

fe= (poi)* = D« O 4.
What is true, however, is that the two composite natural transformations

Jo = puD" fo — Do P* [ = putia f* [ — pui

defined using the counits and units of the three adjunctions are each other’s inverses.
In this way, the two adjoints f, and p.i, of f* are uniquely naturally isomorphic.
This is a general fact:

Proposition 10.1. Let (f*, f.,e,n) and (f*, f+,€ 1) be two adjunctions with the
same left adjoint functor f*. In this situation, the composite natural transformation
I « F 3
fo s o fro fu S5 R

30 We do not assume that H C G is normal.
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is the unique natural transformation o: f. — f. that makes the diagrams

o fi T pro o foy
\ e \ /

commute. In particular, it is a natural isomorphism with inverse

f ol — fyo f*Of*ﬁf*.

Proof. This is not so easy to show. See for example Saunders MacLane, Categories
for the Working Mathematician, Chapter IV, Section 7, Theorem 2. O
Here is an application:
Corollary 10.2. The adjunction
QCoh([G\(G/H))) — Repy,(H)
is an adjoint equivalence.

Proof. In the adjunction (i*,4.,€,7n), the functors ¢* and i, are given by restriction
and right Kan extension along the canonical inclusion

BH = [H\(H/H)] —— [G\(G/H)],

and we wish to prove that ¢ and 7 are natural isomorphisms. We have proved last
time that ¢ is an equivalence of categories. So if h is a quasi-inverse of i, then h* is
a quasi-inverse of ¢*, and we can choose natural isomorphisms €: i* o h* — id and
7: id — h* o 4* such that (:*, h*, € 7) is an adjunction. By Proposition , the
natural transformation o: i, — h* defined as the composition

. h*
T4 —)z* i*h* =2 p*

is an isomorphism and is unique with the property that the diagrams

7 OZ*4>2 oh* iy 01" %h*oz

commute. In particular, we conclude that € and 7 are natural isomorphisms. (I

Proposition also implies that to “calculate” the induction functor

Ind$
Rep, (H) — Rep,,(G),

it suffices to produce an adjunction (ResH7 IndH, €,7) with Resfl = f*. For in this
situation, the proposition will give a unique natural isomorphism o: Indfl — f« to
any other right adjoint functor f, of f*, say, to the right Kan extension along the
functor f: BH — BG.
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Now, given a k-linear representation of H,
BH ——— Vecty,
with W = 7(0), we define the induced k-linear representation

w=Ind§ (+)

BG ———— Vecty,

as follows. The k-vector space w(0) = V = Mapy (G, W) is given by the set of all
maps f: G — W such that for all h € H and = € G,

f(h-z)=h-f(x) =7(h)(f(z)),
with vector sum and scalar multiplication by a € k defined pointwise by
(f + 1)) = f(2) + f(2)
(f - a)(@) = f(z) - a,
and for g € G, the k-linear map 7(g): V — V is given by
m(9)(f)(x) = f(zg).
We define the counit €, : (Res$ o Ind$)(7) — 7 to be the k-linear map
Mapy (G,W) —— W
that to f: G — W assigns ¢, (f) = f(e), and the calculation
er(h-f)=(h-f)(e) = fle-h)=f(h-e)=h-f(e)=h-e(f)
shows that it intertwines between the two k-linear representations of H in question.

Finally, given a k-linear representation w: BG — Vecty of G with V = 7(0), we
define the unit 7, : 7 — (Ind$ o Res%)(7) to be the k-linear map

V —— Mapy(G,V)

given by 7, (v)(z) = 7(x)(v). The calculation

Ne(v)(h-2) =7(h-z)(v) = (7(h) o m(x))(v) = 7(h) (1 (v))
shows that 7, € Mapy (G, V), so the map is well-defined. And the calculation

Nx(g - v)(@) = m(2)(n(g)(v)) = (- g)(v) = nz(v)(x - g) = (9 nx(v))(x)
shows that it intertwines between the two representations in question. Thus, we
obtain the following special case of Frobenius reciprocity II, which we proved in
Theorem

Theorem 10.3 (Frobenius reciprocity II). In the situation above, the maps
[0}
Hom(Res% (7),7) &— Hom(w, Ind$ (7))
B

defined by a(h) = Ind% (h) oy and B(k) = €, o Res% (k) are each other’s inverses.

Ezample 10.4. Let G = X4 be the group of permutations of the set {1,2,3,4}, and

let H C G be the subgroup of permutations o such that o(4) = 4. We identify H

with the group X5 of permutations {1, 2,3} via the group isomorphism p: H — X3

defined by p(o) = ol12.33. We let 1,7, 3,74, 75 be the irreducible complex

representations of G defined in Lecture 7, and let 7, 72, 73 be the irreducible complex

representations of H defined in Lecture 1. So m; and 7 are the 1-dimensional trivial
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representations, my and 75 are the 1-dimensional sign representations, w3 and 73 are
the standard representations of dimension 3 and 2, respectively, 74 ~ 7wy ® 73 is
3-dimensional, and 75 is 2-dimensional. We wish to understand

™= Indlql (T1)7
which has dim¢(7) = [G : H| - dimg(71) = 4. We have the canonical isomorphism
®1§i§5 Hom(m;, 7) @ m; —— 7

that to f; ® x; assigns f;(x;), and by Frobenius reciprocity,
Hom (7, 7) = Hom(m;, Ind (1)) ~ Hom(Res% (), 71).
We see immediately from the definitions that
Resfl (m) =7
Res% (m2) ~ 7o
Resg(ﬂg) ~ 7 D73,
so by Schur’s lemma, we conclude that the canonical map
Hom(m,7) ® 71 @ Hom(7s, 7) @ 13 —— 7
is an isomorphism. Hence, less canonically, we have an isomorphism
Indfl(ﬁ) ~ T O 3.
Let us finish the calculation of Resg (7;). Using that w4 = m ® 73, we get
Res% (m4) = Res$ (my @ m3) ~ Res$ (1) @ Res% (m3)
~71® (11 B T3) = To P Ts,

where the second identification uses the “symmetric monoidal” structure on Resg.
Finally, we consider the diagram of groups

1 N G 1

72

where N = {e, (12)(34), (13)(24), (14)(23) }, and where ¢ maps g € G to the unique
element ¢(g) € H N gN. In Lecture 7, we defined 75 = ¢*(73), so we find that

Resf (m5) = (f* 0 ¢*)(13) = (g0 f)"(13) = 7.

Remark 10.5. As Example shows, if 7 is irreducible, then Resg (m) may well
not be so. (Physicists call this “symmetry breaking.”) The example also shows that

H 1,

if 7 is irreducible, then Ind () may also not be irreducible.
Suppose H C G is a subgroup of finite index [G : H] = n. In this case, the map
G/H—L-aG/a

is proper, so by Theorem 9.9, the norm map Nm,,: pi — p, is a natural isomorphism.
This means that, under this assumption, the functor Indf[ is also left adjoint to
Resg. Let us spell out the adjunction
(Ind%, Res$, €', n').
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We choose a family (gi,...,9gn) of representatives of the right cosets Hg € H \G.
If (V,m) is a k-linear representation of G, then we define the counit

(IndS o Res%)(r) —=
to be the k-linear map €, : Mapy (G, V) — V given by €,.(f) = >, -,<, f(gi), and
if (W, 7) is a k-linear representation of H, then we define the unit

7 —" (Res; o Ind)(7)
to be the k-linear map n,.: W — Mapy (G, W) given by

ny(w)(x) = {

7(z)(w) ifxe H,

0 ifx ¢ H.
Therefore, by invoking Proposition , Frobenius reciprodicity I, which we proved
in Theorem 9.7, specializes to the following result.

Theorem 10.6. Let G be a group, and let H C G be a subgroup of finite index.
Given k-linear representations w and 7 of G and H, respectively, the maps

’

Hom(Ind$ (1), 7) ——— Hom(7, Res% (7))
/8/

defined by o/ (h) = Res$ (h) onl. and B'(k) = €. oInd$ (k) are each other’s inverses.

Remark 10.7. The restriction Resg = f* always has the left adjoint indg = fi, but
the norm map Nmy: fi — f, is a natural isomorphism only if [G : H] < oco.

Let H, K C G be two subgroups, and let ¢ and 7 be k-linear representations of
H and K, respectively. Frobenius reciprocity gives us the canonical isomorphism

Hom(Ind% (o), Ind$ (7)) BN Hom((Res% o Ind$) (o), 7),

so we would like to understand the functor Res$ o Ind%, and this is exactly what
the base-change theorem allows us to do. We first determine the set
Mapg (G/H,G/K)

of G-equivariant maps f: G/H — G/K. Given such a map, we have f(H) = aK,
for some a € G, and hence, by the G-equivariance of f, we have

f(gH) = gaK
for all g € G. In particular, we have haK = aK for all h € H, or equivalently,
a'Ha C K.

Conversely, given a € G such that a='Ha C K, the map f,: G/H — G/K defined
by fo(gH) = gaK is G-equivariant. Moreover, we observe that f, = f, if and only
if aK = bK, or equivalently, if and only if

a'be K.
If a='Ha = K, then f, = r, is the G-equivariant map

G/H "+ GJa'Ka
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given by right multiplication by a. Indeed,
falgH) = gaa 'Ha = gHa = r,(gH).
In general, if a ' Ha C K, then f, factors in two ways

aKa~1

G/H _ G/aKa™!

Ta Ta
K
1 Po-1Hq
G/a 'Ha — G/K
as the composition of r, and the canonical projections.

We now assume that G is finite and consider the cartesian square of left G-sets

XLG/H

G
G/K 5 q/a,
where H, K C G are subgroups and X = G/H x G/K. The base-change theorem,
Theorem , gives a canonical natural isomorphism

(PF)* 0 (PF)s — p2s 01},
so we wish to understand the left G-set X. The map s: G/K — X defined by
s(aK) = (H,aK) is not G-equivariant, unless H = G, but it induces a surjection
G/K —— G\X = mo([G\X])

that maps aK to the G-orbit 5(aK) = G- (H,aK) through s(aK) = (H,aK), and
moreover, (H,aK) and (H,bK) are in the same G-orbit if and only if ab=! € H.
This shows that we have a bijection

H\G/K —— G\X

that to HaK assigns the G-orbit G - (H,aK). Moreover, the isotropy subgroup at
(H,aK) for the left action by G on X is equal to

G(H,aK) =HnN CLI(CLil7

since (H,aK) = (gH, gaK) if and only if g € H and g € aKa~'. We now choose a
map a: {1,2,...,m} — G, whose composition with the canonical projection

{1,2,....m} 2> G—L5 H\G/K

is a bijection. We write a; = a(s) and say that (a1, aqg,...,ay) is a family of double
coset representatives. With this choice, we obtain a G-equivariant bijection

Hicocmn G/(HN asKa;l) —— X
that to g(H NasKaz ') assigns (gH, gasK). Moreover, we have

_ H
PLOoUw =2 1cocm PHAa,Ka?

—1
o asKag
p2ou= Zlgsgm Tas®Prn, Karl?
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where “X” is notation for the map from the disjoint union that on the sth summand
is given by the indicated map. Finally, we note that the diagram

B(aKa~!) — ", [G\(G/aKa~1)]

BK e [G\(G/K)],

where ¢, : aKa™' — K maps aka™*! to k, commutes, up to the natural isomorphism
1} 0Cq —Tq Olgkq—1
defined by the isomorphism

(ZK © Ca)(o) — (Ta © Z.¢1K¢1*1)(0)

K

(a,K)
aKK

in the category [G\(G/K)].
With all these choices made, the base-change theorem gives rise to the following

result known as the double coset formula.

Theorem 10.8. In the situation above, there is a natural isomorphism

asKall
E s R

G G
Dicicm Canx © IndesKa;l o -1 — Resg oIndjy

H
eSHﬁotsKotS

that depends on the various choices made.

Proof. By the base-change theorem, the diagram

QCoh([G'\ X]) «—"—— QCoh([G \(G/H)))

pa*l J{(pg)*
(r%)”

QCoh([G\(G/K)]) +———— QCoh([G\(G/G)))

commutes, up to canonical natural isomorphism. Moreover, using the (non-canonical)
G-equivariant bijection

[Li<ocm G/(HNasKa") — s X =G/H x G/K,
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this translates into a diagram

H
(ReSHﬁas Kaz ! )

[licscm Repk(HﬂaSKa_l) Rep,, (H)

asKay

I[IInd N
HnNasKag

ngsgm Repk(aSKas )
IT casx nd$
H1gs§m Repy,(K)
@

Repy,(K)

G
Resy

Repk(G)7

which commutes, up to a natural isomorphism that depends on the (many) choices
made. The translation uses the fact, which we stated as Proposition , that
adjoints of functors, if they exist, are unique, up to unique natural isomorphism. [J

We will use these results to prove a theorem called the intertwining number
theorem. So we let G be a finite group, and let H, K C G be subgroup. Let (V,0)
and (W, 7) be k-linear representations of H and K, respectively. By Frobenius
rec1prod1c1ty I4+1IT and the double coset formula, we obtain isomorphisms

Hom(Ind$ (¢), Ind% (7)) ~ Hom((Res% o Ind$) (o), 7)

K-
~ D)< o<y Hom((cq,x 0 Ind}lm aK 10 ResgmsKagl )(o),7)

-1
~ @1<S<m Hom(ResHma Ka,l( ),(ResHm%}{as_1 ocy )(T)).

We note that for a € G, the k-vector space

Hom(Resfr, req-1(0), (Resii e, -1 0.¢5) (7))
consists of the k-linear maps f: V' — W such that
fo(h)(v)) = 7(a” ha)(f(v))
for all h € G and v € V, or equivalently, such that
foa(h)=7(k)o f
for all (h,k) € H x K with ha = ak. Let us write d(o, 7;s) for the dimension of

this k-vector space for a = as. To see that it only depends on o, 7, and s, and not
on the choice of a; € Ha,K € H\G/K, we rewrite the calculation of

Hom(Ind% (¢), Ind% (7))
in a way that does not involve any choices. If we let
X, "3 X =G/HxG/K
be the inclusion of the sth orbit, then the calculation becomes
Hom((pf)+(0), (p%)«(7)) = Hom(((p%)" © (pF)+)(0), 7)
~ Hom(pz. pi(0), T) =~ S1<s<m Hom(pa. i i3 pi(0), 7)

~ D1<s<m Hom(paris i} pi(0), 7) =~ @1<s<m Hom(if pi (o), 5 p5(7)),
89



which, in turn, gives the formula
d(o,7;s) = dimy, Hom(i} pi (o), p3(7)).

So this number manifestly only depends on o, 7, and s. Finally, by taking dimensions
everywhere, we obtain the following theorem due to Mackey.

Theorem 10.9 (Intertwining number theorem). In the situation above,

dimy, Hom(Indf (o), Ind (7)) = Y1, dlo, 75 9).
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11. REPRESENTATIONS OF THE SYMMETRIC GROUPS

Let X be a finite set with n elements, and let G = Aut(X) be its group of
automorphisms. We proceed to construct representatives for all isomorphism classes
of irreducible complex representations of GG. Since the set of isomorphism classes of
irreducible complex representations is bijective to the set C(G) of conjugacy classes
of elements in G, we first introduce some language to understand this set.

We recall that every permutation g € G can be written as a product

g=4g1-..-9m

of disjoint cycles and that this product decomposition is unique, up to a reordering
of the factors. The cycle type of g € G is the sequence (A1,...,\,) of lengths of
the cycles g1,..., gm, listed in non-increasing order, and it is a basic fact that two
permutations g, h € G are conjugate if and only if they have the same cycle type.

Definition 11.1. Let n > 0 be an integer. A partition of n is a non-increasing
sequence A = (A, Az, ...) of non-negative integers such that > .., A\; = n.

Let Part(n) be the set of partitions of n. The map that to a permutation g € G
assigns its cycle type A(g) € Part(n) induces a bijection

C(G) —— Part(n).

Example 11.2. Let n =7, and let g € G be the permutation given by

gi) |51 |6 |3|2]4]|7

We have g = (152)(643)(7), so g has cycle type A(g) = (3,3,1).
Let us write Z~ for the set of positive integers.

Definition 11.3. A Young diagram is a finite subset S C Zsg X Zso with the
property that for all (i,5) € Zsg X Zso, if either (i +1,j) € Sor (i,j+1) € S or
both, then (i,5) € S. The cardinality of the set S is called the size of the Young
diagram.

Ezample 11.4. We picture a Young diagram as a collection of boxes arranged as
the entries in a matrix. For instance, there are five Young diagrams of size n = 4:

[TTT] @ [ ] |

We will see that these correspond to the five isomorphism classes of irreducible
complex representations G = ¥y4.
Given a Young diagram S of size n, we define its row partition A(S) by

A(S)i = card({j € Z>o | (i,) € 5}),
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and we define its column partition u(S) by
w(S); =card({i € Zso | (i,5) € S}).
We write Young(n) for the set of Young diagrams of size n.

Proposition 11.5. The maps A\, u: Young(n) — Part(n) that to a Young diagram
assign its row partition A\(S) and column partition pu(S) are bijections.

Proof. This is clear from the definitions. O

Ezample 11.6. In Example , the row partition (resp. column partition) of the
first (resp. third) Young diagram is equal to the column partition (resp. row parti-
tion) of the second (resp. fourth) Young diagram. The row and column partitions
of the fifth Young diagram are equal.

Definition 11.7. Let X be a finite set. A Young tableau on X is an injective map
whose image S = u(X) is a Young diagram.

Given a Young tableau, the map u: X — S = u(X) is a bijection. So to specify
a Young tableau u: X — Zsg X Z~q with a given Young diagram S as its image
amounts to assigning an element of X to each “box” in S.

Ezample 11.8. The figures

8 (12|14 |9 |1

111 3 |10
5|6 (13
7|2

illustrate a Young tableau on X = {1,2,...,13} and its underlying Young diagram.
Let Tabl(X) be the set of Young tableaux on X. The group homomorphism
GP = Aut(X)°P —2— Aut(Tabl(X))

given by p(g)(u) = uog defines a right action by the group G on Tabl(X). It is free
action. Indeed, if u o g = u, then g = e, since u is injective.

Proposition 11.9. The map that to a Young tableau assigns its image induces a
bijection

Tabl(X)/G —— Young(n)
from the set of orbits of the right action by G on Tabl(X) onto the set of Young

diagrams of size n = card(X).

Proof. Indeed, the map is surjective, by the definition of a Young tableau, and it

is injective, since two Young tableaux u,v: X — Z~o X Z~¢ have the same image

if and only if there exists a bijection g: X — X such that v =u o g. U
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Given a Young tableau u, we consider its composition with the projections

X

pou qou
Ju

P q
Lso——ZLso X Lso — ZL>o
given by p(i,7) =i and ¢(i, j) = j, respectively.

Definition 11.10. The row stabilizer H C G and the column stabilizer K C G of
a Young tableau u: X — Zsg X Z~( are the subgroups

H={geG|pouog=pou} CG,
K={9eG|qouog=gqou} CG.

More informally, the row stabilizer consists of the permutations, which permute
the elements within the rows of a Young tableau, but which do not permute elements
that belong to separate rows. Similarly for the column stabilizer.

Lemma 11.11. Let u: X — ZsogxZso be a Young tableau. If Hy K C G = Aut(X)
are its row and column stabilizers, then H N K = {e}.

Proof. Indeed, if pouog=powuand gouog = qgou, then uo g =wu, and, as we
have already noticed, this implies that g = e, since w is injective. (|

We give the set Part(n) of partitions of n the lexicographic order, where A >
if there exists an m > 1 such that \,, > p,, and \; = p; for 1 <7 < m. It is a total
order in the sense that if A # pu, then either A > por u > A

Lemma 11.12. Let u,v: X — Zsq X Z~q be Young tableauz, let H be the row
stabilizer of u, and let K be the column stabilizer of v. Let S = u(X) and T = v(X)
be the underlying Young diagrams, and suppose that A\(S) > A(T). If, in addition,
every row in u and every column in v have at most one element in common, then
S =T and there exists h € H and k € K such that uoh =vok.

Proof. We prove the statement by induction on n = card(X), the case n = 1
being trivial. So we let n = m and assume that the statement has been proved
for n < m. Let X; = (powu)~t(i) C X be the set of elements in the ith row of u,
and let Y; = (gov)™'(j) C X for the set of elements in the jth column of v. By
assumption, the intersection X; N'Y; has at most one element for all (¢, ). Also by
assumption, A(S) > A(T'), so in particular that A(S); > A(T")1. But since there are
A(S); elements in X7, and since at most one of them belongs to each of the columns
Y1,...,Yar),, we also have A(S)1 < A(T)1, so A(S)1 = A(T)1. We can now choose
h € H such that for all z € X3,

(gouoh)(z) = (gov)(x),
and we can further choose k € K such that for x € X7,
(povok)(z)=(pou)(zx) =1
It follows that for all x € X1, we have
(pouoh)(z)=(pou)(x)=(povok)(z),

(gouoch)(z) = (gov)(z) = (govok)(z),
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which, in turn, implies that for all x € X, we have

(woh)(x) = (vok)(x).
We can now bring ourselves in a position to invoke the inductive hypothesis. Indeed,
we let X/ = X \ X1, and define v/,v": X' — Z~¢ X Z~( by

(pou)(x) = (pouoch)(z) -1,
(qou)(z) = (gouoh)(x),
(pov)(z) = (povok)(z)—1,
(qov')(x) = (govok)(x).

It is clear that S" = «/(X’) and 7" = v/(X’) again are Young diagrams, so that u’
and v" are Young tableaux; that A(S") > A\(T"); and that every row in v’ and every
column in v’ at most have one element of X’ in common. Let G’ = Aut(X’), and
let H', K’ C G’ be the row stabilizer of v/ and the column stabilizer of v’. Since
card(X') < card(X), we conclude from the inductive hypothesis that S’ = 7" and
that there exist b’ € H' and k¥’ € K’ such that v’ o b’ = v’ o k/. We conclude that
S = T. Moreover, since the group homomorphism p: G’ — G defined by

T if x € Xy,

g (x) ifzxeX,

maps H’ and K’ into H and K, respectively, we further conclude that
uohop(h')=vokop(k').

This completes the proof. (Il

We can now reap the benefits of the work that we did in the last two lectures
together with the lemmas above and classify all irreducible complex representations
of G = Aut(X), up to non-canonical isomorphism. Let S be a Young diagram, let
u: X — Zso X Zo be a Young tableau with u(X) = S, and let H, K C G be its
row and column stabilizers. We define

773{ = (Indg o Resg)(T)
75 = (Ind% o Res) (o),

where 7 is the 1-dimensional trivial representation of G and ¢ is the 1-dimensional
sign representation of G.

Theorem 11.13. Let X be a finite set with n elements, and let G = Aut(X).

(1) If S is a Young diagram of size n, then, up to non-canonical isomorphism,
there is a unique irreducible complex representation wg of G, which occurs
in the decompositions of both w;r and g .

(2) If S and T are distinct Young diagrams of size n, then the representations
Ts and T are non-isomorphic.

(3) If ™ is an irreducible complex representation of G, then m ~ 7g, for some
Young diagram S of size n.

Proof. To prove (1), it suffices to show that

dimc Hom(nd, mg) =1,
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and to do so, we will use the results on induced representations that we proved in
the last two lectures. We consider the cartesian diagram of left G-sets

G/H x G/K —" G/H
b s
P

G/K—  %aq/G

where we have included f = pfj opy = p% o pa. We have canonical isomorphisms

Hom(r,75) = Hom((pF)« (0F) 7, (0% )« (0% ) *0)
~ Hom((p%)* (pf)«(0F)* 7, (p%)*0)
=~ Hom((p%): (p%)* (057)+(p57) "7, 0)
~ Hom((p%) (p%)* (05 )1 (0F) "7, 0)
~ Hom((p% )1 pa1 p} (p57) "7, )
~ Hom(f, f*1,0)

~ Hom(f*r, f*0).
Moreover, we defined a non-canonical isomorphism of left G-sets

ngsgm G/HﬁasKafs_l E— G/H X G/K,

which depends on a choice of a family (aq,...,a) of representatives of the double
cosets H \G/K, among other things. So we conclude that
- G G
Hom(nd, mg) ~ [Ti<s<m Hom(Resy o1 (7), Resyy e -1(0)).

Since both Res% ., sq-1(7) and Res$ . xa-1(0) are 1-dimensional representations
of HNaKa™!, we find that

dime Hom(Resf a1 (7), Resfnarca1 ()

B {1 if sgn(g) =1 forall g€ HNaKa ',

0 otherwise.
For the double coset HaK = HK, we have
dim¢ Hom(Resng(T), Resng(a)) =1,

since HNK = {e} by Lemma . Hence, we must show that if a ¢ HK, then there
exists g € HNaKa~! such that sgn(g) = —1. To this end, we consider, in addition
to the tableau u: X — Zsg X Zg, the tableau v = uoa™': X = Zsg X Zso,
whose column stabilizer is aKa~'. We claim that there exists a row in v and a
column in v, which have at least two elements in common. Granting this claim, the
transposition g that interchanges these two elements belongs to HNaKa~! and has
sgn(g) = —1, which proves (1). To prove claim, we assume that every row in u and
every column in v have at most one element in common. In this case, Lemma
shows that there exists h € H and aka™' € aKa™! such that

uoh=voaka ' =uoka "

But then h = ka™!, so a = h=*k € HK, which is a contradicts that a ¢ HK.
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To prove (2), it suffices to show that
dimc Hom(7d, 73) = 0.

Arguing as in the proof of (1), we see that it further suffices to show that for all
Young tableaux u,v: X — Zsg X Zso with «(X) = S and v(X) = T, there exists
a row in v and a column in v that have at least two elements in common. But this
follows immediately from Lemma . Indeed, since the lexicographic order on
Part(n) is a total order, we can assume without loss of generality that A(S) > \(T).

Finally, we prove (3). We have constructed the family

(’/TS)SEYoung(n)

of pairwise non-isomorphic irreducible complex representations of G. But the set
of Young diagrams of size n and the set of conjugacy classes of elements in G
are bijective, so we have found all irreducible complex representations of G, up to
non-canonical isomorphism. ([

The representation mg is called the Specht representation associated with the
Young diagram S. Its isomorphism class is independent of the choice of Young
tableau u that we made in its definition.

Remark 11.14. We defined ¢ = (Ind§ o Res%)(7) and 75 = (Ind% Res$)(0), but
we could of course just as well have switched 7 and ¢ in this definition.

If the subset S C Z~(¢ X Z~¢ is a Young diagram of size n, then so is the subset

S"={(i,j) € Zso x Z>o | (4, 1) € S},

which we call the conjugate Young diagram of S.

Lemma 11.15. If S is a Young diagram of size n, and if S’ is its conjugate Young
diagram, then the associated Specht representations are related by

Ty >~ Tg X Oo.

Proof. Let u: X — Z~o X Z~q be a Young tableau with «(X) = S, and let H and
K be its row stabilizer and column stabilizer. Let v': X — Zsg X Z~q be the unique
map with pou’ = gou and gow’ = pou. Then v/(X) = 5’ and v’ has row stabilizer
K and column stabilizer H. Thus,

e = (Ind% o Res%) (1) ~ (Ind$ o Res%) (0 ® o)
~ (Ind% o Res%)(0) @ o ~ g @0
75 = (Ind§ o Res%) (o) =~ (IndH oRes$) (T ® 0)
)(T) @

~ (Ind} oRes§) (1) @ 0 ~ 74 @ 0.

Here we have used that, in general, for H C G, one has
Res% (7 @ p) ~ Res& (m) @ Res$ (p)
Ind% (o @ Res%(p)) ~ Ind$ (o) @ p

for all representations m and p of G and o of H. The latter identity is called the
projection formula. (I
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Ezxample 11.16. For H = X3, we have earlier found three irreducible finite dimen-
sional complex representations of H, namely, the 1-dimensional trivial representa-
tion 71 and sign representation 7o, and the 2-dimensional standard representation
73. These correspond to the following Specht representations:

T1 T2 T3
Similarly, for G = X4, we have earlier found five irreducible finite dimensional
complex representations of G, namely, the 1-dimensional trivial representation 7y
and sign representation mo, the 3-dimensional standard representation 73 and its

tensor product m4 = w9y ® w3 with the sign representation, and the 2-dimensional
representation 5. These correspond to the following Specht representations:

™1 T2 T3 Y 5
Using Lemma , we see immediately from these listings that 7 ® 73 ~ 73 and

that my ® w5 ~ 5. If we identify H with the subgroup of G consisting of all g € G
with g(4) = 4, then one can also show that, in terms of Young diagrams, Resg takes
an irreducible G-representation 7 to the sum with multiplicity one of all irreducible
H-representations 7 corresponding to the Young diagrams obtained from the Young
diagram for 7 by removing one box. So we have

Res%(m) ~ 7
Res% (m3) ~ 7o
Res$ (m3) ~ 7, & 73
ResH(m) ~TdT3
Res% (m5) ~ 75

Similarly, one can show that Ind$ takes an irreducible H-representation 7 to the
sum with multiplicity one of all irreducible G-representations m corresponding to
the Young diagrams obtained from the Young diagram associated with 7 by adding
one box. So we find that

Ind$ (1) ~ 7 @ w3
Ind$ (m5) ~ m & 3
d (73) ~ 73 © 4 ® 75,
which is also what we have calculated directly before.
Finally, we mention that for Young diagrams S and T, Frobenius has given a
formula for the value x.4(g) of the character of the Specht representation mg on

an element g in the conjugacy class corresponding to T in terms of combinatorial
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data that can be read off from the Young diagrams S and T directly. The formula
is called the Frobenius character formula.
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12. THE CLASSICAL GROUPS

This week’s lecture will cover Chapter 7 in the book, but I will begin more
generally by defining the socalled classical (matrix) groups. These will be subgroups
of the groups GL, (R), GL,,(C), and GL,,(H) of invertible n x n-matrices with entries
in the real numbers, the complex numbers, and the quaternions, respectively.

If k = (k,+, - ) is a ring, then we define the opposite ring k°P = (k, +, %) to have
the same set of elements and the same addition but the opposite multiplication
axb=">-a.
If k is a division ring, then so is k°P.
Definition 12.1. Let k be a ring. A ring homomorphism
k —2— koP
is an antiinvolution, if 0 o 0 = id.

In particular, an antiinvolution is an isomorphism. We remark that the identity
map idg: k — k is an antiinvolution if and only if k£ is commutative. We will often
write a* or @ instead of o(a).

Ezample 12.2. (1) If k = R, then the identity map is an antiinvolution, and one
can show that it is the only one.
(2) If k = C, then the identity map and complex conjugation are antiinvolutions.
(3) If £ = H, then quaternionic conjugation, which is the map o: H — H that to
the quaternion ¢ = a + ib + jc + kd assigns the quaternion

¢ =a—1ib—jc—kd
is an antiinvolution. The identity map idy: H — H is not an antiinvolution.

Definition 12.3. Let k be a division ring, and let o: k — k°P be an antiinvolution.
The adjoint matrix of A = (a;;) € My n(k) is A* = (a};) € My m(k).

The number of rows in A* is equal to the number of columns in A and vice versa.
So it is only meaningful to ask whether A = A* if A is a square matrix. If k is a field
and o: k — k°P is the identity map, then it is customary to call A* the transpose
matrix of A and to denote it by A? instead of A*.

Proposition 12.4. Let k be a division ring, and let o: k — k°P be an antiin-
volution. For all matrices A, B, and C of appropriate dimensions, the following

hold:
(A+ B)* = A*+ B*
(AB)* = B*A*

Proof. Let us prove (2). For the purpose of this proof, given A € M,, ,,(k), we write
A* = (a};) € My m(k). So a}; = a3, by the definition of the adjoint matrix. We let

31 The notation At for the adjoint matrix is also common, particularly in physics.
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A€ My, (k) and B € M, ,(k) with product C = AB € M,, ,(k) and calculate

n n
c;k: = cZi = (Z akﬂbﬂ)* = Z akj 374 Z a’:?j sz] jk
j=1 j=1
This proves (2), and the remaining identities are proved analogously. O

Definition 12.5. Let k be a division ring, and let o: k — k°P be an antiinvolution.
A square matrix A € M, (k) is hermitian, if A* = A, and it is skew-hermitian, if
A* = —A.

If k£ is a field and o: k — k°P is the identity map, then it is customary to say that
A € M, (k) is symmetric, if A® = A, and that A is skew-symmetric, if A* = —A.

We will now consider vector spaces over the division ring k, and we will always
consider right vector spaces in the sense that scalars multiply from the right.

Definition 12.6. Let k& be a division ring, let o: £k — k°P be an antiinvolution,
and let V be a right k-vector space. A hermitian form on V is a map

Vv ——"

such that the following hold for all ,y,z € V and a € k:

(H1) (x,y+2) = (z,y) + (z,2)
(H2) (x,y-a)=(z,y) a

(H3) (z+y,2)=(z,2)+(y,2)
(H4) (x-a,y) =a" - (z,y)

(H5) (y,z) = (x,y)"

FEzample 12.7. Let k be a division ring, and let o: £ — k°P be an antiinvolution.
Let k™ = M,, 1 (k) be the right k-vector space of column n-matrices with entries in
k. If A € M, (k) is a hermitian matrix, then the map (—,—): k™ x k™ — k defined
by (z,y) = x*Ay is a hermitian form. Conversely, if (—, —): k" x k™ — k is a
hermitian form, then the matrix A = (a; ;) € M, (k) with entries a;; = (e;, €;) is a
hermitian matrix.

If k=R, C, or H, and if o: kK — k°P is the identity map, complex conjugation,
and quaternionic conjugation, respectively, then for all a € k, a* = a if and only if
a € R C k. In particular, if (—, —) is a hermitian form on a right real, complex, or
quaternionic vector space V', then for all € V| we have (z,z) € R.

Definition 12.8. Let £k = R, C, or H, and let o: k — k°P be the identity map,
complex conjugation, and quaternionic conjugation, respectively. A hermitian inner
product on a right k-vector space V' is a hermitian form (—,—): V x V — k such
that, in addition to (H1)—(H5), the following positivity property holds:

(P) Foral0#z eV, (z,x) > 0.

Let k=R, C, or H, and let o: £ — k°P be the identity map, complex conjugation,
and quaternionic conjugation, respectively. The standard hermitian inner product
on the right k-vector space k™ = M,, 1(k) of column n-vectors is defined to be the
map (—,—): k™ X k™ — given by the matrix product

<m’ y> = m*y7
which is meaningful, since * € My ,,(k) and y € M, 1(k).
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Definition 12.9. Let (U,(—,—)y) and (V,(—,—)v) be right real, complex or
quaternionic vector spaces with hermitian inner products. A k-linear map f: V — U
is an isometry with respect to the given hermitian inner products if

(f(z), f(y))v = (z,y)v
forall x,y € V.

An isometry f: U — V is always injective, but it need not be an isomorphism.
However, if it is an isomorphism, then the inverse map f~': U — V is automatically
an isometry. In particular, an endomorphism f: V — V of a finite dimensional real,
complex, or quaternionic vector space that is an isometry with respect to a given
hermitian inner product is automatically an isometric isomorphism.

Definition 12.10. Let (U,(—,—)y) and (V,(—,—)y) be right real, complex or
quaternionic vector spaces with hermitian inner products. Two k-linear maps f: V —
U and g: U — V are adjoint with respect to the given hermitian inner products if

<:l7,f(y)>U = <g(w)7y>V
foralz e U andy € V.

If both g: U = V and h: U — V are adjoint to f: V — U, then g = h, so if an
adjoint of f: V — U exists, then it is unique. If U and V are finite dimensional,
then an adjoint always exists.

Proposition 12.11. Let (U,{—,—)u) and (V,(—, —=)v) be finite dimensional right
real, complex, or quaternionic vector spaces with hermitian inner products, and let
f:V = U be alinear map. Let (uy,...,Un) and (v1,...,v,) be bases of U and V
that are orthonormal with respect to (—, —)y and (—,—)v, respectively.

(1) There exists a unique linear map g: U — V that is adjoint to f: V. — U
with respect to (—, =)y and (—, —)vy.

(2) If the matrix A € My, (k) represents f: V. — U with respect to the
given orthonormal bases, then the adjoint matrix A* € My, (k) represents
g: U — V with respect to these bases.

Proof. We claim that if f: V — U and g: U — V are the linear maps represented
by A € M, (k) and A* € M, ,,(k) with respect to the given orthonormal bases,
then these two maps are adjoint with respect to the given hermitian inner products.
Indeed, let w € U and v € V', and let * € k™ and y € k™ be their coordinates with
respect to the given bases. Since the bases are orthonormal, we find

(u, f(v))v = 2" Ay = 2" (A")"y = (A"x)"y = (g(u),v))v.
This proves the proposition, since an adjoint map, if it exists, is unique. O
Lemma 12.12. Let k—R, C, or H, and let (U, (—, =)y and (V,{—, —)v) be right
k-vector spaces with hermitian inner product. If f: V. — U and g: U — V are

adjoint with respect to (—, =)y and (—, =)y, then f: V — U is a linear isometry
with respect to (—, =)y and (—,—)v if and only if go f =idy.

32 This means that (i, uj)y = 6;; and (v, vj)y = d;;.
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Proof. We find that f: V — U is a linear isometry if and only if

<(g © f)(w)ay>V = <w7y>V

for all z,y € V. If go f = idy, then this is certainly true, and conversely, we find,
by setting y = (g o f)(x) — x, that

(y,y)v ={(go (@) -z, y)v = ((go f)(@),y)v — (z,y)v =0,
which shows that g o f =idy, because {(—, —)y is an inner product. O

Theorem 12.13. Let k =R, C, or H, and let (U, (—,—)v) and (V,{—, —)v) be fi-
nite dimensional right k-vector spaces with hermitian inner products. Let f: V. — U
be a linear map, and let A € My, (k) be the matriz that represents f: V — U with
respect to bases (uy,...,un) of Uand (v1,...,v,) of V that are orthonormal with
respect to the given hermitian inner products. The following (1)—(3) are equivalent.

(1) The map f:V = U is a linear isometry.

(2) The matriz identity A*A = E,, holds.

(3) The family (aq,...,ay) of vectors in k™ consisting of the columns of A is
orthonormal with respect to the standard hermitian inner product.

In addition, the following (4)—(6) are equivalent.

(4) The map f:V — U is an isometric isomorphism.

(5) The matriz A is invertible and A=! = A*.

(6) The family (ay,...,ay) of columns of A is a basis of k™ that is orthonormal
with respect to the standard hermitian inner product.

Proof. By Proposition , the adjoint map g: U — V is represented by the
adjoint matrix A* € M, ., (k) with respect to the given bases, so the equilvalence
of (1) and (2) follows from Lemma . The (4, j)th entry in A*A is a}a;, which,
by definition, is the standard hermitian inner product of a;,a; € k™, from which
the equivalence of (2) and (3) follows. To prove the equivalence of (4) and (5), we
note that f: V' — U is an isomorphism if and only if A is invertible, in which case

A7l = (AT A) AT = AF(AATY) = A7

Finally, the equivalence of (5) and (6) uses that an n x n-matrix invertible if and

only if the family consisting of its columns is a basis of k. O
Corollary 12.14. Let k=R, C, or H, and let (V,(—,—)) be a finite dimensional
right k-vector space with hermitian inner product, and let (v1,...,v,) be a basis of

V' that is orthonormal with respect to (—,—). Let f: V — V be an endomorphism,
and let A € M, (k) be the matriz that represents f: V. — V with (v1,...,vy,).

(1) The endomorphism f:V — V is an isometry with respect to (—,—) if and
only if A*A = E,,. If so, then A is invertible and A~1 = A*.

(2) The endomorphism f:V — V is selfadjoint’ with respect to (—,—) if and
only if A* = A.

Proof. The statement (1) follows from Theorem and from the fact that a
square matrix that has a right inverse is invertible. This fact, in turn, is a conse-
quence of Gauss elimination. The statement (2) follows from Proposition . O

33 This means that f:V — V and its adjoint g: V — V with respect to (—, —) are equal.
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Remark 12.15. A matrix P € GL, (k) such that P* = P~! is said to be orthogonal,
if k = R, unitary, if k¥ = C, and quaternionic unitary, if k¥ = H. A matrix A € M, (k)
such that A* = A is said to be symmetric, if ¥ = R, hermitian, if ¥ = C, and
quaternionic hermitian, if k£ = H.
We now define the classical groups. The subgroups

O(n) ={Q € GL,(R) | Q" = Q™'} C GL,(R)

U(n) = {U € GL,(C) |U* =U '} ¢ GL,(C)

Sp(n) = {S € GL,(H) | S* = S~'} ¢ GL,(H)
are called the orthogonal group, the unitary group, and the compact symplectic

group. They are topological groups with respect to the subspace topology from the
metric topology on M, (k), and they are all compact. In particular, we have

O(1) ={z e GL1(R) | 2"z =1} € GL;(R)
U(l) ={z € GL1(C) | z*z =1} € GL1(C)
Sp(1) = {q € GL1(H) | ¢"¢ = 1} C GL1(H),
so as topological spaces, these are the unit 0-sphere S, the unit 1-sphere S*, and
the unit 3-sphere S3, respectively. If A= Q € O(n) or A =U € U(n), then
det(A)* = det(A*) = det(A™!) = det(A)~!
so det(Q) € O(1) and det(U) € U(1). The subgroups
SO(n) ={Q € O(n) | det(Q) =1} C O(n)
SU(n)={U eU(n) |det(U) =1} Cc U(n)
are called the special orthogonal group and the special unitary group, respectively.

There is no useful determinant of quaternionic square matrices, because the division
ring H is noncommutative.

We embed C in H as the subfield L C H consisting of all quaternions of the
form q = a + tb. The subfield L C H is a maximal subfield, and if also L' C H is a
maximal subfield, then there exists ¢ € H such that L' = gLg~'. So every maximal
subfield of H is isomorphic to C, but the embedding of C as a maximal subfield in
H is well-defined, up to conjugation, only. Left multiplication by ¢ = 21 + jzo € H
defines an L-linear map A(g): H — H, and hence, a ring homomorphism

H —— End (H).
Since H is a division ring, the kernel of A is either {0} or H], and since A(1) = idy # 0,
we conclude that the kernel is {0}. Let us choose the basis (1,7) of H as a right
L-vector space. This defines a ring isomorphism
Endy (H) —2— My (L)

that to an L-linear map f: H — H assigns the matrix A = u(f) € Mz(L) that
represents f: H — H with respect to the basis (1, j). The calculation

g-l=(z14+j2z22)-1=1-214+j 2

¢ j=(+jz) j=j-2—-12

34 The best one has is the Dieudonné determinant in K;(H) = (Rsg, - ).
103



shows that the composite ring homomorphism

H % A (n)

takes the quaternion ¢ = 21 + jz2 to the matrix

o= (2 E),

A map between topological groups is an isomorphism if and only if it is both an
isomorphism of groups and a homeomorphism of topological spaces.

Proposition 12.16. The ring homomorphism f: H — Ms(L) induces an isomor-
phism of topological groups h: Sp(1) — SU(2).

Proof. We have ¢* = (21 + jz2)* = 2§ + 23j* = 27 — jza. Therefore,

q"q = (27 — jzo)(z1 + jza2) = 221 + jz122 — jzaz1 + 2529 = 2721 + 25 22,
which shows that ¢ € Sp(1) if and only if f(q) € SU(2). So the ring homomorphism
f+ H — My(K) restricts to a group homomorphism h: Sp(1l) — SU(2), which
is continuous because f: H — My(K) is continuous. We wish to prove that h is
both an isomorphism of groups and a homeomorphism of spaces, and to do so, it
suffices to show that h is a bijection. Indeed, the inverse map of a bijective group
homomorphism is automatically a group homomorphism, and the inverse map of
a continuous bijection from a compact space such as Sp(1) to a Hausdorff space
such as SU(2) is automatically continuous. Now, the map h is injective, because
the map f is injective, and the map h is surjective because, if

U= ("1 72) esu(),
221 222

then U = f(q) with ¢ = 211 + jz21. This completes the proof. O

Let k =R, C, or H. We define the Hilbert—-Schmidt norm of A € M, (k) by

IA| = v/ tr(A*A).
It satisfies ||[A+ B|| < |[|A|| +||B|| and ||AB| < ||A|||| B for all A, B € M,,(k), so in
particular, the exponential series
oo A"
xpld) = Y-

n!
n=0

converges absolutely. If [A, B] = AB — BA =0, then

exp(A + B) = exp(A) exp(B),
but in general the left-hand side and the right-hand side are different.”” Hence, the
matrix exp(A) is invertible with inverse exp(—A), so we get a map

M, (k) —2% GL, (k).

Locally on M, (k), this map is a diffeomorphism. For it is a smooth map (considered
as map between open subsets of R™) with derivative id: M, (k) — M, (k), so the
inverse function theorem shows that it is a diffeomorphism locally on M, (k).

35 The difference is given by the Baker—-Campbell-Hausdorff formula.
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If G € GL,(k) is one of the classical groups, then we define its Lie algebra to
the be the subset g C M, (k) consisting of all matrices A such that exp(t4) € G,
for all ¢ € R. It is a real subspace of M, (k).

Proposition 12.17. The Lie algebras of the classical groups are given by

o(n) = {Ae M,(R)| A*+A=0}

u(n) = {A € M,(C) | A* + A=0}
sp(n) = {A € M,(H) | A"+ A=0)}
so(n) = {A €o(n) | tr(A) =0}
su(n) = {A € u(n) | tr(A) =0}

Proof. We prove the statements for u(n) and su(n); the proofs in the remaining
cases are analogous. If A € u(n), then for all ¢t € R, we have

exp(tA*) = exp(tA)* = exp(tA)~! = exp(—tA),

and since the exponential map is a local diffeomorphism, this implies that A* = —A.
Similarly, if A € su(n), then we have in addition that for all ¢t € R,

exp(nttr(A)) = exp(tr(tA)) = det(exp(tA4)) = 1.
Since the exponential map is a local diffeomorphism, this implies that tr(A) = 0. O

Ezample 12.18. The Lie algebra sp(1) C H is the 3-dimensional real subspace of
purely imaginary quaternions. One can show that exp: sp(1) — Sp(1) is given by

v
exp(v) = cos|v| + ol sin|v|,

where |v| = v v*v.

Lemma 12.19. Let G C GL,, (k) be one of the classical groups, and let g C M, (k)
be its Lie algebra. If g € G and A € g, then gAg™! € g.

Proof. Indeed, for all t € R, we have

exp(tgAg™") = exp(gtAg™') = gexp(tA)g~",
so if exp(tA) € G and g € G, then also exp(tgAg™—!) € G. O

Definition 12.20. The adjoint representation of the classical group G C GL,, (k)
on its Lie algebra g C M, (k) is the real representation

G -2, GL(g)
defined by Ad(g)(A) = gAg~1.
We consider the adjoint representation
Sp(1) —% GL(sp(1))

of the compact symplectic group Sp(1) on its Lie algebra sp(1) of purely imaginary
quaternions, or equivalently, the adjoint representation

SU(2) -2 GL(su(2))
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of the special unitary group SU(2) on its Lie algebra su(2) given by the real vector
space of complex 2 x 2-matrices that are skew-hermitian and traceless. The map
that to v € sp(1) assigns |v| = v/v*v is a norm on the real vector space sp(1), and
it determines a real inner product (—, —) on sp(1) given by

1 2 2 2

5 ([v+wl” = o = w[7).

We claim that the adjoint representation takes values in the subgroup

5O(sp(1)) C GL(sp(1))

of linear isometries with respect to (—, —) that have determinant 1. To see this, we
first note that since Ad(q)(v) = qug~! = quq*, we have

(11,w> =

(qug™)"qug™ = qu*q*qug” = quvg" = v"v,
where the last identity holds, because v*v is an element of the center R of H. This
shows that Ad(q) is a linear isometry with respect to (—, —). Therefore, the adjoint
representation induces a group homomorphism

Sp(1) % O(sp(1))

to the subgroup O(sp(1)) C GL(sp(1)) of linear isometric isomorphisms. It is clearly
a continuous map, and since Sp(1) is connected, its image is fully contained in one
of the two components of O(sp(1)). But Ad(1) is the identity map of sp(1), which
has determinant 1, so we conclude that Ad(q) takes values in SO(sp(1)) as claimed.

Theorem 12.21. The adjoint representation induces a group homomorphism
Ad
Sp(1) —— SO(sp(1))
which is surjective with kernel {£1}.

We first prove two lemmas. If V is a real vector space with norm ||—||, then we
write S(V) ={v e V | ||v|| =1} C V for the unit sphere.

Lemma 12.22. If H C SO(sp(1)) is a subgroup such that the restriction to H
of the standard action by SO(sp(1)) on S(sp(1)) is transitive and such that there
exists u € S(sp(1)) with SO(sp(1)), C H, then H = SO(sp(1)).

Proof. Given g € SO(sp(1)), we can find h € H such that h-u = g - u. But then

h='g-u=u,so h~lg € SO(sp(1)), C H, and hence, g =h-h~'g € H. O
Lemma 12.23. For all v € S(sp(1)), there exists g € Sp(1) such that
Ad(g)(v) = .

Proof. We will use the spectral theorem for normal operators on finite dimensional
complex vector spaces. The ring homomorphism f: H — M,(C) that we considered
above induces isomorphisms h: Sp(1) — SU(2) and h’: sp(1) — su(2). It maps
v € sp(l) to X = h'(v) € su(2) with det(X) = v*v = 1. Since the matrix X
is skew-hermitian, it is normal.”’ Therefore, by the spectral theorem for normal
matrices, there exists P € U(2) such that PXP~! = diag(\;, A\2), where \; and

36 Writing v = ib + jc + kd, we have |[v|?2 = b% + 2 + d2.
37Indeed, X*X = (X)X = X(—X) = XX*.
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Mg are the eigenvalues of X. Since X is skew-hermitian and det(X) = 1, one shows
that Ay = ¢ and Ay = —i. So we have P € U(2) with

PXP' = (é ?) = 1 (i).

Since P € U(2), we have det(P) € U(1), so we can choose z € U(1) such that
22 = det(P). Then U = 2z~ 1P € SU(2), and we still have UXU ! = h/(i). Hence,

if g € Sp(1) is the unique element with h(g) = U, then Ad(g)(v) = i. O
Proof of Theorem . We apply Lemma to the subgroup H C SO(sp(1))
given by the image of Ad: Sp(1) — SO(sp(1)). Lemma shows that H acts

transitively on S(sp(1)), and we proceed to show that for SO(sp(1)); C H. The
matrix that represents a general element of the isotropy subgroup SO(sp(1)); with
respect to the basis (i, j, k) of sp(1) has the form

1 0 0
0 cos) —sinf
0 sin 0 cos

for some # € R. We calculate that the matrix that represent Ad(e®) with respect
to the basis (4, j, k) of sp(1) is given by

1 0 0
0 cos2t —sin2t
0 sin 2t cos 2t

This shows that SO(sp(1)); C H, and therefore, we conclude from Lemma
that H = SO(sp(1)) as stated.

Finally, we show that ker(Ad) = {£1}. If we write g = a +ib+ jc+ kd, then the
identity Ad(g)(i) = gig* = i implies that a® — b?> — ¢? — d?> = 1. Since we also have
a? + b2+ 2 +d? =1, we conclude that a = +£1 and b= c=d = 0, as desired. O

Corollary 12.24. The map induced by the adjoint representation,

Sp(1)/{£1} -4 SO(sp(1)),

is an isomorphism of topological groups.

Proof. We have not explicitly specified the topologies on these groups before, so
we do that now. We have identified both Sp(1) and SO(sp(1)) with subsets of
M5(C), and we give both the respective subspace topologies induced from the metric
topology on M>(C). Finally, we give Sp(1)/{%1} the quotient topology induced from
the topology on Sp(1). As a topological space, Sp(1)/{£1} is compact, because
Sp(1) is compact, and SO(sp(1)) is Hausdorff, because the metric topology on
M>(C) is Hausdorff. So it suffices to show that Ad is a group homomorphism and
a continuous bijection. Theorem shows that it is a group isomorphism, so it
only remains to show that the map Ad is continuous. By the universal property
of the quotient topology, the map Ad is continuous if and only if the map Ad is
continuous. And by the universal property of the subspace topology, the map Ad
is continuous if and only if the map

Sp(1) —2% Endg (M, (C))
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defined by m(g)(X) = h(g)Xh(g)~! is continuous. This, in turn, follows from the
definition of matrix multiplication and from Cramer’s formula for the inverse of a
matrix. (]

If G is a topological group, then we write Repq(G) for the category, whose objects
are complex representations (V, 7) of G such that 7: G — GL(V) is continuous, and
whose morphisms are intertwining C-linear maps. Restriction along the continuous
group homomorphism Ad: Sp(1) — SO(sp(1)) defines a functor

Rep (SO(sp(1))) 245 Repe (Sp(1)),

and Corollary shows that this functor is a fully faithful embedding and that
its essential image are the continuous complex representations (V, ) of Sp(1) with
the property that m(—1) = idy.

Another consequence of Corollary is that, as a topological space, SO(3)
is homeomorphic to the real projective space P?(R). Indeed, as a topological space
Sp(1) is homeomorphic to S, and the action of the subgroup {1} C Sp(1) by left
multiplication is free.
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13. REPRESENTATIONS OF COMPACT GROUPS

We say that a topological group G is a compact group if its underlying space
is compact and Hausdorff. The classical groups are all compact topological groups
in this sense. It turns out that the theory of continuous finite dimensional complex
representations of compact groups is completely analogous to the theory of finite
dimensional complex represenations of finite groups, except that there will typically
be a countably infinite number of non-isomorphic irreducible such representations.
We first define the generalization to compact groups of the regular representation
for finite groups. It will a representation on a complex Hilbert space L%(G), the
definition of which requires some input from analysis, which we will assume.

One can show that there exists a Borel measure p on G that is both left-invariant
and right-invariant in the sense that for every Borel subset A C G and g € G,

(g - A) = p(A) = (A - g),
and regular in the sense that for every Borel subset A C G,
w(A) =inf{u(U) | AC U, U C G open} = sup{p(K) | K C A compact}.

Moreover, such a measure, which is called a Haar measure, is unique up to scaling.
In particular, there exists a unique Haar measure on G that is a probability measure
in the sense that u(G) = 1.

Let C°(G, R) to be the (right) real vector space given by the set consisting of all
continuous functions ¢: G — R equipped with pointwise vector sum and pointwise
scalar multiplication. Given a Haar measure p on GG, we define a linear map

Co(G,R) — >R
as follows. Given ¢ € CY(G,R), we choose a real number 0 < d < 1 and define
Apr(p)={z € G|nd" <yp(z)<(n+1)d"} C G,

for all integers n and positive integers r. Since ¢: G — R is continuous and G
compact, the subset ¢(G) C R is compact and therefore bounded. It follows that
for every positive integer r, the subset A, ,(¢) C G is non-empty for only finitely
many integers n. It is a Borel subset, and hence, we may form the sum

2 onez A" 1(An r () € R.
One may show that the limit

I(p) = limy 00 D cqnd" (Anr(p)) € R

exists and is independent of the choice of 0 < d < 1. Finally, one may show that
the function I: C°(G,R) — R defined in this way is indeed linear.

Similarly, let C°(G,C) be the (right) complex vector space given by the set of
all continuous complex functions p: G — C equipped with pointwise vector sum
and scalar multiplication. Let f: R — C be the canonical inclusion. Then we have
the map of right real vector spaces

C%(G,R) —— £,.C°(G,C)

38 More generally, if G is locally compact, then there exists a left-invariant, but not necessarily
right-invariant, measure on G.
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that to ¢: G — R assigns foy: G — C, and its adjunct map
f*C%G,R) = C°(G,R) g C —— C°(G,C)

is an isomorphism of complex vector spaces. Hence, we obtain a C-linear map

(G, C) - ¢
defined to be the adjunct of the composite R-linear map

%G, R) =R f.C.

We will only consider C-valued continuous functions on G, so we will abbreviate
and write C°(G) instead of C°(G,C) and I(¢) or [, f(x)du(z) instead of Ic(y).

Given ¢,v € C°(Q), we define p1p € C°(G) to be the pointwise product of ¢
and 1, and we define ¢* to be the pointwise complex conjugate of ¢. Since the map
I: C°(G) — C is C-linear, it follows immediately that the map

@) x (@) =
defined by (@, ¥) = I(p*1) is a hermitian form. Moreover, this map is a hermitian
inner product. Indeed, if ¢ € C°(G) and (¢, p) = I(|¢|?) = 0, then ¢ = 0.

If (V,(—,—)) is a complex vector space with hermitian inner product, then the

inner product gives rise to a metric d: V' x V' — R>( defined by

d(v,w) =/ {v—w,v —w),

and we say that (V, (—, —)) is a Hilbert space if the metric space (V, d) is complete.
If both (U,{—,—)v) and (V,{(—,—)y) are complex vector spaces with hermitian
inner products, then we say that a linear map f: V' — U is Cauchy-continuous if
for every sequence v: Z>o — V that is Cauchy with respect to dy, the sequence
fov: Z>y — U is Cauchy with respect to di;.”’ Let Hermg be the category, whose
objects are the complex vector spaces with hermitian inner products, and whose
morphisms are the Cauchy-continuous linear maps between these, and let Hilbc be
the full subcategory of Hilbert spaces. In this situation, there is an adjunction

SN

1
Hermc ; > Hilbg,
in
where the right adjoint functor i, is the canonical inclusion, and where the left
adjoint functor i takes a complex vector space with hermitian inner product
(U,{—, —)uv) to a Hilbert space (V, (—, —)v) such that the underlying metric space
(V,dy) is the completion of the metric space (U, dy). The unit map

(U’ <_7 _>U) L> (U’ <_’ _>ﬁ) = (i/\ o i/\)(Uv <_’ _>U)

is injective and its image n(U) C U is a dense subset of the metric space (ﬁ, dg).
In the following, we will omit the hermitian inner products from the notation.

39 This means that every sequence in V' that is Cauchy with respect to d converges with respect
to d. A sequence v: Zxo — V is Cauchy with respect to d, if for all € > 0, there exists N € Zx>¢
such that d(v;,v;) < e, for all ¢,j7 > N, and it converges with respect to d, if there exists v € V
such that for all € > 0, there exists N € Zx>q such that d(v,v;) <, for all i > N.

40 Every Cauchy-continuous map between two metric spaces is continuous, and every continu-
ous map between two complete metric spaces is Cauchy-continuous.
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We return to the complex vector space with hermitian inner product C°(G). It
is not a Hilbert space, unless G is finite, so we define the Hilbert space

—

L*(G) = C°(G)
to be its completion. As just explained the unit map
CY(G) — L2(G)
is injective and its image is dense in L?(G). Hence, every element of L?(G) can be
written, non-canonically, as a limit of a Cauchy sequence of continuous C-valued
functions on G, but a general element of L?(G) is not a C-valued function on G,
unless G is finite. In particular, the value “f(x)” of f € L?(G) at z € G is not

meaningful.’" We will see below that the Hilbert space L?(G) is separable in the
sense that it admits a countably dimensional dense subspace.

Lemma 13.1. The map I: C°(G) — C is Cauchy-continuous.

Proof. We must show that if the sequence ¢: Z>o — C°(G) is Cauchy, then so is
the sequence I o ¢: Z>q — C. It suffices to show that for all p,1 € C°(G),

() = 1) = [L(e — ¥)| < I(l — ),
which follows immediately from the definition of I: C°(G) — C. O

Since C is complete, we conclude that I: C°(G) — C extends uniquely to a
continuous, or equivalently, Cauchy-continuous linear map

L*(G) —=C.

FEzample 13.2. If G is a finite group, which we consider as a compact topological
group with the discrete topology, then the Haar probability measure on G is given
by the normalized counting measure that to A C G assigns u(4) = |Al/|G]. It
follows that the corresponding integral I: C°(G) — C is given by

I(f) =167 Xpee (@),
so we find that L*(Q) = C%(G) = C[G].

We wish to extend the definition of the two-sided regular representation from
finite groups to compact groups. So let G be a compact topological group. Given
(91,92) € G x G and ¢ € C°(G), the formula

Reg(g1, 92) () () = @(g; 'zg1)

defines an element Reg(g1,92)(¢) € C°(G). Moreover, since a Haar measure on G
is both left-invariant and right-invariant, the map

Reg(91,92)

(@) (@)

is a linear isometry with respect to (—, —). Indeed, we have

IReg(g1,92)(0)|I> = [ le(gs 'wgr)Pdu(x) = [oleo(x)Pdu(z) = [|lo]?.

41 The linear map evy: CO(G) — C defined by evs(¢) = o(x) is not Cauchy-continuous, and
hence, does not extend to a map ev,: L?(G) — C. However, it is possible to identify L?(G) with
the quotient of the complex vector space consisting of the functions f: G — C that are Haar
measurable and square-integrable by the subspace of functions that are zero almost everywhere.
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In particular, it is Cauchy-continuous, and therefore, it induces a map

Reg(91,92)

L*(G) L*(@)

which is a linear isometry with inverse Reg(g; L gy 1). This defines a map

G x G2 y(12(@))

to the group of linear isometric isomorphisms of L?(G)."* We wish to say that this
is a map of topological groups, so we much define a topology on U(L?*(G)) and
show that the map is continuous. It turns out that the appropriate topology on
U(L?*(Q)) is the so-called strong operator topology.

Proposition 13.3. The two-sided regular representation

G x G —, U(12(Q))

is continuous with respect to the strong operator topology.

Proof. The strong operator topology has the property that the map Reg in question
is continuous if and only if for every ¢ € L?(G), the composite map

G x G2 U(12(G) —22 12(@)

is continuous. Let us write Reg,, for this map. Since G x G is a topological group,
it suffices to prove that this map is continuous at (g1, g2) = (e, €).

We first let ¢ € C°(G) and prove that Reg,, is continuous at (e, ). We have

Reg, (91, 92) — Reg, (e, e)|I* = [5lo(gz ' 2g1) — o(@)*du(z)
and wish to prove that this quantity goes to 0 as (g1, g2) — (e, ). Since both ¢ and
multiplication and inversion in G are continuous, we have every = € G,
lim g, g2)- (e.0)| (93 ' 2g1) — p(2)]* = 0.

Moreover, for all z € G, the integrand is dominated by

lo(gs tzg1) — p(x)[* < 4-sup{|p(h)| | h € G},

so by the dominated convergence theorem for the integral, we conclude that

(g, o) (e,e) Sl (92 " 2g1) — (@) Pdu(z) = 0
as desired.

We next prove that for any ¢ € L?(G), the map Reg,, is continuous at (e, e).
Given € > 0, we choose ¢, € C°(G) such that || — ¢.|| < €, which is possible,

42 Traditionally, linear isometric isomorphisms of a Hilbert space h are called unitary operators,
and therefore, we write U(h) for the group consisting of these operators.

43 The uniform operator topology, which is given by the operator norm, is stronger than the
strong operator topology. It turns out that it is too strong for our purposes, since, even for
G = U(1), the map Reg is not continuous with respect to this topology.
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because C°(G) is dense in L?(G). Now
[Reg, (91, 92) — ¢l < [[Reg, (g1, 92) — Reg,, (91, 92)|l
+ [|Regy,_ (91, 92) = @ell + e — |
= 2|l — ¢cll + [Reg,,, (91, 92) — el
< 2¢ + ||Reg,, (91, 92) — #ells
and by the first case, there exists an open neighborhood (e,e) € U C G x G such
that |[Reg,,_(91,92) — well <, for all (g1,g2) € U. So we conclude that
IReg,,(91,92) — ¢l < 3e,
for all (g1,g2) € U. This proves that Reg,, is continuous at (e, e). O

If (V,7) is a finite dimensional complex representation of G, then we define the
associated space of matrix coefficients M (7) to be the image of the map

VeV, 00%aG) c LAG)
defined by pr(v ® h)(g) = h(w(g)(v)). One verifies immediately that it intertwines
between 7 X 7* and Reg, so that we obtain a map
X * L} RegM(W)

of continuous representations of G x G. It is an isomorphism, if 7 is an irreducible
representation of GG, because then X 7* is an irreducible representation of G x G.

Lemma 13.4. Let G be a compact topological group, let w1 and wo be irreducible
finite dimensional complex representations of G, and let M (), M (m2) C L*(G) be
their subspaces of matrix coefficients.

(1) If my =~ ma, then M(m) = M ().
(2) If my % ma, then M(m) L M(ma).

Proof. To prove (1), we let V4 and V4 be the representation spaces of 71 and o, re-
spectively, and let h: V3 — V5 be a linear isomorphism that is intertwining between
w1 and 7o. In this situation, the diagram

eV -2 s vie vy

J{h@id J{“’fl

VoV — 5 12(@)
commutes, and therefore,
M(my) = im(pr,) = im(pim, © (Id ®h")) = im(pir, 0 (b @id)) = im(pr,) = M(m2).
To prove (2), we consider the composition
M(m) —— L2(G) —2— M ()

of the canonical inclusion of M (71) and the orthogonal projection onto M (m2). The

map ¢ is intertwining between Regy;(,,) and Reg, since M (1) is a Reg-invariant

subspace, and the map p is intertwining between Reg and Regy;(,), since Reg is a

unitary representation. Therefore, the composite map p o ¢ is intertwining between
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Regs(x,) and Regyy(r,), which are non-isomorphic irreducible finite dimensional
complex representations of G' X GG, so by Schur’s lemma, poi = 0 as stated. O

The theorem of Peter and Weyl states that if G is a compact topological group,
then the two-sided regular representation of G x G decomposes as the completed
direct sum of the spaces of matrix coefficients, one for each isomorphism class of
irreducible finite dimensional continuous complex representations of G.

Theorem 13.5 (Peter—Weyl). Let G be a compact topological group, and let G be
the set of isomorphism classes of finite dimensional complex representations of G.
For every o € G, let (V,,m,) be a representative of the class o. The map

o~

D,ca 1o Xy —" 5 Reg,

whose oth component is given by p._ (v ® h)(g) = h(m,(g)(v)), is an isomorphism
of continuous representations of G x G.

Proof. We will only prove the theorem for compact groups G that admit a faithful
continuous representation p: G — GL,,(C); for a proof in the general case, we refer
to [4, Theorem 5.4.1]. By Lemma , the canonical map

D,eq M(me) — C%(G)

is injective, and we proceed to prove that its image is dense with respect to the
L2-norm. To this end, we let a;; = p,(e;@e}) € C°(G) be the matrix coefficients of
p: G — GL,(C) and consider the sub-C-algebra C[G] C C°(G) given by the image
of the unique C-algebra homomorphism

ClXi;,Y; | 1<4,j <n]—— C%G)

that to Xi; and Y; ; assign a;; and aj;. We claim that C[G] C C°(G) is dense with
respect to the L?-norm. Indeed, by the Stone-Weierstrass theorem, C[G] C C°(G)
is dense with respect to the supremum norm ||—||, and since G has finite volume
#(@G), the calculation

lell3 = [ole@)Pdu(@) < [ollellidu(z) = lloll3m(G)
shows that C[G] C C°(G) is also dense with respect to the L?-norm.

Now, for all m > 0, we consider the finite dimensional subspace
Fil,,, C[G] c C[G]
given by the image by the C-algebra homomorphism
ClXi;,Yi;|1<i,j<n]—— C%G)

of the subspace of polynomials of degree < m. It is Reg-invariant, since the matrix
coefficients a;; transform linearly under left and right translation on G, and

Usnso Film C[G] = C[G].

We consider the representation R,,: G — GL(Fil,, C[G]) given by the restriction
of the right regular representation of G' on L?(G) to this subspace. Since it is
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finite dimensional, it decomposes as a direct sum of irreducible finite dimensional
representations of G, so by Lemma , the inclusion M(R,,) — C°(Q) factors as

M(Rp) —— @, .5 M(ns) — C°(G).

oceG
We define €: C°(G) — C to be the linear map given by €(¢) = p(e) and consider
the map v, : Fil,, C[G] = M(R,,) given by vy, (¢) = ug,, (¢ ® €). The calculation

Vi (9)(9) = pr,, (¢ @ €)(9) = e(Rm(9)(v)) = Rm(9)(#)(e) = (e - g) = »(g)

shows that the composite map

Fil,, C[G] —"— M (Rin) —— @, . M (1,) — C°(G)

is equal to the canonical inclusion, and hence, the canonical inclusion of C[G] into
C°(G) factors as a composition

CIG) = Uypso Filn C[G] —— @, . M(m,) —— C°(G).

ceG
Since the image of the composite map is dense with respect to the L2-norm, so is
the image of the right-hand map. This completes the proof. (]

Remark 13.6. Let G be a linear compact topological group, let p: G — GL,(C)
be a faithful continuous representation, and let C[G] C C%(G) be the subalgebra of
polynomial functions on G defined in the proof of Theorem . We claim that

CG) = @, .5 M(ms) C COG).

For otherwise, there exists 7 € G such that M (w,) ¢ C[G], and since C[G] is a direct
sum of irreducible finite dimensional representations, it follows from Lemma
that M(m;) L C[G]. But this contradicts the fact that C[G] C @, g M(7,) is
dense.

Remark 13.7. In general, a unitary representation of a topological group G is defined
to be a pair (h,7) of a Hilbert space h and a continuous group homomorphism

G —"—=U(h)

from G to the group U(h) of linear isometric isomorphisms of ) equipped with the
strong operator topology. As a consequence of the Peter—Weyl theorem, one can
show that for G compact, every such representation admits a finite dimensional
m-invariant subspace V' C b; for a proof, see [4, p. 301]. Hence, every irreducible
unitary representation of a compact topological group G is finite dimensional. By
contrast, locally compact topological groups such as G = GL,(C) that are not
compact have irreducible unitary representations that are infinite dimensional.

Ezample 13.8. We let G = U(1) and let 7: G — GL(V) be the standard represen-
tation on V = C. For every n > 0, we have the representation

Tn = Symg¢(7)

of G on Sym¢ (V). It is an irreducible representation, because the complex vector
space Symg¢ (V) is 1-dimensional. Let (e1) be the standard basis of V' so that (el')
is a basis of Symg (V). Then for z € G, we have

Tn(2)(el) = (e12)" = 72",
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The dual representation 7_,, = 7,; is also 1-dimensional, and hence, irreducible, and

Tn(2)((e1)") = ((e12)7)" = (e7)"27"

So for all m,n € Z, we have 7, ~ 7, if and only if m = n. Up to isomorphism,
these are all irreducible finite dimensional continuous complex representations of
G. Hence, by the Peter—Weyl theorem, the map of unitary G x G-representations

—

o
*

@nez Tn W78 — Reg
is an isomorphism.

Ezample 13.9. Let G = SU(2) and let 7: G — GL(V) be the standard representa-
tion on V' = C2. For every n > 0, we have the representation
n = Symg ()

of G on the (n+ 1)-dimensional complex vector space Sym¢ (V). Let (e, e2) be the
standard basis of V so that (el ‘el | 0 < i < n) is a basis of Sym%(V). We let
f:U(1) — SU(2) be the group homomorphism defined by f(z) = diag(z, z~!) and
consider the representation f*(m,) of U(1). For z € U(1), the calculation

T (F(2))(e17'es) = (e12)" T (e227")" = €] Tese"

shows that the C-linear isomorphism

Do<icy Symp=2(C) —"— Sym(V),

whose ith component is given by h;(v;'~ ) = ey~ eéfu" % is intertwining with

respect to @y<;<,, Tn—2i and f*(m,). Therefore every f*(m,)-invariant subspace
of Symg(V) is of the form W = h(@D,.s Sym¢ **(C)) with S € {0,1,...,n}. In
particular, if z =3 ;. eV leba; € Woand x; # 0, then e el € W.

If W C Symg(V) is a non-zero my-invariant subspace, then W is in particular
an f*(m,)-invariant subspace. Hence, there exists 0 < i < n such that e} ‘el € W.

We now consider
1 1
g= (0 1) eqG
n—i—j j

g-efleh = el er+ea) = el + Yo (')e1 e,

and first calculate

which shows that e] € W, and next calculate
g" el = (el + 62) Zo<]<n (n) T Jeéa

which shows that ] 7e} € W for all 0 < j < n. Therefore, W = Sym@(V'), and
hence, m, is irreducible. We will show later that, up to isomorphism, these are all
irreducible finite dimensional continuous complex representations of G. Hence, by
the Peter—Weyl theorem, the map of unitary G x G-representations

—

o
@HGZZO 7 Mk —— Reg

is an isomorphism.
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Ezample 13.10. Let G = SO(su(2)) ~ SO(3). We recall from last time that restric-
tion along the adjoint representation

SU(2) 295 SO(su(2))

defines an equivalence of categories from Rep(SO(su(2)) onto the full subcategory
of Repc(SU(2)) that is spanned by the representations (V,m) of SU(2) for which
m(—1I) = idy. Now, for the representation , defined in Example , we have

Ta(=1)(e1™"ey) = (—ex)" ' (—e2)" = (=1)"e] b
So there exists T, € Repc(SO(su(2)) such that m, ~ Ad*(7,) € Repc(SU(2)) if

and only if n = 2m is even. Therefore, by the Peter—-Weyl theorem, we conclude
that the map of unitary G x G-representations

—

_ . H
Dincz., Tom W73, — Reg

is an isomorphism.

APPENDIX: TENSORS

Let k be a field and V a vector space.”” The tensor algebra of V' is defined to be
the graded associative k-algebra given by the graded k-vector space

Tk(V) = @nZO Tl?(v)v
where Ty, (V) = V& equipped with the multiplication given by
(331®"'®xm)'(yl®"'®yn) :x1®®$m®y1®®yn

The symmetric algebra of V' is defined to be the graded commutative k-algebra
given by the quotient

Symy, (V) = @nZO Symy (V) = T(V)/1

of the tensor algebra of V' by the graded two-sided ideal I C Ty (V') generated by
the family (r @y —y®x | z,y € V), and the exterior algebra of V is defined to be
the graded anticommutative k-algebra given by the quotient

of the tensor algebra of V' by the graded two-sided ideal J C Ty (V) generated by
the family (z® a |2z € V). If f: V — U is a k-linear map, then the map

I
T (v) — ()
that to 1 ® -+ ® x,, assigns f(r1) ® -+ ® f(xy) is k-linear and induce maps
Sym}p A7
Symp (V) 0 Sy (1) ) A )

that also are k-linear. This makes TJ(—), Symy; (—), and A} (—) functors from the
category of k-vector spaces and k-linear maps to itself.

4dywye only use that k is a commutative ring and that V' is a k-module. It is important, however,
that k be commutative, so k = H is not an option.
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In particular, if 7: G — GL(V) is a representation of a group G on a k-vector
space V| then the composite map

G — GL(V) 22, QL (SymP (V)

is a representation of G on the k-vector space Symyj (V'), which we, by abuse of

notation, denote by Symyj (). Similarly, we define k-linear representations 77} ()
and A} (m) on T (V) and AZ(V).

We denote the classes of v1®- - -®@uv,, € T7(V) in Symy (V) and AR(V) by v1 ... vy,
and vy A -+ A vy, respectively. If o € X, is a permutation, then we

Vg (1) + - Vo(n) = V1 - .- U € Symy (V)
and
Vo(1) N+ NUg(n) = sgn(o)vr A -+ Ay € AR(V).
These statements both follow immediately from the definitions. However, it is a
non-trivial theorem that if (e;);er is a basis of V' then the family

(€i, @ @€, |i1,...,in € 1)
is a basis of T{*(V'), and that if we choose a total order “<” on I, then
(€iy ---€i, | 1yeeeyin €101 <-v <idp)
is a basis of Symy (V'), and
(e Noo-ANei, |1, yin €100 < -+ <iy)

is a basis of A(V). For instance, if dim (V) = d and (es, ..., eq) is a basis V, then
the fact that dimy (A¢(V)) = 1 with basis e; A - - - Aegq is equivalent to the existence
of the determinant.
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14. SMOOTH MANIFOLDS

We recall that a topological group is defined to be a group G = (G, u, ¢) together
with a topology on the set GG such that the maps u: G x G — G and : G — G are
continuous. Similarly, a Lie group is defined to be a group G = (G, i, ) together
with a structure of smooth manifold on the set G such that the maps u: GXG = G
and ¢: G — G are smooth. We first discuss smooth manifolds.

Smooth manifolds belong to geometry rather than topology. Geometric objects
are pairs (X, Ox) of a topological space X and a sheaf of rings Ox on X, where
for U C X open, the set I'(U,Ox) of sections of Ox over U should be thought of
as the set “geometric functions” on U. The geometric functions that we allow will
depend on the geometric situation that we consider. For instance, we could consider
“smooth functions,” “analytic functions,” or “algebraic functions,” but note that we
have not yet assigned any precise mathematical meaning to these terms. Moreover,
in some situations, the elements of I'(U, Ox) may not be functions in the usual
sense. A map of geometric objects f: (Y,0y) — (X,0x) is a pair f = (p, ) of a
continuous map p: Y — X and a map of sheaves of rings ¢: Ox — p.Oy. Let us
now define sheaves properly.

Let X be a topological space, and let Xz, be the category, whose objects are
the open subsets U C X, and whose morphisms are

{incl;} fUCV

Homy, (U, V)= { 0 ifU ¢ V.

So if U C V, then there is a unique morphism inclg: U—=V,and if U ¢ V, then
there are no morphisms from U to V. A presheaf of sets on X is a defined to be
a functor F: X,P — Set. To specify a functor F: X,* — Set, we must specify
for every open subset U C X, a set F(U), and for every inclusion U C V of open
subsets of X, a map F(incly;): F(V) — F(U). We may think of F(U) as the set of
“functions defined on U” and of F(incly;) as the map that to a “function defined
on U” assigns the restriction of this function to a “function defined on V.” To
emphasize this interpretation, we also write I'(U,F) = F(U) and call it the set of
sections of I over U, and we write Res); = F(incl;) and call it the restriction from
V to U. A presheaf F: X;P — Set is defined to be a sheaf if it satisfies the following
sheaf condition: For every covering (U; — U);cs of an open subset U C X by open

subsets U; C U, the diagram
F a
FU) ——= e, F(U:) — i jerxr FU:NU;)

is an equalizer. Here h is the unique map such that for all ¢ € I,
pr,oh = Resgi7
and a and b are the unique maps such that for all (i,5) € I x I,
pr( ;)oa = ResgimUj opr;
pr(; jyob= Resgf;mUj opr; .
That the diagram is an equalizer means that for all (¢;)icr C [[;c; F(U;) such that

a((pi)ier) = b((#i)ier),
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there exists a unique ¢ € F(U) such that

(¢i)ier = (Resg, (©))ier-
Informally, the sheaf condition expresses that if we are given “functions” ¢; on U;

for all i € I such that o;|y,nu;, = ¢;jlv.nu; for all (i,j) € I x I, then there exists a
unique “function” ¢ on U such that ¢; = ¢|y, for all i € I.

Ezxample 14.1. Let X be a topological space, and let £k = R or k = C. The presheaf
O™ : X2 — Set, where O™ (U) is the set of continuous functions ¢: U — k,

and where Resy, : O™ (V) — O™ (U) is the map defined by Resy; (@) = ¢ oincly;,
is a sheaf, because “being continuous” is a local property.

We define the category of presheaves of sets on X to be the category
P(X) = Fun(XZ% , Set),

whose objects are functors and whose morphisms are natural transformations, and
we define the category of sheaves on X to be the full subcategory

Shv(X) € P(X)

spanned by the sheaves on X. One can prove that there is an adjunction

Lx
P(X); > Shv(X)
Lx
where the right adjoint functor ¢x is the canonical inclusion of the subcategory of
sheaves in the category of presheaves, and where the left adjoint functor Lx takes
a presheaf to its associated sheaf. The functor Lx is called “sheafification.”

Ezample 14.2. Let X be a topological space, and let F € P(X) be the presheaf of
constant functions, F(U) = {¢: U — k | ¢ constant}. It is not a sheaf, since “being
constant” is not a local property. The associated sheaf Lx (F) € Shv(X) is the sheaf
of locally constant functions, Lx (F)(U) = {¢: U — R | ¢ locally constant}.

It is a fundamental result of Grothendieck ~ that “sheafification” preserves finite
limits. (The inclusion functor ¢y preserves all limits, as does every right adjoint
functor.) In particular, it preserves finite products, which implies that it takes
“presheaves of rings” to “sheaves of rings.” Indeed, we define a presheaves of rings
and sheaves of rings to be ring objects in P(X) and Shv(X), respectively. A ring
object in a category € with finite products is defined to be a sixtuple (R, +, -, —,0,1)
of an object R € €, two morphisms +, - : R X R — R, one morphism —: R — R,
and two morphisms 0, 1: e — R that satisfy the usual ring axioms. Here the empty
product e = R% € € is a terminal object.

Let p: Y — X be a continous map. If U C X is open, then p~!(U) C Y is open,
so we obtain a functor v = p~': Xzar — Yzar. The functor

PY) —“— P(X)
given by restriction along u has a left adjoint functor

PX) —2—P(Y)

45 This result and many results are consequences of Grothendieck’s theorem that, in the cate-
gory of sets, filtered colimits and finite limits commute.
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given by left Kan extension along u. More concretely, we have
u (F) (V) = colimyvycu F(U),
where the colimit is indexed by the opposite of the “slice category”

(XZar) vy

with objects open subsets U C X such that V' C p~!}(U) and with morphisms
inclusions among such open subsets. It is a cofiltered category, so u; preserves finite
limits by Grothendieck’s theorem. The functor u* preserves sheaves in the sense
that there is a unique functor p, making the diagram

Shv(Y) —=— Shv(X)

bk
PY) —C 5 P(X)

commute, but the functor u, does not. However, the functor

Shv(X) —"— Shv(Y)

defined by p* = Ly ouyory is left adjoint of p,. We call p* the inverse image functor
and we call p, the direct image functor. So we have an adjunction

*

P
Shv(X) Z— Shv(Y)
D=

and the functor p* preserves finite limits. In particular, it preserves ring objects.

Ezample 14.3. (1) Let j: U — X be the inclusion of an open subset. It is an open
map in the sense that if V' C U is open, then so is V = j(V) C X. Therefore, the
slice category (Xzar)v, has j(V) C X as its initial object, which, in turn, implies
that j*(F)(V) = F(5(V)). In this situation, we also write F|y = j*(F).

(2) Let iy: {x} — X be the inclusion of a point and note that Shv({z}) ~ Set.
Indeed, a presheaf G: {z}z. — Set is a sheaf if and only if §(() is a one-element set,
S0, up to unique isomorphism, a sheaf § € Shv({z}) is determined by the set §({z}).
We say that &, = i5(F)({z}) is the stalk of F € Shv(X) at z € X. Concretely,
we have F, = colim,cy F(U), where the colimit is indexed by the opposite of the
category of open neighborhoods z € U C X under inclusion. One can prove that a
morphism h: F — F in Shv(X) is an isomorphism if and only if the induced map
of stalks h,: F, — F7, is an isomorphism for all z € X.

The sheaf (93?’lt of continuous k-valued functions on X is a sheaf of commutative

rings, and therefore, its stalk OS?’;F at x € X is a commutative ring.

Lemma 14.4. For every xz € X, OS‘("; is a local ring.

Proof. The elements h € Og?‘;t are germs of continuous k-valued functions at z € X,
that is, equivalence classes of pairs (U, ¢) of an open neighborhood z € U C X and
a continuous function ¢: U — k, where two such pairs (Uy, 1) and (Us, p2) are
equivalent, if there exists € V' C U; N Uy open such that @1y = @2|y. The
map g : O‘j?’;t — k that to the class of (U, ) assigns ¢(x) is a surjective ring

46 We refer to this statement by saying that the Zariski topos Shv(X) has “enough points.”
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homomorphism to a field, so its kernel m, C OS?E; is a maximal ideal. Now, if
h € 0% and h ¢ m,, then we can represent h by a pair (U, ¢) such that ¢(u) # 0

for all u € U. This shows that h is invertible with A~! given by the class of the pair
(U, ), where 1)(u) = p(u)~1. This proves the lemma. O

Let p: Y — X be a continuous map. We define the map

¢
Ogé)nt Da ogfont

of sheaves of rings on X as follows. If U C X is open with V = p~}(U) C Y, then

con ¢ con con
O (U) —— (p.O") (U) = 052" (V))

is the ring homomorphism that to ¢: U — k continuous assigns ¢ o ply: V — k.
By adjunction, it determines and is determined by a map

¢
* (ycont cont
p*O% » Oy

of sheaves of rings on Y. We will abuse notation and write also ¢ instead of QNS for
this map. The induced map of stalks at y € Y is a ring homomorphism

by
cont __ ;x@cont ~_ s \x@cont ~_ g%,k @cont -k __ (9cont
OX,z =1, O™ ~ (P“y) O™ =~ LyD 0¥ *”yOY = OY,y )

where the indicated isomorphisms are the unique natural isomorphisms between
different choices of left adjoint functors of the functor iz, = (p 0 iy).

Lemma 14.5. The ring homomorphism ¢, : Og?r;t — O‘;}”;}t is a local homomor-
phism.

Proof. That ¢, is a local homomorphism means that it is a ring homomorphism
and that (¢,)~'(m,) = m,, or equivalently, that the following diagram commutes.

e
cont
OX,z

2 w J

oy — sk
Now, if h € O is represented by the pair (U, ¢), where x € U C X is an open

neighborhood and @: U — k is a continuous map, then y € V =p~}(U) C Y is an
open neighborhood, and the pair (V, ¢ o p|y) represents p,(h) € Oy,,. So

Vy(dy(h)) = (poplv)(y) = ¢py)) = ¢(z) = ¢a(h),
as desired. [l

We will consider other kinds of “functions,” but we always want them to retain
the properties that we proved in Lemmas and for continuous functions.
We encode these properties in the following definition.

Definition 14.6. (1) A locally ringed space is a pair (X, Ox) of a topological space

X and a sheaf of rings Ox such that for all x € X, the stalk Ox , is a local ring.

(2) A map of locally ringed spaces is a pair f = (p,¢): (Y,0y) — (X,0x) of a

continuous map p: Y — X and a map ¢: Ox — p.Oy of sheaves of rings on X
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with the property that given y € Y with image = p(y) € X, the induced map of
stalks ¢, : Ox 5z — Oy, is a local ring homomorphism.

If (X,0x) is a locally ringed space, if U C X is open, and if ¢ € Ox (U), then
we define its value p(z) at © € U to be the image of ¢ by the composite map

iU 1111
Ox(U) OX,x k(:ﬂ):OX@/mm.

We note that the value p(x) € k(z) is an element of a field k(z) that may vary with
x € U. It may also happen that ¢ # 0 even though p(z) =0 for all x € U.

We now define the “geometric functions” relevant for smooth manifolds, namely,
the smooth functions. However, our discussion below applies mutatis mutandis to
holomorphic functions and complex manifolds and to analytic functions and real
analytic manifolds. Let U C R™ be an open subset. A function ¢: U — R is defined
to be smooth if the partial derivatives 0%¢/0x;, ...0x; : U — R exist and are
continuous for all £ > 0 and 1 < 4q,...,i; < n. The sheaf of standard smooth
functions on U is defined to be the subsheaf O3 C O™ given by

L(V,05™) = {¢: V — R | ¢ smooth} C T'(V, O5°™)
for all V' C U open. We say that a locally ringed space (X, Ox) is an affine smooth
manifold, if there exists an isomorphism of locally ringed spaces

(X,0x) f=(p,9)

(U, 07")
with U C R™ open. The number n is uniquely determined by (X, Ox) and is called
the dimension of the affine smooth manifold.

Definition 14.7. A smooth manifold" ' is a locally ringed space (X, Ox) for which
there exists an open covering (U; — X);er such that for all ¢ € I, (U;,Ox|y,) is
an affine smooth manifold. A morphism f: (Y,0y) — (X,0x) between smooth
manifolds is a morphism of locally ringed spaces.

Remark 14.8. (1) If (X, Ox) is a smooth manifold, then Ox is canonically isomor-
phic to a subsheaf of O§™". Indeed, by definition, this is true locally, so by the sheaf
condition, it is also true globally. Moreover, if f = (p,¢): (Y,0y) — (X,0x) is a
morphism between smooth manifolds, then the diagram

OX L} p*OY

| [

¢
t t
©con P (©eon

commutes, and therefore, the top horizontal map is uniquely determined by the
bottom horizontal map. Therefore, we may view “being smooth” as the property
of the continuous map p: Y — X that a map ¢: Ox — p.Oy making the diagram
commute exist. In particular, the map ¢ is uniquely determined by the map p. An
isomorphism between smooth manifolds is traditionally called a diffeomorphism.

4711 the literature, the requirement that X be Hausdorff is often included in the definition of
a smooth manifold, but we will not do so. Note that “being Hausdorff” is not a local property.
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(2) We define the dimension of a smooth manifold (X, Ox) to be the map
dim
X —7Z>g

that to x € X assigns n = dim(z), if there exists € U C X open with (U, Ox|v)
an affine smooth manifold of dimension n. It is well-defined and locally constant,
and if it is constant with value n, then we say that (X, O x) has pure dimension n or
that (X, Ox) is a smooth n-manifold. We define a chart of (X, Ox) around z € X
to be a pair (U, h) of an open neighborhood z € U C X and a diffeomorphism

(U, 0x|v) —2= (V,03)

with V c R4™(®) an open subset.

Proposition 14.9. The category of smooth manifolds and their morphisms admits
finite products. More precisely, if f: (Z,0z) = (X,0y) and g: (Z,0z) — (Y,0y)
are morphisms between smooth manifolds, then, up to unique isomorphism, there
is a unique sheaf of rings Oxxy on X XY such that (X X Y,Oxxy) is a smooth
manifold and such that, in the diagram

(Z,02)

f g
J(f,g)
(X,0x) ¢+ (X X Y, Oxxy) —— (Y, 0y),

the projections p and q and the unique map (f, g) that makes the diagram commute
are morphisms of smooth manifolds.

Proof. Up to isomorphism, there is a unique sheaf Ox xy on X x Y such that given
(x,y) € X xY and charts h: (U,0x|y) — (4,0%") and k: (V,O0y|y) — (B, 0%)
around z € X and y € Y, respectively, the map

hxk
(U x V,0xxy|uxv) ——s (A x B, 0% 5)
is a chart around (z,y) € X x Y."" Since the subsets of the form U x V C X x Y,
where U C X and V C Y are open, form a basis for the product topology, this
shows that (X X Y, Oxxy) is a smooth manifold. That the maps p, ¢, and (f, g)
are smooth can be checked locally in charts, where it is clear. (I

One can construct new smooth manifolds by gluing existing smooth manifolds
together. To state the result, we introduce some terminology. In general, we define
a morphism (s,t): R — Y XY in a category € that admits finite products to be an
equivalence relation if for all Z € €, the induced map of sets

(s,t)
Map(Z, R) —— Map(Z,Y) x Map(Z,Y)
exhibits Map(Z, R) as an equivalence relation on the set Map(Z,Y") in the usual
sense. In particular, the morphism (s,t) is a monomorphism.

A map f: (Y,0y) — (X,0x) of smooth manifolds is étale if there exists an
open covering (V; — Y);es such that each flv,: (Vi,Ovlv,) = (f(Vi), Ox|sv;)) is

48 There is a canonical map Ox ®xr Oy — Oxxy of sheaves of k-algebras on X X Y, but it is
not an isomorphism. Rather the target is a suitable completion of the source.
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a diffeomorphism. It is an open immersion if, in addition, the map f: Y — X is
injective. The image f(Y) C X of an étale morphism is an open subset.

Proposition 14.10. Given an equivalence relation of smooth manifolds

(s,t)
(Ra OR) — (Yv OY) X (Yv OY)
such that Y = [1;c;Y; and R = [{; ey Uiy and such that s and t restrict to
OpeEN, IMMETSLoNs s|Um. Uiy =Y and t|Ui=j : U =Y, the coequalizer

(R.0R) — 2 (¥.0v) L (x,0x)

exists. Moreover, the morphism f is étale.

Proof. Suppose that s = (g,0) and t = (h,7). We let X = Y/R with the quotient
topology, and let p: Y — X be the canonical projection. It is the coequalizer of
g,h: R — Y in the category of topological spaces and continuous maps. We claim
that for all ¢ € I, the map ply;: ¥; — f(Y;) is a homeomorphism. First, it is a
bijection, since the maps g|v, ,: Us; — Y; and hy, , : U;; — Y; necessarily are equal.
Indeed, they are both open immersions and the diagonal map A:Y; — Y; x Y]
factors through (g,h)|v, ,: Ui — Y; x Y3, since (s,t) is an equivalence relation.
Second, it is an open map. Indeed, if V' C Y; is an open subset, then so is the subset

p (V) = e (hog ) (VNUi, ) Cllie Yy =Y.
This shows that p|y,: Y; = p(¥;) C X is a homeomorphism.

Finally, the sheaf of rings O x given by the equalizer

@ P« (o)
OX 4)]7*01/ —>—> Q*ORv
p«(7)
where ¢ = po g = po h, makes (X,0x) a smooth manifold and makes the diagram
in the statement a coequalizer in the category of smooth manifolds and morphisms
of smooth manifolds. ([

Remark 14.11. The morphisms s,t: (R,0r) — (Y,0y) in Proposition are
étale, but they are a very particular kind of étale morphisms. We would like the
result to hold more generally for every étale equivalence relation, that is, for every
equivalence relation (s,t): (R,0r) — (Y X Y, Oy «y) such that s and t are étale,
but this is not true.”” To remedy this, one builds the larger category of smooth
stacks in which the result holds for every étale equivalence relation.

Ezample 14.12. (1) Let A} = (R, O3™) be the affine line, let A} ~ {0} C A} be the
open complement of {0} C Aj, and let (s,t) be the equivalence relation with

S
R:RlluRuURgQ:A}CU(A}C\{O})HA}C }Yv:)/1|_|Y—2:AIICUA}f
t
where the maps s,t: Rio — Y7 are defined to be the canonical inclusion and the
map t — t~1, respectively. The coequalizer (X, Ox) is the projective line Pj.

49 A counterexample is (s,£): Z x S! — S1 x S1, where s(n, z) = z and t(n, z) = w"z, where
w is some fixed irrational roation of the circle S*.
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(2) We consider the equivalence relation defined as in (1), except that we now define
both s,t: Ri2 — Y7 to be the canonical inclusion. The coequalizer (X,0x) is an
affine line with a double point at the origin. The space X is not Hausdorff.

We will use Proposition to construct the tangent bundle of a smooth man-
ifold. It is a functor that to a smooth manifold (X, Ox) assigns a morphism

T(X,0x) = (TX,0rx) —— (X, 0x)
of smooth manifolds together with a structure of real vector space on the fiber
T(X,0x), =py'(z) C T(X,0x)

for all x € X, and that to a morphism f: (Y,0y) — (X, 0x) of smooth manifolds
assigns a commutative diagram”’ of morphisms of smooth manifolds

T(Y,0y) —L 5 T(X, 0x)
pr lpx
(V,0y) —1— (X,0x)
such that for all y € Y with image = = f(y) € X, the induced map of fibers

d
T(Y,0v)y —2 T(X, 0x),

is linear. The “chain rule” is the statement that this assignment is a functor.

First, if U € R™ is an open subset, then we define
T(U,03") = (U x R™, 03 g ) ——— (U, OF")

to the projection on the first factor. We define the structure of real vector space
on the fiber T(U, O3), by (z,v) + (z,w) = (z,v + w) and (x,v) -a = (z,v - a),
where v,w € R™ and ¢ € R. If f: (V,03") — (U,05") is a morphism of smooth
manifolds with U C R™ and V' C R” open, then we define

(v, 05 — 2 (U, o3m)

to be the morphism of smooth manifolds defined by
df (y,v) = (f (), Duf(y)),

where y € V and v € R”, and where

Dy f(y) = limp—o(f(y +vh) — f(y))/h

is the directional derivative. If (e, ..., e.) and (ey, ..., e,) are the standard bases
for R™ and R™, respectively, and if we write f(y) =Y.~ €;fi(y), then

De, f(y) =223, i (0fi/0y;) ().

50 This diagram is cartesian, if f is étale, but not in general.
126



It follows that the diagram

T(v,05) — 2 (U, o3m)

J/Pv JPU
(V,08) —— (U, 03)
commutes, and that for all y € V' with image x = f(y) € U, the induced map

d,
T(V,03), — T(U, 0",

is linear. Moreover, the chain rule from calculus shows that
d(fog)=df odg
for all composable morphisms of smooth manifolds

(W, 05) — (v, 03) — (U, 03)

with U C R™, V C R™, and W C RP open.

Second, given any smooth manifold (X,0x), we let (Y;,h;: Y; — V;);cr be a
family of charts with V; C R™. The canonical map
f
(Yv OY) = Hiel(yria Ox Yi) — (Xv OX)

is étale, the canonical inclusion

(s.8)
(R,0R) = (Y,0y) x(x,04) (Y,0y) —— (Y, Oy) x (Y,0y)

is an equivalence relation, and the diagram

(R.0R) —=3 (.0y) —L L (x,0x)

is a coequalizer. We have Y = Hie[ Y, and R = H(ij)xlxl U ; with U; ; = Y;NYj,
so the existence of the coequalizer also is a consequence of Proposition . We
now define px: T(X,0x) — (X, Ox) to be the induced morphism of coequalizers

ds
T(R,05) ——3T(Y,0y) —1— T(X, 0x)

dt
lpR JPY J{PX
S

(R7 OR) :>> (Y7OY) 4]0) (X7 OX)?

and we give the fiber T'(X, Ox), the unique structure of real vector space such that
for any y € Y with f(y) = z, the induced map of fibers
dfy
T(Y.0y), —"5 T(X,0x),
is a linear isomorphism. To see that px: T(X,0x) — (X, O0x) is well-defined, up
to canonical isomorphism, one has to prove two things. First, one much show that
the equivalence relation (ds, dt) satisfies the hypothesis of Proposition , which
is not difficult. Second, if p/y: T(X,0x) — (X,0x) is obtained as above but
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beginning with a different choice of family of charts (Y;, h;: Y/ — V/);cr/, then one
must produce a canonical diffeomorphism g making the diagram

T(X,0x) ——T(X,0x)

lpx J{p'x
(X,0x) == (X,0x)
commute. This is more delicate, since we have not characterized the tangent bundle

by some universal property, and therefore, there is not a unique choice of “canonical”
diffeomorphism.” We will not go further into this here.

Definition 14.13. A tangent vector field on a smooth manifold (X, Ox) is a mor-
phism of smooth manifolds v: (X,0x) — T(X,0x) such that px o v = idx.

We note that the value of the map v at € X is a vector v(z) € T(X,0x), in
a vector space that varies with x. We give the set Vect(X,Ox) of tangent vector
fields on (X, Ox) the structure of a left Ox (X )-module, where

(v +w)(z) = v(z) + w(z)
(p-v)(x) = p(z) - v(z)
for v, w € Vect(X,0x) and ¢ € Ox(X).

Let (X, Ox) be a smooth manifold, and let v € Vect(X, Ox) be a tangent vector
field. The directional derivative along v is a k-linear map of sheaves

D,
OX *)O)(,

which we now define. We must define, for all U C X open, a k-linear map

Ox (U) —222 0 (U)

such that for all U C V' C X open, the diagram

Ox (V) 2 0 (V)

J{Rcsg \LRCS};

Ox (U) —22 0 (U)

commutes. We first note that the smooth tangent vector field v on (X, Ox) restricts
to a smooth tangent vector field v|y on (U,Ox|y) for all U C X open. Indeed, if
j: U — X is the open immersion of U in X, then the diagram

T, Ox|v) —2— T(X,0x)

qu Jpx

(U, 0x|v) —— (X, 0x)

51 It would of course be much better to give a global definition of the tangent bundle similar
to the definition px: T'(X,Ox) = Spec(Symg (Qﬁ(/k)) — (X,0x) in algebraic geometry. The
liquid theory of Clausen—Scholze now makes this possible.
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is cartesian, and therefore, we may define v|y: (U, Ox|v) — T(U,Ox|v) to be the
unique morphism such that dj o v|y = v o j and py o v|y = idy. Next, we may
view ¢ € Ox(U) as a morphism of smooth manifolds ¢: (U, Ox|y) — (R, O"), so
we have the commutative diagram

T(U,Ox|rr) —~— T(R, Og)
JPU lp]k
U— R
We also have a tangent vector field w on (R, OR™) defined by w(t) = (¢,e1), and
we now define Dy, (@) € Ox|u(U) to be the unique element such that
depovly =w- D, y(p).

It is clear from the definition that the map D, ;s is k-linear and that if U C V C X
are open subsets, then D, i o Resg = Resg 0 Dy, v. Therefore, we have defined a
k-linear map of sheaves D, : Ox — Ox as desired.

In general, given a morphism f: (X,0x) — (S, Og) of locally ringed spaces and
a right O x-module F, an f*Og-linear morphism of sheaves
Ox =7
is an f*Og-linear derivation if for all U C X open and ¢, € Ox(U),

ou(p-9) = du(p) ¢ +du(¥) - .

We write Derg, (Ox,F) for the set of f*Og-linear derivations §: Ox — F. It has a
structure of abelian group given by the pointwise sum of derivations. Moreover, if
h: F — Fis an Ox-linear morphism and if 6: Ox — Fis an f*Og-linear derivation,
then hod: Ox — F again is an f*Og-linear derivation. So (h,d) — h o d defines a
structure of left Endg , (F)-module on the abelian group Derg,(Ox, F).

Lemma 14.14. If (X,0x) is a smooth manifold, then for all v € Vect(X,O0x),
the directional derivative Dy : Ox — Ox is a k-linear derivation.

Proof. Given v € Vect(X,0x), an open subset U C X, and a point = € U, we
give a formula for D, y(p)(x) for ¢ € Ox|u(U). There exists a smooth curve
~v: (I,05™) = (U,Ox|v) defined on an open interval 0 € I C R such that v(0) =
and such that, in the diagram

T(I,08") —2 T(U, 0x|v) —2— T(R, Og)
(I,05) —— (U, Ox|y) —— (R, 08"),
we have (dy o w|r)(0) = v|y(z) = (v|y ©7)(0). Therefore,
(dp o v|y)(x) = (dp o vl ©7)(0) = (dp o dy o w|r)(0) = (d(p o) o wl|r)(0),

from which we obtain the formula

Dy.u(p)(x) = (¢ 07)(0).
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Hence, for all ¢, € T'(U, Ox), we have
Dy u(p-¥)(x) = ((p-1) 07)'(0) = ((po) - (¥27))(0)
= (¢°7)(0) - (¥ 27)(0) + (¥ 24)'(0) - (¢ 0 7)(0)
=Dy u(9)(2) - ¥(2) + Dou () (2) - ¢(),

and since x € U was arbitrary, we conclude that

Dv,U((p . ¢) = Dv,U(‘P) ' ¢ + Dv,U(w) t P
as desired. O

We now obtain the promised global description of the left Ox(X)-module of
tangent vector fields.

Proposition 14.15. Let (X,0x) be a smooth manifold. The directional derivative

D
Vect(X,0x) — Derg(0x, O0x)

is an isomorphism of left O x (X)-modules.
Proof. For all open subsets U C V C X, we have a commutative diagram

D
Vect(V, Ox|v) —, Der(Ox|v,Ox|v)

lResg J{Resg

Dy
Vect(U, Ox|v) — Derk(Ox|v, Ox|u),

so the family (Dy)ycx is a morphism of presheaves of left O x-modules

Veet(X,0x) —— Der(Ox, Ox).

Both of these presheaves are in fact sheaves, because they are defined in terms of
by local conditions. We will prove that this morphism of sheaves is an isomorphim.
Since the map in the statement is obtained from this morphism of sheaves by
applying the global sections functor I'(X, —), this will prove the proposition.

Since the statement that the map of sheaves in question is an isomorphism is
local on X, we may assume that (X, Ox) is equal to (U, OF) with U C R™ open.
We may further assume that U C R™ is convex, since every open subset of R"
admits a covering by convex open subsets. So it suffices to prove that for U C R”
convex open, the directional derivative

D
Vect(U, O3) —— Der, (03", OF")

is an isomorphism of left 03" (U)-modules. The left-hand O3*(U)-module is free of
rank n, and a basis is given by the family (wy,...,w,) of vector fields defined by
w;(z) = (z,e;), where (eq,...,e,) is the standard basis of R™. By the definition of
the directional derivative, we have

Dwi (90) = (9(,0/8.%1‘,
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so we must prove that the family (9/0x1,...,0/0x,) of derivations is a basis of the
left O™ (U)-module Dery (OF", OF™). It is linearly independent, since

1 ifi=j

0 ifij,

and to show that it also generates the left OF" (U)-module Dery (05, O3"), we prove
that for all § € Dery (07", O3), the following identity holds,

It suffices to show that for all § € Dery (07", 05), ¢ € O3 (U), and a € U,

d(p)(a) = 32i= 0(wi)(a) - (Op/0i)(a).

Indeed, the sheaf F = OF has the special property that a section ¢ € OF*(U) is
zero if and only if all its values ¥(a) € F(a) = F, ®oz= k(a) are zero. Now, since

83:1/8:3] = {

we assumed that the open subset U C R™ is convex, Corollary below shows
that there exist unique ¢; ; € O3*(U) such that

o(x) = p(a) + 307 (20 — a;) (0¢/0z:) (a) + 327 ;2 (2 — ai) (z; — aj)pi (),
and since § is a k-linear derivation, the desired identity ensues. O
Ezample 14.16. If (X, Ox) is a smooth manifold, and if h: U — V is a chart with
V C R™ open, then the family of derivations (1, ...,d,), where

5i(p)(x) = (B(p 0 h™1)/0;) (h(x)),

is a basis of the left Ox(U)-module Dery(Ox|u, Ox|v). Hence, there is a unique
basis (v1,...,v,) of the left Ox (U)-module Vect(U, Ox|y) such that D,,, = d;.

According to Proposition , tangent vector fields may analogously be defined
to be k-linear derivations d: Ox — Ox. This definition has the advantage of being
truly global. We define the “Lie bracket”

Derk((‘)x, Ox) Rk Derk(OX, OX) i} Derk((‘)x7 Ox)

to be the map that to J; ® o assigns the k-linear morphism
[(51,52] = 61 o 52 — 52 o 51.
To verify that [d1,02] € Dery(Ox,0x), we let ¢, 9 € T(U, Ox|y) and calculate

[01,02]( - ) = 61(b2(p - ¥)) — 2(b1(¢ - ¥))
= 01(02(9) - ¥ + ¢ - 02(¥)) = 02(01 () - ¥ + ¢ - 01 (9)))
= 01(02(p)) - ¥ + 02(p) - 01(¥) + b1(p) - 2(v) + 0 - 01(62(¥))
= 62(d1(9)) - ¥ = 61(¢p) - 62(¥0) — d2(¢p) - 1 (¥)) — - 02(01(¥))
= [01,62](¢) - 1 + - [61,02)(¥).
It is clear that the map [—,—] is k-linear in both arguments so that we obtain

the stated map. A similar and equally straightforward calculation shows that given
three k-linear derivations d1, d2, and d3, the “Jacobi identity”

[[01,02], 03] + [[62, 93], 01] + [[03, 1], 2] =0
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holds. This makes Der,(Ox,Ox) a Lie algebra over k.

We proved earlier that the category of smooth manifolds and morphisms of
smooth manifolds has finite products. It does not have all fiber products, but the
implicit function theorem shows that it does have some fiber products. Given a
cartesian square of smooth manifolds and morphism of smooth manifolds

’

(Y, 0y1) —— (Y, Oy)

Iz I
(X', 0x) —2— (X, 0x),

we say that f’ is the base-change of f along g. If such a square exists for given f
and g, then we say that the base-change of f along g exists.

A morphism of smooth manifolds f: (Y,0y) — (X,0x) is a submersion
(resp. an immersion) if for all y € Y with image z = f(y) € X, the differential
d
T(Y, 0y )y — 3 T(X,0x)a
is surjective (resp. injective). We note that, in this case, it follows from linear algebra
that dim(y) > dim(x) (resp. dim(y) < dim(x)).

Theorem 14.17 (Implicit function theorem). In the category of smooth manifolds
and morphisms of smooth manifolds, the base-change of a submersion along any
morphism exists and is a submersion.

Proof. This is based on the inverse function theorem. It states that a morphism of
smooth manifolds, which is both an immersion and a submersion, is étale. The proof
has a number of steps. First, if (Y,0y) = (X x Z,0xxz) and f is the projection
on the first factor, then the base-change along any g exists with Y/ = X’ x Z, with
f' the projection on the first factor, and with ¢’ = g x idz. Second, the inverse
function theorem shows if f is any submersion, then for all y € Y, we can find open
neighborhoods y € V. C Y,z = f(y) € U C X, and 0 € W C RP together with a
diffeomorphism h making the diagram

(V, 0y |v) —2— (U x W, Oxxcw|uxw)

lfu J”
(U, 0x|v) === (U, O0x|v),

where p is the canonical projection, commute. Hence, it follows from the first step
that the base-change of f|y along any morphism g exists and is a submersion.
Finally, we use Proposition to glue together the local solutions obtained in the
second step to a global solution. To do so, we also use the fact that the base-change
of an open immersion along any morphism exists and is an open immersion and the
fact that base-change along an open immersion preserves both coequivalizers and
submersions. ]

52 This Lie algebra is infinite dimensional, unless X is finite. We will define the Lie algebra of
a Lie group to be a subalgebra of this Lie algebra.

531n algebraic geometry, the analogue of submersions are called smooth morphisms. It is for
this reason, that I say “morphism of smooth manifolds” instead of “smooth map.”
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Remark 14.18. Let f: (Y,0y) — (X,0x) be a morphism of smooth manifolds.
We say that y € Y is a regular point of f if df, is surjective and that x € X is a
regular value of f if every y € Y with f(y) = x is a regular point. Therefore, given
a morphism ¢: (X', 0x/) — (X,0x) for which there exists g(X’) C U C X open
such that every x € U is a regular point of f, then the base-change of f along g
exists and is equal to the base-change of f|f71(U) along g.

Ezample 14.19. Let Y = M, (R), and let X C M, (R) be the subset of symmetric
matrices. So Y and X are both real vector spaces of dimension n? and (n + 1)n/2,
respectively, which we view as smooth manifolds of the same dimensions. The map
f: (Y, 03") — (X, 0%") defined by f(A) = A*A is smooth, and we claim that

Ssm df Ssm
T(Y,03%) 4 —— T(X,0%) 54y

is surjective for all A € Y with f(A) = E € X. To see this, we use the identity
maps of Y and X as charts and calculate

dfa(B) = limpo(f(A+ hB) — f(A))/h
= limy_o((A+ hB)*(A+ hB) — A*A)/h
= limp,_,o(A*A+ hA*B + hB*A+ h?B*B — A*A)/h
= A*B + B*A.
Now, if f(A) = A*A = E, then given C' = C* € X, we set B = $AC and calculate
dfa(B) = A*B+ B*A = %A*AC’ + %C’*A*A = %(C’ +C*)=C.
So the implicit function theorem shows that the base-change

’

(O(n), 00 (ny) ——— (Y, O3)

T

({E}, 0qmy) —— (X,0%)

exists; see Remark . Hence, the subspace O(n) C M, (R) of orthogonal matri-
ces has a structure of smooth manifold of dimension n? — (n+1)n/2 = n(n—1)/2.

APPENDIX: HADAMARD’S LEMMA
We have used the following result, commonly referred to as Hadamard’s lemma.

Lemma 14.20. Let U C R™ be an open subset that is star-convex with respect to
a €U, and let p: U — R is a smooth function. Then there exists unique smooth
functions p;: U — R such that for all x € U,

p(x) = p(a) + o0 (zi — ai)pi().

Moreover, for all 1 < i <mn, p;(a) = (0p/0z;)(a).
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Proof. We define h: [0,1] = R by h(t) = ¢(a + (x — a)t), which is possible by the
assumption that U’ be star-convex with respect to a, and calculate that

p(x) — p(a) = h(1) — h(0) = [; (dh/dt)(t)dt
= Jo Yy 00/ (a + (x — a)t)(wi — a;)dt
=0 (@i — i) [y (9p/0i)(a+ (x — a)t)dL.
So the lemma holds with ¢;(z) = fol(ago/ami)(a + (z — a)t)dt. O

Corollary 14.21. Let U C R™ be an open subset that is star-convex with respect
toa €U, and let ¢: U — R is a smooth function. Then there exists unique smooth
Junctions ¢; j: U — R such that for all x € U,

p(x) = pla) + 30 (xi — ai)(0p/0z:) (a) + 327 iy (w0 — ai) (25 — aj)pi ().

Proof. We first write ¢(x) as in the statement of Lemma and the apply the
lemma again to write each of the functions ¢;: U — R as

pi(@) = pi(a) + 3271 (x5 — a;)pii(x) = (/i) (a) + 307 (x5 — a;)¢i ()
with ¢; ;: U — R smooth. ([
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15. LIE GROUPS

Definition 15.1. A Lie group is a group object G = ((G, Og), i, ¢) in the category
of smooth manifolds and morphisms of smooth manifolds.”” A morphism of Lie
groups is a homomorphism of group objects in the category of smooth manifolds
and morphisms of smooth manifolds.

One defines complex Lie groups similarly to be a group objects in the category
of complex manifolds and morphism of complex manifolds.

There is a “forgetful” functor from the category of Lie groups and morphisms of
Lie groups to that of topological groups and continuous group homomorphisms that
to ((G,0¢q), p, t) assigns (G, p, ¢). One can prove that this functor is fully faithful,
so in particular, the sheaf O¢g is uniquely determined, up to unique isomorphism,
by the remaining data. Hence, we may view “being a Lie group” as a property of a
topological group.

Example 15.2. By using the implicit function theorem, we see that the classical
groups all are (real) Lie groups. The groups GL,(C) and SL, (C) are examples of
complex Lie groups.

If ((G,0¢), i, ¢) is a Lie group, then we may consider the tangent space
g= T(G, Og)e

of the smooth manifold (G,0¢) at the identity element e € G. It is a real vector
space of dimension n = dim(e). We proceed to show that the group structure
morphisms p and ¢ give rise to a structure of Lie algebra [—, —] on this real vector
space. Let us first define Lie algebras.

Definition 15.3. Let k be a field. A Lie algebra over k is a pair g = (g, [—, —]) of
a right k-vector space g and a k-linear map [—,—]: g ® g — g such that:

(LA1) Forall z € g, [z,2] = 0.

(LA2) For all z,y,z € g, [z, [y, 2]] + [y, [z, 2]] + [z, [z, y]] = 0.

A morphism of Lie algebras f: (h,[—, —]) = (g,[—, —]) is a k-linear map f: h — g
such that for all z,y € b, f([z,y]) = [f(2), f(y)]-

We call [—, —] the “Lie bracket” and we refer to (LA1) and (LA2) by saying
that the Lie bracket is alternating and satisfies the Jacobi identity, respectively. It
follows that the Lie bracket is antisymmetric in that for all z,y € g, [z, y] = —[y, z].
We warn the reader that the Lie bracket is neither associative nor does it have an
identity element, except in trivial cases. A Lie algebra a is defined to be abelian if
[z,2] =0 for all x € a.

Ezample 15.4. (1) An associative k-algebra A determines a Lie algebra with the
same underlying k-vector space as A and with Lie bracket [a,b] = a-b—b-a. In
particular, if V' is a right k-vector space, then Endy (V') is an associative k-algebra
under composition of k-linear maps. The associated Lie algebra is denoted gl(V).

541f (G, p, ) is a topological group and if {e} C G is closed, then the space @ is automatically
Hausdorff. For the diagonal A(G) C G X G is the preimage by the continuous map p o (id x¢) of
the closed subset {e} C G and hence closed.

55See [3, Theorem 9.2.16].

135



(2) If (X, Ox) is a smooth manifold, then the real vector space Dery(Ox,Ox) has
a structure of real Lie algebra with Lie bracket [—, —] defined by

[61a52] - 51 o 52 — (52 o 51.

Hence, there is a unique structure of Lie algebra on Vect(X,0x) for which the
directional derivative is an isomorphism of Lie algebras.

In particular, a morphism of Lie groups m: G — GL(V) gives rise to a morphism
of Lie algebras dm.: g — gl(V). So a representation of a Lie group determines a
representation of its Lie algebra. This assignment is a functor, and we will prove
that its restriction to the full subcategory of connected Lie groups is faithful.

Let G = ((G,0¢), i, ) be a Lie group. Given g € G, we write

(Ga OG) L (G7 OG)

for the morphism of smooth manifolds defined by Ly(x) = p(g,z) = gz and call it
“left multiplication by g € G.” The map L, is not a group homomorphism, but it
is an automorphism of smooth manifolds, so we get a map

G —E Aut(G, 0¢)

from G to the group of automorphism of the smooth manifold (G,O¢g), and this
map is a group homomorphism. We wish to consider the induced actions on the
“space” of tangent vector fields. We first prove a general result.

Proposition 15.5. Let f: (Y,0y) — (X, 0x) be a morphism of smooth manifolds,
and let Dy, € Derg(Ox,0x) and D, € Derg(Oy,Oy) be the directional derivatives
along two tangent vector fields u € Vect(X, Ox) and v € Vect(Y, Oy), respectively.
The following statements are equivalent.

(a) The diagram of smooth manifolds and morphisms of smooth manifolds

T(Y,0y) —1 T(X, 0x)

commautes.
(b) The diagram of sheaves of O x-modules and k-linear maps

:
Ox f—>f*(9y

lDu J/f* Du
fﬁ
Ox —— f.0y
commutes.

56 1¢ 01,02: Ox — Ox are k-linear derivations, then é1 o0 d2: Ox — Ox is typically not a
k-linear derivation. So (2) is not a special case of (1).
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Proof. We first assume (a) and prove (b). We must show that for all U C X open
with V = f~1(U) C Y and for all ¢ € T'(V, Oy ), the identity

Dy(po flv) = flv o Du(e)
holds. But this follows from the chain rule. Indeed, we consider the diagram

TV, 0y |v) - T, 0 x o) —%— T(R, 03™)

[ N [ [

(V, 0y |v) ——— (U, Ox|v) —— (R, 03™)
where w is the constant vector field defined by w(t) = (¢, e1). We have
Dy(po flv)-(wogpo fly) =d(eo flv)ovly = dpod(flv)ovly
=dpoulyo flv = (Du(p)o flv) - (wopo flv)

where the first and last identity hold by the definition of D, and D,,, the second
identity holds by the chain rule, and the third identity holds by (a).

We next assume (b) and prove (a). Since px is a submersion, the implicit function
theorem shows that the base-change of px along f exists,

T(X,0x) —LT(X,0)
(Y, 0y) —— (X, 0x).

We repeat the definition of the directional derivative to define a map

Vect(X, 0x)' —— Der(Ox, £.0y)

from the set of morphism of smooth manifolds s: (¥, 0y) — T(X, Ox)’ such that
P’y 0 8 = idy to the set of k-linear derivations §: Ox — f.Oy. Given U C X open
with V = f~1(U) C Y and ¢ € I'(U, Ox), we consider the diagram

7, 0xv) 1 70, 0x|v) = TR, OF)

£l
(V, Oy |y) —— (U, Ox |v) —2— (R, O3™)

and define D% (¢) € T'(U, f.Oy) to be the unique element such that
D(g) - (wo o flv) =dpo (flv) os|v.

Now, the two composites u o f and df o v of the morphisms in the top diagram in
the statement are both elements of Vect(X, Ox)’, and we have

uof_fuoDu_f*D of _Ddfov

Indeed, the first and last identity follow immediately from the definitions of D and
D', and the middle identity is (b). Hence, it will suffice to prove that the map D’
is injective.”" To this end, we proceed as in the proof of Proposition 15 last time.

57 The map D’ need not be surjective, because the sheaf f.Oy can be very complicated.
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We first observe that the map in question is equal to the map of global sections
induced by a map of sheaves of Oy-modules

Veet(X,0x) —2 Dery(0x, £LOy).

Hence, we may assume that (X,0x) is equal to (U, Of*) with U C R™ an open
subset. In this case, the I'(Y, Oy )-module Vect(X,Ox)’ is free of rank m, and a

basis is given by the family (s1,...,s,,) with s; = w; o f, where w;(z) = (z, €;)
and where (e, ..., e,;,) is the standard basis of R™. Moreover, we have
DIS'i :D‘:Dwf :fﬁoD’wi :fﬁo(a/aml)a

and since f4: Ox — f.Oy is a ring homomorphism, we find that

1 ifi=j
D’ (x;) = f¥ o (0x;/0x;) =
L) = o Omfomy) = 0
This shows that the family (f* o (3/0z1),..., f* o (0/0x,,) is linear independent,
which, in turn, shows that D’ is injective as desired. ([

Now, if (X,0x) is a smooth manifold, then we obtain a group homomorphism
Aut(X,0x) —/ Auty (Vect(X, 0x))

defined by 7(f)(v) = u, where u,v € Vect(X, Ox) are related as in the statement
of Proposition . We note that the map 7(f) is not a I'(X, Ox)-linear automor-
phism, but, instead, it is a I'(X, O x)-linear isomorphism

Veet(X, 0x) —% 4 Vect (X, 0x)

from Vect(X, Ox) to the left I'(X, O x) obtained from Vect(X, Ox) by extension of
scalars along f*: I'(X,0x) — I'(X, Ox). We will not explore this further here and
will simply consider 7(f) as a k-linear automorphism of Vect(X, Ox). However, it
is clear from Proposition that for all vy, vy € Vect(X, Ox),

[T(f)(v1), 7(f)(v2)] = 7(f)([v1, v2]),

SO we may view 7T as a group homomorphism
Aut(X, 0x) —— Auty(Vect(X, Ox), [—, —])

to the group of automorphisms of the real Lie algebra of tangent vector fields on
the smooth manifold (X, Ox).

We return to the case of a Lie group G. We define “left translation of tangent
vector fields” to be the composite group homomorphism

G —L s Aut(G, 0g) —— Auty,(Vect(G, 06), [-, —]),

and we define a “left-invariant tangent vector field” to be a tangent vector field v
that is fixed under left translation by every g € G.
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Definition 15.6. The Lie algebra of a Lie group G is the sub-Lie algebra
(Lle(G)v [73 7]) = (VeCt(G’ OG)7 [*7 *])G
of left-invariant tangent vector fields.

We also write g instead of Lie(G). We now show that the k-vector space Lie(G)
is finite dimensional, and that the assignment of Lie(G) to G extends to a functor
from the category of Lie groups and morphisms of Lie groups to the category of Lie
algebras and morphisms of Lie algebras.

Proposition 15.7. If G is a Lie group, then the map eg: g — T(G,0q). defined
by ec(v) = v(e) is a k-linear isomorphism. Moreover, if f: H — G is a morphism
of Lie groups, then the unique k-linear map Lie(f) that makes the diagram

Lie(H) —<Y_, Lie(G)

b,
dfe

T(H,0m)e — T(G,0¢)e

commute is a morphism of Lie algebras.

Proof. A tangent vector field u € Vect(G, O¢) is left-invariant if for all g € G,

’Ll,(g) = dLg,e(u'(e))a

so the first part of the statement is clear. To prove the second part of the statement,
we note that if v € Vect(H, Op), then u = Lie(f)(v) € Vect(G, O¢) is characterized
as the unique left-invariant vector field such that u o f = df o v. Equivalently, by
Proposition , the directional derivative D,, € Derg(Og, O¢) is characterized in
terms of D,, € Dery,(Og, Og) by the properties that (1) the diagram

#
O —— £.04

lDu Jf*Dv
4

OG’ 4>f*OH

commutes, and (2) for all g € G, the diagram

Lt
0¢ —= L0

JDu ng*Du
Lt

Oc 4'9) Lg*OG

58 We could of course just as well have chosen to use right-invariant tangent vector fields, but
note that, in general, being left-invariant and being right-invariant are different properties.
59 The assignment of Vect(G, Og) to G does not extend to a functor between these categories.
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commutes. More generally, if s € End;(O¢g) and ¢t € Endg(Op) are any k-linear
morphisms, then we may ask that (1) the diagram

#
O —— £.0

.
fﬂ

OG’ — f* OH
commutes, and (2) for all g € G, the diagram

Lt
OG 451) Lg*OG

ls ng*s
Lt

O¢ — Ly.0c

commutes. Let us write s ~ ¢ if this is the case. We now let v; € Lie(H), and
let w; = Lie(f)(v;) € Lie(G) so that D,, ~ D,,. Then the composite k-linear
morphisms Dy, 0Dy, , Doy, 0Dy, € Endy(Opr) and Dy, 0Dy, Dy, 0Dy, € Endg(O¢)
also satisfy that D,,, o Dy, ~ Dy, 0 Dy, and Dy, 0 Dy, ~ D, o D,,. But then

[Du17Du2] = Dul ODuz - Duz ODul ~ D’Ul OD‘U2 - D‘Uz OD’U1 = [D'U17D'U2]7
which shows that
[u1, up] = Lie(f)([v1,v2]),
as desired. (I
Remark 15.8. Let G be a Lie group, and let us identify g = T(G,O¢)e. The Lie

bracket on g may also be defined as follows. The group structure on (G, O¢) induces
a group structure on T(G, O¢g), and the maps
i P
g—— T(G, Og) C) G
)

where ¢ = i, is the kernel of p = pg and where 0 = O¢ is the zero section, all are
morphisms of Lie groups.”” Moreover, they exhibit the Lie group T(G, Og) as the
semidirect product of the Lie group G and the k-vector space g considered as a Lie
group under addition. This determines a morphism of Lie groups
Ad
G —— Auty(g)

called the adjoint representation. The induced map of tangent spaces at the identity
element e € G is a k-linear map

g —% Endy(g)

the adjunct of which is a k-linear map

60 The fact that i is a group homomorphism was the subject of the problem set for week 14.
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To see that it satisfies the Jacobi identity, we argue as follows. If f: H — G is a
morphism of Lie groups, then the map Lie(f) = df.: h — g satisfies
Lie(f)([z,y]) = [Lie(f)(z), Lie(f)(y)]
for all z,y € g. Moreover, if G = GL(V), then bracket [—, —] defined here is equal
to the one defined in Example . In particular, for ad = Lie(Ad), we find that
ad([z, y]) = [ad(x), ad(y)] = ad(x) 0 ad(y) — ad(y) o ad(z)
for all x,y € g, which is equivalent to the Jacobi identity.

We next compare the representation theory of a Lie group G to that of its Lie
algebra g. We will restrict our attention to representations (V,7), where V is a
finite dimensional complex vector spaces, and where

G —"— GL(V)
is a morphism of Lie groups. If we apply the Lie algebra functor to this morphism,
then we obtain a morphism of Lie algebras

Lie(w
g L>g[(V).

Hence, a representation 7 of a Lie group G on a finite dimensional complex vector
space V' gives rise to the representation Lie(w) of the Lie algebra g on the same
vector space V. In particular, if Lie(r) is irreducible, then 7 is necessarily also ir-
reducible. We will now use the existence and uniqueness theorem for solutions to
ordinary differential equations to show that if G is connected, then the representa-
tion 7 is completely determined by the representation Lie(r).

A global flow on a smooth manifold (X, Ox) is defined to be a left action

(R, 03™) x (X,0x) —2— (X, 0x)

in the category of smooth manifolds and morphisms of smooth manifolds, of the
group object R = ((R, O), +, —) on the object (X, Ox). There is a unique tangent
vector field v € Vect(X, Ox) that makes the diagram

T(R x X, Opxx) —2= T(X, 0x)

TwXO Tv
(R X X, Onyx) —— (X, 0x)

commute. Indeed, let i: X — R x X be the inclusion defined by i(z) = (0, z). Since
¢ oi=1idx, we are forced to define v to be the composite morphism

v=vogoi=dpo(wx0)oi,
and with this definition, we have
vop=dpo(wx0)oiop=dpo (wo0l),
where the second non-trivial identity holds, because ¢ is an action. We say that v
is the infinitesimal generator of the flow ¢.

Conversely, given v € Vect(X, Ox), the existence and uniqueness theorem for
solutions to ordinary differential equations shows that there exists a morphism of
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smooth manifolds ¢: (U, Orxx|v) = (X,0x) with {0} x X C U C R x X open
which makes the diagram

d¢
T(U, O]RXX|U) —_— T(X, Ox)

T(wXO)U TU

¢
(U, Orxx|v) — (X, 0x)

commute and satisfies ¢(0, ) = x and ¢(s, ¢(t, z)) = ¢(s+t, x) whenever this makes
sense. We say that ¢ is a local flow with infinitesimal generator v. In particular,
if there exists a global flow ¢ with infinitesimal generator v, then ¢ is uniquely
determined by w. If this is the case, then we say that v is complete.

If G is a Lie group, and if v € g is a left-invariant vector field, then, by using
the group structure, one shows that every local flow with infinitesimal generator v
extends uniquely to a global flow ¢ = ¢, with infinitesimal generator v. We define
the exponential map of the Lie group G to be the map

exp

g——G

given by exp(v) = ¢4 (1, ¢e). We remark that exp is not a group homomorphism,
unless the Lie algebra g is abelian.

Theorem 15.9. Let G be a Lie group with Lie algebra g. The exponential map is
a morphism of smooth manifolds

sm exp
(gaog ) *)(Ga OG)
Moreover, it is étale at 0 € g.

Proof. The structure of group object on the smooth manifold (G, O¢) gives rise to
a structure of group object on T(G, O¢). Moreover, there is a left-invariant tangent
vector field w on the Lie group T(G, O¢) such that for every left-invariant tangent
vector field v on (G, O¢), the diagram

T(G,06) —2 T(T(G, 0¢))

[ [
(G,06) —>—T(G,0¢)
commutes. Now, there is a global flow ¢,, on T'(G, O¢) with infinitesimal generator

u, and it follows from the uniqueness of solutions to ordinary differential equations
that for every v € Vect(G, Og) with global flow ¢, on (G, O¢), the diagram

(R, 05 x (G, 0q) —2— (G, 0¢)

Jid o J

(R, 05™) x T(G, 0g) —= T(G, O¢)

61 The exponential map may have critical points. One can show that x € g is a critical point
for exp if and only if some 0 # X € 27iZ C C is an eigenvalue of ad(z) € Endg(g).
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commutes. Therefore, the exponential map is equal to the composite map
(g, 05™) 255 (R, 03") x T(G, 0g) — T(G, 0¢) —<— (G, 0¢)

and since each of these three maps is a morphism of smooth manifolds, so is the
exponential map. Finally, it follows immediately from the definition that

dex

g= T(ga OE)O —pO> T(Ga oG)e

is equal to the isomorphism €4 in Proposition , and therefore, the inverse func-
tion theorem shows that exp is étale at 0 € g as stated. (]

Corollary 15.10. If G is a connected Lie group, then every g € G can be written
as a product g = exp(z1) - - - exp(xzy,) withn >0 and x1,...,z, € g.

Proof. By Theorem , there exists open subsets 0 € U C g and e € V C G such
that exp |y: (U, 07") = (V,0¢l|v) is a diffeomorphism. Hence, it suffices to show
that the subgroup H C G generated by V is equal to G."” Since V' C G is open, so
is H C G. But then gH C G is open, for all g € G, which implies that

H=G~ (Ujecr9H) CG

is closed. Since G is connected, we conclude that H = G as desired. O

Corollary 15.11. Let G and H be Lie groups. If H is connected, then the map
Hom(H, G) e, Hom(bh, g)

1s injective.

Proof. Let f: H — G be a morphism of Lie groups. The diagram

Xpy

h—H

J/Lie(f) J{f
expg

g————G
commutes, by naturality of the exponential map. By Corollary , every element
of H is a product of elements of expy(h) C H. Since f is a group homomorphism,
this implies that it is uniquely determined by the map Lie(f). O

We use the last corollary to show that if 7 and 7o are two finite dimensional
real or complex representations of a connected Lie group G, then m; ~ 75 if and
only if Lie(m) ~ Lie(mz). In effect, we prove the following more precise result.

Corollary 15.12. Let w1 : G — GL(V) and ma: G — GL(V3) be representations of
a connected Lie group on finite dimensional real or complex vector spaces. A linear
isomorphism f: Vi — Vs intertwines between w1 and o if and only if it intertwines
between Lie(m1) and Lie(ms).

62 Here we also use that exp(z)~! = exp(—=z), since [z, —z] = —[z,z] = 0.
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Proof. That f intertwines between 71 and 7 means that the diagram of Lie groups

% GL(V1)
ch

G

where c¢(h) = foho f~!, commutes. But then the diagram of Lie algebras

% al(V1)
J’Lie(cjc)
$ gl(Vz)

2

g

commutes, and since Lie(c)(h) = foho f~!, this shows that f intertwines between
Lie(m) and Lie(ms). This part of the statement only uses that Lie(—) is a functor
and not that G is connected. Conversely, if f intertwines between Lie(m;) and
Lie(mg), then the bottom diagram commutes, and since G is connected, this implies,
by Corollary that the top diagram commutes. (Il

This is marvelous! To a large extent, we have replaced the differential geometric
problem of finding representations of a Lie group with the linear algebraic problem
of finding representations of its Lie algebra. We illustrate this for G = SU(2), which
is a compact connected Lie group. We have already proved that for every integer
n > 0, the representation ,, given by the nth symmetric power

T = Symg()

of the standard representation 7 of SU(2) on V' = C? is an irreducible representation
of dimension n + 1. The associated representation of the Lie algebra g = su(2) is a
morphism of real Lie algebras

Lie(my,)

su(2) fegl(Syme (V)

from the real Lie algebra su(2) to the real Lie algebra obtained by restriction of
scalars along f: R — C from the complex Lie algebra gl(Symg¢(V')). The adjunct
of Lie(m,,) is a morphism of complex Lie algebras

) Lie(r,) 0
su(2)c = frsu(2) ———— gl(Syme (V).
We have earlier identified su(2) with the real vector space of traceless skew-hermitian
complex 2 x 2-matrices. It has a basis given by the family (A1, Ao, A3), where

1 0 0 -1 0 1
A1 = <O —Z> s A2 = <1 0) ) and Ag = <Z 0> .

The Lie bracket on su(2) is given by [A, B] = AB — BA. Similarly, the complex Lie

algebra sl(2,C) of the complex Lie group SLy(C) is given by the complex vector

space of all traceless complex 2 X 2-matrices with the Lie bracket given by the

same formula. So the inclusion of the set of traceless skew-hermitian complex 2 x 2-

matrices in the set of all traceless complex 2 x 2-matrices defines a morphism of
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real Lie algebras su(2) — f.sl(2,C), the adjunct of which is a morphism
su(2)c = f*su(2) ——sl(2,C).

of complex Lie algebras. We claim that the latter map is an isomorphism. Indeed,
one readily verifies that the family (A1, Az, As) is a basis of both complex vector
spaces. Moreover, under this identification, the representation

Lie(mn)

sl(2,C) gl(Symg¢(V))

is equivalent to the nth symmetric power of the standard representation of the
complex Lie algebra s[(2,C) on V.

Now, the complex vector space sl(2, C) has the much more convenient basis given
by the family (X, H,Y), where

0 1 1 0 0 0
S A N (O S ()

Indeed, in this basis, the Lie bracket is given by the simple formulas
[X,Y]=H, [H,X]=2X, and [HY]=-2V.

The complex representations of s[(2,C) can be completely understood, and this,
in turn, is the starting point for understanding the representation theory of all
complex reductive Lie algebras and Lie groups. Serre’s book [5] is a very readable
introduction to this beautiful theory.

Let 7: sl(2,C) — gl(V) be a representation on a complex vector space V', which,
at the moment, we do not assume to be finite dimensional. We write V* C V for
the eigenspace corresponding to the eigenvalue A € C of m(H): V — V', and we say
that € V* has weight A. The canonical map

BrecV —V

is always injective. If the dimension of V' is finite, then it is also surjective, but, in
general, this is not the case. If x has weight A, then the calculation
(w(H) o (X)) () = w([H, X]) () + (7(X) o 7(H)) ()
=7m(2X)(xz) +7(X)(\x)
= (A +2)7(X)(x)
(m(H)om(Y))(x) = n([H,Y])() + (7(Y) o 7(H))()
=—7(2Y)(x) + 7(Y)(\x)
=X =2)m(Y)(z)

—~
— —~

shows that 7(X)(z) has weight A + 2 and that 7(Y)(x) has weight A — 2. We say
that an element e € V is primitive of weight A if e # 0 and if 7(H)(e) = e and
©(X)(e) =0.

63 The alternative notation e, h, and f for these matrices is also common.
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Theorem 15.13. Let w be an irreducible representation of sl(2,C) on a complex
vector space V of finite dimension n+ 1. The following hold.

(1) There exists a primitive element e € V' of weight A = n.
(2) The family (e, .. .,e,), where ex = w(Y)k(e)/k!, is a basis of V.
(3) In this basis, the representation w is given by

m(H)(ex) = (A — 2k)ex

0 ifk=0

m(X)(exr) = {()\—k:-i- Dery if0<k<n

(k+1exr1 f0<k<n

m(Y)(ex) = {0 h

Conversely, the formulas (3) define an irreducible representation of the complex Lie
algebra sl(2,C) on a complex vector space with basis (eg, ..., €n).

Proof. Since C is algebraically closed, there exists an eigenvector € V of the
linear endomorphism 7(H): V' — V. The vectors 7(X)*(z) with k > 0 are either
eigenvectors of w(H) or zero. Since V is finite dimensional, there exists a maximal
k > 0 such that e = 7(X)*(z) # 0 and 7(X)(e) = 0. Hence, this element e is a
primitive element of some weight A € C.

Now, for all £ > 0, we consider the elements e, € V' defined by
e = (Y (e) /I,
and we also set e_; = 0. We claim that for all £ > 0, the following hold:
(a) m(H)(ex) = (A 2k)ey
(b) w(Y)(ex) = (k+1)ext1
(¢) m(X)(ex) =(A—k+1)ex_1.
Indeed, (b) holds, by definition, and (a) holds by the observation that m(Y") lowers
weight by 2. We prove (c¢) by induction on k > —1, the case k = —1 being trivial.
Assuming that (c) holds for k& < m, the calculation
m(X)(em) = (7(X) 0 7(¥))(€m-1)
=7([X,Y])(em-1) + (n(Y) o 7(X))(em—1)
— 7(H)(em—1) + (A —m +2)7(Y)(en—2)
=A=2m+24+A—m+2)(m—1))emn-1
=mA—m+1en_1,
shows that (c) holds for k = m. This proves the claim.

Next, if the elements e; with & > 0 all are non-zero, then (ej)r>o is a family
of eigenvectors for w(H) with pairwise distinct eigenvalues. But then this family
is linearly independent, which is not possible, because V is finite dimensional. We
also observe from (b) that e; = 0 implies that ex11 = 0. So there exists m > 0
such that e; # 0 for 0 < k < m and e, = 0 for k > m. Moreover, by (c), we have

0= 7T(X)(€m+1) = (/\ - m)ema

so we conclude that A\ = m.
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Finally, it follows immediately from (a)—(c) that the subspace W C V spanned
by (eg,...,em) is m-invariant. It is also non-zero, since 0 # e = eg € W, and since
(V, ) was assumed to be irreducible, we conclude that W =V and m = n. O

Corollary 15.14. Let n > 0 be an integer.

(1) The complex Lie algebra s((2,C) has a unique isomorphism class of irreducible
complex representations of dimension n + 1.

(2) The real Lie algebra su(2) has a unique isomorphism class of irreducible complex
representations of dimension n + 1.

(3) The real Lie group SU(2) has a unique isomorphism class of irreducible complex
representations of dimension n + 1.

Proof. First, (1) follows immediately from Theorem . Second, (2) follows
from (1) and from the extension-of-scalars/restriction-of-scalars adjunction, since
we have an isomorphism of complex Lie algebras su(2)c — sl(2,C). Finally, we
conclude from (2) and from Corollary that the connected Lie group SU(2)
has at most one isomorphism class of irreducible complex representations of dimen-
sion n + 1. But we have already proved that m,: SU(2) — GL(Symg(V)) is such a
representation, so (3) follows. O

Example 15.15. The adjoint representation

SU@2) 24 GL(su(2))

is a 3-dimensional real representation. One can show that the adjoint representation
is irreducible, and that its complexification

SU2) —2L 1 GL(su(2)c)

also is irreducible. Therefore, by Corollary , it is isomorphic to the symmetric
square mo of the standard representation m = 7.

In elementary particle physics, a gauge theory begins with a compact Lie group
G of “internal symmetries,” and the complexified adjoint representation

G 2% GL(ge)

provides the “gauge bosons” of the theory; they are the elements of a basis of
the complex vector space gc. For example, physicists write (W+, WO W) for the
basis (X, H,Y) of suc ~ sl(2,C). Its elements are the W-bosons, which mediate
the weak force. Let me explain what this means. The “elementary fermions” in the
gauge theory are basis elements of certain irreducible finite dimensional complex
representations of G. The selection of the irreducible representations that should be
considered the “elementary fermions” of the theory, however, is entirely empirical.
If 7: G — GL(V) is an irreducible finite dimensional complex representation, then

Lie(m)c

gc —— gl(V)

is a representation of the complexified Lie algebra on V', and moreover, this map is
intertwining with respect to the G-representations Adc on the domain and End()
on the target. It is by means of this Lie algebra representation that the gauge bosons
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acts on the elementary fermions. See the article [1] by Baez—Huerta for more on
this.
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