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The first minutes. In mathematics and related fields, one often encounters vector spaces
V', such as

e the vector space V = L?*(X,u) consisting of functions f : X — C on some nice
topological space X that are square-integrable with respect to some measure p, or
e the space of solutions ¢ to some linear differential equation D¢ = 0,

and so on. The inputs to the construction of V' are sometimes invariant by some symmetry
group G. In the first example, G might have a measure-preserving action on (X, u). In the
second, G might commute with the operator D (for instance, many of the basic equations of
mathematical physics are invariant by something like the rotation group SO(3)). In either
case we obtain a linear action of G on V, i.e., a homomorphism G' — GL(V'). The case that
G is a Lie group is simultaneously one of the most interesting cases (because of the many
examples) and accessible (because, e.g., connected Lie groups are in many respects simpler
than finite groups, thanks to powerful tools from calculus and linear algebra).
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0. PREREQUISITES

We recall here some of the basics from linear algebra, topology, differential geometry, Lie
theory, and functional analysis that will be used throughout the course.
We won'’t assume any prior knowledge of representation theory.

0.1. Conventions. In this course,
“topological space” := “separable Hausdorff topological space.”

The examples we consider will moreover be locally compact, but we will mention this hy-
pothesis explicitly when it is used. Similarly

“vector space” := “complex vector space”

unless we specify otherwise.
0.2. Topological groups.

Definition 0.1. A topological group is a group G equipped with a topology such that the
maps

GxG—G

(z,y) = xy
and
G—G

x> !

are continuous. Similarly, a topological vector space is a vector space equipped with a topol-
ogy such that the maps
VXV =V

(z,y) =z +y
and
CxV =V

(AN, z) = \x
are continuous. We write in that case GL(V') for the group of continuous linear maps
¢V — V that admit a continuous two-sided inverse.

For instance, any finite group (always equipped with the discrete topology) is a topological
group, as is any Lie group; any finite-dimensional vector space is naturally a topological
vector space, as is any Hilbert space or Banach space.

0.3. Lie theory. We’ll assume a large number of facts from basic Lie theory. For instance,
a Lie group G has a Lie algebra g. A continuous homomorphism G; — G5 between two
Lie groups is automatically smooth, or even analytic, and differentiates to a Lie algebra
homomorphism g; — go. For a finite-dimensional vector space V', the group GL(V) is a Lie
group with Lie algebra End(V).
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0.4. Haar measure. We abbreviate “locally compact topological group” to “locally com-
pact group,” and similarly for “compact group.”

Definition 0.2. Let G be a locally compact group. Recall that a Radon measure dg on G is
a functional
C.(G)—C

fH/Gfdgz ) dg

such that f >0 — fG fdg> OH For each such f and each h € G, we denote by A, f and
prf the left and right translates of G, normalized so that A n, = A\n An, and pryn, = Phy Phy:

Mf(g) = f(h7g),  pnflg) = flgh™).
Recall that dg is a left Haar measure if fG fdg = fG M fdg for all h € G. The notion of a

right Haar measure is defined analogously using p,. We say that dg is a Haar measure if it
is both a left Haar measure and a right Haar measure.

Theorem 0.3. Let G be a locally compact group. Then left Haar measures exist, and any
two are positive multiples of one another. Similarly for right Haar measures.
Suppose moreover that G is compact. Then Haar measures exist, and assign finite volume

to GG.

In particular, there is a unique Haar measure dg on G such that vol(G,dg) = 1; we call
it the probability Haar measure on GG. We will often denote integration with respect to the
probability Haar simply by fG f= o | dg, omitting the dg when it is clear by context.

For example, if G is finite, then the probability Haar dg is given by the normalized counting

measure: 1
dg = — .
/Gf g |G|g€ZGf(9)

0.5. Spectral theory for compact self-adjoint operators. Let V = (V. (,)) be a Hilbert
space and 1" : V' — V a bounded operator. Recall that 7' is
o self-adjoint if (Tvy,vs) = (v1, Twy) for all vy, v € V', and
e compact if it maps the unit ball to a precompact set, or equivalently, if each bounded
sequence v, in V' has a subsequence v,, such that the sequence T'v,, converges.

A basic example is when T is diagonalized by an orthonormal basis eq,es,... of V, thus
Te; = Aje; for some \; € C; then T' is compact precisely when \; — 0 as j — oo.

Theorem 0.4. Let T be compact and self-adjoint. Then every eigenvalue X\ of T is real.
For each such X, let V\, C V denote the \-eigenspace. Then V is the Hilbert direct sum
DAWy, i.e., the closure of the algebraic direct sum ®\Vy\. Moreover, for each € > 0, the space
Dz Vi 18 finite-dimensional. In particular, if V' is nonzero, then T has an eigenvector.

1 The continuity and related conditions follow from the positivity, see e.g. the Wikipedia entries on
“Radon'measure” and “Riesz-Kakutani representation theorem”
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Proof sketch. Let’s note first that the finite-dimensionality of the spaces @z >V} is auto-
matic: if any such space were infinite-dimensional, then we could find an infinite sequence
of unit vectors v,, for which ||Tv,||> e, contrary to the assumed compactness of T

Turning to the main point of the proof, let W denote the orthogonal complement of &, V).
We know that T acts on W and has no eigenvectors in W, while our task is to show that
W = {0}. The main point is thus to show that any compact self-adjoint operator on a
nonzero Hilbert space admits an eigenvector. See for instance §9.2 of my “Lie Groups” notes
on the course homepage. 0

Recall also from linear algebra the following consequence of (e.g.) the Jordan normal form:

Lemma 0.5. Any linear operator on a nonzero finite-dimensional (complex) vector space
has an eigenvector.

0.6. Linear algebra. Let V,V;,V; be finite-dimensional vector spaces. We can then con-
struct some additional vector spaces:

(1) The dual space V* = Hom(V,C) consisting of linear functionals ¢ : V' — C. For
¢ € V*and v € V, we sometimes write (¢,v) = {(v) for the natural pairing.

(2) The conjugate space V. By definition, this is a set equipped with a bijection V — V/,
denoted v — T. We define the vector space structure on V by requiring that v +— T
commute with addition (i.e., U7 + U3 = v; + v2) and intertwine scalar multiplication
with conjugation, thus for A € C,

AU = (Av).
(3) The space Hom(V;, V5) of linear maps T : V| — V5.
(4) The space End(V) := Hom(V, V) of linear operators T': V — V.
(5) The direct sum V; & V5, for which linear maps f : V; @&V, — V are in natural bijection
with pairs (f1, f2) of linear maps f; : V; — V.
(6) The tensor product V; ® Vs, for which linear maps f : V; ® Vo, — V are in natural
bijection with bilinear maps f: V} x Vo — V.
We have an isomorphism
V" ® Vo — Hom(V4, V3)
given by
61 X vy — [w1 — 21 (wl)Ug]

The inverse map is described by taking coefficients of T" with respect to bases. In more
detail, fix bases ejy,...,e, of Vi and fi,..., f, of V5 together with dual bases ej, ..., e}, of

rm

Vitand ff,..., f¥ of V¥, so that (e}, e;) = (f7, f;) = 0i;. Then for any T" € Hom(V;, V3) and

v € V1, we have
v = Z(ef,v)ei
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and

Tej = ; <fi’j_6j> iy
so that -

Tv = Zaij(e;,wﬁ,
and thus "

Hom(V1,V2) 3T ¢+ Y aye; @ fi € Vi @ Vs,
2
In particular, we may identify
End(V)2V*®V.
Under this identification,
trace : End(V) — C

corresponds to the linear map
VeV —=C

(@v— (L,v).
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1. INTRODUCTION
1.1. Representations.

Definition 1.1. Let G be a topological group and V a topological vector space. A represen-
tation m of G on V is a group homomorphism

m: G — GL(V)

for which the map
GxV =V

(g,v) = w(g)v =: gv
1s continuous.

Rather than saying “(m, V') is a representation of G,” we might simply say “let V' be a
representation of G” or “let G act linearly on V7 with the action map m = 7y defined im-
plicitly and its continuity conditions imposed by default; we will then often denote the action
by juxtaposition, gv := my(g)v, as above. Other times we’ll say “let 7 be a representation of
G,” with the underlying vector space V = V. defined implicitly. Eventually we’ll often write
simply 7 both for the action and the underlying vector space, but we’ll avoid doing that for
now.

Remark 1.2. Suppose that G is a Lie group and V' is finite-dimensional, so that GL(V) is

a Lie group with Lie algebra End(V). Then a theorem from “Lie groups” implies that 7 is

automatically smooth, hence differentiates to a Lie algebra homomorphism g := Lie(G) —

End(V).

Ezample 1.3.

(1) Let X be a locally compact space equipped with a Radon measure p. Suppose that

G acts on X, preserving p (i.e., there is a continuous map G x X — X satisfying
the axioms for a group action, such that for each g € G, the induced map g : X — X
satisfies g, = ). Then G acts linearly on L*(X, i), i.e., we have a representation
7 : G — GL(L*(X,p)). These representations provide some of the most important
examples.

In more detail, if we are given a left action denoted “gz,” then for ¢ € G and
fe LX), we set

(1.1) (m(9)f)(@) = fg~ =),
while if we are instead given a right action denoted “xg,” then we should take
(1.2) (m(9)f)(z) := f(zg).

As an exercise, check in either case that 7(g1)7(g2) = 7(g192) for all g1, 92 € G.
Check for instance for G = R acting on X = R by translation, and with x Lebesgue
measure, that the action map

(1.3) R x L*(R) — L*(R)
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is continuous; on the other hand, for any nonzero z € R there exists f € L*(R)
with || f||= 1 so that ||7(x)f — f||> 1 (e.g., take for f a bump function supported
in [—|z|/10,|z|/10]), so that the map from R to the space GL(L*(R)) equipped with
the operator norm is not continuous. These observations motivate the definition of
“representation” given above.

Suppose for instance that G is a compact group, equipped with its probability
Haar measure dg. Then the action of GG on itself by right multiplication preserves dg.
The above discussion specialized to (X, u) = (G, dg) gives a representation

p: G — GL(L*(G, dg))

given by right translation as in (1.2)). This representation is called the right reqular
representation. We may similarly define the left reqular representation

A G — GL(L*(G,dg))

using left translation as in (I1.1)). Note that if G is finite, then L*(G,dg) is just
the space C¢ of functions f : G — C. Note also that we didn’t really require
compactness: on any locally compact group, we can define the right (resp. left)
regular representation using any right (resp. left) Haar measure.

The trivial representation of a group G on the one-dimensional vector space C is the
map G — GL(C) = GL;(C) given by g + 1.

The zero representation of G on the zero-dimensional vector space {0}. This repre-
sentation is unimportant, and will practically never be considered in this course; we
mention it for now just to disambiguate it from the (very important) trivial repre-
sentation.

Most of the classical groups G that one encounters in Lie theory (e.g., GL,(R), GL,(C), O(n), U(n)
and Sp(n) for n even) come with a “standard representation” G — GL,(C) =
GL(C™).

For a finite-dimensional vector space V', the group GL(V) is a Lie group. Its finite-
dimensional representations

p: GL(V) — GL(W)
play a special role in the theory: given any representation
m: G — GL(V),
we may compose it with p to get a new representation
por:G — GL(W).

For example, we may take for p the determinant representation det : GL(V) —
GL;(C) = C*, and form the determinant detor : G — C* of a representation
m:G— GL(V).
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(6) A Lie group G defined over the reals has a Lie algebra g, which is a real vector
space; its complexification g¢ := g ®r C is a complex vector space, and the adjoint
representation Ad : G — GLg(g) defines in particular a (complex) representation

Ad: G — GL(ge).

(If we start with a Lie group G over the complex numbers, like GL,(C), then we
get a representation Ad : G — GL(g) in the sense of this course without having to
complexify.)

(7) The symmetric group S(n) comes with a standard representation

7 :S(n) = GL,(C)

on C", given by permuting the standard basis elements ey, ..., e,: for g € S(n), we
define m(g)e; := e4(;). This is just the representation of elements of the symmetric

. . 1 1
group by permutation matrices; for n = 2 we get ( 1) , (1 ), for n = 3 we get

1 1
1 11 , and so on. We can compose m with the determinant map
1 1

det : GL,(C) — C* to get the sign representation
sgn :=detom : S(n) — {£1} C C*.
Equivalently, sgn(g) = (—1)* if g = 71 - - - 74, with each 7; a transposition. We will
sometimes use the notation
(—1)? == sgn(g)

for g € S(n).

(8) Most of the standard operations from linear algebra (e.g., those recalled in in-
duce corresponding operations on representations. For instance, given finite-dimensional
representations (m, V'), (w1, V1), (w2, V2) of G, we may form:

e the dual (or contragredient) representation (7*,V*) on the dual space V* by
setting

so that
(m ()€, m(g)v) = (¢, v),
e the conjugate representation (%, V) by
T(g)v == m(g)v,
e the direct sum (m; & mo, Vi & V3) by

g(v1,v2) := (gu1, gv2),
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e the tensor product (m ® 7, Vi ® V3) by

g(v1 ® 1) == gu1 ® gy,

and
e the representation (Hom(my, mo), Hom(Vi, V2)) by, for g € G and f € Hom(V;, V3),

gf == [Vi 3 v = ma(g) f(mi(g) " v1) € Val.
1.2. Unitarity.

Definition 1.4. Let m : G — GL(V') be a representation as above. Suppose that V' is equipped
with an inner product (,) (e.g., if V' is a Hilbert space). We say then that 7 is unitary (with
respect to (,)) if

<9U1, 902> = <Ul, U2>

for all g € G and vy, v9 € V; we might equivalently say that the inner product (,) is invariant
for the action of G. We say in general that 7 is unitarizable if there exists an invariant inner
product, i.e., an inner product (,) on V with respect to which 7 is unitary.

We can already prove a basic theorem:

Theorem 1.5. Let G be a compact group. Let V' be a finite-dimensional representation, or
a Hilbert space representation. Then V is unitarizable.

Proof. In the finite-dimensional case, let (,)o be any inner product on V; in the Hilbert
case, let it denote the “given” inner product; in either case, note that it defines a continuous
map V' x V — V. The idea is to average this inner product using the Haar measure to
get an invariant inner product. Turning to details, recall that the action map G x V — V
is assumed continuous. For vy, vy, the function G 3 g — (g, gue)o is then a continuous
function on a compact set, hence is bounded, and in particular integrable with respect to
the probabilty Haar dg. We set

(v, v2) 12/ (g1, gva)o dg.
geG

It’s easy to see that (,) defines an inner product; for instance, if v # 0, then (v,v)q > 0,
hence (by continuity) (gv, gv)g > 0 for all g in some neighborhood of the identity element,
hence (by regularity of Radon measures) (v,v) > 0. Using the right-invariance of dg, we
verify for h € GG that

<h111, hv2> = / <9hU179hU2>0 dg = / (9”1,9U2>0 dg = <U1,U2>-
geG geqG

Thus the representation V' is unitary with respect to the inner product (,). O
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1.3. Morphisms, equivariant maps, intertwiners, isomorphisms, equivalences, and
SO on.

Definition 1.6. Let (71, V1) and (me, V5) be representations of G. By a morphism of repre-
sentations ¢ : V; — V5 we will mean a continuous linear map that is compatible with the
given representations in the sense that mo(g)o(v1) = ¢(mi(g)vy) for all v; € V; and g € G.
The following phrases will be used interchangeably with “morphism?”:

e (G-equivariant map, or simply equivariant map.

e intertwining operator.
We denote by

IIOHlG(‘qa‘é)

the set of such ¢. This set is a vector space.

This definition endows the set of representations of a given group G with the structure of
a category.

An isomorphism (or sometimes “equivalence”, etc.) of representations is a morphism that
admits a two-sided inverse morphism; in the case of finite-dimensional representations, an
isomorphism is the same thing as a bijective morphism.

Ezxample 1.7.

(1) For finite-dimensional representations V;, V3 of G, the isomorphism of vector spaces
Vir®@Vi = Hom(Vy, V3) (as recalled in defines an isomorphism of representations.

(2) Let G = Z/nZ; thus G is the finite cyclic group of order n. Take for (7, V}) the right
regular representation on Vi = C%, thus

m(g)f(x) = f(z +g).

Take V5 = C", with m, the representation assigning to each g € G the diagonal matrix
m2(g) with entries 1,e(g/n),e(2g/n),e(3g/n),...,e((n —1)g/n), where e(x) := e*™*,
Then (7, V) and (79, V5) are equivalent representations; an isomorphism is given by
the finite Fourier transform

¢:Vi—=Vy
o(f) = (£(0), f(1),..., f(n—1)),
fl@)=>" fe(—zy/n).

yEZ/n

B

We pause to introduce, for any representation (7, V'), the notation

(1.4) VG ={veV:n(gv=uforallgeG}

2End of lecture #1, Tuesday, 19 Feb 2019
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for the G-fized subspace of V. Recall that we have defined for any representations Vi, V5 a
representation Hom(Vp, V4); it thus makes sense to speak of the fixed subspace of the latter
representation, and we verify readily from the definitions that

(1.5) Hom(V3, V3)¢ = Homeg(V4, V5).

We defined earlier the dual of any finite-dimensional representation. More generally, for
any representation for which the underlying vector space is given the structure of a Hilbert
space, we define the dual representation using the continuous dual, which is then itself a
Hilbert space.

Lemma 1.8. Let (m,V) be a representation of G such that
o V is a Hilbert space (V,(,)), and

® T 1S unitary.

Then m is isomorphic to its conjugate dual, and the conjugate and dual of ™ are isomorphic
to each other:

*

™.

12
14

TET, T
Proof. Since V' is a Hilbert space, we have (by what is sometimes called the “Riesz repre-
sentation theorem”) an isomorphism of vector spaces

V=V
v (v, ).

Since 7 is unitary, this isomorphism is equivariant. This establishes the first isomorphism;
the second is obtained similarly. 0

1.4. Reduction and decomposition.

Definition 1.9. Let (m,V) be a representation of G. A closed invariant subspace W C V' is
a closed subspace such that w(g)/W C W for all g € G. We note that:

e A subspace W C V is closed if and only if the quotient space V/W, equipped with
the quotient topology, is Hausdorff. If V' is finite-dimensional, then every subspace
W is closed. We will practically never discuss non-closed subspaces in this course.

e The condition 7(g)W C W, applied both to g and ¢!, implies that in fact 7(g)W =
w.

To each closed invariant subspace W C V we may associate a subrepresentation © : G —
GL(W) and a quotient representation w : G — GL(V/W). We will often use “subrepresen-
tation” as a synonym for “closed invariant subspace.”

For instance, if dim(W) = 2 and dim(V') = 5, then we can extend a basis e, e5 for W to
a basis eq,...,e5 for V, and the matrix entries of our representation expressed in terms of
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this basis look like

ko ok ok ok ok
% ok % *
w(g)=10 0 % % =x
0 0 * * x
0 0 * * x

The upper-left 2 x 2 block corresponds to the subrepresentation on W, the lower-right 3 x 3
block to the quotient representation on V/W.

Ezample 1.10. (1) For any representation (w,V) of G, the fixed subspace V¢ C V is a
closed invariant subspace.
(2) If G acts in a measure-preserving fashion on some measured space (X, u) of finite
volume, then the representation V' = L?(X, 1) contains the closed invariant subspace
C consisting of constant functions.

Definition 1.11. Let (m, V') be a nonzero representation (thus V' is not the zero-dimensional
space {0}; it might be the one-dimensional trivial representation).

We say that V' is reducible if there exists a closed invariant subspace W C V with W #
{0}, V. We say otherwise that V is irreducible; this means that {0} and V' are the only
closed invariant subspaces.

Ezample 1.12. “Most” V' considered previously are reducible. If dim(V) = 1, then V is
irreducible.

The irreducible representations are a bit like the prime numbers, with closed invariant
subspaces playing the role of divisors and the zero space {0} a bit like the unit element 1.

Theorem 1.13 (Schur’s lemma). Let (71, V1) and (ma, Va) be irreducible finite-dimensional
representations of some group G. Then

L if Vi =,

(1.6) dim Homg(V1, V2) = _
0  otherwise,

where Vi = V4”7 means “isomorphic as representations of G.” If moreover V.=V = Vj,
then Endg (V') := Homg(V, V) is the space Cid of scalar multiples of the identityid : V — V.

Proof. Let ¢ be a nonzero element of Homg (V7, V3). Then image(¢) C V5 and ker(¢) C V; are
invariant subspaces. Since ¢ # 0, we must have image(¢) # 0 and ker(¢) # V;. Thus by the
irreducibility of V3, V5, we have image(¢) = V; and ker(¢) = 0. Thus ¢ is an isomorphism.
In particular, if V3, V5 are non-isomorphic, then Homg(V3,V2) = {0}. If Vi and V, are
isomorphic, then the spaces Homg(V1, V2) = Homg(V4, V}) are isomorphic via composition
with an isomorphism V; — V3, so in particular dim Homg(V3, V2) = dim Homg(V3, V4); we
thereby reduce to establishing the final assertion concerning ¢ € Endg (V). (Note: this
last step was treated incorrectly in lecture!) Since V' is a nonzero finite-dimensional
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vector spaces over the complex numbers, the operator ¢ has an eigenvalue A. Let V) denote
the corresponding eigenspace. For any g € G and v € V), we have

(1.7) o(m(g)v) = w(g)p(v) = m(g)\v = A (g)v,
thus 7(g)v € V?, i.e., V* is a nonzero invariant subspace; since V is irreducible, it follows
that V» =V, and so ¢ = )\ - id, as required. O

Remark 1.14. Inserted to keep numbering consistent with the numbering that I messed up
in lecture; maybe I'll think of something clever to put here later.

Remark 1.15. Same.

Corollary 1.16. Suppose that G is abelian and (7,V') is finite-dimensional and irreducible.
Then dim(V') = 1.

Proof. Let h € G. Then for all g € G, w(h)n(g) = 7(hg) = 7(gh) = w(g)n(h). Thus 7(h) €
Endg(V) = Cid, and so w(h) stabilizes every line in V. Thus any line in V' is a nonzero
invariant subspace; by irreducibility, any such line is equal to V', and so dim(V') = 1. O

As a matter of notation, we now define for a compact group G the set

Irr(G) := {isomorphism classes of finite-dimensional irreducible representations = = (m, V) of G}.

Theorem 1.17. Let G be compact and (w,V') finite-dimensional. Then there exists for
each o0 = (0, W,) € Irr(G) a nonnegative integer n(c) so that we have an isomorphism of
representations

(18) V= EBO'GIH(G)W;-B”(U)~
(Here WO .= W @ --- @ W, with n copies.) The n(o) are determined uniquely by V.

Proof. Since G is compact, we may equip V with an invariant inner product (,). We may
assume also that V' is nonzero, since the conclusion of the theorem holds in that case. Then
there exist nonzero invariant subspaces U; of V, such as V itself. Choose a minimal such
subspace U;. Then the orthogonal complement U is an invariant subspace, since for v € Ui
and g € G, we have for each u € U; that likewise g~! € Uy, and so

(gv,u) = (v, g 'u) = 0.
By choosing (if possible) another minimal nonzero invariant subspace U, < Ui+ and inducting
on dimension (note that dim(Uj") < dim(V) < o0), we see that we may write V as the
(orthogonal) direct sum

(1.9) V=U,0Us @ - dU,,

where each U; is an irreducible invariant subspace. We now group the U; according to
their isomorphism class, giving a partition of {1,...,n} by Irr(G); this gives the required
decomposition.

The uniqueness of the n(o) may be deduced as in the proof of the Jordan-Holder theorem;
we will give an alternative proof later. O
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This last result suggests two problems for a given G:

e Determine the set Irr(G) explicitly.
e Explicitly decompose “interesting” V' in the above sense.

1.5. Characters. Throughout this section we take G compact and (7, V') finite-dimensional.

Definition 1.18. The character of 7 is the function
Xr:G—C

g — trace(m(g)).

We sometimes write xy for x.

A class function f : G — C is a function that is constant on conjugacy classes, thus
f(g7'zg) = f(x) for all x,g € G. Note that characters are class functions (because trace is
conjugation-invariant).

The idea is that, given a linear operator on a finite-dimensional vector space, the only way
to linearly assign to that operator a scalar without choosing a basis is to take the trace (or
a multiple thereof). We're looking to study isomorphism classes of representations, which
suggests looking at their characters. Here are some basic properties:

Lemma 1.19. Let w, 7, o be finite-dimensional representations of the compact group G, as
above.

(1) x= depends only upon the isomorphism class of m.
(2) Xz = Xr

(3) Xmi@ms = Xm + X

(4) Xmi@ms = Xm X

(‘5) Xt = X7 = Xn

(6) XHom(71,m3) = X_7T1X7T2

Proof. The only “tricky” part is that since G is compact, 7 is unitarizable, and so (by Lemma
1.8) 7 = 7, thus x,+ = x=. We also use that Hom(my, m3) & 7f & 7. O

The key to unlocking the power of characters in the case of compact groups is the following
identity between the dimension of the fixed subspace and the average value of the character:

Lemma 1.20. Define a linear map
p:V =V

v m(g)vdg.
geG

(Here dg denotes as usual the probability Haar, and we are integrating a function g — 7(g)v
valued in the finite-dimensional vector space V'; this can be defined by choosing a basis and
integrating each coordinate, for instance.) Then

(1.10) dim (V%) = trace(p) = / Xx(9) dg.

geG
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Proof. We check readily that p(V) C V¢ and that p restricts to the identity on V¢, so that
p is a projection onto V% its trace is thus the dimension of that subspace, giving the first
identity.

The second identity follows from the linearity of the trace map. (In more detail, let’s
fix a basis ey, ..., e, for V and dual basis ej, ..., e, and write 7;;(g) := (e}, 7(g)e;) for the
coefficients of 7(g) with respect to that basis. Let py; := (e}, pe;) denote the coefficients of
p. By definition, p;; = (e}, fgeGW(g)ei dg). The coeflicients of a vector-valued integral are
obtained by integrating the coefficients, i.e., (e;*-,fgeGﬁ(g)ei dg) = fg€G<e;,7r(g)ei) dg, thus

Pij = ngG m;j(9) dg. Summing over i = j gives trace(p) = >, pi = Y, fgeG Ti(g) dg =
ngG > mi(g)dg = fG X, as required. 0

Theorem 1.21. (1) Let w, 7" € Irr(G). Then
1 fm=q,

0 otherwise.

(1.11) <X7rvXTr’>L2(G) = {

Thus {xx : m € Irr(G)} is an orthonormal subset of
L*(G)" := {class functions in L*(G)}.
(2) Let (m, V') be any finite-dimensional representation, with decomposition
V = Spetme W)
as before. Then
(1.12) (o) = (Xm Xo)-

In particular, x. determines w up to isomorphism.

Proof. (1) By definition, (X, x») = [, o XaXa- We have seen that XXz = XHom(x',x), and
that the average value of the latter is the dimension of Hom(7', 7)¢ = Homg(7', 7);
the required conclusion now follows from Schur’s lemma.

(2) We have x, = >__n(o)xo, so the conclusion follows from (L.11]).

o

O

Theorem 1.22 (Part of the Peter—Weyl theorem). Recall that G is compact. The orthonor-
mal subset {x, : © € Irr(G)} of L*(G) is in fact an orthonormal basis, i.e., has dense
span.

Proof. We postpone this proof until a bit later in the course; it is not so difficult, but we
prefer to compute some actual characters first. ([l

Corollary 1.23. If G is finite, then Irr(G) is a finite set whose cardinality is the number of
conjugacy classes C' of G.

Proof. In that case L?(G)“®* has a basis given by the characteristic functions 1¢ of each

such C. 0
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1.6. The connected compact abelian case. Let’s illustrate the content of Peter—Weyl
by explicating it completely in the case of a connected compact abelian Lie group. In such
a group, conjugation is trivial, so “class function” just means “function;” also, we have
seen that any irreducible finite-dimensional representation is one-dimensional, hence may be
identified with a group homomorphism 7 : G — GL;(C) = C*, which is thus the “same” as
its character, i.e., m(g) and x,(g) are the same complex scalar for all g € G. Recall that

U(l) ={z € C*: |z2|=1} =ZR/Z,
e(f) == ¥ 0.
Lemma 1.24. Let G be a compact connected abelian Lie group of dimension n > 0. Then
G=U)"=(R/Z2)" =R"/Z".

One has a bijection

Irr(G) & 72"
given by associating to each A = (A1, ..., \,) € Z" the one-dimensional representation
(1.13) U3 2= (21,...,20) = 2° := 231 - 22 € U(1) € GLy(C).

Proof. We verify first that G = U(1)™:

(1) Set g = Lie(G). Since G is abelian, exp : g — G is a homomorphism.

(2) Since G is connected and exp is a homomorphism whose image contains a neighbor-
hood of the identity element of G, it follows that exp is surjective.

(3) The kernel A C g of exp is a subgroup. Using that the exponential map is a local
diffeomorphism near the origin, we see that A is discrete. (Indeed, if there were a
sequence v, € A that converged to some element of A, then the sequence of differences
Unt+1 — U, would converge to 0.)

(4) By general theory on quotients of Lie groups (see e.g. Theorem 157 in my Fall 2016
notes), we have G = g/A. In particular, A is cocompact.

(5) It’s not hard to see that for every discrete cocompact subgroup A of an n-dimensional
Euclidean space g there exists an isomorphism g = R"™ under which A identifies with
Z™. (Indeed, induct on n. We may assume that n > 1. Fix an arbitrary Euclidean
norm on g. Since A is discrete, we can find a nonzero element e; € V' of minimal
norm. We might suppose having normalized our norm so that the norm of e; is
exactly 1. In any event, the minimality of this norm implies that Re; N A = Ze;.
Let W be a subspace of g complementary to Re; (e.g., the orthogonal complement),
and let p : V — W be the projection with kernel Re;. We then have a short exact
sequence of Z-modules

0 — Zey — A — p(A) — 0.

We claim that p(A) C W is a discrete subgroup; it follows then inductively that p(A)
is a finite free Z-module of rank at most dim(W) = n — 1, hence that A is a free



20

PAUL D. NELSON

Z-module of rank at most n; the assumed compactness of g/A then forces the rank
to equal n, and so A = Z"™ with respect to some coordinates.

To verify the claim, it suffices to bound from below the norms of nonzero elements
of p(A) (this implies that such elements can’t accumulate at the origin, hence neither
can their differences, giving the required discreteness). So let v € A with p(v) # 0,
ie.,

v é Rel.

The difference v — p(v) then lies in Re;. We can find an integral multiple me; of e;
that “best approximates” this difference in the sense that

v—p(v) —me; € [—1/2,1/2]e.

We have v # meq, so v —meq, being a nonzero element of A, has norm bounded from
below by 1 (the minimal norm of any such element). But elements of [—1/2,1/2]e;
have norm at most 1/2. The triangle inequality thus forces p(v) to have norm at
least 1/2.)

Having proved that G = U(1)", we turn to classifying its irreducible finite-dimensional
representations m. By Corollary [L.16| any such 7 is one-dimensional, and so may be regarded
as a homomorphism

(1.14)

7:G— GL(C) =C™.

Compose this with the isomorphism

(1.15)

R™"/Z" 560 = (01,...,0,) — e(0) := (e(#),...,e(0,)) € G

to get a morphism of Lie groups

(1.16)

T:R"/Z" > 60— 7(e(h)) € C*.

Differentiate this to obtain a morphism of Lie algebras

(1.17)

R" 56 — dr(f) € Lie(C*) = C.

Any such morphism is of the form

dr(0) = M0y + -+ - + N0, for some A = (Aq,...,A\,) € C™.

By the compatibility between Lie group morphisms, Lie algebra morphisms and the expo-
nential map, we have

Since 7(Z") = {1}, we have in particular

(1.18)

e(M) =--=e(\,) =1,

and so A\q,..., \, € Z, as required.
We note finally that all of the one-dimensional representations of G = U(1)" that we have
defined are inequivalent; for instance, we verify readily that they (and hence, what amounts
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to the same, their characters) are orthogonal to one another in L?*(G), thanks to repeated
application of the basic identity: for ¢ € Z,

1 ifl=
(1.19) / e(06) df — ite=0,
0€[0,1] 0  otherwise.

O

The content of Peter—Weyl in the setting of the compact connected abelian Lie groups
U(1)" is thus that, as A varies over Z", the “trigonometric polynomials” U(1)" > z > 2*
have dense span in L?(U(1)"). This may be a familiar fact from abelian Fourier analysis. It
can be established using (e.g.) the Stone—Weierstrass theorem, or a bit of functional analysis.
The proof of the general case of the Peter-Weyl theorem, to be given a bit later, will involve
similar arguments /]

3End of lecture #2, Thursday, 21 Feb 2019
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2. CHARACTER THEORY OF COMPACT UNITARY GROUPS

2.1. Recap. Before beginning, let’s pause to attach some vocabulary to results from last
time.

Definition 2.1. A torus T is a compact connected abelian Lie group.

We saw last time that any n-dimensional torus 7" is isomorphic to U(1)", and that its
irreducible representations are indexed by A € Z™ and given by
e* : U(n) — U(1)
t=(ty, ... ty) =" =, ..., t2").
2.2. Conjugacy classes in U(n).

Definition 2.2. The compact unitary group U(n) is defined by
(2.1) U(n) := {g € GL,(C) : (gv, gw) = (v,w) for all v,w € C"},

where (v, w) := Z;’:l v;w; denotes the standard inner product. We can also describe it as
the group of matrices g = (g;;) whose rows (or columns) form an orthonormal basis, i.e.,

Un) ={g: Y 9Tk = 0} ={9: > 9uiis = 535}
k k

From the second description we see in particular that each |g;;|< 1, hence that U(n) is
compact.
Henceforth set

G :=U(n).
We're interested in studying (finite-dimensional) representations 7 of G. As we saw last
time, we can do this by studying their characters yx,. Characters are class functions, so we
might get started by recalling what the conjugacy classes in G look like.

Let T' < G denote the subgroup of diagonal elements. Then
T=U(1)"
131
< (tl, Ce ,tn).
tn
Let W < G denote the subgroup of permutation matrices, i.e., the image of the permu-
tation representation of the symmetric group discussed previously. Then W acts on T by
conjugation, permuting coordinates:
w-ti=wtw = (twfl(l), Lw=1(2), - - - ,twfl(n)).

Here in writing w™!(j) we regard w as a permutation of {1,...,n}. We have |[W|= n!.

Lemma 2.3. Fvery conjugacy class in G intersects T', and two elements of T are conjugate
in G precisely when they have the same W -orbit.
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Proof. This is presumably known from a linear algebra course as the “spectral theorem for
unitary operators,” but perhaps it won’t hurt to recall the proof:

Let ¢ € G. We can then find an orthonormal basis vy,...,v, for C* consisting of eigen-
vectors for g. (Take for v; any eigenvector, normalize it to have norm 1, observe that the
unitarity of g implies that g stabilizes the orthogonal complement v1-, take for v, any norm
one eigenvector of g in v, and so on. Alternatively, let I' denote the closure of the group
generated by g; then I' is a compact abelian group to which Theorem [1.17] applies. The “two
proofs” are basically the same, of course.) Let h € G have rows vy,...,v,. Let e1,..., e,
denote the standard orthonormal basis of C". Then he; = v;, so t := h™'gh is a diagonal
element of G, i.e., t € T. This shows that every conjugacy class in G intersects T. If two
elements of T lie in the same W-orbit, then they are obviously conjugate in G, because
W < G. Conversely, if two elements of T' are conjugate in G, then they have the same
multiset of eigenvalues, so we can find a permutation w € W sending one to the other. [

Corollary 2.4. Restriction defines a bijection
{class functions on G} <> {W-invariant functions on T'}.

2.3. Weight space decompositions of representations of U(n). In particular, let (7, V)
be any finite-dimensional representation of G. Then its character y, : G — C is a class func-
tion, hence determined by its restriction y.|r to 7', which is W-invariant. The restriction
Xr|r may be regarded as the character of the restriction 7|p: " — GL(V) of the represen-
tation 7. By our general discussion of representations of tori (Lemma and of compact
groups (Theorem , we may decompose 7|7 as a direct sum of irreducible representations
et it — t* of T, each occurring with some multiplicities m,(\) € Z> (denoted “n(c)” in
the cited theorem). Of course dim(7) = ), m.()), so only finitely many of the m(\) are
nonzero. Thus for t € T,

(2.2) Xa(t) =D ma (Nt

Setting
VYi={veV n(tyw=tvforallteT},
we have
dim V* = m,(\)
and

V - @/\V)\.

If m.(A\) > 0 (equivalently, V* # 0), we say that \ is a weight of m and refer to m,(\) as
the multiplicity of X in 7, to V* as the corresponding weight space, and to nonzero elements
of V* as weight vectors.

Some examples will presumably clarify matters. In what follows we identify characters
with functions on 7" as above. We also write, e.g., t; as shorthand for the map 7' > ¢ — ¢;.



24

PAUL D. NELSON

Example 2.5. (1) The trivial representation 7 has character 1, so the only weight is A = 0,

(2)

(3)

(4)

with multiplicity 1.

The standard representation C™ has a basis of weight vectors ey, ..., e, (the stan-
dard basis) with corresponding weights ¢4, ..., ¢, and each of multiplicity 1, so the
character is t; + - - - + t,,.

The dual (C™)* of the standard representation, with basis of weight vectors e, ..., e"
(the dual of the standard basis, ie., (ef,e;) = 0;;) with corresponding weights
t1, ..., t-! each of multiplicity 1, hence character given by ¢, + -+ +¢.1.

The complexified adjoint representation Ad : G — GLgr(g) — GL(gc). Here g¢ =
gl,(C) because gl,(C) = g & ig via the map z — (i(z — '), 3(z + 7). We can
thus identify gc with the space of n X n complex matrices, which has a standard
basis E;;. The action is described in this optic by Ad(g)xz = gxg~'. We have
Ad(t)Eij = (ti/t;) Eij, so the character is given by >, ;¢;/t;, which we may rewrite
asn+)_,;ti/t;. Thus the trivial character of T' is a weight with multiplicity n. The
nontrivial weights are indexed by ¢ # j, occur with multiplicity one, and are given
by €; —¢; : t = t;/t;. (These, the nontrivial weights for the adjoint action, are in
general called roots.)

We note incidentally that the representation Ad : G — GL(g¢) is isomorphic
to End(C"), i.e., to the tensor product C* @ (C")* of the standard representation
and its dual; this isomorphism is reflected in the character identity ), ti/t; =
it (32,57,

The kth symmetric power Sym*(C") of the standard representation has a basis
of weight vectors e;, ---¢;, indexed by 43 < --- < 4, with corresponding weights
t;, - - - t;,, each occurring with multiplicity one; the character is

Doty ety

11 <<

i1 "

The kth exterior power A¥(C") of the standard representation has a basis of weight
vectors e;, A --- Ae;, indexed by 7; < --- < 1, with corresponding weights ¢;, - - -t
each occurring with multiplicity one; the character is

Z ti o ti,

i1 <<,

()

which is often called the kth elementary symmetric function.

The kth tensor power (C")®* of the standard representation has basis of weight
vectors e;, @ - - - ® e;, indexed by any iy, ..., 1, with corresponding weights ¢; - -t
The character is

i)

Z tiy oot = (b 4+ )",

U1 yeeeyliks
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i.e., the kth power of the character of the standard representation, as we could have
predicted from Lemma Note that nontrivial multiplicities m,(\) occur in gen-
eral, and are given by multinomial coefficients.

Note that in all of these examples, we indeed obtained a W-invariant Laurent polynomial
2o M (A

2.4. The Weyl integral formula for U(n). Enough examples for now. Our goal is to use
the orthogonality relations for characters of irreducible representations to derive formulas
for them. Since we’ve seen that the characters assume a particularly simple form when
we restrict them to 7', we might try first to understand how the integral over G of a class
function may be expressed in terms of the restriction of that function to 7.

Theorem 2.6 (Weyl integral formula). For a continuous class function f : G — C, we have

J.7 = fars

i<j
Here both integrals are taken with respect to probability Haar measures. More generally, for
any continuous f : G — C, we have

| 7= / 180 st ats

This should be thought of as a bit like the formula for integrating in polar coordinates in
R3. We give the proof below. For further reading, see

where

e Weyl’s original treatment (see section V.17 of “Group theory and quantum mechan-
ics” in the course references),

the treatment given in sections .5 and IV.1 of BTD (the course reference with those
author initials)

section VIIL.5 of Knapp’s “Lie groups beyond and introduction,”

section 6.4 of Rossmann’s book,

and others from the reference list.

Proof. We first review some basics concerning integration on manifolds. Let M be a con-
nected N-manifold, and let w be a nowhere vanishing differential N-form on M. Then w
defines an orientation and a volume measure Co(M) > f — [, fdw: for any function f
supported in an oriented coordinate chart (z1,...,xy), we set

(2.4) /Mfdw ::/ flz1,...,any)w(xy A Axy)dzy -+ - dey,

T1yeery
and then extend this definition to general f via a suitable partition of unity. If (M, w) and
(M',w') are two such pairs and ¢ : M — M’ is a differentiable map, that we may express
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the pullback ¢*w’ as det(¢)w for some function det(¢) : M — R (the determinant of ¢ with
respect to w and w’). If ¢ is a diffecomorphism, then we have the change of variables formulas:
for f € C.(M'),

(2.5) [ s - /M (f 0 @) - |det(9)] dw.

Also, determinant is multiplicative with respect to composition in the obvious sense.

We next recall how to integrate on a compact Lie group using differential forms. Let w
be a nonzero element of AV (g)*. Then, via the correspondence between g and left-invariant
vector fields on G, we may identify w with a left-invariant N-form @ on G. For each g € G,
the right translation map R, : G — G has some determinant det(R,) (defined with respect
to @ both on source and target). We check readily that g — det(R,) defines a continuous
homomorphism G — R, but since G is compact, any such map is trivial. Thus @ is both
left and right invariant, and so the corresponding volume measure is a Haar measure. We
assume w normalized so that [, d& = 1; then f — [, fd& is the probability Haar on G.
The two-sided invariance means that for any g, > € G, the local chart g1e”g, — x € g at
g19> has determinant one at g, ¢s.

We may similarly realize the probability Haar on T" as f — fT fda, where a corresponds
to some nonzero element o € A™(t)*.

Equip g with any Ad(T)-invariant scalar product (e.g., by averaging), and let g/t denote
the orthogonal complement to t. Then g = t®g/t. The complexification (g/t)c of g/t is then
an Ad(7T)-invariant complement to tc in gc; by our discussion of the adjoint representation
above, we see that

(2.6) (8/t)c = ®ix;CEyj,

i.e., it is the space of matrices whose diagonal entries vanish.

There is a unique 8 € AY™"(g/t)* so that w = a A 3. For t € T, the operator Ad(t)*
sends 5 to det(Ad(t)|q/()5, but (either by explicit calculation, or using the compactness of
T) the determinant in question is trivial, so 8 is Ad(T)*-invariant. It thus corresponds to a
G-invariant (N —n)-form /3 on the (N —n)-dimensional manifold G /T', whose corresponding
volume form is invariant under left translation by G. Fubini’s theorem applied in local
coordinates implies that for any f € C.(G),

(2.7) /G fdi = / o /teTf(gw 4a(t)) d(g).

(Alternatively, note that the RHS defines a Haar probability measure on GG, hence equals the
LHS by uniqueness of Haar measures.) Applying this relation with f = 1 gives in particular
that fG/T df = 1, hence that the integral of a function G/T — R with respect to df is the

same as the integral of its pullback to G with respect to the probability Haar. We can now
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restate the desired integral formula as

. ( /t€T|A(t)I2f(gtg‘1) da(t)) dB(g) = /G Fdo.

(W Jyear
The basic idea of the proof is that the map
0:G/TxT—G
(9T t) — gtg™
is generically |[W|-to-1 and has determinant |A[*(¢).
Turning to rigorous details, let’s compute det(¢) with respect to the differential forms

B xaonG/T xT and @ on G. The scalar det(¢)(¢gT,t) is the same as the determinant at
the origin of the composition

(2.8)

g/tdt _(ai’g)j(f]f}ip_(g_ﬁ)_T_’efl_)(_yztz+ G/T xT g G oo _XL > g/tat,
since in this composition the outermost two arrows have determinant one at the relevant
argument by construction. (A dashed arrow denotes a partial map, defined on a suitable
open.) But since
(9e”)(et)(ge”) ™ =~ gexp(z — Ad(t)a +y)tg™,
where ~ means ignoring terms that depend quadratically or higher upon z and y, we see
that the above composition has the same determinant at the origin as the linear map

(z,9) = (z = Ad(t)z, y).

We may compute the determinant of the operator x +— x — Ad(¢)x on g/t after complexifying
and using the explicit basis of weight vectors E;;. We obtain in this way that

(2.9) det(¢) (9T, 1) = [ [(1 = t:/t;) = |AP (D).
i#]

We observe next that the function |A|*: T — R+ extends to a conjugacy-invariant func-
tion on G sending g € G to the product of the squared magnitudes of the differences between
its distinct eigenvalues, with |A[*(g) = 0 precisely when g has a repeated eigenvalue. Let
Gsing denote the singular subset consisting of ¢ € G having a repeated eigenvalue; it is
the zero locus of |AJ?, hence a compact subset of G. The function |A|? is real-analytic
(e.g., because it is a polynomial in the coefficients of the characteristic polynomial) and not
identically zero on G, so its zero locus Ggin, has measure zero; moreover, the volume of
{g € G : |AI’< ¢} tends to zero as € — 0. By an approximation argument, we can thus
reduce to establishing in the special case that f is supported on {g € G : |A]*> ¢} for
some ¢ > 0. In particular, we may assume that f is supported on a compact subset of the
reqular subset Gheg := G — Ging consisting of g € G having distinct eigenvalues.

Set Treg := GregMT'. We observe that it consists of those ¢t € T" having trivial W-stabilizer.
(This turns out to be a special feature of G = U(n); what’s essential is that the subset
of t € T, with trivial W-stabilizer has full measure.) We observe that for ¢t € T, its
G-centralizer is T' (indeed, any centralizing element must stabilize its eigenspaces, which are
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the one-dimensional spaces Ce;). From this and the fact (Lemma that the conjugates of
z in T lie in a single W-orbit, we deduce that w- (g7, t) := (gw T, wtw™"') defines a simply-
transitive action of W on the fiber {(¢7,t) : gtg~' = 2} above x € Gye. In particular, the
fibers all have cardinality |[W|. On the other hand, we see from that the induced map

(2.10) ¢ G/T X Tieg = Greg

has everywhere nonvanishing differential. By the inverse function theorem, it follows that ¢
defines |IWW|-fold covering map. By a partition of unity, we may assume that f is supported
in a small connected neighborhood U C G of some x € Gyeq over which ¢ 1(U) — U
is the trivial |W|-fold cover. We conclude by applying and on each connected
component of ¢~ (U). O

i

2.5. Primer on symmetric polynomials. We have encountered already several elements
of the ring of Laurent polynomials in the variable ¢4, ...,t,. For their further study, it will
be convenient to denote that ring by some letter:

L:=7Z[t", ... t]

As a Z-module, L has the basis consisting of the monomials e* : t +— t* = ).t}
considered previously, thus
L= @)\EznZe)‘.
As above, we refer to the A\ as weights.
The symmetric group W = S(n) acts on L by w - f(t1,...,tn) = f(tw)s- - twm))-

Definition 2.7. We say that f € L is symmetric if w- f = f for all w € W, and alternating
if w-f = (=1)%f for all w € W. We denote by L®™ and L** the respective spaces of
symmetric and alternating Laurent polynomials.

We have seen that for any finite-dimensional representation 7 of G = U(n), the restriction
Xr|r to T of its character x, is a symmetric polynomial. To be pedantic, x,|r is the function
U(1)™ — C associated to a unique symmetric polynomial; we will identify polynomials with
their associated functions freely in what follows. We will also abbreviate the restriction x|z
simply by x,, keeping in mind that the character is determined by its restriction in view of
Corollary 2.4l Subject to these identifications, y, € L¥™.

On the other hand, the discriminant polynomial A(t) = [[,_;(t; —t;) that appeared in
the Weyl character formula is alternating. One can make this more visible by using the
Vandermonde determinant formula A(t) = det(¢;7); j=1... We can see that A € L** by
recalling that the determinant changes sign when we swap a pair of its rows or columns.

The monomial symmetric polynomaials are defined for A € Z™ by

M)\i: Z et.

pHEW A

4End of lecture #3, Tuesday, 26 Feb 2019
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They obviously belong to L®™. Note that we sum over the W-orbit of A\ without multiplicity.
Note also that M, (t) is symmetric not only with respect to the argument ¢, but also with
respect to the index A, i.e., M., = M,. For example, if n = 2, then Mz g (t) = t]t5 +t5t] =
M7 (t), while M7 7)(t) = t]t]. We get a basis for L™ from the M,’s by considering one A
from each W-orbit on Z". It will be convenient to choose an explicit set of representatives:

Definition 2.8. We say that A € Z" is dominant if \y > --- > \,, and strictly dominant if
AL > >\,

Thus the dominant \ give a set of representatives for the WW-orbits on Z", and so the M)
for dominant A\ give a basis for L™,
The elementary symmetric polynomials are defined for k =1,...,n by

O'k(t) = Z tzltzk
1<iy <--<ip<n
For example, o1 = t1+---+t,, 09 = t1ta+tit3++---+t,_1t,, while o, = t; ---t,,. We might
recall from that o, is the character of the kth exterior power A"(C™) of the standard
representation C". The o} together with the inverse of g, are well-known to generate L¥™;
for completeness we state this below and sketch the proof.

Lemma 2.9. We have
L = @)\:dominantZM)\ = Z[Ula 02,...,0n-1,0n, 1/Un]

Proof. The first identity was noted earlier. For the second identity, the containment “27”
is clear; we must verify the reverse containment “C”, i.e., that M), belongs to the RHS
for all dominant \. Replacing M, with My /o) has the effect of replacing A\ with (A, —
Ans A2 — Any ooy An1 — An, 0). We may reduce in this way to the case that A, = 0. Having
performed this reduction, we now induct on A with respect to lexicographical ordering (i.e.,
ordering first by A, then using Ay to break the tie if necessary, and so on). For the base case
A=(0,...,0) we have My =1 € Z. In general, we observe that

M)\(t) = ti‘l ce ti‘bn — t1\1—>\2 (tth))\Q—)\S .. (tl . tn_l))\n_l—)\n
Al*)\zag\zf)\g . 0')\"71_>\" (t) T

=01 n—1 )
where - - - denotes an integral linear combination of M, taken over dominant y lexicographi-
cally lower than A. By our inductive hypothesis, M, /o#" belongs to Z[oy, ..., 0,_1] for each
such p, hence also My € Z[oy,...,0,_1], as required. O

The monomial alternating polynomials are defined by
Ay = Z (—1)vev?.
weW

They obviously define elements of L. The discriminant A arises in this way. Indeed, we

may expand the determinental formula for A(t) noted earlier as >_, .y (=1)" [1; tzzjj) or as
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>owew (DT 6 “() Introducing the notation

(2.11) p=mn—-1n—-2,...,2,1,0) € Z",

so that t# = ¢}~ '3+ 12_,t, 1, we obtain A(t) = > /(—1)“¢*, that is to say,
A=A,

As in the case of monomial symmetric polynomials, the A, are alternating not just with
respect to their argument but also their index: A,., = (—1)“A,. In particular, if \; = A,
for some i # j, then Ay = 0. For instance, if n = 2, then M7 ) (t) = t]t5 —t$t5 = — M5 7)(t),
while M7 7 (t) = t]t5 — t]t5 = 0. (To established the required vanishing in general, take for
w the transposition swapping ¢ and j, so that w - A = \; then Ay = (=1)"A,\ = —A,,
ie., 2A, =0, and so Ay = 0. Alternatively, consider cosets in W of the two-element group
generated by w, and note that the sum in the definition of A, vanishes over each such coset.)
If X\ has distinct components, then Ay # 0; indeed, its lexicographically highest term is e*.

As A\ runs over the W-orbits of A\ € Z" having distinct components, the A, furnish a
basis for L**. The strictly dominant A give a system of representatives for such orbits. An
equivalent system is given by the A 4 p for dominant A\, noting that the map A — A\ + p
induces a bijection between dominant and strictly dominant weights. Thus

(212) Lalt - @)\:strictly dominantZA)\ = ®Azd0minantZAA+p'
Lemma 2.10. Multiplication by A induces an isomorphism of Z-modules
(213) [sym f=Af Lalt'

Proof. The indicated map is clearly defined (because w-(Af) = (w-A)(w-f) = (=1)*Af) and
injective, so the content here is that any alternating Laurent polynomial A may be divided
by A inside the ring of Laurent polynomials After clearing denominators by multiplying A
by a sufficiently large power of t; - - -t,, it suffices to show that any alternating polynomial
h is divisible by A in the ring Z[tl, ..., t,] of ordinary polynomials. For this we induct on
n. The case n > 1 is tautological, because then A = 1, so suppose n > 2. We note (since 2
is not a zerodivisor in Z) that the alternating condition on A implies that it vanishes under
any substitution t; := t; (i # j). (Indeed, from some perspectives it would be better to
take this property as the definition of alternating.) On the other hand, by division with
remainder in the variable ¢,, we may write h = (¢, — t;)q + r where ¢ € Zl[ty,...,t,] and
r € Zlty, ..., tp_1], but then substituting ¢, := ¢; shows that » = 0, and so h = (¢, — t1)q.
Since h vanishes under the substitution ¢, := t; and our polynomial rings are integral
domains, we see that ¢ vanishes under the substitution ¢, := t,. We may thus iterate the
above division with remainder argument to see that h = (t, — t1)(t, — t2) -+ (tn — th_1)q

for some ¢’ € Zl[ty,...,t,]. We may expand ¢’ in powers of ¢, as > a;t/,, with coefficients
aj € Zty,...,t,—1]. We may likewise expand h in powers of ¢,; each coeflicient in this
expansion is then an alternating polynomial in the variables ¢;,...,¢,_1, so the same holds

for the a;. By our inductive hypothesis, a; is divisible by ], i cn_1(ti = t;). It follows as
required that f is divisible by A. O
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In particular, the division in the following definition makes sense:

Definition 2.11. The Schur polynomial attached to a dominant A\ € Z" is

A
Sy = —t g [,
Ap
If ¢ is regular in the sense that ¢; # t; for i # j, then

(2.14) sa(t) = %

Otherwise, s, (t) must be understood by continuity, or by first simplifying the above rational
function to a polynomial. For instance, when n = 2, we have for A\; > A\, that

t)\1+1 t)\g

det { 3,41 AL+1 A Ao A1
t21 t22 — t11+ t22 _ t12t21+
t1 — 1t B 1 — 1ty

— ti\lt;Q + ti\lfltg\erl 4ot ti\?.tg\l

S ) (1) =

Since the Ay, give a basis for L, we deduce:
Lemma 2.12. The s, give a basis for L¥™:
L™ = @A:dominantzs)\‘

We'll need later the computation of the values of the Schur polynomials at the identity
element t =1=(1,...,1) € U(1)™

Lemma 2.13. Let A\ € Z" be dominant. Temporarily abbreviate X' := X\ + p, i.e., \; =

Aj+n—j. Then
s =]

1<j

A= A
j—i
In particular, s)(1) > 0.
Proof. A direct attempt via (2.14]) gives “0/0,” so we need to take a limit along some sequence
of regular elements ¢ tending to 1. A clever choice is given by ¢; := 2", where z € U(1)

traverses a sequence tending to 1. The numerator then simplifies to another Vandermonde
determinant:

det(t;77"7) = det(+ %) = T] (=Y = 2%).
i<j
Using that 2% — 2° ~ log(z)(a — b), we arrive at the required formula. O
We record some inner product formulas:

Lemma 2.14. Let (,) denote the inner product in L*(T) taken with respect to the probability
Haar, so that (e*,e!) = 6y,. For strictly dominant \, u, we have

<A3)\>A3u> = <Ax\+p7A,u+p> = |W|5>\u'
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Proof. Immediate. O

2.6. Weyl character and dimension formulas for U(n).

Theorem 2.15. Let (7, V') belong to the set Irr(U(n)) of (isomorphism classes of ) irreducible
finite-dimensional representations of U(n).

(1) There ezists a unique dominant weight X € Z" so that (the restriction to the torus
of ) the character x, is equal to the Schur polynomial sy. We write in this case
(m,V) = (mx, VA). The weight space V> is one-dimensional, while V* = {0} for any
lexicographically larger weight p.

(2) Every dominant weight \ arises in this way, giving a bijection

Irr(U(n)) < {dominant A € Z"}.
Proof. We first prove part (i). Recall the notation G := U(n) > T = U(1)". Write
Xx = >, mx(p)e" as before. Let A be the lexicographically highest weight for which

mx(A) # 0. Since x, is W-invariant, we know that A is dominant, as otherwise it would be
lexicographically smaller than something in its W-orbit. In any event,

(2.15) Xr = ma(N)er + - -,

where - - - denotes the contribution from lexicographically smaller weights. Since also A =
e’ + - -, it follows that

(2.16) Axy = mer(N)eM? ...

Since the Laurent polynomial Ay, is alternating, we may group its terms into monomial
alternating functions, giving

(2'17) AXﬂ = mw()‘)A)\—i-p +

where --- denotes a linear combination of A,;, taken over dominant p lexicographically
lower than A. We combine this expansion with the orthogonality relations for characters
(Theorem [1.21]), the Weyl integral formula (Theorem [2.6]), and the inner product formulas
for monomial alternating functions (Lemma to see that

218) 1= (6 Xebor = (e Axedr 2 o (me ) Asign e () A = e (V)
But since m, () is a positive integer, it follows that m,(\) = 1 and also that equality holds
in each step. In particular, the remainder terms “---” in (2.17]) must vanish identically, i.e.,
Axr = Axyp, giving the required formula x,. = s). The uniqueness of A is clear from the
orthogonality relations for the Schur polynomials.

We give two proofs that every dominant weight A\ arises in this way:

(1) Assume for the sake of contradiction that A does not arise, i.e., that x, # s, for all
7w € Irr(G). We may uniquely extend the W-invariant function s, on 7" to a class
function on G. For each 7 € Irr(G), we may write x, = sy for some dominant A" # A.
By the orthogonality relations for the Schur polynomials, it follows then that s, is
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orthogonal to x, in L?(G). But this contradicts the Peter-Weyl theorem (Theorem
1.22)).

(2) Let W denote the following representation of GG, whose definition may be motivated
by the proof of Lemma [2.9}

W= A(CT)H72 @ AX(CHPR 8 @ @ A (C) P @ AT

(Note that A"(C™) is the one-dimensional determinant representation, so it makes
sense to raise it to any integral power \,, giving the one-dimensional representation
U(n) 3 g — det(g)* € U(1) denoted above by A"(C")*».) Thus, as before,

Al=A2 __A2—A An—1=An Ay, A
XW2011 2022 3"'07121 o=+

where - - - denotes the contribution of lexicographically smaller weights. On the other

hand, we may decompose W into irreducible subspaces (Theorem , taking into
account the recently-established description of Irr(U(n)):

W = Ddominant uvu@n(u)~

(By convention, here we sum only over those p which we as yet know to arise from
Irr(U(n)).) At the level of characters, this decomposition reads xw = >, n()Xy-
Multiplying through by A = e” 4 --- and taking into account the formula Ay, =
A, = et 4+ ... we obtain

e’\+p+---:n()\)e’\+p+---.

Thus n(\) = 1, that is to say, V) occurs (exactly once) as a subrepresentation of W.
In particular, the representation V) exists in the first place, as required.

(A third proof, closely related to the second: if sy is orthogonal to the character
of every irreducible representation, then it is orthogonal in particular to any of the
ring Zloy,...,0n_1,0n,1/0,] generated by the characters of the exterior powers of
the standard representation and the inverse of the determinant, but we have seen
that this ring is equal to L™ .)

O

We note incidentally that the second proof given above of the surjectivity of the map
Irr(U(n)) — {dominant A € Z"} gives an independent proof of the Peter—Weyl theorem in
this case. We note also that, with notation as in that proof, we may realize V) inside W
explicitly, as follows. The proof shows that the weight space W[A] is one-dimensional, hence
coincides with the one-dimensional weight space V) [A]. Consequently, V), is the representation
generated by (i.e., spanned by the G-orbit of ) any nonzero element of W[\], such as e 2 ®
(61 A 62>®)\2—/\3 Q.-

This result gives a satisfying description of the character theory of U(n). It has some
immediate applications:

(1) A formula for the multiplicity in m,, (i) of the weight p in the representation y, as
the coefficient of e in sy = Ayy,/A. One way to “evaluate” this further is to write
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(2.19)

B

PAUL D. NELSON

A(t) =t7[],.;(1 —t;/t;) and expand (1 — t;/t:)" as a geometric series (look up the
Kostant partition formula).

A formula for the coefficients of the decomposition of a tensor product of irreducible
representations of U(n): writing

Vv @ Vy & @)\n()\)V)\,
we have xxxar = Y, n(A)xy, hence

Zn()\)A)\er = Axn X = %-
A

We may then determine n(\) as the coefficient of e** on both sides. (Look up the
Steinberg multiplicity formula.)

A proof of the irreducibility of several of the representations considered in §2.3|
such as Sym*(C") or A*(C"). (A direct “algebraic” proof of their irreducibility is
not very difficult, so the present argument should be regarded as an alternative
“analytic” proof.) For example, consider V = Sym*(C"). By “stars and bars,” we
have dim(V) = (*!"7") = ("*77'). On the other hand, A\ = (k,0,...,0) is the
lexicographically highest weight of V. Thus A\ is lexicographically highest among
the dominant weights p contributing to the decomposition yy = > " n(f) Xy, and so
V) must occur as an irreducible subrepresentation of V. In particular, dim(Vy) <
dim(V'). On the other hand, a short calculation with the dimension formula gives
readily the “numerical coincidence” dim(V)) = dim(V) (see the homework), from
which we deduce that V = V); in particular, V' is irreducible. A similar argument
applies to the exterior powers.

2.7. Some groups closely related to U(n). Set

(2.20)
Let

(2.21)

SU(n) :={g € U(n) : det(g) = 1}.

Z={ - |eum:zev)}=uQ)

denote the center of U(n), and let

(2.22)

PU(n):=Un)/Z

denote the corresponding quotient. Observe that

e given a representation of PU(n), we obtain a representation of U(n) by pullback, i.e.,

by composing with the projection U(n) - PU(n), and

SEnd of lecture #4, Thursday, 28 Feb 2019
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e given a representation of U(n), we obtain a representation of SU(n) by restriction,
i.e., by composing with the inclusion SU(n) — U(n).

Theorem 2.16. The operations of pullback and restriction just described preserve irreducibil-
ity, inducing an injective map

Irr(PU(n)) < Irr(U(n))
and a surjective map

Irr(U(n)) — Irr(SU(n)).

The latter maps and the bijection Irr(U(n)) <> {dominant elements of Z"} as in the Weyl
character formula are compatible with bijections

Irr(SU(n)) <> {dominant elements of Z" | Zeo}, e :=(1,...,1)

and

Irr(PU(n)) < {dominant elements of Z{ = {\ € Z" : Z Aj =0}}
J

Proof. We leave most of this to the homework; here we just record a few remarks that
hopefully make the description of what happens under restriction to SU(n) seem plausible.
Observe that if A\, u are dominant elements of Z" differing by a multiple of eq, say A = u+Ley,
then the corresponding irreducible representations my, 7, of U(n) satisfy

(2.23) T =7, @ det’.
Indeed, we may check this by comparing the characters of these representations, and we have

det(t) , et

92.24 £y = T
det(t)¢
It follows that 7y and 7, have isomorphic restrictions to SU(n — 1). O

2.8. The case of SU(2).

Theorem 2.17. We have biyjections

(2.25) Irr(SU(2)) < Zsg ¢ {dominant A\ = (A, \) € Z*/7Z(1,1)}
Ty <> A <> (the class of (X,0))

such that the character x of wy\ is given by
A+1
; det (tt_/\_l 1)
(226) X\ ( t1> = P t—l — t)‘ -+ t)\—Q + t)\—4 + .. 4 t—)\‘
We have dim(my) = A+ 1. We have
(2.27) 7 = Sym? (€2) 2 Sym*((C2)"),
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where C* denotes as usual the standard representation of SU(2). If we let x,y € (C?)* denote
the standard basis elements of the dual given in coordinates z = (z1,29) by x : 2 — 21,y : 2 —
2, then my = Sym™((C?)*) identifies with the space Clz,y]™ of homogeneous polynomials

“ Z € SU(2) given by

g-f(z,y) = f((z,v)9) = f(za+yc, xb+yd); a basis of weight vectors for T = {(t tl)} <
SU(2) is given by

f of degree X in the variables x and y, with the action of g =

(2'28) x>\7 mA_1y7 xA_2y27 A 7y>\7

with corresopnding weights
(2.29) (t t_1> A A A U )

Finally, we have the Clebsch—Gordan rule: for A\, p € Zso,
(2.30) TA® Ty = gy @ Tagp—2 D Tagu—a D+ O Ty

Proof. Almost every assertion follows immediately from Theorem [2.16| and the description
of the weights of symmetric powers of the standard representation, together with the
analogous description of those of its dual. To verify the existence of the isomorphism (2.30)),
we just need to check that xxXx, = Xat+u =+ -+ Xr—y, Which is easy to derive from

2.9. Branching problems. Given compact groups H < G and a representation (m, V') of
G, we may form the restricted representation w|y: H — GL(V|g) of H; here V| is just V,
but regarded as a representation of H. The branching problem is to describe this restriction
in terms of 7.

We assume henceforth that m is irreducible. Its restriction is then “typically” not irre-
ducible, but may in any event be decomposed as
(231) V|Hg EBO'EIrr(H)WEBnW(U)

g

for some nonnegative integers n, (o), called “branching coefficients.” The problem is to
describe these.
We start with some examples that are either basic or have already been discussed implicitly.

(1) If H =G, then n.(0) is 1 if 0 = 7 and 0 otherwise.

(2) If H = {1} is the trivial subgroup, then Irr(H) is a singleton consisting of the trivial
representation oyiyial, and we have 1, (Ggivia) = dim(7).

(3) If G =U(n) and H = U(1)" is the diagonal subgroup, then o is the one-dimensional
representation o = o, 1= et : t — t" = " .- -t/ attached to some weight pu € Z".
The branching coefficient n, (o) is just the weight multiplicity m,(u) considered in
and onwards. These integers are typically > 1 when n > 3 (cf. homework).
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(4) If G = U(n) and H = SU(n), then Theorem implies that for each 7 there is
exactly one o (namely, the restriction of 7) for which n, (o) is nonzero, and for that
o, we have n, (o) = 1.
The overall theme here is that the larger the subgroup H, the more likely the represen-
tations of GG are to have irreducible restriction to H, or at least to have “mild” branching
coefficients. This theme is supported further by the example

(2.32) H:=Un—-1) = G:=U(n)

h 0
hn—>(0 1),

which we now address. As a matter of notation, for dominant elements A € Z" and pu € Z",
let us write 7y € Irr(U(n)) and o, € Irr(U(n — 1)) for the corresponding irreducibles, and
na(p) := ng, (0,) for the branching coefficient. We say that p interlaces A, denoted p < A, if

(2.33) M > X > pp > > iy > A
Theorem 2.18. We have ny(p) = 0 unless p < A, in which case ny(u) = 1.
Proof. We must verify that

(2.34) T Um-1)= Bp=r0p-

It suffices to check that the representations of U(n — 1) appearing on both sides have
the same character. It suffices to compare their characters on the representatives t =
diag(ty,...,tn—1,1) for the conjugacy classes in U(n — 1) < U(n). We'll undertake this
comparison in detail when n = 3; the general case is similar, but with many occurrences of
(---). By the character formula, our task is to show that
M42 Aol
! O U W o

2.35 det | £5* 52 3| = det :
(2:35) (t1 —t2)(t1 — 1)(t2 — 1) T t1 —ts ; (tg““ t§‘2>

We simplify the 3 x 3 determinant using elementary column operations, replacing its columns
a,b,c with a — b,b — ¢, c. That determinant then simplifies to

t>\1+2 . t>\2+1 t>\2+1 _ t)\g t)\:s
b LT ) (e
(2.36) det | 517 — 157 > =15 15 | = det A2 petl et s |
0 0 1 2 2 2 2

Using that the determinant is linear in the rows, and expanding out the definition of “u < A,”
our task reduces to checking that

A1+2 Ao+1 Ag+1 A
t11 _t12 t12 _7513 t#lJrl t#?
t1—1 t1—1 _ 1 1
(237) det t/\1+2_tx2+1 tA2+1—tA3 = E det pi+1 e |
2 2 2 2 t2 t2
ta—1 to—1 A1 Zp1 > A2 > 2> A3

This identity follows from the linearity of the determinant with respect to columns and
A2 Ao+l

. . . oy ty t] - 11
geometric series identities such as ——— =37, o ., #17 O
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Groups (G, H) with the property that every branching coefficient n,(c) belongs to {0,1}
are called strong Gelfand pairs; we may discuss them in more detail later.

2.10. Gelfand—Tsetlin bases. We now describe briefly how to deduce from the formulas for
the branching coefficients for U(n — 1) < U(n) a canonical decomposition of any irreducible
representation of U(n). Let 1 € Z" be dominant, and (7, V,,) € Irr(U(n)) the corresponding
representation. The decomposition implies that for each dominant v € Z"~! that
interlaces p, there is a unique U(n — 1)-subrepresentation V(M) of V,, of parameter v, and

14
moreover

v

(2.38) v, = @Wv(u) |

The idea is now to iterate this decomposition using the chain of subgroups U(n — 2), U(n —
3),..., all the way down to U(1), whose irreducible representations are all one-dimensional.
In preparation for this iteration, we set A := 1 and denote by AU) a dominant element of
77. With this notation, ([2.38)) now reads

(2.39) Vu’U(nfl): @,\<n71></\(n>:uv NORAS
[3o)

We now apply the same reasoning to the restriction to U(n — 2) of each representation
V< A ) of U(n — 1) arising above, giving

A(n—=1)
(2.40) Vp|U(n—2): EBA(n72)<A(nfl)<)\(n):uV A
A\(n—1)
A(n—2)

Proceeding, we eventually obtain a canonical decomposition of V,, into one-dimensional sub-
spaces:

(2.41) V., = @)\(1)*\(2)_4“_@\(71):“‘/ RO
A
Let’s formalize things a bit:
A
Definition 2.19. A Gelfand—Tsetlin pattern of order n > 1 is a column vector \ = ],
A

with AU) € Z7, so that A() < ... < A" For instance, if n = 3, then we can visualize GT(n)



REPRESENTATIONS OF LIE GROUPS ETH ZURICH, SPRING 2019 39

as the space of all triangular arrays

)\53) )\g3) )\:())3)

(2.42) \ = )\9) . )\22)
Al

satisfying the interlacing conditions
(2.43) A < AP < AP < AP < 2P
and
(2.44) A2 <A < 2@
We denote by GT(n) the set of all Gelfand—Tsetlin patterns A of order n, and by
(2.45) GT(n), == {\ € GT(n) : A\ = i}

the subset of Gelfand—Tsetlin patterns having “top row” equal to pu.
Theorem 2.20. For each dominant pu € Z™ there is a unique decomposition
Vi = @rearmn), Va
of V,, € Irr(U(n)) into one-dimensional subspaces V, indexed by A € GT(n),, with the
property that for each j € {1.n} and v € ZY), the subspace
BrcaT(n), A= V2
of V,, is U(j)-invariant and isomorphic as a representation of U(j) to a direct sum of iso-

morphic copies of V,, € Irr(U(j)); it is then the maximal subspace with this property.

Proof. More-or-less immediate from the above discussion; ask me if anything seems unclear.
O

This decomposition can be refined further by choosing basis elements for the one-dimensional
spaces V) and describing the representation explicitly in terms of that basis, but we will not
pursue such refinements here.
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3. MATRIX COEFFICIENTS FOR COMPACT GROUPS AND THE PETER—WEYL THEOREM

3.1. Spaces of matrix coefficients. Let G be a compact group and (7, V') a finite-dimensional
representation. So far, our main tool for saying anything interesting about 7 has been via
its character y, : G — C, defined as the composition

(3.1) G5 GL(V) — End(V) 25 C.

To say more, we replace the trace map by a general linear functional o € End(V)*. We
denote by 7, : G — C the resulting composition

(3.2) G 5 GL(V) < End(V) & C.

Definition 3.1. A matriz coefficient of m = (m, V) is a function G — C of the form =, for
some o € End(V). We denote by

(3.3) A(m) == {7y : a € End(V)*}
the space of matrix coefficients of .

For example, if « is the trace map, then 7, = ., so the character y, € A(m) is a matrix
coefficient [q

3.2. Uniqueness of invariant inner products. It will be convenient in discussing matrix
coefficients to suppose that our representations are unitary, so that we can work simply
with orthonormal bases for a given representation rather than bases and dual bases for a
representation and its dual. In making this assumption it’s convenient to know the following:

Lemma 3.2. For (m,V) € Irr(G), any two invariant inner products (,)1 and (,)s on V
differ by a positive scalar: there exists C > 0 so that (u,v); = C{u,v)s for all u,v € m.
Proof. We may identify inner products (,) with certain linear maps

V=V
v (v, ).

The inner product is invariant if and only if the linear map is equivariant, i.e., defines an
element of the space Homg (7, 7). But Schur’s lemma implies that the latter space is one-
dimensional. Hence any two invariant inner products differ by a scalar. Positive-definiteness
forces the scalar to be positive. 0

SEnd of lecture #5, Tuesday, 5 March
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3.3. Matrix entries as a basis for the space of matrix coefficients. We suppose

henceforth that 7 is unitary, and fix an orthonormal basis {e;}""™ for V. Each T €
End(V) then defines a matrix with entries T;; = (Te;, e;). Write €;; € End(V)* for the map
End(V) — C assigning to an operator 1" the matrix entry 7;;. Then the ¢;; give a basis
for End(V)*, and so the functions 7;; := 7., span the space A(m) of matrix coefficients of
7. (They need not in general be linearly independent: consider for instance a direct sum of
copies of the trivial representation, for which 7;;(¢g) = 1 for all ¢ and g.) The numbers 7;;(g)
are the matrix entries of 7(g). We may write the map trace : End(V) — C as the sum of
diagonal matrix entries ) . &, so that x. = >, m;.

3.4. Special functions as matrix coefficients. “Most” interesting special functions in
mathematics and mathematical physics (Bessel, Whittaker, Legendre, Laguerre, ...) arise
as matrix coefficients of representations, and may be profitably studied from this perspective.
For instance, G = R/27Z has a representation 7 on V' = C? given by the rotations

(9) o cos sin @ . 7T11(¢9) 7T12<8)
T ~ \—sinf cosf) 7T21(¢9) 7T22<9) ’
whose matrix coefficients are thus the trigonometric functions. Their addition law is ob-

tained by writing the homomorphism property m(6; + 02) = m(61)7(02) as m;;(6h + 63) =
> o Tk (01) 7 (02), iee.,

(3.4) ( cos(fy +6)  sin(6; —1—92)) B < cos b sin«91> < cos 0, sin92>

—sin(f; + 6;) cos(0; + 65) —sinf; cosf,) \ —sinfy cosb,

giving a convenient way to remember the formulas cos(6;+62) = cos(6; ) cos(0s)—sin (6, ) sin(6s)
and sin(6, + 63) = cos(#;) sin(f) + sin(#;) cos(f2). See the book by Vilenkin for many more
examples like this.

3.5. Some actions of G x (G. Anyway, the association a — 7, defines a map

(3.5) End(V)* — A(m).

The spaces involved in this map are naturally representations of the product group G' x G:
For (g1,92) € G x G and « € End(V')*, we denote by (g1, g2) - @ the functional

End(V) — C
T = a(r(g) "' Tr(g2))

Another way to arrive at the same definition is via the external tensor product V; X V5 of
representations Vi of G; and V5 of G5 as in the homework. This is the representation on

the tensor product space given by (g1,92) - (v1 ® v2) = G101 ® gava. We have equivariant
identifications

(3.6) End(V) = (V'EV) 2V RV
For any function f: G — C, we write (g1, g2) - f for the function
G—C
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z = fg7 " 2g0).
This definition applies to f € A(7), and the space A(7) is G x G-invariant. The map
is equivariant for these actions of G x G.
We denote by AG the diagonal subgroup {(g,9) : ¢ € G} of G x G. Then the fixed
subspace L*(G)2¢ is the space of class functions L*(G)%*s,

3.6. Burnside’s lemma. The spaces of matrix coefficients are particularly well-behaved in
the case of an irreducible representation:

Lemma 3.3. Let (m,V) € Irr(G). Then
(1) End(V)* and A(rm) define irreducible representations of G X G, and the map End(V)* —

A() is an isomorphism.

(i) The AG-fized subspace (End(V)*)2Y is the one-dimensional space C trace of multiples
of trace : End(V') — C, whereas A(m)2¢ is the one-dimensional space Cxr of multiples
of the character of m.

(111) (Burnside’s lemma) The matriz entries m;; define linearly independent functions on G.
The set {n(g) : g € G} spans End(V).

Proof. (i) From the homework, we know that if V; and V4 are irreducible representations
of the (compact) groups G; and G, then V; X V; is an irreducible representation of
G x Gy. From this and we deduce that End(V)* is G x G-irreducible. The map
End(V)* — A(n) is equivariant, surjective (by definition) and nonzero (since its image
contains Y, ), hence its kernel W is a proper invariant subspace of End(V)*, but since
End(V)* is irreducible, we must have W = {0}. Therefore the map in question is an
isomorphism; in particular, A(x) is irreducible.

(ii) It’s clear that trace and Y, define nonzero elements of End(V*)2¢ and A(7)2%, so we
just need to check that the latter two spaces are at most one-dimensional. Part (i)
implies that they are isomorphic, so we may conclude via the identification End(V')* =
End(V*) and Schur’s lemma in the form dim Endg(V*) < 1.

(iii) The 7;; are the images of the basis elements ¢;; under the isomorphism End(V)* —
A(7), so they are linearly independent. For the second assertion, let W < End(V)
denote the span of {m(g) : ¢ € G}. If W # End(V), then we can find a nonzero
a € End(V)* vanishing on W. Then 7,(g9) = a(n(g)) € a(W) = {0} for all g € G, so
7o = 0, contrary to (i).

U

3.7. Schur orthogonality.

Definition 3.4. The space End(V)* comes with a natural G x G-invariant inner product
(“dual of the Hilbert—Schmidt inner product”) given explicitly in coordinates by requiring
that the €;; be an orthonormal basis, i.e.,

(3.7) O aie, Y bigei) = > aibi;
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and more invariantly as the composition
(3.8) End(V)* @ End(V)*=VeV*@VeV —C

where the second arrow sends v; @V @T3R7T; to (vq, v3)y (va, V4) v+, where V* is equipped with
the inner product obtained from that on V' via the duality isomorphism V o (v,-) € vV
induced by the given inner product on V.

Another inner product on End(V)* is obtained from that on L?*(G) by taking matrix
coefficients. It’s natural to ask how the two inner products compare:

Theorem 3.5 (Schur orthogonality relations). Let (w, V), (7', V') € Irr(G), with G compact
as usual. Then for a € End(V)* and § € End(V")*,

o 0 if m ¥,
(3.9) (o, m5) = {ﬁ@n(“’m if (7, V) = (7", V),

where the inner product on the left is in L*(G) with respect to the probability Haar, while
(o, B) denotes the dual Hilbert—Schmidt inner product defined above. Explicitly,
1
—— 0 110 100
(m) T

(3.10) (Tijs The) = im

Proof. The proof is basically as in Lemma If 7 is not G-isomorphic to 7', then End(7)*
is likewise not G x G-isomorphic to End(7')* (as may be checked for instance by verifying
that their characters are orthogonal, as on the homework), but the map

End(V)* = End(V')* = End(V')*

a— [B = (T, T5)]

is G x G-equivariant, so Schur’s lemma implies that it vanishes identically. In the case
(m, V) = (7', V'), we use Lemma [3.3| (a basic consequence of Schur’s lemma) to write

(o, mg) = Cla, B)
for some C' > 0, which may depend upon 7, but not upon a and 3. To compute C', we take
o = 8 = trace,
so that
Ta = T3 = Xns
and note that
(trace, trace) = (Z Eiiy Zee“) = dim()

and recall that (x, xx) = 1. O



44 PAUL D. NELSON

3.8. The coefficient ring of a compact group. Having now studied in detail the matrix
coefficients of irreducibles, we piece them together as follows.

Definition 3.6. Let G be, as usual, a compact group. The coefficient ring of GG is defined to
be the set
A(G> = U(ﬂ',V) ﬁnite—dimensionalA('ﬁ) - L2<G)

The terminology is justified by:
Theorem 3.7. (i) A(G) is a C-algebra, closed under complex conjugation, and G x G-

wnvariant.
(ii) A(G) is the orthogonal direct sum in L*(G) of the subspaces A(r) for m € Irr(G). The
functions
(3.11) dim(m)m;; : G — C,

for ™ running over Irr(G) and i,j = 1..dim(7), form an orthonormal basis of A(G).
Similarly, A(G)2Y is the orthogonal direct sum in L*(G)?** of the subspaces Cxr. In
particular, Irr(G) is at most countably infinite.
(iii) For any f € L*(G), the following are equivalent:
(a) | € AC)
(b) f is right-finite: dimspan{f(-g): g € G} < 0.
(c) f is left-finite: dimspan{f(g~!-): g € G} < cc.
(d) f is bi-finite, or simply finite: dimspan{f(g;"' - ¢2) : 1,92 € G} < oo.

Proof. (i) The proof is similar to what we did for characters (Lemmal[l.19): The conjugate
of a matrix coefficient is a matrix coefficient for the conjugate representation, namely,
for a € End(m)*, we have 7, = Tz with @ € End(7)* = End(7)*, so A(G) is closed
under complex conjugation. Similarly, the sum (resp. product) of two matrix coefhi-
cients is a matrix coefficient for the direct sum (resp. product) of the corresponding
representations, i.e., my, + g = (7 B 7)agp and mamp = (T @ 7')agps Where a @ 3 €
End(7)* @ End(7")* — End(7 @ 7')* and a® 8 € End(7)* ® End(7')* — End(7 ® 7')*.

(ii) We have seen that finite-dimensional (7, V) may be assumed unitary and then de-

composed as orthogonal direct sums Wiy & --- & W, of irreducibles o4,...,0,,. For
each k = 1..m, fix an orthonormal basis {el@}i for Wj. Then A(m) is spanned by the
functions

G>g— <e§k),g€§-€)).

We have gey) € Wy, which is orthogonal to el(-k) unless k£ = ¢, in which case the above

function belongs to A(oy). Thus A(r) = A(oy) + --- + A(oy). Taking unions, we
obtain A(G) = > ¢y A(T). The required orthogonality follows from the Schur
orthogonality relations.

(iii) If f € A(G), then f € A(w) for some finite-dimensional 7, so the G x G-span of f
is contained in the space A(7) whose dimension is finite (e.g., bounded by dim(7)?).
To complete the proof it suffices to verify that if a function f is right- or left-finite,
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then it belongs to A(G). We treat the case that f is right-finite, the other case being
similar. Let V' denote the span of the right translates f(-g) of f, so that dim(V') < oo
by assumption. Take for 7 the representation of G on V given by right translation.
(Note as I did not in lecture that this is actually a representation: V' is a finite-
dimensional subspace of L*(G), hence is closed, and so the continuity of the action of
G on V follows from that of G on L*(G).)

We attempt now to define the “act on f, then evaluate at identity” functional « €
End(V)* by the formula

(3.12) a(T) == (T'f)(e),

with e € G denoting the identity element. (Note as I did not in lecture that this
definition does not obviously make sense, because f is merely an “L2-function,” and
so is not obviously defined pointwise except off some unspecified set of measure zero.
However, as we will verify below (non-circularly) in §4.4.1] our assumptions imply that
every element of V' is actually represented by a continuous function, to which the
definition applies.) Then 7,(g9) = (7(g9)f)(e) = f(eg) = f(g), so f = 74 € A7) C
A(G), as required.

O

3.9. Peter—Weyl theorem: statement and proof sketch. We can now state the more
complete form of Theorem [1.22}

Theorem 3.8 (Peter—Weyl theorem). Let G be a compact group.

(i) A(G) is dense in the space C(G) of continuous functions on G equipped with the topology
defined by the supremum norm.

(i) A(G) is dense in L*(@), hence L*(G) = @rem(c)A(); here & denotes the “Hilbert
direct sum,” i.e., the closure of the “ordinary” or “algebraic” direct sum @®. Thus the
functions give an orthonormal basis (in the sense of Hilbert space) for L*(G).

(iii) A(G)AC = @retn(c)Cxr is dense in L*(G)* (thus L*(G)"™ = @rern@)Cxa) and
also dense in C(G)%2.

() If (7, V') is any irreducible representation of G' on any space V' such that “one has
a reasonable theory of V-valued integrals” (e.g., Hilbert, Banach, Frechet, or “locally
conver quasi-complete”), then dim(V') < oo.

The main assertion here is that A(G) is dense in L?*(G); we will deduce the remaining
assertions either from this one or via easy modifications of its proof. As “warm-up,” we
observe some easy special cases:

e If G is a finite group, then both A(G) and L*(G) consist of all functions G — C, so
there is nothing to show.

e A profinite group GG is a compact group which admits an open basis U at the identity
element consisting of compact open normal subgroups U. (This might not be the
standard definition, but is equivalent to it, and suits the purposes of our discussion.)
For instance, the group G = GL,,(Z,), which may be identified with the inverse limit
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of the groups I'y, = GL,,(Z/p*7Z) as k runs over the positive integers, is profinite, with
the compact open normal subgroups Uy, := ker(G — T'y) giving a neighborhood basis
of the identity.

For any profinite G and any U € U, the quotient group G /U is finite; indeed, G
is compact and G = Ugeq/ugU is an open cover. Because continuous functions on a
compact space are uniformly continuous, we may find for each f € C(G) and € > 0
a subgroup U € U so that f varies by at most € on each coset of U, i.e.,

|f(gu) — f(g)|<eforall ge Gand ueU.

Let C(G)Y C C(G) denote the space of functions G — C that are constant on the
cosets of U, and let fiy € C(G)Y be defined by averaging f over U-cosets, i.e.,

fu(g) = Euecv f(gu),

where [E denotes the integral with respect to the probability Haar on the compact
group U. Then sup|f — fy|< e. Thus UpeyC(G)Y is dense in C(G). On the other
hand, the spaces C(G)Y are finite-dimensional and G x G-invariant, hence contained
in A(G). It follows that A(G) is dense in C(G).

The proof for general compact groups GG will be similar to what we just did in the profinite
case, but a bit more technically involved because we don’t in general have such a spectac-
ularly convenient neighborhood basis of subgroups. (Think of U(1), which visibly has no
nontrivial subgroups contained in {z € U(1) : |z — 1|< 1/10}.) We'll construct instead some
“approximate analogues” of the maps f +— fy by convolving f with functions ¢ € C(G) that
are supported in small neighborhoods of the identity element and satisfy the normalization
Jo b =1.Set Tyf(g) := fgeG #(9)f(g) dg, where dg denotes the probability Haar on G. (For

instance, if G is profinite and ¢ = vol(U, dg) 1y for some U € U, then Ty f = fy as above.)
If ¢ is sufficiently concentrated, then T} f will approximate f. Since G is compact, we may
assume that ¢ is a class function (corresponding to U being normal). We might as well as-
sume also that ¢ is real-valued and invariant by inversion (corresponding to U being closed
under inversion). We'll see then that Ty defines a compact self-adjoint equivariant operator
on L*(G). The spectral theory of such operators will then allow us to approximate Ty f by
its projection to the eigenspaces of T} of eigenvalue A with |[A\|> ¢; since the eigenspaces of
such operators with nonzero eigenvalue are finite-dimensional and G-invariant, this gives the
required approximation of T, f and hence also of f via finite functions. Details next time.ﬂ

Let’s note one final easy special case. Suppose that G is a compact matriz group, i.e., a
compact subgroup of some GL,(C). (By Theorem applied to the identity representation
G — GL,(C), we might assume further that G is contained in the unitary group U(n).) Let
O denote the space of functions f : G — C given by the restriction f = f | of some function
f : GL,(C) — C for which f(g) is a polynomial function of the matrix entries of g. We may
write O = Uy>00y, where Oy denotes the subspace of polynomials of degree at most d. Each
space Oy is finite-dimensional and G-invariant, hence O, C A(G), hence O C A(G). Since

"End of lecture #6, Thursday, 7 March



REPRESENTATIONS OF LIE GROUPS ETH ZURICH, SPRING 2019 47

O is a C-algebra that is closed under complex conjugation and separates points on G, we
deduce by Stone-Weierstrass that O is dense in C(G). It follows also that A(G) is dense in
C(G) (and that A(G) = O).

On a related note, we observe the following consequence of Peter—Weyl:

Corollary 3.9. Let G be a compact Lie group. Then G is isomorphic to a compact matriz
Lie group.

Thus Peter—Weyl for compact Lie groups G is essentially equivalent to the fact that any
such G is isomorphic to a matrix Lie group.

Proof. Enumerate Irr(G) as Vi, Vs, ..., and let G,, < G denote the kernel of the map G —
GL(Vi @ --- @ V,,) given by the direct sum of the representations V;,...,V,. Then G, is a
closed subgroup of GG, hence a Lie subgroup, so we may speak of its Lie algebra g,,, which is
a subalgebra of the Lie algebra g of G. The subgroups G,, decrease with n, hence so do the
subspaces g,. By Peter-Weyl, that the matrix coefficients of the irreducible representations
separate points in G. It follows that N,G, = {1} and thus N,g, = {0}. Since the g,
decrease and are finite-dimensional, we may find ng so that g, = {0} for n > ng; for such
n, the Lie group G, is thus compact and zero-dimensional, hence finite. Using again that
NG, = {1}, we may find n so that G, = {1}. Then G — GL(V; & --- @ V,) is an
injective homomorphism with compact domain (and Hausdorff codomain), hence defines an
isomorphism (of topological groups) onto its image. 0

The proof shows also that any compact group G is isomorphic to an inverse limit of
compact matrix Lie groups.

We’ll give the proof of Peter-Weyl below after developing some preliminaries concerning
integral operators, which are of independent interest.
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4. INTEGRAL OPERATORS
4.1. Integrating functions taking values in Hilbert spaces.

Lemma 4.1. Let (Q, 1) be a locally compact space equipped with a Radon measure, let V
be a Hilbert space, and let f be an element of the space C.(2 — V') of compactly-supported
continuous functions from ) to V. Then there is a unique element v € V' so that for each
element ¢ of the continuous dual V*, we have

(4.1) (o) = / ) dp)

We then use the notation fQ fdu:=veV.

Proof. We may define v first as an algebraic functional V* — C via (4.I). By Hilbert
space duality, our task reduces to showing that v belongs to the double dual of V| i.e., that
[{(v)|< C||¢|| for some constant C' > 0 and all £ € V*. We may take C' = C;C5, where
Cy == p(supp(f)) < oo and Oy 1= max,esupp(y)|| f (7)< o0. 0

This lemma and hence our subsequent development can be generalized further (to Banach
spaces, Frechet spaces, etc.), but the present generality should suffice for our aims.

4.2. Definition of integral operators attached to representations. From now on we
take for G a locally compact group and (m, V') a Hilbert representation; by this we mean that
V' is a Hilbert space, without requiring that = be unitary.

Lemma 4.2. For every compactly-supported signed Radon measure jn on G there is a unique
bounded linear operator w(p) : V- — V such that

(4.2) U (pe)o) = / Urlo)) dito)

for allv eV and ¢ € V. We then use the notation m(u) =: fgeG w(g) du(g).

Proof. Set Q := supp(u). For each v € V', we may apply the previous lemma to the function
fo @ Q@ — V given by g — m(g)v. We obtain elements m(u)v € V and a linear map
w(p) : V. — V. It remains to show that m(u) is bounded. For this it suffices to show that
there exists C' > 0 (depending upon ) so that the operator norm ||7(g)| is bounded by
C for all g € Q. The conclusion follows by Banach—Steinhaus (presumably covered in the
functional analysis course), which we record here for convenience:

A pointwise bounded family (Ty)aer of bounded linear maps T, : X — Y from a Banach
space X to a normed space Y is uniformly bounded, i.e., if for each v € X there exists
C(z) > 0 so that || Taz||< C(z)||z|| for all o, then there exists C > 0 so that | T,x||< Cllz|
for all a, x.

We apply this to the family (7(g))geq of bounded linear maps m(g) : V' — V; the point-
wise boundedness property follows from the continuity of G x V' — V| while the uniform
boundedness gives the conclusion that we seek.
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For convenience and as a reminder of what’s going on “under the hood,” we record a
proof of Banach—Steinhaus as quoted above. (This was not presented in lecture, and is not
otherwise relevant to the course.) If the conclusion fails, then we can find a sequence of
nonzero vectors z,, € X and elements 7, of the family (7,,) so that ||T,,z,||/||zn|— co. After
normalizing the z,, by a suitable scalar, we may arrange that

|znl|— 0, ||[Thzn||— 0.
We now inductively choose a “sufficiently sparse” subsequence (z,,)r>1, as follows. For
k > 1, having chosen n; < --- < nj_1, choose ny sufficiently large that
o ||z, [I< 275,
o> i lITh,zn]I< 27% (as we may, because each T}, is bounded), and

o | T xn > D et oo i1 Tnen, || +2% (as we may, because the family (7)) is assumed
pointwise bounded).

Since ), ||zy, || < 0o and X is complete, we have x := ), z,, € X. But
T2 T ll= D 1 Ton = Y I Tan 1225 = ) 27" = o0,
(=1.k—1 0>k+1 £>k+1

contrary to the assumed pointwise boundedness of the family (73,). 0

4.3. Basic properties. From now on we assume moreover (mainly for convenience) that
G is unimodular, so that we may fix a (left and right) Haar measure dg. For f € C.(G),
the above discussion then applies to u = f dg, giving us operators on V' that we denote by

w(f) =m(fdg), thus 7(f) = [ .. f(g)7(g) dg.
Lemma 4.3. Let f, f1, fo € C.(G) and g € G.
(1) w(f1)m(f2) = w(f1 * fo), where f1 x fo € C.(G) denotes the convolution
fre )= [ Fl@ho ) dy
geG

(ii) w(g)m(f) = n(f(g~ ")), 7(f)m(g) = 7(f(g7")).
(iii) If f € C.(G)?*s, then 7(f) is equivariant.
() If (m, V') is unitary, then the adjoint w(f)* is given by w(f*), where f*(x) := f(x=1).

Proof. (i) By substituting gs — g7 g,

w(f)n(f2) = / / F1(92) Fag2) 7(92) 7 (2) 7 (g192) g g
- / ( / F1(90) falor g2) dgn)(g2) s

S

(F1+/2)(g2)
= 7T(fl * f2)-
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(ii) By substituting = — ¢~ 'z, n(9)n(f) = [ f@)n(9)m(z)dz = [ f(g'2)n(z)dx =
7(f(g~')); similarly for the other assertion.
(iii) We've seen that m(g)w(f)m(g~ ') = n([x — f(9 'zg)]), which coincides with 7(f) if f
is a class function. L
(iv) Since 7 is unitary, we have 7(g)* = w(¢g™'), hence n(f)* = [ f(g)m(g~"')dg; by the
change of variables g — ¢!, this coincides with 7(f*).
U

4.4. Approximating vectors by their images under integral operators.
Lemma 4.4. For each v € V and € > 0 there ezists f € C.(G) so that |7(f)v —v||< e

Proof. By the continuity of the action, we may find a neighborhood U of the identity element
in G so that ||7(g)v — v||< e for all ¢ € U. By Urysohn, we may find f € C.(U) such that
Jofdg=1and f>0. Then

I (f)v = vll= H/EG f(g)(m(g)v —v) dg| < (/fdg)é? = e

O

Lemma 4.5. In lemma (4.4), we may arrange moreover that f > 0 and f(g) = f(g™'), and
for G compact also that f € C,(G)>s.

Proof. Exercise. O

These results may be generalized and refined further. For instance, if G is a Lie group,
then we may assume that f is smooth.

4.4.1. Automatic continuity for finite-dimensional subrepresentations of L*(G). We now ful-
fill the promise made after the statement of Theorem by explaining why for a compact
group G, the finiteness (right, left or bi) of f € L*(G) implies that f is represented by a
continuous function. Suppose for instance that f is right-finite, so that it is contained in
some finite-dimensional subspace V' C L?(G) invariant by the right regular representation p
of G. For each v € V and € > 0, we see by Lemma [4.4] that there exists ¢ € C'(G) so that
lp(¢)v — v||2< €. In particular, the subspace of V' consisting of elements of the form p(¢)v
is dense. Since V is finite-dimensional, it follows that every element of V is of this form.
Note that each such element is pointwise defined.

We verify now that every element of V', say v' = p(¢)v, is in fact continuous. For g € G,
we have (by Lemma [4.3) p(g9)v" = p(¢(g7!+))v, hence

sup|v'(zg) — v'(2)[= [|p(g)v" = v'[[L== lIp(¢(g™") = @)vll=< llp((g™") = D)1z V]l 2,

zeG

in the last step by Cauchy—Schwarz. Since the left regular representation of G on L?*(G) is
continuous, the required continuity of v’ follows.
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4.5. Some functional-analytic considerations. Recall (from, e.g., §0.5)) the definition of
a compact operator on a Hilbert space.
I don’t think the following definition is standard, but I like it.

Definition 4.6. We say that (7, V) is of compact type if w(f) is compact for each f € C.(G).
We recall a bit more functional analysis background.

Lemma 4.7. Let (X, u) be a locally compact space equipped with a positive Borel measure
such that V := L*(X) is a separable H@'lbert space. Let k € L*(X x X). Then we may define
a bounded operator T : V — V by Tv(z f kE(x,y)du(y). Any such operator is compact.

Proof sketch; omitted in lecture. Choose an orthonormal basis ey, es,... for L?(X) and set
aij = (Te;, e5). Then 3, |ay|*= [|kl|72(x . x)< 00- Let v =737 vje; € V. Then Tv = 3, bie;
with b; :== > a;v;. By Cauchy Schwartz, [b;|*< [[v]|*C;, where C; := 3~ |a;;|?. Thus the
image under 7' of the unit ball in V' is contained in the set {3 bse; : |b;]*< C;}. Using that
>; C; < 0o and a diagonalization argument, we verify readily that this set is precompact. [

Lemma 4.8. If G is a compact group, then its right reqular representation (p, L*(G)) is of
compact type.

Proof. For f € C.(G) = C(G) and v € L*(G@), we may write p(f = [ fy)v(zy)dy =
[v(y)k(z,y) dy, where k(x,y) := f(z~'y). Thus the previous lemma gives the required
conclusion. (Sketch of a slightly more direct proof, omitted in lecture: since G is compact
and k is continuous, it is uniformly continuous, and so the function (z,y) — k(z~'y) may
be approximated uniformly by step functions; thus p(f) is approximated in norm by finite
rank operators, hence is compact.) 0]

4.6. Proof of the L2-density part of the Peter—Weyl theorem. We now prove part
(ii) of Theorem[3.8 Let G be a compact group, v € L?(G) and € > 0. Let p denote the right
regular representation. By lemma , we may find f € C.(G) so that f >0, f(g7!) =

f(g) and
(4.3) [p(f)v —v|[<e.

Then f* = f, so T := p(f) is self-adjoint. By lemma [£.8] T is compact. Set V := L*(G).
By Theorem [0.4] we may write V' as the orthogonal Hilbert direct sum of the eigenspaces V)
of T, taken over A € R; moreover, setting V' := @5>.V\ and V" := @5 V), the space V'
is finite-dimensional. Since f is a class function, we know (by lemma that the operator
T is equivariant (i.e., p(¢9)T = Tp(g) for all g € G), thus its eigenspaces Vy and thus their
sums V' and V" are p(G)-invariant. Thus

(4.4) V' C A(G).
Let v/ € V/ and v” € V" denote the components of v, so that v = v" + v”. We have
(4.5) IT"I= 11D Auall< elloll-

[A|<e
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By (4.3) and (4.5]), we deduce that
(4.6) lo = To'||[< e(1 4 [Jv]]).
On the other hand, Tv" = 7,5 Avx € V' C A(G). Thus A(G) is dense in LQ(G).ﬂ

4.7. Proof of the uniform density part of the Peter—Weyl theorem. We now deduce
part (i) of Theorem [3.8] We retain the above notation. Let v € C(G) and € > 0. Since G
is compact, v is uniformly continuous; by an easy variant of Lemma [4.4] we may thus find
f € C(G) so that ||p(f)v — v||z=< e. By the L*-density part of the Peter—Weyl theorem
that we have already proved, we may find f’ € A(G) so that ||f — f'[|2< €. Since (G, dg)
is a probability space, it follows in particular that ||f — f’||,:< e. Since

p(F)o — (o = /f =Pl dg

and [|7(g)v||pe= ||v] <, it follows that

(v = p(f)ollee< [f = fllee vl o < e]lv]| oo
Thus
lo(f)v = vl|< e(l+ [Jv]|1).
Observe finally that for any g € GG, we have

p(9)p(f")v = p(f'(g~"))v.

Thus if W is any left-G-invariant subspace of A(G) that contains f’, then p(f")v belongs to
the p(G)-invariant finite-dimensional space p(W)v, and so p(f')v € A(G). We conclude as
required that A(G) is dense in C'(G).

Part (iii) of the Peter-Weyl theorem can be proved analogously, or deduced from parts
(i) and (ii) by a simple averaging trick; we’ll take the latter approach. Given an element v
of L2(G)%*s or C(G)** and ¢ > 0, we first find v € A(G) so that ||v/ — v||< &, where |||
denotes either the L2-norm or L>-norm. We then introduce the averaging operator

E : {functions f : G — C} — {class functions Ef : G — C}

Ef(z) = /egf(g:vgl) dg.

Since f and x — f(grg~') have the same norms, the triangle inequality implies that [|Ef||<
| f]l. Set v” := Ev’. Then v" € A(G)®®s. Since v is a class function, we have v = Ev, and
so (v —wv) =E(v —v), hence |[v" —v||< ||[v" — v||< g, giving the required approximation of
v by an element of A(G)<.

8End of lecture #7, Tuesday, 12 March
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4.8. Finite-dimensionality of irreducibles. We prove part (iv) of Peter-Weyl in the
special case of an irreducible Hilbert representation (m, V'); the more general conclusion can
be deduced similarly after developing integration more generally. The proof is very similar to
that of the C(G)-density assertion (indeed, a unified statement and proof involving Banach
space representations could be given, but I feel like it doesn’t hurt to see the argument
essentially repeated, since the method is so widely applicable). Let v be a nonzero element
of V', and let € > 0 be sufficiently small. We can find an open neighborhood U of the identity
element of G so that ||7(g)v—v||<eforallg € U. Take f € C.(U) with f >0, [ f = 1. Then
|7(f)v—v|< e. Use the L?-density part of the Peter-Weyl theorem to produce f’ € C(G) so
that || f — f'||z2< e. Then likewise || f — f’||z: < €, and so, as before, ||7(f")v—v| < e(1+]v|]).
For small enough ¢, this implies in particular that =(f")v # 0. Since f” belongs to A(G), it is
contained in some finite-dimensional G'x G-invariant subspace W. Then 7(f’)v belongs to the
space T(W)v := {m(w)v : w € W}. The latter space is finite-dimensional (with dimension
bounded by dim(W)) and nonzero (because it contains 7(f’)v). Most significantly, it is
invariant: for w € W and g € G, we have (by Lemma

T(g)m(w)v = m(w(g™"))v.
Since V' is irreducible, this forces V' = p(W)v, hence dim(V) < dim(W') < oo, as required.
4.9. Fourier analysis on a compact group G. Given f € C(G) (say), its Fourier trans-
form is defined to be the collection (7(f))renr(q) of integral operators that it induces on
the (equivalence classes of) finite-dimensional irreducible representations of G. We can re-
state some of our results concerning orthogonality and completeness of matrix coefficients
in terms of these collections of operators. In preparation for doing so, we define on any
finite-dimensional Hilbert space V' the Hilbert—Schmidt inner product of Ty, Ty € End(V') by
the formula
(T, T5) = trace(T\T5),
where as before T3 denotes the hermitian adjoint, given with respect to an orthonormal basis

by the conjugate transpose. If T} and T3 are respected by matrices (a;;) and (b;;) defined
with respect to an orthonormal basis, then we may verify readily that

T17T2 Zam R

This is the dual of the inner product con81dered in
Theorem 4.9. (i) For f1, f» € C(QG),
(fio P = Y dim(m)(m(f1), 7(f2)).
welrr(G)
(i) Under “some assumptions” on f,

(4.7) )= dim(m)x(f),

welrr(G)
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where
X (f) := trace(x(f)) = Gf(g)xw(g) dg.
g€
For instance, a sufficient assumption is that f have the form fi x fo for some fi, fo €
L*(@G).

(i1i) For o € Irr(G), define o, := dim(o)x, € C(G). Then for each © € Irr(G), we have
(4.8) (o) = {0 iymFo,

1 ifr=o.

Moreover, for 1,09 € Irr(G),

o, if o1 =09 =:0,
(4.9) gy * Qgy = fo , 2
0 otherwise.

Proof. (i) With respect to an orthonormal basis of 7, we have

(4.10) w(f)ij = / _Sa)m(a) do

so (m(f1), 7(f2)) = (f1,7i;)(Ti7, f2). The conclusion follows from part (i) of the Peter—
Weyl theorem, which we have seen implies that the function /dim(7)m;; (and hence
likewise the functions \/dim(7)7;) form an orthonormal basis of L*(G).

(ii) Suppose for instance that f = fixfo with fi, fo € L*(G). Then f(1) = fgeG f1(9) fo(g7h) dg =
(s £2), while ((f2), 7(f3)) = trace(n(fu)(f2)) = trace(x(fy % f2)) = xx(f); the re-

quired conclusion thus follows from part (i).
(iii) Using the expansion x, = Y, ok, we compute that

- 50-771-(51']'.

These matrix entries are of the required form.

To prove ([£.9), it suffices by the injectivity of the association f — (7(f))renr(c) to
check that 7(ay,, * ay,) is given by 7(a,) when o7 = g5 and vanishes otherwise, which
follows from (|4.8]).

0

The pointwise decomposition (4.7)) fails in general for f € C(G), as one can see already
when G = U(1); there are well-known constructions of continuous functions on the circle
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whose Fourier series do not converge pointwise. A sufficient condition for the validity of
is that f be smooth. (A smooth function on a compact Lie group is what you’d expect.
A general compact group G can be written, as indicated in §3.9] as an inverse limit of
compact Lie groups G,; a smooth function on G is then a function that factors through a
smooth function on one of the quotients G, of G.) The proof isn’t so different from the case
G = U(1), but we won’t go into it. Lipschitz continuity should also suffice.

4.10. Isotypic decomposition.

Definition 4.10. Let (m, V) be a representation of a compact group G, and let o € Irr(G).
We say that a nonzero vector v € V is o-isotypic if there are closed invariant subspaces
Wi, ...,W, of V, with each W; isomorphic to o, so that v € Zj W;. We write V(o) :=
{0} U {o-isotypic v € V'}.

Theorem 4.11. Let (w,V) be a Hilbert representation of the compact group G.

(i) m(a,) defines a projection V-— V (o), if m is unitary, then it is the orthogonal projec-
tion.
(“) V= 6BUEIrr(G)‘/(U)'

Proof. (i) If v € V, then m(a,)v is contained in the space 7(.A(7))v. By Lemma [4.3)), the
map

A@) > f=rn(fluveV

is equivariant for the left regular representation on the domain. We have seen that
A(@) =2 A(o*) 2 End(c*) ® 0 ® 0* as G x G-representations. Under the left regular
representation, A(@) is thus isomorphic to 0® 4™ 50 we may write v = Z?i:ni(a) (fj)v
with each f; in a subspace W; of A(@) isomorphic to o. Setting v; := 7 (f;)v € W, :=
m(W;), we have v = 3 w;. If W; is nonzero, then the irreducibility of ¢ implies that
W; = o. It follows that v is o-isotypic.

If v € V(o), then m(a,)v = v, because m(a,) acts by the identity on each of the
subspaces W; that arise in the definition of “o-isotypic.”

We have shown that 7(a,) defines a projection V. — V(o). We have o(g) =

ay(g71) = dim(o)x,(g71) = dim(0)x.(g) = a,(g), so if 7 is unitary, then (by Lemma
4.3]) m(a,) is self-adjoint, and so defines the orthogonal projection.

(ii) We argue essentially as in for each v € V and ¢ > 0, we can find f € C(G)>s
so that ||7(f)v — v]|< e. We can then decompose f in L*(G)"™® as 37,y q) Colto,
say; in particular, we can find a finite subset X of Irr(G) so that f' := > . c 00
satisfies ||f" — f|lz2< €. Arguing as before, we get ||7(f)v — v||< (1 + ||v]|). But
T(f v =3 cx CoT()V € BoexV (o). Thus Y V(o) is dense in V. The sum is direct
because if v € V(01) NV (0g) with o1 2 09, then v = 7(y, ) T(, )V = T(Q, * Ay,
which vanishes thanks to (4.9)).

U
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B

4.11. Decompositions of compact-type representations. The decompositions of rep-
resentations of a compact group noted above (e.g., in theorems , and do not
hold in general when G is non-compact and V' is infinite-dimensional. The main issue is that
there may then exist nontrivial representations having no irreducible subrepresentations. For
instance, the (right) regular representation of R on L?*(R) has the property. A basic result
of Gelfand—Graev—Piatetski-Shapiro shows that a sufficient condition on the representation
for it to decompose as a sum of irreducibles is that it be unitary and of compact type (Def-
inition . This is very handy in applications involving non-compact groups. Recall that
“subrepresentation” means “closed invariant subspace.”

Theorem 4.12. Let G be locally compact and unimodular, and let (7,V') be a unitary Hilbert
representation of compact type. Then V' decomposes as a Hilbert direct sum of irreducible
subrepresentations V;, each occurring with finite multiplicity (i.e., for each j, the number of
k with V; =V}, is finite).

Proof. By Zorn’s lemma, we may find a maximal collection (V}) of mutually orthogonal
irreducible subrepresentations V; of V. We must show that ©V} is dense in V. If not, then
its orthogonal complement V' is a nonzero representation, satisfying the same hypotheses
as V', which contains no irreducible subrepresentations. Replacing V' by V' if necessary,
our task is thus to show that if V' is nonzero, then it contains at least one irreducible
subrepresentation.

The results of (applied to any nonzero vector v € V, and with ¢ taken sufficiently
small in terms of v) imply that there exists f € C.(G), real-valued and with f(g) = f(g7),
so that the integral operator m(f) is not identically zero. Since 7 is assumed of compact
type, the operator m(f) is compact. By construction, it is self-adjoint. By the spectral
theory of self-adjoint compact operators, we may find a nonzero real number A so that the
A-eigenspace V), of 7(f) is nonzero and finite-dimensional.

Take any nonzero v € V), let Gv denote its orbit under G, and let (Gv) denote the closure
of the span of Gv. Then (Gv) is a subrepresentation of V; it is the smallest subrepresentation
containing v.

The key observation is that any decomposition of the representation (Gv) descends to a
decomposition of the vector v inside the finite-dimensional eigenspace V). Indeed, if (Gv)
is not reducible, then it contains a nonzero proper subrepresentation W7, whose orthogonal
complement W/ in (Gv) is likewise invariant, giving a decomposition (Gv) = W, & W{. The
subspaces in this decomposition are invariant by G, hence also by T" := 7(f) — A, so writing
v = vy +v; with v; € W; and v} € W{, we deduce from the identity 7v = 0 that in fact
Twvy = Tv} =0, hence that vy, v] € Vj.

We know that v; and v} are both nonzero, because if (say) v; = 0, then v belongs to the
proper subrepresentation Wi of (Gv), contrary to the construction of the latter. Since v}

9End of half-lecture #8, Thursday, 14 March
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belongs to V) and to (Gv) but not to Wi, we have the strict containment
(4.11) VA N <GU1> g V)\ N W1 g VA N <GU>

between finite-dimensional spaces. We now repeat the same construction but with v replaced
by vy. If (Gvy) is reducible, then we may decompose it as Wy @ W, and likewise v; as vy + v},
with vy, vy € V). If (Gug) is reducible, then we may decompose ve = v3 + v4. Thanks to
(4.11), this procedure gives us an irreducible subrepresentation after at most dim(Vy N (Gv))
iterations.

The slicker way to write the proof is of course to assume from the outset that v was chosen
to minimize the dimension of V) N (Gv); reducibility of (Gv) then gives a contradiction.

For the finiteness of multiplicity, we can find for each V; a self-adjoint integral operator 7 ( f)
having some nonzero eigenvalue A in V;. The same eigenvalue then shows up in every V), that
is isomorphic to V;. Since 7(f) is assumed compact, its eigenspaces are finite-dimensional,
and so the number of such Vj, is finite. ]
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5. ALGEBRAICITY OF COMPACT LIE GROUPS

Our goal is to explain the meaning and proof of the phrase “every compact Lie group is
algebraic.” This serves both as an application of the theory developed so far and as a tool
for further study also of non-compact groups.

5.1. Preliminaries on algebraic groups. First, we need to “review” some basics on al-
gebraic groups.

Definition 5.1. Let k be an infinite field and n > 0. For a collection S C k[xy,...,x,] of
polynomials, the vanishing locus V(S) is the set

V(S):={pek™: f(p)=0forall feS}

of common zeros. An algebraic subset of k™ is a subset of the form V' (S) for some S; that is
to say, it is a subset defined by polynomial equations.
The vanishing ideal of a subset X of k™ is given by

I(X):={f €klzy,...,zs) : f(p) =0for all p e X}.
The coordinate ring of an algebraic subset X C k" is the ring
k[ X] = k[zy,...,2,]/1(X),

which may be regarded as the space of “polynomial functions from X to k.” The Zarisk:
topology on k™ (or any algebraic subset thereof) is that for which the closed subsets are the
algebraic sets.

We note that Hilbert’s basis theorem implies that for each S there exists a finite subset
So C S so that V() = V(Sy), so that any algebraic set may be defined by finitely-many
polynomial equations.

It’s not hard to check that the “Zariski topology” as described above defines an actual
topology. By comparison, a basic theorem in topology says that in a nice enough topological
space X (e.g., a compact metric space), for any closed subset Z C X there exists a continuous
function f: X — Rso that Z = {p € X : f(p) = 0}, hence that the closed subsets of X are
precisely those that can be defined by continuous equations. The analogy with the Zariski
topology should be clear.

Morphisms between algebraic sets X C k™ and Y C k™ are maps X — Y defined by
polynomials in the coordinates. They are obviously Zariski continuous. We obtain in this
way a category, with objects the algebraic sets and morphisms the morphisms. An affine
variety is basically the same thing as an algebraic set, but (by some conventions) without
emphasis on any particular embedding in some k™.

Given two sets X C k™ and Y C k", we may define their product X x Y C k™t If
X and Y are algebraic, then so is X x Y: if X = V(S;) and Y = V(Ss), then X x Y =
VHA® fa: fi € 51, fa € Sa}), where (fi @ f2)(p,q) := f1(p)fa(q) for p € k™, q € k™. We
may thus speak of the Zariski topology on X x Y with respect to k™*". We caution that
this is not in general the same as the product of the Zariski topologies on X and Y.
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Given an algebraic set X, we'll sometimes abuse notation slightly by defining V' (S) for a
subset S of k[X] to be the set of common zeros inside X of elements of S, and, for a subset
Y of X, by I(Y) the ideal in k[X] consisting of f that vanish on Y. Any such abuse should
be clear by context.

As a basic example of reasoning with these definitions, we verify the following:

Lemma 5.2. For any subset X C k", the Zariski closure Zcl(X) is equal to V(I(X)).

Proof. Well, V(I(X)) contains X (“X vanishes under any polynomial that vanishes on X”),
and V(I(X)) is algebraic, hence Zariski closed. Conversely, let Y be any Zariski closed set
containing X, thus Y = V(T') for some T' C k[z1,...,x,]. Since X C V(T (“X vanishes
under every element of 77), we have T' C (X)) (“every element of T" vanishes on X”), and so
V(T) 2 V(I(X)) (“the more equations, the fewer solutions”). Thus V' (I(X)) is the smallest
Zariski closed set containing X, as required. 0

The group GL, (k) of invertible matrices is not obviously algebraic, because it is defined
inside the ambient space of matrices M, (k) = k" by the polynomial inequation det # 0
rather than by a system of polynomial equations. We “make it algebraic” by using the
embedding

GLy (k) 2 {(2,y) € Mu(k)? : 2y = 1} © M, (k)* = k>

g+ (9,971,
to view GL, (k) as an algebraic subset of k2**. Then the coordinate ring k[GL, (k)] consists of
functions GL,, — k given by polynomials in the entries of a matrix together with its inverse.

Definition 5.3. An algebraic group is an abstract subgroup of GL,, (k) that is also an algebraic
set.

When k£ = C, we speak of a complex algebraic group. When k£ = R, we speak of a real
algebraic group. Note that we may think of GL, (C) as a real algebraic subgroup of GLy, (R).
Note also that algebraic groups over £ = R or C are Lie groups (e.g., by the general theorem
that closed subgroups of matrix groups are Lie groups).

Definition [5.3|is a bit ad hoc. In much the same way that we defined compact Lie groups
first without reference to any matrix embedding and then showed as a consequence (Corol-
lary of the Peter-Weyl theorem that such an embedding exists, one might more properly
define an algebraic group to be an algebraic set equipped with a group law for which multi-
plication and inversion are described in coordinates via polynomials. Arguments similar to
those in the proof of Corollary then confirm that this apparently more general definition
is ultimately equivalent to what we’ve given here.

Lemma 5.4. If G is an algebraic group and H < G is an abstract subgroup, then the Zariski
closure Zcl(H) of H inside G is an algebraic subgroup of G.

Proof. We just need to check that Zcl(H) is closed under multiplication and inversion. We
check this for multiplication, leaving the case of inversion to the reader (alternatively, one
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could get fancy and consider maps like (p, q) — pg~'). Let p,q € Zcl(H), and let pg € U C G
be a neighborhood. Since matrix multiplication is described by polynomials, it is Zariski
continuous, and so we can find a neighborhood p € V; C G so that p'q € U for all p' € V.
Since p belongs to the closure of H, we know that V; intersects H, so choose some p’ € ViNH.
Then p'q € U, so by the same argument, we can find a neighborhood ¢ € V5 C G so that
p'q’ € U for all ¢ € V,. Since ¢ is in the closure of H, we know that V5 intersects H, so
we may find some ¢ € Vo N H. Since H is a subgroup, we then have p'¢’ € U N H, so U
intersects H. Since U was arbitrary, we conclude that pq € Zcl(H). O

5.2. Complexification of a compact Lie group. Now let K be a compact subgroup of
GL,(C), hence a Lie subgroup. Recall also, by Corollary , that every compact Lie group is
of this form. Since the standard representation K < GL,(C) is unitarizable, we know that
K is conjugate to a subgroup of U(n). Let’s assume for convenience that in fact K < U(n).
Let G denote the complex Zariski closure of K in GL,(C), thus

G ={g € GL,(C) : f(g9) =0 for all f € C[GL,(C)] with f|x= 0},

where as before C[GL,,(C)] denotes the space of functions f : GL, (C) — C given by polyno-
mials in the entries of a matrix together with its inverse. (For example, if K = U(n), then
G = GL,(C).) We denote by

© : GL,(C) — GL,(C)

the “inverse conjugate transpose” map

O(g):="g"=(g")", ¢ =19

and by

its dfferential. Observe that U(n) = {¢g € GL,(C) : ©(g) = g} and u(n) = {x € ¢l,(C) :
O(z) = x}.

Theorem 5.5. With notation and assumptions as above:

(i) G is a complex algebraic group that is closed under ©.
(1) The map C|G] — {functions K — C} given by restriction f — f|x induces an isomor-
phism C[G] =2 A(K).
(i) K = GNU(n). In particular, K is a real algebraic group.H
(iv) K is a mazimal compact subgroup of G.
(v) g is closed under 6. We have ¢t =gnNu(n) ={z € g:0(x) =a}. Settingp ={rcg:
0(z) = —x}, we have p =it and g =€t p.

OEnd of half-lecture #9, Tuesday, 19 March
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Proof. (i) By lemma[5.4) G is a complex algebraic group. Since © fixes U(n) pointwise

(i)

(iii)

and U(n) contains K, we have in particular ©(K) = K. It follows that the space I(K)
of polynomials f € C[GL,(C)] that vanish on K is closed under the map

frFo0:g— f(O(9)=f(")

hence that G = V(I(K)) is closed under ©.

We observe first (as in the discussion of that f|x belongs to A(K): indeed, C|G]
is the union over d > 0 of the subspaces defined by polynomials of degree bounded by
d, each of which is finite-dimensional and K-invariant. We thus get a well-defined map
of C-algebras C[G| — A(K). The injectivity of this map is clear from the definitions
of G and of C[G] = C|GL,(C)]/I(K): if flxk= 0, then f € I(K), i.e.,, f = 0 as an
element of C[G]. We henceforth identify C|G] with its image in A(K). It remains to
show that in fact C|G| = A(K). To that end, observe first that C[G] is invariant under
the action of K x K on A(K) by left and right translation (using here that matrix
multiplication is described by polynomials and that K is a subgroup of GG). Recall next
that A(K) is an orthogonal direct sum of finite-dimensional subspaces A(7), taken over
7 € Irr(K). Note finally, thanks to the identity g = O(g) satisfied by every g € K, that
C|[G] contains all polynomials in the real and imaginary parts of the entries of a matrix
g € K together with its inverse. It follows by Stone-Weierstrass (as in the discussion
of that C[G] is dense in A(K) with respect to the topology of C'(G).

To complete the proof, we just need to check that any K x K-invariant dense subspace
of A(K) is actually equal to A(K). Maybe there’s a simpler way to see this, but let’s
see. We claim that for any finite subset II of Irr(K') and any K x K-invariant subspace
V' of @renA(r), one has V' = @ren, A(m) for some subset Il of II. (To see that
the claim suffices, note that for each 7 € Irr(K), we may find f € C[G] so that the
component f. € A(m) of f is nonzero, because otherwise C[G] would be contained in
the proper closed subspace of A(K) given by the orthogonal complement of A(7); then
take for II the set of all 7’ for which f,» # 0 and for V' the span of the K x K-orbit
of f. It follows from the claim that then C[G] contains A(7). Since m was arbitrary,
we conclude that C[G] = A(K).) The claim follows immediately from character theory
for K x K, which gives that xy = Y __n(7)Xz ® xr for some n(m) € {0,1}; here
(X © Xx) (91, 92) := X (91) X (92)-

Set M := GNU(n), so that K < M < G. Then M is compact, and G is also the
Zariski closure of M, so by what we've already shown, the map C[G] — A(M) is an
isomorphism, hence in particular has dense image in C'(M). It follows readily that
M = K. Indeed, suppose otherwise that M is strictly larger than K. We let M act
on C(M) and A(M) by the right regular representation, and use superscripts as in
C(M)% to denote the fixed subspace, as usual. We argue as follows:
o C(M)X contains non-constant functions. Indeed, take any nonzero nonnegative
f € C(M) that vanishes on K, and consider the function M > x +— [, _. f(zk),
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where here and henceforth | denotes an integral with respect to the probability
Haar.

e C[G]¥ contains non-constant functions. We have seen that C[G] maps isomorphi-
cally to A(M), hence has dense image in C(M). Take f € C(M)¥ non-constant,
thus f(x1) # f(xs) for some x1, 29 € M. Choose € > 0 so that | f(x1)— f(x2)|> 3e.
Choose f" € C[G] so that ||f — f'[|< €. Set f"(x) := [, f'(xk). Then f" €
C[G]*. By the right K-invariance of f, we have (f — f")(z) = [, (f = f')(@k),
hence by the triangle inequality we have || f — f"||co< ||f — [/l < €. By another
application of the triangle inequality, we deduce that |f”(x1) — f”(x2)|> e. Thus
f" is non-constant.

e We obtain a contradiction. We have seen that C[G] injects into A(K), hence
likewise C[G]¥ into A(K)X, but every element of A(K )X is manifestly constant.

(iv) If M is a larger compact subgroup, then we may assume (after conjugating) that it is
contained in U(n). Then both M and K are contained in U(n) and have G as their
Zariski closure, so by (iii), we have K = GNU(n) = M.

(v) The identity € = gNu(n) follows from part (iii). Since 6? = 1, we can decompose g into
its +1 eigenspaces for 0, i.e., g = € @ p; explicitly, z = 2" + 2, where 2T € &, 2z~ € p
are given by x% := (x £ 6(x))/2. Since 6 is anti-linear, multiplication by ¢ induces an
isomorphism z™ = 27, i.e., p = it.

O

Remark 5.6. It wasn’t essential to refer to the group U(n) here. The definition of G' doesn’t
involve it. The involution f — f o © on C[G] corresponds under the isomorphism C[G] =

A(K) to the involution ¢ on A(K) given by o(f)(k) = f(k) for all k € K.

5.3. A glimpse of Tannakian duality. Here we address the question: how can we describe
a compact Lie group K in terms of its coefficient ring A(K)? We warm-up with some
motivating analogues.

e For an algebraic set X C k" (over an infinite field k) with coordinate ring k[X| =
klxi,...,2,)/1(X), we have a bijection

X < Homy,(k[X], k)

p=[f = f(p)]
(U(x1), ..., 0 (xy)) <= L

between points of X and functionals on the coordinate ring. Moreover, we can
reconstruct X from the abstract k-algebra k[X] by choosing a system of generators
T1y.-oyTp.

e For an algebraic group G over k, we can recover G as an algebraic set from Homyg (k[G], k),
as above, but we’d also like to keep track of the group law G x G — G. It corresponds
to the pullback map

A1 k[G] = k[G x G] = k[G] ® k|G,
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called comultiplication, and characterized by the identity

A(f)(g1,92) = [(g192) for all f € k[G] and g1, 92 € G.

Now let K < U(n) be a compact Lie group, with Zariski closure G < GL,(C) as above.
Then

(5.1) G = Hom¢(C[G], C) = Homc(A(K), C).
The comultiplication A on C[G] corresponds under the isomorphism with A(K) to the map
A:AK) = AK) @ A(K)

described explicitly in terms of matrix coefficients by the usual matrix multiplication rule
A(my;) = Zﬂ—ik & Tj
k

and in basis-free manner as the map induced by the maps End(V)* — End(V)* ® End(V)*
(V a finite-dimensional representation of G) coming from the multiplication maps End(V) ®
End(V) — End(V).

These observations already show that G is determined as an algebraic group by the pair
(A(K),A); in particular, G is independent of the choice of linear embedding used in its
construction. We will henceforth refer to G' as the complezification of K.

We can say something similar about K:

Theorem 5.7. Let K be a compact Lie group. Then the map k — [f — f(k)] defines a
bijection

(5.2) K < {¢{ € Hom¢c(A(K),C) : l(o(f)) = f forall f € A(K)},

where o : A(K) — A(K) is given by complex conjugation. The group law on K is described
by A, i.e., for all f € A(K) and ki, ke € K, we have f(kiks) = A(f)(kq1, k2).

Informally, “(A(K),A) determines K.”

Proof. Let G be as constructed above, and let ¢ be an element of the RHS of (5.2)). By (5.1]),

we may write ¢(f) = f(g) for some g € G. By Remark , we have f(©(g)) = f(g) for all
f € C[G], hence ©(g) = g. By Theorem [5.5, we conclude that g € K. O

There’s much more to say about this topic than we will here. Some keywords: Tannaka—
Krein duality, Hopf algebras.

5.4. Cartan decomposition. Set

P(n) :={g € GL,(C) : p* = p, positive-definite},

p(n) :={zegl,(C):z" =z}
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Then the map exp : p(n) — P(n) is a bijection; indeed, by the spectral theorem for hermitian
matrices, we have for each x € p(n) and p € P(n) that

T p1
Y p ~
Tn Pn
for some z; € R, p; € R., where ~ denotes conjugacy. We deduce readily that exp : p(n) —
P(n) and log : P(n) — p(n) (with the latter defined by the “functional calculus,” i.e., by
taking the logarithm of each diagonal entry) define mutually inverse bijections. Note that for
p € P(n), we can define p' for any complex number ¢, either via the logarithm as exp(¢log p)
or directly via the functional calculus.
The following might be known from linear algebra:

Lemma 5.8 (Polar decomposition). The map U(n) x P(n) — GL,(C) given by (k,p) — kp
18 bijective.
Proof. Tnjectivity: if g = kp, then g*g = p*k*kp = p?, so p = /p? := exp(3 logp) and
thus also k = gp~! are determined by g. Surjectivity: observe that g*g € P(n) and define
p:=+/g*g € P(n), k:=gp~' € U(n). O
Lemma 5.9. The map

U(n) x p(n) — GL,(C)

(k,x) — kexp(z)

1s a diffeomorphism.

Proof. We have already checked the bijectivity. The forward map is smooth. We need to
know that the inverse is smooth. This boils down to the fact that exp : p(n) — P(n) is
submersive, which is a consequence of the following lemma and the fact that for x € p(n),
the eigenvalues of ad, are real. 0

The following is part of the BCHD law, and describes the derivative of the exponential
map on any Lie group.

Lemma 5.10. Let G be any Lie group, Fiz x € g. Let z € g be small enough. Let y € g be
the small element for which

(5.3) exp(x + 2z) = exp(x) exp(y).
Then
(5.4) y = F(ad,)z 4+ O(|z]?),
where

1—et tt?

In particular, exp is a local diffeomorphism at z iff F(ad,) is invertible iff ad, has no
eigenvalues of the form 2mwik, with 0 # k € Z.
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Proof. (Omitted from lecture.) For ¢t € [0, 1], set f(¢) := log(exp(—tx) exp(t(x+2))), so that
f(0) =0 and f(1) =y. We compute that for small ¢ > 0,

(5.6) flt+¢e) = Ad_s(e2) + tz + O(e|z|*+£?),

where Ad, := e*d* = Ad(e®). (To see this, first write exp(—(t + €)z) exp((t + €)(x + 2))
exp(—tx) exp(—ex) exp(e(z + z)) exp(t(x + 2)), then approximate exp(—ez) exp(e(x + 2))
exp(ez + O(¢?)) and deduce that f(t + ¢) = log(exp(Ad_¢.(g2) + O(?)) exp(O(2))) =
Ad_,(e2) + O(e|z*+€?), as required.) Thus

f(t) = Ad_i(2) + O(J2[)

and so
1
y:/ etz dt + O(|2)?),
t=0

which leads to the required conclusion by the formula ftlzo e " dt = F(u). U

Theorem 5.11. Let K be a compact Lie group, with complezification G. Write g = €@ p
as in Theorem[5.5. Then the map

Kxp—>G
(k,x) — kexp(z)
1s a diffeomorphism. In particular,

e K is a deformation retract of G,
o K meets every connected component of G,
e K is connected if and only if G is connected,

and so on.

Proof. In view of Lemma [5.9, we just need to check that if g € G is written g = kp with
k € U(n) and p € P(n), then in fact p € P := exp(p); it follows then p € G, hence that
k=gpt e GNU(n) = K. It will suffice to show that p* € G for all ¢ € R, because then
Di—op" belongs to gNp(n) = p. Since G = V(I(Q)), it will suffice to show for each f € I(G)
that f(p') = 0 for all t € R. Since p* = g*g and G is a group, we know that f(p') = 0 for all
t € 27Z. Let €™, ... e denote the diagonal entries of p with respect to some basis. Then
f(p) is a polynomial in the quantities e*®1 ... et Collecting common exponents, we

may write
f') = Z cye’
vyel
for some finite subset I' of R and some nonzero complex coefficients c¢,. Suppose for the
sake of contradiction that f(p') is nonzero. Then I' is nonempty. Let v € T be the largest
element. Then lim; o e " f(p') = ¢, # 0. But f(p') = 0 for all ¢ € 2Z, giving the required
contradiction. O
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5.5. Algebraic representations.

Definition 5.12. A morphism of algebraic groups is a group homomorphism that is also a
morphism of the underlying algebraic sets, i.e., a map described in coordinates by polyno-
mials.

Let G be an algebraic group over an infinite field k. An algebraic representation of G is a
finite-dimensional k-vector space V' equipped with a morphism of algebraic groups 7 : G —

GL(V).

Theorem 5.13. Let K be a compact Lie group. Let G denote its complexification. Then
algebraic representations (o, W) of G are in natural bijection with finite-dimensional repre-
sentations (w, V) of K. The bijection sends V to W and W to V. To get from o to ,
one restricts. To get from m to o, one writes w in matriz form as (m;;), with m;; € A(K);
one then uses the isomorphism A(K) = C[G] to identify each m;; with a reqular function on
G, and takes o = (m;;) the algebraic representation whose matriz entries are given by those

reqular functions.
Proof. The reader is encouraged to check that this follows readily from Theorem [5.5 0

[

5.6. Reductive groups. Which groups G arise as in Theorem[5.5] i.e., as the Zariski closure
of a compact subgroup of GL,(C)? Recall that an element g € GL,(C) is unipotent if
(9 — 1) = 0. We say that a subgroup of GL,(C) is unipotent if each of its elements is
unipotent.

Definition 5.14. A complex algebraic group G < GL,(C) is called reductive if it contains no
nontrivial (i.e., other than {1}) normal unipotent subgroups.

. 1 . . . .
For instance, the group ( (g) is not reductive, because the whole group is unipotent.

Theorem 5.15. Let G < GL,(C) be a complez algebraic group. The following are equivalent:

(1) G is reductive.
(i1) G has a Zariski dense compact subgroup K.
(iii) G is conjugate to a group that is closed under © : g — g1,
(iv) Every algebraic representation V- of G is completely reducible, i.e., decomposes as a
direct sum ®W; of invariant irreducible subspaces.

Proof. The proof that (i) implies (iii) implies (ii) is lengthy, and will not be discussed in
detail. The basic idea is to complete most of the classifications of reductive algebraic groups
and of compact Lie groups, and to observe that the same objects (root data) arise in both
classifications. We will soon discuss these ideas for compact Lie groups; a parallel discussion
applies in the algebraic setting.

HEnd of lecture #10, Tuesday, 26 March
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That (ii) implies (iii) follows from Theorem

Let’s assume (ii) and deduce (iv). We have seen (Theorem that V' decomposes as
a direct sum ®W,; of K-invariant K-irreducible subspaces. We claim that if a subspace
W C V of V is K-invariant, then it is likewise G-invariant. It’s obvious that any K-
irreducible G-invariant subspace is likewise G-irreducible, so the claim suffices. To verify
the claim, the point is that leaving a subspace invariant is an algebraic condition, which
thus extends Zariski-continuously from K to G. In more detail, consider the set X := {g €
GL(V) : gW C W}. Then X is algebraic; for instance, if we extend a basis ey, ..., e, for
W to a basis ej,...,e, for V and denote by e,... e’ the corresponding dual basis, then
X ={g:¢€j(ge;) =0fori=1.m,j =m+1.n} Let 7:G — GL(V) denote the action
map. Then 7~1(X) is algebraic. Since W is K-invariant, we have K C 771(X). Since K is
Zariski dense in G, it follows that G C 7—!(X), hence that X is G-invariant, as required.

Let’s finally assume (iv) and deduce (i). Let N be a normal unipotent subgroup. We must
show that N = {1}. Let V= C" denote the standard representation of G, thus G C GL(V).
By assumption, V' = @&W,; with each W, an irreducible subrepresentation. By Engel’s theorem
(or perhaps a variant), the fixed space W = {w € W; : nw; = w; foralln € N} is
nontrivial. Since N is normal, W} is G-invariant. (Indeed, if v € W}¥, g € G and n € N,
then n' ;== g~lng € N, so ngv = gnv = gv, hence gv € W}.) Since W; is irreducible, it
follows that W; = W2, hence that V' = V. This says that every element n of N fixes every
element of V, i.e., that n = 1, i.e., that N = {1}, as required. O

5.7. Unitary trick. We record a further variant of the above considerations. We focus
on an example; what’s relevant here is that SL,(C) and SU(n) are connected and simply-
connected. Note that by the Cartan decomposition (, knowing either of these properties
for one of these groups implies the same property for the other group.

Theorem 5.16. Let V' be a finite-dimensional complex vector space. The following are all
in natural bijection:

(1) Algebraic representations SL, (C) — GL(V)
(2) Holomorphic representations SL,(C) — GL(V) (i.e., morphisms of complex Lie
groups)
(3) Holomorphic representations sl,(C) — gl(V') (i.e., morphisms of complex Lie alge-
bras)
(4) Representations SU(n) — GL(V)
(5) Representations su(n) — GL(V)
(6) Representations SL,(R) — GL(V)
(7) Representations sl,(R) — GL(V)
These bijections are compatible with irreducibility and direct sum decompositions. Any such
representation is completely reducible, i.e., decomposes as a direct sum of irreducible repre-
sentations.

Proof. We go from (1) to (2) using that polynomials are holomorphic. We’ll leave it as
a homework problem to show that any holomorphic representation of a complex reductive



68 PAUL D. NELSON

group is automatically polynomial, giving the arrow from (2) to (1). (2) and (3) are equivalent
by Lie theory and the fact that SL,(C) is connected and simply-connected. (4) and (5) are
likewise equivalent thanks to the analogous properties for SU(n). (3), (5) and (7) are all
equivalent thanks to the identities

(5.7) su(n) @ isu(n) = sl,(C) = sl,(R) & isl,(R)

and the fact that an R-linear map W — U from a real vector space W to a complex
vector space U extends uniquely to a C-linear map W — U from the complexification
We =W Rr C =W @ilW. We go from (2) to (6) by restricting and from (6) to (7) by
differentiating. That these bijections are compatible with irreducibility and decompositions is
either clear or follows as in the proof of Theorem We’ve seen that complete reducibility
holds for representations of SU(n), so the same follows for each of the other classes of
representations. 0]

We've already (§2.7)) classified the (irreducible) finite-dimensional representations of SU(n),
so the stated equivalence tells us that we've implicitly classified each of the other six classes

of representations.
We note that Theorems and are mostly independent.

We record the homework problem promised above as a theorem:

Theorem 5.17. Let G be a reductive complex algebraic group and V a finite-dimensional
complex vector space. Then any holomorphic representation m : G — GL(V') is algebraic.

Note that by contrast, non-reductive groups can have holomorphic non-algebraic repre-

sentations, e.g.,
1 C 1 =z e?
( 1) > ( 1) — < 1) € GLy(C).

We’ve only scratched the tip of the iceberg here; for further reading I recommend the book
by Onishchik—Vinberg.
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6. STRUCTURE OF COMPACT LIE GROUPS

We aim next to show that any compact Lie group K has structure similar to that ob-
served in §2| for the unitary groups. We'll use this to classify such K together with their
representations.

6.1. Notation related to a torus. Let 7" be an n-dimensional torus. Recall from §2| that
this means that T is a connected compact abelian Lie group of dimension n and that any
such T is isomorphic to U(1)". We may fix such an isomorphism and regard T" as the diagonal
subgroup of U(n). In §2] we worked with the explicit coordinates defined by this embedding.
It’ll be useful now to work in a more basis-free manner. This requires setting up a bit of
notation.

The character group of T is

X(T) := Hom(T,U(1)),
while the cocharacter group is
XY(T) := Hom(U(1),T).
We view these as additive groups. They are free Z-modules of rank n. We can identify X (T")
and with Z" by associating to A,y € Z" the character
Tttt =1t
and the cocharacter
U(1) 5 z — 27 :=diag(z",...,2™).
There is a natural pairing
(): X(T) @z X(T) = Z

given by observing that the composition U(1) — T — U(1) is a morphism U(1) — U(1),
and that any such morphism is of the form z ~ 2* for some integer k (e.g., by . For
A\, vy € Z™, we have (27)* = Mt Hmdn g0 (X 4) =y A + 0+ Yo

We denote by t the Lie algebra of T and by tc = t ®g C = t @ it its complexification. We
may identify

C
tc =
C
We (somewhat awkwardly) set tg := it, so that
R
(6.1) tp =
R

We obtain a surjective covering map
g — T
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x — exp(iz).

We write tf := Homg(tc,C) = C” and t; := Homg(tg,R) = R™. We may identify t;
with the subspace of {f mapping tg to R. The identification of t; with R" is given by
A= (A1, ) i A(2) = My + - + A\, for o = diag(zy, ..., x,) € tr.

Each A € X(T) identifies with an element A\ € t}; this identification is determined by
requiring that for every x € tg (so that exp(iz) € T'), we have

(exp(iz)) = @),

We write t;, C t; for the image of X (7") under this identification. The identification above
of t; with R” then carries t; to Z".
Each v € XV(T) identifies with an element 7 € tg, characterized as follows: for § € R (so
that exp(if) € U(1)),
(exp(i6))" = exp(ify).
We denote by tz C tg the image of XV (7T) under this identification. Then under (6.1]), we
have

Z
(6.2) ty =
Z

We note that X (7') and XV(T') identify respectively with t; and t}, and the pairing
X(T) ® XY(T) — Z (tensor product over Z) discussed above corresponds to the natural
pairing (,) : tz®t;, — Z induced by the canonical duality between tg with ;. In coordinates,
(A7) =My + -+ + AT, as before.

We should note that tz and t;, depend upon 7', not just upon t.

Recall (§1.6) that every finite-dimensional irreducible representation of 7' is one-dimensional
and of the form ¢ — t* for some A\ € t;. Given a finite-dimensional representation V of T,
recall ( that we may decompose

V= @/\Etiv)\7
where V* = {v € V : tv = thv for all t € T'} is the weight space with weight \.

6.2. Maximal tori: definition and existence. Let K be a compact Lie group. By a
torus T' < K we mean a closed subgroup that is a torus. Note that if T" is an abstract torus
and j : T'— K is a injective immersive Lie group morphism (i.e., a “virtual Lie subgroup”),
then j(T') is the image under a continuous map of a compact set, hence j(7') compact, hence
(since K is Hausdorff) j(T) is closed, and so j(T') is a torus in G.

Definition 6.1. A mazimal torus T of K is a torus T" < K that is not contained in any
strictly larger torus in K.

Lemma 6.2. Let K be a compact Lie group.

(i) A torus T < K is mazimal if and only if t is a mazimal abelian subalgebra of €.
(11) Mazimal tori exist in K.
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(111) If dim(K) > 0, then nontrivial tori exist in K.

Proof. (i) We will verify the equivalence in contrapositive form.
If S is a torus in K that strictly contains 7', then (by the Lie correspondence) s is
an abelian subalgebra of € that strictly contains t.
Conversely, suppose s is an abelian subalgebra of £ that strictly contains t. Let
z € § —t. Then exp(Rz) commutes with 7', so exp(Rz)T is an abelian subgroup of G.
Its closure exp(Rz)T is a closed abelian subgroup of G, hence compact. The connected
component 7" := (exp(Rxz)T)° of that closure is then connected, compact and abelian,
hence is a torus. Since x € Lie(T”) — t, we see that 7" strictly contains 7.
(ii) Use that the dimensions of the (abelian) subalgebras of ¢ are bounded from above.
(iii) Consider (exp(Rz))? for any 0 # z € €.
O

6.3. Roots and root space decomposition. Let K be a compact Lie group with maximal
torus T'. Let GG denote the complexification of K, so that g is the complexification of €. We
then have the (complexified) adjoint representation

Ad: K — GL(g),

which we may restrict to T" and decompose:
(6.3) g=Oreo™

Definition 6.3. A root for (K,T) is a nonzero element « of ¢, for which g* is nonzero. We
denote by @ := ®(K : T') the set of roots, and refer to g* as the root space attached to the
root «.

For instance, suppose that K = U(n), with 7" = U(1)" — K the diagonal subgroup.
We've seen ( that ® consists of the set of differences ¢; — ¢;, where ¢, are distinct
elements of {1..n} and ¢; denote the standard basis elements of t}. The root space g& =
is spanned by the elementary matrix E;;, for which Ad(t)E;; = (t;/t;)Eiy; = t% % E;j. For
instance, if n = 3, then

t a1 a2 a3 a1 (t1/t2)ars  (t1/t3)ass
Ad to asy G ags | = | (to/t1)ax a2 (to/t3)ass
t3 az1 Gz a33 (ts/t1)as1 (ts/t2)ass as3

We might observe in this case that g = gl,,(C) is the direct sum of the diagonal subspace
tc and the root spaces, each of which is one-dimensional. We’ll see eventually that these
features are general, i.e., hold for any compact Lie group. For starters:

Lemma 6.4. Let K be a compact Lie group with maximal torus T and g as usual. Then

(6.4) g = tc D (Pacod”).
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Proof. By (6.3), it suffices to show that g° = {z € g : Ad(t)z = z for all t € T’} is equal
to tc. We note that g° is closed under complex conjugation, hence g° = £ @ i£* with
0= {z € £: Ad(t)xr = z for all t € T}; indeed if z € g, then we may write z = x; + izo
with 1,7z, € € while for t € T we have Ad(t)x = Ad(t)z; + i Ad(t)zs, hence x € g° iff
21, T2 € 0, which leads to the required decomposition. It is thus enough to show that £ = t.
Suppose otherwise that there exists x € £ — t. Then Rz @ t is an abelian subalgebra of £
(note that [z,t] = {0} because Ad(t)xz = x for all ¢ € T') that strictly contains t. Since T is
a maximal torus, we obtain a contradiction via Lemma [6.2] 0

The root spaces of g move the weight spaces of any other representation V' predictably, as
we now explain. Let K be a compact Lie group with maximal torus 7" and complexification G.
Let 7 : K — GL(V) be a finite-dimensional representation of K. It induces a representation
dr : £ — End(V) of the Lie algebra, which complexifies to a holomorphic representation
dr : g — End(V) of the complexified Lie algbera. The basic relationship between these is
that for g € K, x € g and v € V', we have

m(g)dm(x)v = dr(Ad(g)x)m(g)v.

Abbreviating gv := 7(g)v and zv := dn(z)v and grg~! := Ad(g)x, this identity reads more
simply as

gav = (grg™")gv.
Lemma 6.5. For a, A € t,, we have

dm(g*)V* C Ve,
In particular, taking (m,V) = (Ad, g), we have for any «, B € t, that

g% 9% € """

Proof. Let x € g*, v € VMt € T. Then
(6.5) 7(t)(dr(z)v) = dr(Ad(t)x)r(t)v = dr(t*z)n(t)v = dr(t®z)t*v = M dr(2)v,

so drr(z)v € VA9 as required. We record the same argument but expressed using the above
abbreviations:

tev = (tat™ Dt = (t°2)(t*) = M 2.
The conclusion regarding «, 5 is immediate, but it’s worth repeating the proof in that special
case for the sake of illustration: for € g, y € g” and t € T, we have

Ad(t)[z,y] = [Ad(t)z, Ad(t)y] = [, t7y] = 2, y],
hence [z,y] € g*™¥. O

™

By choosing a unitary structure on a faithful representation of K and then taking an
orthonormal basis consisting of weight vectors for T, we obtain an embedding K < U(n)

2End of lecture #11, Thursday, 28 March
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that carries 7' to a subgroup of the diagonal subgroup of U(n). We have noted (Theorem
that then the complexified Lie algebra g is closed under 0 : x — —z*, where z* := 7.
This fact has an important consequence:

Lemma 6.6. If a € @, then —a € @, and dim(g*) = dim(g~*).

For example, if K = U(n) and (with notation as before) o = ¢; — ¢;, then g* = CE;;,
Q(EZ]) = _Ejiy —Q = {:‘j — &;.

Proof. Since g is closed under 6, it is enough to show that 6(g*) C g=“. (Equality then
follows from, for instance, the involutivity of § and the same argument applied to —a.) Let
r € g% and let t € T. With matrix realizations as above, we have t* = t~! (indeed, we
may write ¢t = diag(e®,...e"), which makes this obvious), while A*B* = (BA)* for any
matrices A, B, thus

Ad(t)0(z) = —ta*t™! = — (¢t 1) 2"t
= —(tat )" = —(Ad(t)2)* = —(t*2)* = t°0(z) =t *0(x).
Since ¢t was arbitrary, we deduce as required that 6(z) € g=. 0

6.4. Generators. Tori are topologically cyclic, and this fact is very useful.

Definition 6.7. Let T be any torus. A generator t € T is an element such that (t) = T’; here
(t) == {t" : n € Z} denotes the subgroup generated by ¢, and the closure of that subgroup

(t).
Lemma 6.8. Let T be any torus. Then generators of T exist and are dense.

Proof. Write n = dim(7'), so that "= (R/Z)" and t = (xy,...,2,). In the case n = 1,
Weyl’s equidistribution criterion implies that t is a generator iff z; ¢ Q. For general n, the
same criterion says that t is a generator iff 1,zq,...,x, are linearly independent over Q.
These conditions are obviously satisfied by a dense collection of elements.

Alternatively, here’s an elementary pigeonhole argment (which I think I learned from
Adams’ book). For each t € T and € > 0, write B;(e) for the open e-ball at ¢, defined with
respect to the Euclidean metric on (R/Z)". Fix an enumeration (t;,¢;), indexed by ¢ > 1, of
all pairs consisting of

e an element ¢; € T whose entries with respect to the isomorphism 7" = (R/Z)" are
rational, and
e a rational number ¢ € (0, 1).

(Thus the By, (e;) give a countable open basis for 7.) Let U be a closed subset of T" with
nonempty interior U°. If the natural number N; is large enough, then N U := {Nju :
u € U} coincides with T. Thus Uy := {u € U : |[Nyu — t;|< 1/2} is a closed subset of
U, with nonempty interior, such that NyU; C By, (e1). We may similarly find a natural
number Ny and a closed subset U, of U;, with nonempty interior, so that NoUs C By, (£3).
Continuing in this way, we obtain a descending chain of closed subsets with nonempty
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interiors U D U; D Uy O --- and natural numbers Ny, No, ... so that for each i > 1, we
have N;U; C By, (g;). By compactness, the intersection N;>1U; is nonempty. Let ¢ be any
element of that intersection. Then N;t € By, (g;). Hence the group (t) = Zt (here we use
additive notation for 7' = (R/Z)™) intersects every constituent B, (g;) of an open basis of T.
Hence its closure (t) is all of T. Since U was arbitrary, we deduce moreover that the set of
generators is dense. 0]

Generators are useful because they reduce properties involving an entire torus to individual
elements. We give an example. To state it, recall that the centralizer and normalizer of a
subgroup H of a group G are defined by Zg(H) := {g € G : ghg™! = hforall h € H}
and Ng(H) := {g € G : ghg™' € H for all h € H}; the definition of Zg(H) applies more
generally to any subset H of G, and we abbreviate Zg(h) := Zg({h}) when that subset
consists of a single element h € G.

Lemma 6.9. Let K be a Lie group, let T' < K be any torus, and let t € T be a generator.
Then Zx(T) = Zx(t)={9g € K : gtg* =t} and Ng(T)={g9 € K : gtg* € T}

Proof. We just note that the subsets {s € T : gsg~! = s} and {s € T : gsg! € T} are
closed subgroups of T', hence they coincide with T iff they contain the generator t. O

6.5. Definition and finitude of the Weyl group of a maximal torus.

Definition 6.10. Let K be a compact Lie group, with maximal torus 7. The Weyl group
W :=W(K :T) is defined to be N(T')/T, where N(T') := Nk (T) denotes the normalizer of
the torus.

For instance, for K = U(n), we saw that the permutation representation S(n) — U(n)
defines an isomorphism §(n) = W
We note in general that W acts on T by conjugation (in a well-defined manner):

w-t = wtw !

The following basic lemma (which may be proved in a few ways) gives a decent illustration
of how to argue using the root space decomposition (6.4]).

Lemma 6.11. Let K be a compact Lie group with mazximal torus T. Then N(T)° =T and
|[W|< o0.

Proof. We show first that N(T')® = T. The containment
need to check that Lie(N(T)°) C t. We have Lie(N(T)"
z € Lie(N(T)"). Using (6.4]), we may write

w:xo—l—Zxa

with z¢ € t¢ and z, € g*. For y € t, we then have

t> —[w,y] - [yvx] = [y,xo] + Z[yﬂxa] = Z@<y)$aa

aced acd

N(T)? D T is clear, so we just
) = {z € t: [z,t] C t}. Let
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hence a(y)z, = 0 for all @ and all y. Since each « is nonzero, we deduce that =, = 0 for all

a, hence that x = zy, and so x € t, as required.
It follows that W = N(T')/N(T)° is a compact 0-dimensional Lie group, and so is finite.
U

Remark 6.12. The definition of W given here is a bit ad hoc. We’ll later define W (K : S), for
any torus S, to be the quotient Nk (S)/Zk(S) of the normalizer divided by the centralizer.
This will be seen to coincide with the definition given above in the case of a mazimal torus
T only after we've seen that Zx(T') = T for such tori, but this is a deep fact which will
require proof. The group W = W(K : T') as defined above will be relevant for the proof of
that fact.

6.6. Weyl integral formula. We want a generalization of the formula that we proved
earlier for U(n) (see §2.4). That formula expressed the integral over K in terms of integrals
over conjugates of a maximal torus 7. Since tori are connected, we’d better assume that K
is connected to have any hope for such a formula.

So let K be a connected compact Lie group, with maximal torus 7. Write N := dim(K)
and n := dim(7T"). The basic setup will be the same as in the case of U(n). Write N :=
dim(K) and n := dim(7"). The subspace t = Lie(T") of ¢ = Lie(K) admits a natural Ad(7)-
invariant complement €/t := €N (3>, .5 ¢%). Fix a nonzero w; = aq A f; in AN(£), with
a; € A"(t) and B, € AN""(€/t). The compactness of T implies that (; is Ad(T)-invariant.
We obtain left-invariant differential forms w € QN(K),a € QY(T),8 € QV"(K/T). (We'll
denote here and henceforth by Q*(M) for the space of smooth k-forms on a manifold M, and
QF(M) for the subspace of compactly-supported k-forms.) The compactness of K implies
that w is also right-invariant. We obtain Haar measures |w|, |a|, || on K, T, K/T. We may
assume w and a normalized so that |w| and |«| are probability Haar measures; the same is
then true for || by the analogue of Fubini’s theorem. We define

q: K/TxT —= K

q(g.t) = gtg™",

and write
7w = det(q)(8 A ).
Lemma 6.13. (i) For all (9,t) € K/T x T, we have

det(q)(g,t) = D(¢),
where
D(t) := det(1 — Ad(t)[e/t) = [ [ (1 — )@,

(ii) We have D(t) > 0 for allt € T. We have D(t) > 0 precisely when t* # 1 for all a € .

We’ll see a bit later that each root space g“ is exactly one-dimensional, so that the dimen-
sions appearing in the exponents may be omitted, but we include them for now.
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Proof. The computation of det(q) is exactly as in the case of U(n).

By lemma , we have o € @ iff —a € ®, and moreover dim g* = dim g=*. Thus D(t) is
a product taken over all distinct pairs {a, —a} C ® of the dim(g*)th power of the quantities
(1 —t*)(1 — t~). Each such quantity is nonnegative. (Writing t* = €%, the quantity in
question is 2 — 2 cos.) O

Lemma 6.14. The formula
D(g) == coefficient of X¥™™) jin det(\ +1 — Ad(g))
defines a class function D : K — R that extends the function D : T — R defined above.
We’ll see eventually that in fact D > 0 on all of K.

Proof. For t € T, Ad(t) acts on both t and €/t, so we may factor the determinant of A +
1 — Ad(¢) for the action on on ¢ as the product of the determinants for the actions on t and
£/t; we have Ad(t)|= 1, so the first of the latter two determinants is just A¥™(?) while the
second is D(t) + O(A). O

Definition 6.15. An element g € K is called regular if D(g) # 0. We denote by K*¢ the set
of all regular elements g € K, and set 77 := T N K&,

We observe that K™ is a conjugacy-invariant subset of K and that 7" = {t € T": t* #
1 for all @ € ®}. For example, if K = U(n) and 7' = U(1)" is the diagonal torus, then t € T
is regular iff t; # ¢; for all ¢ # j. It’s clear that any generator is regular, while the converse
is not true in general. Note also that “being a generator” is intrinsic to 7T, while “being
regular” depends also upon the ambient group K.

We note that for any w € W and (¢7,t) € K/T x T and w € W, the action

w- (gT,t) := (qw'T,w-t) = (gu 'T, wtw ™)
is well-defined. It induces defines an action of W on each fiber of ¢; indeed,
g(w - (9T,1)) = (gw™ ") (wtw™")(guw™") ™" = gtg™" = q(¢T1).
We denote this relationship by the diagram
WoOK/TxTSK.

In the U(n) case, the fibers of ¢ correspond to choices of orthonormal basis for a given
unitary matrix; the action of W corresponds to permuting the basis elements and is thus free,
and transitive on the fiber above a regular element because such elements admit a unique
(up-to-reordering) basis of eigenvectors.

The action of W (on each fiber of ¢) is free in general, since if (gwT,w - t) = (¢7',t) then
gwT = ¢gT', hence wT =T, i.e., w =1 in W. We'll see below that the action on regular
fibers is transitive, as in the U(n) case. The action can be far from transitive on irregular
fibers; for instance, ¢~ (1) = K/T x {1}, and the action of W on K /T fails to be transitive
whenever dim(K/T") > 0.
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We're now prepared to state the Weyl integral formula for K, together with some related
consequences:

Theorem 6.16. Let notation and assumptions be as above: K is an N-dimensional con-
nected compact Lie group with n-dimensional maximal torus T and Weyl group W'.
(i) q is surjective, i.e., K = UyexgTg™".
(i1) The restriction
q: K/T xT"® — K*®
is a |W|-to-one covering map, with the group W acting simply-transitively on the fibers.

This restriction is orientation-preserving at every point.
(iii) For all v € QN (K), we have

(6.6) / v = ]W|/ v.
K/TXT K

(iv) For all f € C(K) (i.e., continuous f : K — C) we have

/(g,t)eK/TxTD(t)f(gtgl) = |W’/K I

with all integrals taken with respect to probability Haar measures.

Proof that [i7] implies [id. Take v = fw, with w € QY(K) as used above to describe the
probability Haar on K. Then ¢*v = fq*w = fD(5 A «). O

Proof that[iz] implies[]. Let E denote the image of ¢. Suppose otherwise that we may find
some z € K — FE. Since K/T x T is compact and ¢ is continuous, the set E' is compact, hence
closed, so we may find an open neighborhood U of x disjoint from E. Choose v € QY (U)
with [ # 0. Then ¢*v = 0. Using (ii), we deduce that

0= [av=wi[vz0

giving the required contradiction. U

Proof of [i] and [ii]. First, let € T8, Lemma implies then that det(¢) > 0 on ¢ '(z).
Thus for each y € ¢~ !(z), the map ¢ is an orientation-preserving local diffeomorphism at y.
In particular, ¢7'(x) is a closed 0-dimensional subset of the compact set K/T x T, and so
q '(z) is finite. We may thus find a small neighborhood U of x and, for each y € ¢~!(z),
a small neighborhood U, of y so that ¢ induces diffeomorphisms U, = U. By shrinking
U and hence each U, if necessary, we may assume that the U, are all disjoint. Using the
compactness of the domain of ¢, we see that the image under ¢ of the complement of U,U,
is compact, hence closed, so by shrinking U if necessary, we may assume that the image in
question is disjoint from U. Then

(67) q71<U) = l—lyEq—l(x)Uy7
with the map ¢~ }(U) — U a trivial cover.
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We've noted already that W acts freely on every fiber of ¢q. We claim now moreover that
W acts transitively on every fiber of ¢ in U, i.e., that W permutes the “pancakes” U, lying
above U. It suffices to verify that W acts transitively on the fibers above any individual
element ¢t € U. By Lemma [6.8, we may take for ¢ a generator of T. As a “basepoint” for
q (), we may take the pair (¢T,t), with e € G the identity element. If (¢T',s) is any other
element of ¢71(¢), then gsg~! =t, and so g~'tg = s € T, which (by Lemmal6.9) forces g to
lie in N(T), i.e., w := ¢gT to lie in W. Thus (g7, s) = w - (eT',t), and so W acts transitively
on ¢ 1(t), as required. It follows in particular that #q~'(z) = #q~*(t) = |[W]|, so that for
any v € QN(U),

(6.8) /q*l/ _ |W|/u.

We have nearly established [iif what remains to show is just that ¢ : K/T x T"8 — K" ig
surjective. The required surjectivity will follow from [] and hence from [iii] so it remains only
to establish [l

To that end, let us call an open subset U of K good if holds for all v € QY (U). By
a partition of unity argument and the compactness of K, it will suffice to show that every
element of K admits a good neighborhood. We've seen already in that every element
of T"* admits a good neighborhood. The set 77 is nonempty. The idea now will be to use
Stokes’ theorem to “propagate” goodness from any one open set to the rest. The following
elementary fact from differential geometry, known as the Poincaré lemma, will be of use:

Let vy, vy € QN((0,1)N) be compactly-supported top-degree differential forms on the open
unit cube such that [ 11 = [vy. Then there exists A € QY71((0,1)V) so that vy = v + d\.

For example, if N =1, then vy — 15 = f(x)dz for some f € C°((0,1)) with f01 f(z)dxz =0,
so M) := [ f(y)dy defines an element A € C2°((0,1)) for which d\ = vy — v5. The proof
in the general case is similar and recorded below for completeness. Assuming the Poincaré
lemma for the moment, we may complete the proof of [i1if as follows:

(1) Say that an open subset U of K is small if it admits a chart U = (0,1)Y. We claim
that of Uy, Uy are small, Uy N Uy is nonempty, and Uy is good, then Us 1s good. To
see this, let 1o € QY(Us) be given. Choose any v € QY (U; N Us) with [11 = [ 1s.
By the Poincaré lemma applied in the chart for Us, we may find A € Q¥~1(Uy) so
that v5 = 11 + dX. We have ¢*d\ = dqg* )\, whose integral vanishes thanks to Stokes’
theorem. By the assumed goodness of U; and the construction of 14, we deduce that
[ qve = [ ¢ = |W|[v1 = [W|[ 5. Since v, was arbitrary, we deduce as required
that Us is good.

(2) We have seen that there exists some small good subset U of K (namely, any small
enough open neighborhood of a regular element of T'). Tt will suffice to show that
any other small open subset U’ of K is likewise good. To that end, let us choose a
curve 7 : [0,1] = K with (0) € U and (1) € U’. We can find for each s € [0, 1]
a good neighborhood of 7(s). By a compactness argument applied to the preimages
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of those neighborhoods, we may find a sequence U = Uy, Uy, ...,U,,_1,U,, = U’ of
small open subsets of K with U; N U;_; # 0 for all j = 1..m. By what was shown
above, the goodness of Uy = U inductively implies the goodness of every U;, hence
in particular of U’.

The proof is now complete. 0

Proof of the Poincaré lemma. (Omitted from lecture, recorded here for completeness; prob-
ably a good exercise.) Let’s work with n instead of N. Write

1/1—1/2:f($1,...,xn)dx1A"'Adl'n.

By hypothesis, f is supported in (0,1)" and has mean zero. Our aim is to show that
f(z1,...,x,)dxy A -+ - ANdzy, is of the form dX for some (n — 1)-form A supported in (0, 1)".
Equivalently, we must show that

(6.9) f=Y 0
j=1

for some gy, ..., g, supported in (0,1)", where 0; denotes the partial derivative taken with
respect to z;.

We induct on n. The case n = 0 is tautological, while the case n = 1 was treated above.
For the case n > 2, we apply our inductive hypothesis to write

/1 fly,zo, ..., x,)dy = Z Ojh;(za,. .., xy).
y=0 j=2.1n
Fixing x € C°((0,1)) with [ x =1, the function
(6.10) gj(x1,. .., x,) = x(x1)hj(22,. .., 2p)
is supported in (0,1)". Set f':= f — ijz 0;g;. Then

1
/ f'(y,z2,...,2,)dy =0 for all zo,...,x,,
y=0

so that
T1
g1(x1, ..., x) ::/ 'y, z2,...,2,) dy
y=0

is supported in (0,1)" and satisfies 911 = f’. The required identity then holds by

construction. O

Remark 6.17. T wanted to present the proof as elementarily as possible, but I would be remiss
not to mention that what the above arguments “really” show is that for any connected N-
manifold M, the compactly-supported top-degree de Rham cohomology group

(6.11) HY(M) = Qg (M) /d = (M),
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with coefficients taken in either £ = R or C, is isomorphic to k, with the isomorphism

(6.12) HN (M) Sk

defined by integrating an N-form over M. (Convince yourself that our arguments actually
establish this.) Since K/T x T and K are both connected compact N-manifolds, we can
replace HY with H", and the formula says that the dual map ¢* on de Rham cohomlogy
fits into a commutative diagram

HY(K) - HN(K/T x T)

.

where we write |W| for the “multiplication by |W|” map. We know that every continuous
k-linear map k — k is given by multiplication by something, so the issue is just to compute
the proportionality constant for at least one N-form v. We managed to do this for all v
supported in a small enough neighborhood of a regular element of the torus.

It’s also worth noting that one can see a priori that proportionality constant (in this case
|W|) must an integer by applying the comparison isomorphism relating de Rham cohomology
to singular cohomology and working instead with Z-coefficients for the latter, using Poincaré
duality to obtain the analogue over Z of the integration isomorphism (|6.12]). For details see
the BTD course reference.

— k,
(W]

Remark 6.18. The intuitive idea behind the proof of the surjectivity assertion [il of Theorem
[6.16) may be illustrated as follows. Let C' be a smooth periodic oriented curve in the “cylin-
der” X := R/Z x R, thus C is the image of some smooth map v : R/Z — X. Consider the
map ¢ : C' — R/Z given by the projection (x,y) — x onto the first coordinate. Suppose
that ¢ fails to be surjective; say xy ¢ ¢(C). Take a “generic” nonempty fiber ¢~1(z). It’s
then intuitively plausible that the signed sum of the orientations of the elements y € ¢~!(z)
must be zero, because the trajectories along C' departing from such elements and moving in
the direction of zy must pair off with one another in a complementary fashion to be com-
patible with ¢~!(x() being empty. This intuitive plausibility is in fact the case, and may be
formulated and proved rigorously by the above arguments. This explains why ¢ failing to
be surjective is incompatible with the fact that det(q) is everywhere positive, the latter of
which implies that the orientations sum to |W| rather than to 0.

&

6.7. Consequences of the conjugacy theorem. Let K be a compact connected Lie
group. We saw above that for any maximal torus 7', we have K = UyexgTg'. We now
explore some consequences of this fact.

BEnd of lecture #12, Tuesday, 2 Apr
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Theorem 6.19. Every element of K is contained in some mazimal torus, the exponential
map exp : € — K is onto, and every x € K is contained in the connected component Zy (x)°
of its centralizer.

Proof. If T is a maximal torus, then its conjugates gT¢g~! are also maximal tori, and we’ve
seen that every element of K belongs to one of these. Since for any torus 7" the exponential
map exp : t — T is surjective, we deduce the corresponding result for K. The final assertion
is clear when z is contained in the maximal torus T', because then g € T < Zg(x)°, and
follow in general from what we have just shown. 0

It’s worth illustrating the subtlety here with a “near proof.” Given an element x € K,
let H := @ denote the closure of the subgroup that it generates. Then H is closed in K,
hence compact, and abelian. If we knew that H were connected, then H would be a torus,
and so we’d be done. If we even knew merely that x belonged to the connected component
H° of H, then we could conclude similarly. But in general x ¢ H°. For instance, take
r = (—1,¢) € U(1)2. Then H = {£1} x U(1) and H® = {1} x U(1), so = ¢ H°. This
illustrates some of the subtlety involved in Theorem [6.19

Anyway, continuing with the consequences:

Theorem 6.20. Any two maximal tori T,T' of K are conjugate.

Proof. Let t' € T" be a generator. We've seen that t' € gT'g~! for some g € K. Since gT¢g*
is a closed subgroup and #' is a generator, it follows that 7" C ¢T'¢g~!. Since T is a maximal
torus, so is gT'g~!, which forces the equality 77 = gTg~. O

Theorem 6.21. The center Z(K) of K is given by
Z(K) = mmaavimal tors TT-

Proof. e “D": Let z € NT and = € K. By Theorem [6.19, we may find a maximal torus
T with x € T. Then z € T, so x and z commute. Since x was arbitrary, we conclude
that z € Z(K).

e “C”: Let 2 € Z(K), and let T be a maximal torus. Choose g € K so that z € gTg™".
Then T' > g~'2g = z, because z is central. Since T was arbitrary, we conclude that
zenT.

O

Theorem 6.22. Let T be a mazximal torus, with Weyl group W = N(T)/T. If t,t' € T are
K -conjugate, then they have the same W -orbits. Thus the map

T /W — {conjugacy classes in K}
15 bijective.
Proof. Let H := Zy(t')° denote the connected component of the centralizer of ¢ € T. Choose

g € K so that ' = gtg™!; in paricular, ¢’ € gT'g!. Then the tori gT'¢~! and T are both
contained in H and maximal in K, hence maximal in H, so by Theorem [6.20] applied to the
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compact connected Lie group H, we see that there is some h € H so that T = hgTg 'h™!,
i.e., so that hg € Ng(T). Let w := hgT denote the class of hg in the Weyl group W. Then
w-t=hgtg th™' = ht'h~1 =, since h centralizes t'. O

Theorem 6.23. Let S C K be any torus. Then its centralizer is described by the formula
ZK(S) = Unagimal tori TQST-

Proof. We start by noting that if g € Zx(S), then S C Zx(g)°. The remainder of the proof
is left as an exercise in applying the ideas introduced above. 0

Corollary 6.24. For all tori S, the centralizer Zy(S) is connected.

This might sound at first like a very dry and boring result, but knowing that a subgroup
is connected is quite powerful, because it reduces the determination of that subgroup to that
of its Lie algebra.

Corollary 6.25. Let T be a maximal torus. Then Zx(T) = T. Thus the Weyl group
W = Ng(T)/T = Ng(T)/Zk(T) acts faithfully on T, i.e., W injects into Aut(T).

Corollary 6.26. Let x € t. Then Zk(x) :={g € K : Ad(g)x = =} is connected.

Proof. Set S := exp(Rz). Then S is a torus, and Zx(z) = Zk(9). O

6.8. Basics on Weyl chambers. We continue to assume that K is a compact connected
Lie group. We fix a maximal torus 7. We now define the “Lie algebra variants” of the sets
of regular elements defined at the group level in §6.6] To that end, let us denote by

Dy - g— R
Do(z) := coefficient of X™™) in det(\ — ad(z))

the Lie algebra analogue of the map D : G — R defined earlier. We may compute Dy on a
toral element z € t as follows. The root space decomposition (6.4) for the action of 7" on g
differentiates to a decomposition for the action of t on g, namely if we decompose = € g as

(6.13) T=20+ Y Ta € tc B (acad®),
then
(6.14) [z,2] =0+ Za(z)xa for all z € t.

Thus det(A—ad(z)) = A T o (A—a(z))4™E%). Since the roots a come in pairs {a, —a}
with dim(g®) = dim(g~*), we have [],(—1)™") = 1, which gives the simple formula
Dy(z) = H a2)3mE™) for 2 € t.
acd

We note again that we’ll show in a bit that each root space is one-dimensional, so that the
exponents dim(g®) may be omitted.



REPRESENTATIONS OF LIE GROUPS ETH ZURICH, SPRING 2019 83

Definition 6.27. We say that = € € is regular if Do(x) # 0. We write €8 C ¢ for the subset
of regular elements. We more generally use a superscripted reg, as in t'8, 3%, etc., to denote
the subset of regular elements.

A Weyl chamber C is a connected component of t3*.

We note that €8 is closed under Ad(K), since the characteristic polynomial is invariant
by conjugation. We leave it to the reader to check the instructive identity

£ = {o € t: exp(iex) € K'® for all small € > 0.}

Thus €°% may be regarded as a sort of “tangent cone” at the identity to the open subset
K& of K. Note however that there are elements of £ whose exponentials do not lie in
Kr&; for example, x = diag(mi, —mi) € su(2) is regular, but exp(z) = diag(—1, —1) € SU(2)
is not regular.

Let C' be a Weyl chamber. Its image a(C') under any root « is then a connected subset
of Ry = Ry UR,, and is thus contaiend in either the positive or negative reals. In other
words, we may find signs ¢, € {£1} (o € @) so that C C C. = {2 € tg : gpa(x) >
0 for all & € ®}. On the other hand, it’s clear from the definition that C. is a convex cone,
ie. if x1,...,2, € C. and t,...,t, > 0, then t;xy + --- + t,x,. In particular, C. is a
connected subset of t%. Since C' is by definition a connected component of the latter set,
we deduce that C' = C¢; that is to say, every Weyl chamber is described by requiring that
each root a have some prescribed sign ¢, on all of C'. In particular, C' is a convex cone.

For instance, if K = U(n), then tg identifies with the set R™ of n-tuples x = (z1,...,x,)
of real numbers, and the subset tz® with the subset consisting of those z whose entries
are distinct: x; # x; for @ # j. Since the roots are of the form ¢; — ¢; with ¢ # j, any
Weyl chamber C' is described by inequalities of the form z; > x; or x; < x; for all indices
i < j. There is thus a permutation o of {1..n} so that C' = {z : z,1) > -+ > 2o }. In
particular, the symmetric group S(n) acts simply-transitively on the set of Weyl chambers.
This observation and the fact that W = S(n) are no accident; we’ll soon see that they are
features of general compact connected Lie groups.

Let’s briefly review the various actions at our disposal. We have actions of K on K
by conjugation, on €, g by the adjoint representation Ad, and on €*, g* by the coadjoint
representation Ad*; we also have the differentiated actions ad of £ on &, g (or of g on g) and
ad” of € on £*, g* (or of g on g*). These are related as follows: if g € K and x € g and £ € g*,
then

<$7€> = (g:mgﬁ),

here (,) denotes the canonical pairing g ® g* — C and we abbreviate g - z := Ad(g)zx and
g-&:=Ad"(g)¢. In terms of the differentiated actions, this reads: for z € g, we have

<Z{L‘,£>+<ZL‘,Z£>:O7

where - denotes the evident action, e.g., z -z = ad(z)z = [z, z].
The Weyl group W = N(T')/T acts on T by conjugation, hence on t, tg, tc, etc., by the
adjoint action inherited from G, and likewise on t*, t;, etc., by the coadjoint action. The
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action of W on T induces an action of w € W on the cocharacter group XV (7') and on the
character group X (7T), denoted v — w(y) and A — w(\), characterized in the first case by
requiring that

S0 — . 27
(for z € U(1) and v € XY(T')) and in the second case by requiring that

(w - )W = A

(for t € T and A € X(T')). The actions of W on X(7T) and XV(T) and on t; and tg are
compatible with the identifications X (7T') = ¢, C t; and XY (T') = t; C tg, thus the actions
of W on tg and on tj stabilize the lattices t; and t;,. Moreover:

Lemma 6.28. (i) W acts on the set ® of roots, i.e., w(a) € ® for all a« € ®; more
precisely,

(6.15) w - g = g,

(ii) W acts on tz®.
(i1i) W acts on the set of Weyl chambers, i.e., if C is a Weyl chamber, then so is w(C') for
each w e W.

We might pause to convince ourselves that all of these properties are obvious in the familiar
case of U(n).

Proof. (i) We check ([6.15)). It suffices to show that w - g*. (The same argument then gives
w™t - g@¥® C g* whence equality.) Let x € g* Then for t € T,

t-w-x=Ad(t) Ad(w)z = Ad(w) Ad(w™" - t)z = (w™! - )* Ad(w)z = t*@ Ad(w)z.

Thus Ad(w)z € g¥®), as required.

(ii) Recall that t® consists of z € tg for which (x, a) = a(x) is nonzero for all roots a. We
have (w -z, a) = (z,w !(a)), and we've seen that w™! preserves the set of roots, so we
conclude that w stabilizes tp®.

(iii) We use the previous assertion and the continuity of the action of W.
U

The following result illustrates well the power of knowing that tori have connected cen-
tralizers:

Lemma 6.29. The action of W on the set of Weyl chambers is free, i.e., if C' is a Weyl
chamber and w € W satisfies w(C) = C, then w = 1.

Proof. Let We :={w € W : w(C) = C}. We must show that We = {1}. We've seen that
(' is a convex cone, and also that W and hence W is finite. Let yy € C. Then the element
Y = ZweWC w - Yo is a positive linear combination of elements of C', hence belongs to C.
Let w € We. Then w permutes the summands in the definition of y, so w -y = y, i.e.,
wT C Zg(y). By Corollary [6.26] Zx(y) is connected. By general Lie theory, the Lie algebra
of Zk(y) is given by Zi(y) = {z € ¢ : [y,z] = 0}. Let x € Z(y). Writing x = o + >_ 24
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as in (6.13)), we have 0 = [y, 2] = 0+ > a(y)xq. Since a(y) is nonzero and the root space
decomposition (6.4) is a direct sum decomposition, it follows that x, = 0 for all o, whence
that © = z9 € tc N € = t. Therefore Z¢(y) = t. By the noted connectivity, it follows that
Zk(y) =T. Thus wT C T, ie., w=1in W. We conclude as required that W = {1}. O

We’ll see later that the action of W on the set of Weyl chambers is moreover transitive;
the above lemma will then tell us that it is simply-transitive, hence that the order |W| of the
Weyl group is equal to the number of Weyl chambers. So far, we haven’t given any way to
produce nontrivial elements of the Weyl group. (For instance, why should W be nontrivial
when K # T?7) That’s our next main objective. The construction will involve the roots. For
each root a , we'll cook up a map F, : SU(2) — K. We’ll then use these maps to produce
Weyl group elements, called root reflections, which we’ll eventually show generate the Weyl

group.
6.9. Notation and preliminaries concerning SU(2). Take K = SU(2), so that £ = su(2),
G = SLy(C), g = sl,(C). Let T < K denote the standard maximal torus {diag(¢,t7') : t €
U(1)}, so that t < £ and tc < g are the diagonal subalgebras. The map 6 : g — g given

as usual by 6(x) = —z* = —T" has the property that € is the 6-fixed subspace of g. Define
X,Y,H € g by

610 () (00 v (00)

Then

(6.17) (X,Y|=H, [HX]=2X, [HY]=-2Y
and

(6.18) 0(H)=—-H, 0X)=-Y, 0()=-X.

These properties give a “presentation” for su(2) in that for any pair (g’,6’) consisting of
a three-dimensional Lie algebra g’ equipped with an antilinear involution 6" that admits a
basis H', X', Y" satisfying the analogue of and (6.18)), the map sl,(C) — ¢’ given by
Hw— H' X — XY — Y’ is an isomorphism of complex Lie algebras that intertwines 6
with @) hence induces an isomorphism of real Lie algebras su(2) — ¢ :={z € ¢’ : 0'(z) = z}.
We have
tc =CH, tx=RH, t;=7ZH.

(For the last of these, we note that every one-parameter subgroup U(1) — T is given by
z +— diag(z"™, 27™) for some m € Z; we may rewrite this as exp(if) — exp(imH ), whence
the claim.) In view of (6.17)), the root space decomposition of g is given by

(6.19) g= C{H@CX@ CY,
c ge g«

where o € tf; is characterized by
(6.20) alH) =2.
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The set of roots is thus

(6.21) o = {a,—a}l.
We note that
(6.22) tt =Ca, t =Ra, t,=1Z0

(For the last of these, note that the characters of T are given by diag(t,t~!) + ¢ for some
| € Z, and that if we write diag(t,t™!) = exp(i@H), then t' = exp(ifl) = exp(ifla(H)/2) =
exp(i0H)'*/? whence the characters of T are uniquely of the form la/2 with [ € Z.)

Recall (§2.8 and earlier) that any finite-dimensional representation = : SU(2) — GL(V)
decomposes as a sum

V= @kezvk
of weight spaces
VF.={v eV :diag(tt )=t for all t € U(1)}.

For example, if (m,V) = (Ad,g), then V' = CH = t¢,V? =CX = g*, V2 =CY = g
In terms of the differentiated representation dr : su(2) — End(V') and its complexification
dr : sly(C) — End(V), we may write

VF={veV dr(H)v = kv},

that is to say, the weight space decomposition of (7, V') is simply its decomposition into
eigenspaces for the operator dm(H). Note in particular that every eigenvalue of dr(H) is an
mnteger.

For simplicity of notation we will often use abbreviations like zv := dr(z)v for x € g and
v € V when 7 is clear from context.

In view of the general identity “g*-V* C V***” (Lemmal6.5) and the fact that a(H) = 2,
we see that X and Y act on the H-eigenspaces by “raising and lowering operators,” i.e.,

(6.23) dr(X): VP = VER2 . dn(Y) : VF = V2

For instance, this follows in the case (7, V') = (Ad, g) from the identities (6.17)).

We have also seen that the irreducible finite-dimensional representation of SU(2) are
indexed by nonnegative integers n and given explicitly by the (n + 1)-dimensional space
V, = Clz, y] (") of homogeneous polynomials of degree n in two variables, with SU(2) acting
by right translation. Moreover, any finite-dimensional representation (m, V') of SU(2) decom-
poses uniquely as a finite direct sum V' = @, 1) for some multiplicities p(n) > 0,

The weight spaces of the irreducible representations (7, V;,) are all one-dimensional, and
the weight space decompositions read
(6.24) Vo=ViaVi eV ?te eV, ™"

(6.25) =C2"pCz" 'y®Ca" %2 @ - Cy".
Using the definition (6.16)), we compute that the action of g is given by

(6.26) drnn,(H) = 20, — y0,, dm,(X)=120,, dm,(Y)=y0,.
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It follows readily from this explicit description that the lowering maps
(6.27) vrLoye2 Lyn2 L Ly

and the raising maps

(6.28) v Sy Lyt L Ky

are all isomorphisms of one-dimensional vector spaces. Indeed, they send each monomial to
an explicit nonzero multiple of another monomial. Of course dn(X)V" and dm(Y)V, ™ are
trivial, because the weight spaces V,"*2 and V,-"2 are trivial.

Here’s a typical application of the above explication of the representation theory of SU(2);
this application will turn out to be the key for showing that the root spaces of a general
compact Lie group are one-dimensional.

Lemma 6.30. Let V' be a finite-dimensional representation of SU(2) such that

(1) all weights (i.e., eigenvalues of H) are even, and
(ii) the weight space V° is one-dimensional.

Then V is irreducible, say V =2 V,. If moreover there exists a nonzero vector v € V? such
that Xv =0, then n = 2.

Proof. Since the weights are even, when we decompose V = @Vt () as a sum of irreducibles

V,, only those with n even occur with positive multiplicity u(n). For n even, we have
dimV? =1, thus 1 = dimV° = " p(n). Thus pu(n) = 1 for some n and vanishes for all
other values, and so V =2 V,.

Suppose there exists v with the stated property. Since v is nonzero and X annihilates v,

we see (from the assertion following ((6.28))) that n = 2. O
[
Similarly:

Lemma 6.31. Let V' be a finite-dimensional representation of SU(2) that has some odd
weight, i.e., the weight space V™ is nonzero for some odd integer n. Then the weight space
V1 is nonzero.

Proof. We decompose V' = @nzoVn@” ™) into irreducibles. Since the weights of V,, all have
the same parity as n, we see that u(n) is positive for some odd n. But for such n, the
weights of V,, are n,n—2,n—4,...,3,1,—1,-3,...,—n. Thus dim V;! > 0 and so dim V! >
p(n)dim V! > 0, as required. O

6.10. From roots to distinguished SU(2)’s. We're now ready to state and prove one of
the most important theorems concerning the structure of compact Lie groups.
Recall the notation (6.16]) for the standard basis elements H, X, Y of sly(C).

MEnd of lecture #13, Thursday, 4 Apr
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Theorem 6.32. Let K be a compact connected Lie group, T < K a maximal torus, & =
O(K : T) the associated set of roots, and g = €c the complexified Lie algebra with the usual
root space decomposition. Let o € ® C t}, be a root.

(1) There is a morphism of Lie groups
F,:SU(2) - K
whose differential dF, : su(2) — € has complexification dF, : sls(C) — g satisfying
dF,(X) € g*.

(2) There is a cocharacter «¥ € XY(T) = Hom(U(1),T) so that for each such F,, we
have a commutative diagram

U(l) 2 T
(6.29) t»—)diag(t,l/t)l J
SU(2) — K.

Fo
The cocharacter o is independent of the choice of F,. More precisely, let
H, €t = XY(T)
correspond to o in the sense of thus
o (e?) = exp(i0H,)

for all @ € R. Then H, is the unique element of (g%, =] such that a(H,) = 2.

(3) dim(g®) = 1.

(4) Can® =QaNd = {a,—a}.

(5) F, is unique up to conjugation by the image of a".

(6) Let T, < T denote the codimension one subtorus defined as the connected component
of the kernel of o, thus

T, =ker(a)’={t€T:t*=1}" t,:=Lie(T,) = {z € t: a(r) = 0}.
Then the image of F,, is contained in the centralizer Z(T,), and the composition
(6.30) SU(2) L2 Z(T) — Zi(Ta) /T
is surjective, and induces an isomorphism su(2) = Zy(t,)/ts of Lie algebras.

The point is that a root a on its own is fairly useless — there’s not much you can do — but
once you know that it comes from some copy of SU(2), everything becomes possible. If we
learn anything from this part of the course, it’s that we should always think of a root of a
compact connected Lie group as coming with an associated copy of SU(2) in the above sense.
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Let’s illustrate with the example of K = U(3), with 7' = U(1)? the standard diagonal
maximal torus and o = €; — &5, so that g = CE;5. We may then take

so that dF,(X) = F15 € g*. The composition of the standard cocharacter U(1) —>tHdiag(t71/t)

SU(2) with F,, is the cocharacter

t— 1/t
of K, and we have a"(e?) = exp(i H,) with
=dF,(H).

We have ® = {e; —¢; : 1 # j}, so it is clear that Qa N ® = {a, —a}. We compute using the
Lie algebra that

2
T, = ( z 1z, teU(1) o,
b
d

Zg(T,) = c t : (CCL Z) e U(2),t € U(1)

We may verify that F,, : SU(2) — Zx(T,)/T, is surjective with kernel {£1}, and in any
event that dF, defines an isomorphism of Lie algebras (which is simplest to check first for
the complexified Lie algebras).

If we were instead given o = &1 — e3, then we’d take

0 b a 0 b
Fa(<c d)) =101 0
c 0 d

6.11. Classification of rank one groups. Before proving Theorem let’s illustrate
its power with a typical application.

Definition 6.33. The rank of a compact connected Lie group K is defined to be the dimension
of any maximal torus 7' (which is well-defined by Theorem [6.20} for instance):

rank(K) := dim(7").
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For instance, rank(U(n)) = n, while rank(SU(n)) =n — 1.
It’s clear from Lemma that every connected compact Lie group of rank 0 is trivial.
The case of rank 1 is more interesting:

Corollary 6.34. Every connected compact Lie groups K of rank 1 is isomorphic to exactly
one of the following:

e U(1)

e SU(2)

o SU(2)/{£1} = SO(3)

Proof. Let T' < K be a maximal torus and g = £¢, with ® the set of roots. If ® is empty, then
the root space decomposition implies that g = t¢, hence that £ = t; since K is connected,
this forces K = T = U(1). Suppose otherwise that there exists some o € ®. Then the
codimension 1 subtorus 7, < T defined in Theorem has dimension dim(7,) = dim(7T') —
1 =0, and so T,, = {1}. Thus Zx(T,) = K and Zk(T,)/T, = K. Thus any map F, :
SU(2) — K as in Theorem defines a Lie algebra isomorphism su(2) — K. Since K is
connected, Fy, is surjective. Since dF,, is injective, the kernel of F,, is a (discrete) subgroup of
the center {£1} of SU(2) (see e.g. §20 and especially Lemma 154 of my notes on Lie groups,
on the course homepage; the general fact being used here is that if f : G — H is a morphism
of Lie groups with df injective and G' connected, then ker(f) is a discrete subgroup of the
center of G). Thus either K = SU(2) or K = SU(2)/{%1}; the two cases are distinguished
by (for instance) their centers. O

In fact, this application is representative of the power of Theorem [6.32] in the sense that
one could go backwards and derive much of Theorem [6.34] assuming Corollary [6.34 We will
not do this here, but it’s done that way in some references, e.g., the BTD course reference.

6.12. Some invariant inner products. Before turning to the proof of Theorem [6.32,
we pause to choose some inner products concerning the objects in its statement. (The
formulation of Theorem is independent of this choice, but the proof will not be.) Choose
an embedding K < U(n) with respect to which 7" is contained in the diagonal subgroup
(see for details on this and what follows). This choice defines an embedding g — gl,,(C)
with respect to which tg is contained in the subspace of diagonal matricse with real entries.

We have the usual involution 6 : gl,,(C) — gl,(C), preserving g, and given by 0(x) := —z*,
where x* := Z'. Then:

e The map
gl,,(C) x gl (C) - R
(x,y) — —trace(z6(y))
defines an inner product. Indeed,

— trace(zf(y)) = trace(xy”) = Z TijYij -
1]

In particular, this map restricts to an inner product on g.
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e The map
tg xtg =& R
(x,y) — trace(zy)
is an inner product. Indeed, for y € tg, we have y = —0(y), so this is just

the restriction of the inner product defined above on gl (C); explicitly, it is just
the obvious inner product given in terms of the diagonal entries by the formula

trace(zy) = Y, Tiilu.
e The inner product just defined on tg defines an isomorphism
tr = tr
A = Uy
characterized by the identity

(6.31) A(z) = trace(uyz)
for all z € tg. The same identity extends C-linearly to all z € {¢.
e Using the above isomorphism, we may transport the given inner product on tg to an
inner product on t; that we denote by (,): for Ay, Ay € £,
(6.32) (A1, Ag) := trace(uy, uy,)-
For example, if K = U(n), then under the identification t; = R"™ as in , this inner
product is the standard one.

We verify readily that the inner product that we defined on gl,,(C) is Ad(U(n))-invariant,
hence that on g is Ad(K)-invariant and that on tg is W-invariant.

6.13. Proofs concerning the passage from roots to SU(2)’s. With these preliminaries
out of the way, we’re now prepared to give the:

Proof of Theorem[6.33. (i) We’ll construct F,, in terms of generators and relations (see
(6.17)) and (6.18])). We start by constructing elements X, Yy, H, € g that we eventually
intend to be the images of X,Y, H € sly(C) under dF,,.

First, let ¢ > 0 denote a suitable constant to be specified later (in (6.42))), and choose
any X, € g% whose norm || X, ||*:= — trace(X,0(X,)) is equal to c. Set Y,, := —0(X,,) €
g “and H, := [X,,Y,] € tc. We get a linear map

“dF” . sl,(C) — g
X— X, Y—Y, H— H,.

We want the above map to define a f-equivariant Lie algebra morphism. For this to
be the case, the non-obvious relations to be verified are that

(6.33) [Ha, Xa] = 2X,,
(634) [Ha,Ya] = _2Yaa
(6.35) 0(H,) = —H,.
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Since [Ha, Xo] = a(Hy) X, and [H,,Y,] = —a(H,)Y,, the two relations (6.34) are
equivalent to the single relation
(6.36) a(H,) = 2,
while the third relation (6.35)) is equivalent to requiring that
(637) H, € t.
Before checking the above relations, we note that for all z € g*,y € g7 and z € ¢,
we have
(6.38) trace([z, y]z) = a(z) trace(zy).

Indeed, since the trace of a product of two matrices doesn’t change if we swap the
two matrices, we have trace([x, y|z) = trace(z[x,y]) = trace(zzy — zyx) = trace(zxy —
xzy) = trace(]z, x]y), and since [z,2] = a(z) the required identity follows. By the

characterizing property of u,, we may rewrite as the identity
(6.39) [z,y] = trace(zy)uq
of elements of tc.
Applying to X, and Y, gives
(6.40) H, = [X,,Y,] = trace(XoYa)ta = || Xo||*ta = clq.

using in the last two steps the definitions of || X,||* and of Y,,. On the other hand, the
definition of u, gives

(6.41) a(uy) = trace(uauy) = (a, a).
Combining the above two identites, we obtain «(H,) = ¢(«, ). With the choice
2
42 -
042 “T o

we obtain the required relation . Moreover, we have H, = cu, € Ru, C tg, so
holds.

This completes the proof that the linear map “dF,” defines a #-equivariant C-linear
Lie algebra morphism sly(C) — g. By passage to #-fixed subspaces, we obtain a Lie
algebra morphism su(2) — €. Since SU(2) is simply-connected, this lifts to a Lie
group morphism F, : K — SU(2), whose differential dF,, is the map “dF,” that we
constructed.

(ii) The composition

(6.43) o' :U(1) = SU2) & K
is given by

(6.44) ¢ s exp(i0dF,(H)) = exp(i0H,) € T,
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so the diagram (/6.29)) is defined and commutes. Finally, we see from ([6.39) that
(6.45) g% 9% C Cu, = CH,,
so that H, = [X,,Y,] admits the required characterization as the unique element of
(g%, g~ %] for which a(H,) = 2.
(iii) Define
(646) V= CH& S (@Oinezgna)a

and set §ly(C), := dF,(sl2(C)). We may verify then sly(C), that acts C-linearly on V
by the restriction of the adjoint representation ad:
e ady, preserves each summand in , acting on CH,, by the eigenvalue 0 and
on each g"* by the eigenvalue na(H,) = 2n.
e adyx, (g"*) C g*tbe for all integers n. Moreover, adx, (g~) € CH, thanks to
. Thus ady, maps V to V.
e Similarly, ady, (g"*) C g1 for all integers n, and ady, (g*) C CH,.
Thus V' defines a finite-dimensional C-linear representation of sly(C), hence by The-
orem ([5.16]) a finite-dimensional representation of SU(2). This representation has the
property that all weights (i.e., H,-eigenvalues) are even, the weight zero subspace CH,,
is one-dimensional, and the weight two subspace g contains the vector X, for which
ady, X, = 0. By Lemma [6.30, we deduce that V' is isomorphic to the irreducible
three-dimensional representation V5 of SU(2), whose weights are {0, 2, —2} each occur-
ring with multiplicity one. Thus

(6.47) dim g® = dim g~ = 1
and
(6.48) dimg"* =0 forn € Z —{0,1,—1}.
(iv) We now take instead
(6.49) V = CH, ® (Posnecad™).

(We might note in passing that, since the set ® of roots is contained in the finite free Z-
module t, the sum over n could be restricted from the start to Qa.) We note as before
that sl,(C), acts on V by the restriction of ad. Then V' defines a finite-dimensional
representation of sly(C), and so, as we have seen, all of the weights of ady, must be
integers. But the eigenvalue of ady, on g"* is na(H,) = 2n, which is an integer only
if n € (1/2)Z. We've seen already in that for n € Z, we have na ¢ ® unless
n = +1, so it remains only to consider the case that na € ® for some n € (1/2)Z — Z.
But then 2n is odd, so g"* is a nonzero weight space for V' with odd weight, so by
Lemma , we see that the weight one subspace V! = g®/2 is nonzero, i.e., that /2 is
a root. But then a/2 and o = 2(«/2) are both roots, which contradicts (applied
to a/2 in place of ). The proof that Ca N ® = QN P = {a, —a} is now completeﬁ

I5End of lecture #14, Tuesday, 9 Apr
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(v) The uniqueness of F,, up to conjugation by ¥ follows from the recently established one-
dimensionality of g* and the construction of F,. Since we required [|X,[*= 2/(a, «)
and the choices of Y,, and H, were then forced by the requirement that dF, be a 6-
equivariant Lie algebra morphism, any other map F, satisfying the same conditions as
F, is obtained by replacing X, as in the construction of F,, with its multiple by some
element ¢ € U(1). Since [H,, Xo] = 2X,,, we have

(6.50) Ad(a (™)X, = Ad(exp(i0H,/2)) Xq = € X,,

which implies that F is the conjugate of F, by aV(¢?/?), as required.

(vi) We have t, = {z € t: a(r) = 0} and and Lie(Zx(T.)) = Zi(ts) and (Ze(ta))c =
Zy(ta) ={x € g:[z,2] =0forall z € t with a(z) = 0}. Since [z, X,] = a(z)X, and
[2,Y,] = —a(2)Y, for all z € t, and since t¢ is commutative, we see that X,,Y,, H, all
belong to Z4(t,). Since SU(2) is connected, it follows likewise that the image of F, is
contained in Zk(T,). It remains only to check that the map

dFy : su(2) = Zy(ta) /ta
is an isomorphism, or equivalently, that
(6.51) dF, : sly(C) = Zy(ta)/(ta)c

is an isomorphism. We note that Z;(t,) is a Lie subalgebra of g that contains t¢, hence
admits a root space decomposition

(6.52) Zy(ta) = tc ® (Dpeng”),

where B denotes the set of all roots 3 € ® for which g° C Z,(t,), i.e., for which
B(z) = 0 for all z € t with a(z) = 0. Since o and f are both nonzero functionals, it
follows that g € B iff § € Ca, which we've seen is equivalent to asking that § = +a.
Since a(H,) # 0, we have a decomposition

(6.53) tc = (to)c ® CH,.
Thus
(6.54) Zy(ta) = (ta)c®CH, ® g* ® g™
and so
(6.55) Zy(ta)/(ta)c =CH, ® g g .
The composition
(6.56) 515 (C) L2 Z,(to) — Zy(ta)/(te)c = CH, @ g% & g~ = s1,(C)

is the identity, so we deduce as required that (6.51)) is an isomorphism.



REPRESENTATIONS OF LIE GROUPS ETH ZURICH, SPRING 2019 95

6.14. Construction of root reflections. We finally develop a way to produce nontrivial
elements of the Weyl group. Start with K = SU(2), with 7" = U(1) the standard diagonal
maximal torus. It follows from our earlier analysis of U(n) that the Weyl group W of T is
isomorphic to Z/2. One can see this by noting that 7" consists of those elements of K that are
diagonalized by the decomposition C? = Ce; @ Ce, of the standard representation into the
lines spanned by its standard basis elements. Hence N(T') acts faithfully on such lines, with
T acting trivially. Thus W embeds as a subgroup of the permutation group of {Ce;, Cey}.
The element w := (_1 L € K swaps the two lines, so in fact W = {eT,wT} is the full
permutation group. The same proof shows that the Weyl group of each of U(n), SU(n), PU(n)

L _1) € sl,(C),

is the symmetric group S(n). Anyway, we compute that with H = <
(6.57) w-H=—1H.

More generally, w acts on each of the spaces t, tz, tg, tc, t*, t, t;, t& by negation. Moreover,
for any finite-dimensional representation V' of SU(2) with weight space decomposition V' =
®aczV? (here V* = {v € V : Hv = M}, as usual), the action of w defines an isomorphism

(6.58) w: VSV

as follows from a routine computation as in the proof of Lemma [6.28]
Returning now to the general setting:

Theorem 6.35. Let K be a compact connected Lie group, with maximal torus T. Let
® = O(K : T) denote the set of roots, and W = N(T')/T the Weyl group.

Let v € ®. Let F,, : SU(2) — K, as in Theorem|6.32, be such that Fa(< 1)) is a nonzero

element of g*. Define
0 1
(6.59) W = FOZ((_1 O))

Then:
(i) we belongs to the normalizer N(T') of T, hence defines a Weyl group element that we
denote by
(6.60) Sq = waT € W.
The element s, is independent of the choice of F,.
(ii) s2 = 1.
(111) For x € t¢,
(6.61) So T =a—a(x)H,
and fort €T,

(6.62) So -t =1/a’(tY).
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(iv) For X € ¢,
(6.63) S A=A — A(Hy)a

Proof. We check readily that assertions (iii) and (iv) are equivalent, that either implies (ii),
and that the claimed uniqueness of s, follows from the established uniqueness of F,,. On the
other hand, each of the assertions (i) and (iii) will follow if we can show that

(6.64) Ad(wa)z = 2 — a(x)H,

for all = € t¢. To that end, we apply the decomposition (6.53) to write © = y + zH,, where
y € tc with a(y) = 0 and z € C, namely z = (1/2)a(z). By part (vi) of Theorem [6.32} the

image of F,, commutes with y, hence Ad(w,)y = y. Set w := 1 1) € SU(2). Then
(6.65) Ad(we)Hy = Ad(F, (w))Fa(H) = Fy(Ad(w)H) = Fa(—H) = —H,,

S0

(6.66) Ad(wy)r =y — zHy =2 — 22H, = — a(x)H,,

as required. O

™

The theorem and its proof imply that the action of s, on tg may be characterized as the
unique linear map that restricts to the identity on ker(«) and sends H, to —H,; similarly,
the action on tj is the unique linear map that is given by the identity on ker(H,) (here
H, € tg = (t)*) and sends « to —a. Suppose now that we choose an embedding K <
U(n). Then, as discussed in , we get an Ad(K)-invariant inner product on g given by
(x,y) — —trace(zf(y)) and hence a W-invariant inner product (,) on tg given by (z,y) =
trace(zy). We may use this inner product to define a duality isomorphism t; = tg, A\ — uy,
where as before (uy,v) = A(v) for v € tg, and also an inner product (,) on t; given by
(A1, A2) = (uy,, uy,). Using such inner products, we may interpret the s, geometrically as
follows.

Definition 6.36. Let (V,(,)) be a finite-dimensional real inner product space, and let 0 #
v € V. The reflection in v is the linear map r, : V' — V that restricts to the identity on the
orthogonal complement v+ of v and that sends v to —v, thus

<U,U> .

Lemma 6.37. Define inner products on tg and ty as above. Let o € ®. The action of s,
on tg is the reflection in H,, while that of s, on t; is the reflection in a.

End of half-lecture #15, Thursday, 11 Apr
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Proof. We recall from §6.13| that H, = ﬁua, so that H, and « correspond to positive
multiples of one another under the isomorphism tg = t; defined above. Thus ker(H,, : t; —
R) is the orthogonal complement of «, while ker(a : tg — R) is the orthogonal complement

of H,. The required conclusion then follows from the formulas for s, noted previously. [

We've defined the regular subset t® in tg to be the complement of Uyeq ker(ar), and we've
defined a Weyl chamber C'in tg to be a connected component of tp*. We may similarly define
the regular subset t; *® in t; to be the complement of U,eqe ker(H, ), where now H, € tg is
viewed as an element of (t;)*, and a Weyl chamber C C t} to be a connected component
of 5. Since the isometry tg = tj; defined above identifies H, with a positive multiple of
a, we see that it identifies the kernel of a with the kernel of H,, and hence identifies each
Weyl chamber C' of tg with a corresponding Weyl chamber C" of t;. This identification is

independent of the embedding K < U(n), since if C' is described as

(6.67) C={tetg:ea(t)>0forall a € d}
for some signs ¢, € {1} (see §6.8)), then C" is described analogously as
(6.68) CY ={N €t : e \H,) >0 for all a« € O}

In this way all of the facts that we prove below involving the Weyl group action on tg and
Weyl chambers thereof have immediate counterparts for t.

Example 6.38. Take K = SU(3). Then (with the usual notation) ® = {g;—¢; : 1 <i < j < 3}
and tf = tg = (R?)o, the space of triples © = (z1,x9,23) € R* with > 2; = 0. Using the
standard representation, the inner product on tj is given by the restriction of the standard
inner product on R3. The elements

e1—ex = (1,-1,0), ey —e3=1(0,1,-1), e3—¢e;=(—1,0,1)

of t; sum to zero, have the same lengths, and have the same inner products with one
another (up to sign). An isometric embedding of tg- into R? is thus obtained by sending
these elements to the vertices of an equilateral triangle with center the origin. The following
elements are then sent to the vertices of a regular hexagon with center the origin, traversed
in the order they appear around the boundary:

€1 — &2, €1 —E&3, E2—¢E3, &1 —E&2, &3 &1, E3 €2

In lecture we drew a picture and described the root reflections, noting that they preserve the
set of roots. For each root o, we drew the hyperplane perpendicular to a;, which we denoted
by H,. (The notation is not so terrible, because the hyperplane H, C t} is also the kernel
of the functional on t; defined by the element H, € tg.) There are six such hyperplanes.
The connected components of their complements are the six Weyl chambers. Each Weyl
chamber is a 60 degree open “pizza slice” in R%. Each Weyl chamber contains exactly one
root, which is positioned along the central ray of that Weyl chamber, 30 degrees from each
of its walls. (TODO: replace this text with a picture.)
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6.15. Using root reflections to elucidate the Weyl group.
Lemma 6.39. Let C,C" be Weyl chambers in tg. Then there exist Weyl chambers C' =
Co,C1,Cy,...,Ch_q,C,, = C" and roots oy, . ..,a, € ® with the following properties:
(1) For j =1.n, we have a; >0 on Cy,...,Cj_1 and o; <0 on Cj,...,Cy,.
(i) Each € ® —{tay,...,La,} takes the same sign on Cy,...,C,.
(iii) For j = 1..m, we have so,C;_1 = Cj. In particular,
(6.69) C'= 584, 85a,C.
Analogous conclusions hold for any pair of Weyl chambers in t.

The idea of the proof was illustrated in class on the picture of the Weyl chambers for
SU(3). Consider the straight line path from some ¢ € C' to some t' € C". If ¢,t' are chosen
generically, then this path will hit each root hyperplane at := {x € tg : a(x) = 0} one at a
time. We take aq,...,«a, to correspond to the root hyperplanes encountered along the way
from ¢ to ¢’ and Cy, ..., C, the Weyl chambers, so that the path starts in the Weyl chamber
Co, then passes through the root hyperplane i, then spends some time in the Weyl chamber
C}, then passes through the root hyperplane s, and so on. We'll give the actual proof next
time. For now, let’s illustrate with some motivating applications.

Corollary 6.40. The Weyl group W = N(T)/T of a mazimal torus T in a compact con-
nected Lie group K is generated by the root reflections s, (a« € & = ®(K : T)).

Proof. Recall from Lemma that W acts freely on the set of Weyl chambers. Let C' be
any Weyl chamber, and let w € W. Then C’ := w(C) is a Weyl chamber. By Lemma [6.39]
we may write C" = s,, « - 8,,C for some ay,...,a, € ®. Since the action of W on the set
of Weyl chambers is free, we obtain w = ay, - - - ay. O

Corollary 6.41. With notation as assumptions as above, W acts simply-transitively on the
set of Weyl chambers.

Proof. We've seen (Lemma [6.29) that the action is defined and free; the final assertion in
Lemma implies that it is transitive. 0]

[

Proof of Lemma[6.39. We implement the proof sketch given above. Fix ¢ € C'. Set ¥ :=
{a € ®:a(C)>0,a(C’) < 0}. Note that for each t € C' and o € ®, we have a(t) > 0 >
a(t'), so the line segment {(1 — 7)t + 7t : 7 € [0,1]} connecting ¢ to ¢’ intersects o in a
unique point that we denote by p,(¢). This defines a map

P C — ot

This map is continuous and open. Moreover, for each a € ®, the hyperplane a™ is distinct
from B+ for all B € ® — {+a} = ® — Ca, so the set

at — Uﬁeb—{j:a}OéL U Bt

I"End of half-lecture #16, Tuesday, 16 Apr
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is dense and open in a*. By an exercise in topology, it follows that for each o € ¥, the set
Ay = {t € C:p,(t) € B+ for all B € & — Ca}

is dense and open in C. Hence likewise A := Nyex A, is dense and open in C'. Choose any
t € A. Let v:[0,1] — tg denote the linear path connecting t to ¢', thus y(7) := (1 —7)t+7t'.
For each a € X, abbreviate p, := p,(t), and let 7, € (0,1) be such that v(7,) = p,. By the
construction of ¢, we have 7, # 7., whenever a # /. We may thus order ¥ = {ay,...,a,}
in such a way that 7,, < --- < 7,,. Abbreviate 7; := To; and set 79 := 0, 7,41 := 1. Note
if B € & — (XU (=X)), then § takes the same sign on t and #', hence also on the path
v connecting them. It follows that for j = 0..n, the set {7(7) : 7; < 7 < 7T;41} belongs
to some Weyl chamber C; of tg, with Cp = C and C, = C’. Moreover, for j = 1..n,
there is a neighborhood Uj of p,; that doesn’t intersect B+ for any 3 € ® — Cay, thus
U; = (U; N Ci_y) U (U; Naj) U (U; N Cy). The root reflection s, satisfies saj|a]+: id, thus
SajUj N Uj 7& @, thus Saj (UJ N Cj_l) N (Uj N Cj_l) 7é @, hence SajCj—l = Cj. The remaining
assertions follow from what we have already shown. 0

Corollary 6.42. Let C be a Weyl chamber. Any x € t5* is W -conjugate to a unique element
of C. The W -stabilizer of x is trivial.

Proof. We use that x belongs to some Weyl chamber and that W acts transitively on the set
of Weyl chambers. O

Corollary 6.43. Let C' be a Weyl chamber. Then any x € tg s W-conjugate to a unique
element of the closure C' of C'.
The W -stabilizer of x is generated by {s, : a(x) = 0}.

Proof. We observe first that tz*® is dense in tg. Indeed, if = € tg and y is any element of t3®,
then = + ey € t® for all small enough £ > 0, and z = lim._,o(z + ey). Since tz*® is the union
of the W-conjugates of C, it follows that t3® is the union of the W-conjugates of C. This
gives the existence of a W-conjugate of  in C. For verifying the uniqueness, we may assume
that = belongs to C, and must show that if w € W satisfies w(x) € C, then w(z) = x. To see
this, we apply Lemmato C and C'" := w™1(C), giving us some chambers Cy, . .., C, and
roots aj, ..., a,. Our hypothesis implies that z € CNC". For j = 1..n, we have a; > 0 on C
and o; < 0 on €', thus a;(z) = 0, and so s,, () = x. On the other hand, w™' = sq, - - - 5a,,
SO W =S4, * ** Sa,,- Thus w(z) = x.

The final assertion follows from the argument just given; we note that it doesn’t depend
upon the choice of C'. 0

6.16. Basics on dominance, positivity and simple roots.

Definition 6.44. Choose a Weyl chamber C' C t3®, hence a corresponding dual Weyl C_hamber
CY C tz®. We say that « € tg (resp. A € ;) is dominant if x € C (resp. if A € CV), and
strictly dominant if x € C (resp. if A € CV).
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We say that o € ® is positive if a(C) > 0; we abbreviate this condition simply to o > 0
when C' is clear by context. We denote by ®* := &*(C') C ® the subset of positive roots.
We say that a positive root a@ € ®T is simple if it cannot be written in the form oy + ap for
some oy, a9 € . We denote by A := A(C') C &7 the set of simple roots.

For x,y € tg we say that x is higher than y, and write x > y, if A\(x—y) > 0 for all A € C".
Similarly, for A\, uty, we say that X is higher than u, and write A > p, if (A — p)(z) > 0 for
all x € C. We use “strictly higher than” to mean “higher than and not equal to.”

We note that, for reasons explained earlier, all of these notions are compatible with the
isometry tg = t; defined by the inner product given by the trace pairing with respect to any
embedding K < U(n).

Lemma 6.45. (Not proved in lecture, but useful facts to mention at this point.)

(i) =T U (—DT).

(i1) C ={x € tg : a(x) >0 for all a > 0} and CV = {\ € t : A(H,) > 0 for all « > 0}.
(iii) {v €tg : 2 >0} = RsoHy and {A €ty : A >0} =3 Rsoa.

Proof. We've seen that we may write C' = {z : eqa(zr) > 0 for all @ € ®} for some signs
€a € {£1}. Then CV = {\ : e, \(H,) > 0 for all « € ®}. Since e, = —¢, and T =
{a : e, = 1}, we deduce assertions (i) and (ii). The final assertion (iii) boils down, as
follows, to a general duality principle for convex cones. Let M; and M, denote the LHS
and RHS of the claimed identity. Then M; and M, are closed convex cones containing the
origin. Clearly My C M. To prove the reverse containment M; C M, it suffices (by the
separating hyperplane theorem, the finite-dimensional case of Hahn—Banach) to show that
for each = € tg with My(x) > 0, we have M;(z) > 0. Indeed, if My(xz) > 0, then a(z) > 0
for all o > 0; since A > 0 for all A € My, the required implication follows. O

For instance, take K = U(n), with T" as usual and coordinates as before. We might take

(6.70) C={retg=R":2; > - >ux,}.
Then

(6.71) CV={ etz XR": \; >--->\,}
and

(6.72) ¢t ={e;—¢g;:i<j}={e1 —ea,e1 —€3,...}
and

(6.73) A={e) —e9,60 —€3,...,En_1 — En}.

Corollary 6.46. If A € t; is dominant, then X\ > w(\) for allw € W.

Proof. We apply Lemma in its dual form to CV and wC". This gives us a sequence of

dual Weyl chambers Cy = CV,CY,...,CY = wC" and roots ay,...,q, satisfying (among
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other properties) H,, > 0onCy,...,CY  and Hy, <0onCY, ..., C). Set \j i= 84, -+ Say A
Then A = Xy and w(A\) = A, so

A—wA)=Ao— A1)+ (A1 —Aa) + -+ (A1 — An).
For j = 1..n, the formulas defining A; and s,; give
A1 = A = A = S Ay = Aj(Hay)ay.
We have a; > 0 (because H,, > 0 on CV) and \;_;(H,,;) > 0 (because H,, > 0 on Cj_y),

hence \;_; — A; > 0. It follows that A — w(\) > 0. ’ O
Theorem 6.47. A is linearly independent over R, and the Z-module Z.® spanned by &
admits the Z-module basis A.

We'll give the proof after a few lemmas.
Lemma 6.48. Every € ®* may be written in the form =" . nae with ng € Zxo.

Proof. Fix t € C. As [ varies over &, the quantities 3(t) vary over a finite subset of R.q.
We argue by induction on B(t). If 5 € A, then we are done. Otherwise § = 51 + [, with
B1, B2 € A. Then p;(t), B2(t) < 5(t), so we may conclude by our inductive hypothesis. [

Let o, € ® be roots. Recall that, if we choose an embedding K < U(n) and hence
an inner product (x,y) = trace(xy) on tg and hence an isometry t; > A — u, € tg, then
H, = —2-u,. Thus

(a.0)
(6.74) (0.8) = Blua) = afup) = 2P ga1,) = PP o),
In particular, the quantities

(6.75) (a,8), a(Hg), PB(Ha)

all have the same sign. We say that the roots «, 8

e are orthogonal if these quantities are zero,
e form an acute angle if these quantities are positive, and
e form an obtuse angle if they are negative.

These notions are evidently independent of the choice of embedding K < U(n).

Lemma 6.49. Let o, 5 € ® be roots that are non-proportional (thus o # £3).

o [f o, are orthogonal, then a(Hg) = B(H,) = 0.
e Suppose a, B form an acute angle. Then the pair (a(Hg), B(H,)) is one of the fol-
lowing:

(1,1),(1,2),(2,1),(1,3), (3, 1).
Moreover, a — B s a root.
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o Suppose «, B form an obtuse angle. Then the pair (a(Hg), 3(H,)) is one of the
following:

(—=1,-1),(=1,-2),(=2,-1),(=1,-3),(=3,—1).
Moreover, a + [ is a root.

Proof. Suppose for instance that «, 5 form an acute angle. Since o, B € ¢}, and H,, Hs € tz,
we then have a(Hg),B(H,) € Zs;. Since a,f are non-proportional, we may apply the
Cauchy—Schwartz inequality in its strict form and the identity (6.74]) to see that

(o B
(@, 0)(B,5)

Thus a(Hg)B(Ha) € {1,2,3}, which leads to the possibilities indicated. In particular, either
a(Hpg) or B(H,) is equal to 1. Suppose for instance that S(H,) = 1. Then

sa(B) = B = B(Ha)a = B — «a,

so B — a is a root, thus & — f = —(8 — «) is a root, as required. The case that o(Hg) =1
is treated similarly. The obtuse case is treated similarly. O

o(Hy)B(Ha) = 4 <4

Corollary 6.50. If o, 3 are distinct elements of A, then («, 5) < 0.

Proof. We've seen that otherwise v := a— 3 is a root. If v € ®*, then the identity a = S+
implies that o« ¢ A, while if —y € &, then the identity 8 = o + (—) implies that § ¢ A.
In either case we obtain the required contradiction. 0]

Proof of Theorem[6.47. Suppose there are distinct elements ay, ..., am, B1,..., 3, € A and
positive reals aq, ..., a,,,b1,...,b, so that

xXr .= Zaiai = Zb]’ﬁj =1y
Corollary then implies that (o, 5;) <0, so
0<(x,x)= Zaz-az,ﬁy_ :
vy go

so equality holds, and thus x = y = 0. Choose any t € C. Then a;(t) > 0, so 0 = z(t) =
> aici(t) and 0 = y(t) = >, b;8;(t) with each summand positive. Thus m = n = 0. O

Theorem 6.51. The Weyl group is generated by the simpel reflections, i.e., W = (so : o €
A).

Proof. We'll leave this to the homework. It can be proved using Lemma [6.39; the main point
is that a; € A(C) for any «; in the conclusion of that lemma. O
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6.17. Cartan matrices. Let K be a compact connected Lie group, with maximal torus 7',
Weyl chamber C' and accompanying notation as above.

Definition 6.52. The Cartan matrix is (Nag)a,gea Where Nog 1= a(Hp).

We’ll note that the Cartan matrix, as we've defined it here, depends only upon the isomor-
phism class of the compact Lie group K. (Use that any two maximal tori are G-conjugate
and that any two Weyl chambers are W-conjugate.)

Lemma 6.53. We have N, = 2. For a # (3, the pair (Nag, Nga) is one of
(070)7 (_17_1)7 (_1’_2)’ <_27_1)7 (_17_3)7 (_37_1)'
Proof. By Lemma [6.49 and Corollary [6.50] O

We’ll prove the following (and some variants) after the break:

Theorem 6.54. The tuple (T, A, AY) determines K up to isomorphism, in the following
sense:

Suppose given two compact connected Lie groups K', K" equipped with maximal tori T', T",
Weyl chambers C',C". Let A" = {~},...,7.} and A" = {~],...,~!} denote the associated
sets of simple roots, and H! = H,, H! = H.y the simple coroots. Suppose given an
isomorphism k : T" — T" such that k*y! = ~} and k.H] = H. Then rk extends to an
isomorphism K' — K".

More precisely, suppose given maps F : SU(2) — K’ and F/' : SU(2) — K" attached to
the roots i and ~v!'. Let X[,Y/ H! and X', Y/ H! be defined accordingly. Then there exists
a unique extension of k whose differential maps X! to X' for each i.

This has the following consequence:

Corollary 6.55. Suppose that K has finite center, or equivalently, that € has trivial center.
Then the pair (T, (Nag)apen) determines K up to isomorphism in the following sense:

Let K', K" be two compact connected Lie groups having finite center, with mazximal tori
T, 7" and Weyl chambers C',C" and sets of simple roots A, A" so that there is an iso-

morphism T' = T" for which the induced isomorphism X(T") = X(T") defines a bijection
A" = A" with respect to which the Cartan matrices coincide, i.e., o (Hgr) = o/ (Hg') when-
ever o, ' € A correspond to o, 3" € A". Then the isomorphism T' = T" extends to an
isomorphism K' = K". The set of possible isomorphisms may be described as in theorem

10-94}

E The proof will be given in §777 after some preliminaries.

BEnd of lecture #17, Thursday, 18 Apr



104 PAUL D. NELSON

6.18. Strings of roots. Let K, T, ® be as usual: a compact connected Lie group, a maximal
torus, and the set of roots. Let o, 8 € ®.

Lemma 6.56. (i) If a+ 3 € ®, then [g*, g°] = g*~.
(i1) Suppose that o, 5 are non-proportional, i.e., Qoo # QB. The set

E:={ke€Z:p+kacd}

contains 0 and s finite, hence has a minimal element of the form —p € Z<y and a
mazimal element of the form q € Z>o. We have

(6.76) E=7Zn0[-p,q.

Moreover, for any nonzero elements X, € g%, Y, € g~¢, each of the maps

_ adxa —(p—1 a.dxa adxa 1 adxa
gﬁ o — % gﬁ (p )a . \ gﬁ‘i‘(q ) \ gﬁ+qa7

g’ 2dva gﬁgxp—lﬁxéadnw e gﬁ+<q—1yx<adxx girae

18 an isomorphism. Moreover,
(6.77) B(Ha) =p —q.

Proof. Note first that (ii) implies (i): if a4 8 € @, then (since QaN® = {£a}) a, § are non-
proportional, the set E as defined in (ii) contains the elements 0, 1, and ad(X,) : g° — g’
is an isomorphism of one-dimensional vector spaces, which implies that [g®, g°] = g**¥.

We turn to the proof of (ii). Since §, a are non-proportional, we have 5 + ka # 0 for all
k € Z. Thus

(6.78) V = @pezg” ™ = Orepg”tH.

We check easily that V' is an sly(C),-module whose weight spaces, i.e., ad(H,)-eigenspaces,
are the summands g#*** with correspond eigenvalues (8 + ka)(H,) = B(H,) + 2k. The
weight spaces are thus one-dimensional and the weights all have the same parity, so by the
structure theory for sly(C)-modules, we deduce that V' is irreducible, that the weights of V'
are of the form {—n, —n+2,...,n—2,n} for some nonnegative integer n, that holds,
and that the connecting maps between adjacent weight spaces defined by ad(X,) and ad(Y,)
are isomorphisms. Moreover, n = (H,) +2¢q and —n = $(H,) — 2p, which gives (6.77). O

6.19. Generating the Lie algebra using simple root vectors. For the next few results,
let K,T,C,®, ®*, A be as usual. Write

A={v,. .., mm}
Fix I, : SU(2) — K as in §6.10| and associated elements X; := X, | Y; =Y, , H; := H, .

J
Lemma 6.57. Let 5 € ®*. Then there exist ay,...,a, € A so that

e f=a1+ -+, and
e +--Fa,€P fors=1.r.
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Proof. The proof is an adaptation of that of Lemmam Fix t € C. Induct on B(t) € Ry,.
If B € A, then the required conclusion holds with » = 1 and ay = 3, so suppose § ¢ A.

We claim that there exists j € {1..n} so that 8 and 7; form an acute angle. Otherwise,
arguing as in the proof of Theorem , we see that the set {f,71,...,7.} is linearly
independent over R. Since 8 € @©;=1.,Z>07;, we obtain the required contradiction.

Fix one such j. Since § € ®* — A, the roots 4 and 7; are non-proportional, so by Lemma
, the difference 3 — 7; is a root. We claim that 8 — «; is positive. If not, then v; —
is positive. Writing 8 = >, ¢;y; with ¢; € Zs, the decomposition v; — 8 = >, (d;; — ¢)v
then has nonnegative coefficients, so ¢; < 1 and ¢; < 0 for @ # j. These conditions force
either § = 0 (which is impossible because 3 is a root) or § = 7; (which is impossible because
B¢ A).

We now apply our inductive hypothesis to 8 — v;, writing it as oy + --- + «, for some
simple roots satisfying the required conclusion of the lemma, and take o,41 := 7;. Then
B =a;+ -+ a1 gives the required decomposition. O

Corollary 6.58. g is generated (as a complex Lie algebra) by tc U {X;} U {Y;}. More
precisely,

(6.79) g=tco( Y = Ce)o( >  Cf),

r>1 r>1
1= (01,0500 ) ELL 1= (01,500 ) €LY
where
(680) e; = [Xiu cee [Xirq , Xir] .. ] c g'Yi1+"'+'7iT7
(6'81) fi= [Y;m .- D/zr 17Y;r] ] € 9_%1_“'_%.

The action of the indicated generators for g on the above decomposition is described as
follows: For H € t¢, we have

(6.82) adx;, H = —v;(H)Xj,
(6.83) ady, H = —v;(H)Xj,
(6.84) adx; e; = [Xj, [Xiy, .o [ X X ] -]
(6.85) adg e; = (H, v, + - +7,)e
(6 86) adefi:[Y}a[Y;U" [Y;r 1Y, ] H
(6.87) adp fi = —(H, vy + - +7,) [
i

(6.88) ady X; = P di=g

’ 0 if i # 7,

(689) adyj €; — [adY] Xi17 Cey [Xir—NXir] e ] 4+ + [Xila Cey [X'ir—17 a.dy] XZT] o '],
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H. YRR
(6.90) ady, Y, = T =
’ 0 ifi#7,

(691) adefi:[a’de}/iu'”uD/irfu ir]..']+.'.+[}/i17"’7[y7:r717adeY;7‘]'..]'

Proof. Let b denote the subalgebra of g generated by the indicated set. In particular, b is a
tc-module containing g™ for j = 1..n, so we may write

b =tc ® (Bacrg”)

for some subset £ C ® containing {£71,...,+t7,}. We must show that in fact £ = ®. So
let 5 € ®; we must show that 3 € E. We assume that § € ®*; a similar proof applies if
—B € ®*. By Lemma[6.57, we may write 8 = a; +- - - +a, with each partial sum a;+- - - +a
also a root. We show by induction on r that g € E. If r =1, then § € A C F, so suppose
r > 2. By our inductive hypothesis, 0 := a3 +---+a,_1 € E. We have = § + «,., with each
term a root, so by Lemma , g’ = [g°,g%]. Our inductive hypothesis gives g°, g C b.
Since b is a subalgebra, it follows that g® C b, whence as required that 3 € E.

This establishes that the indicated set is indeed a generating set for g. The remaining
assertions follow from the argument just given together and some routine calculation. 0

Corollary 6.59. Any nonzero ideal a of g contains a nonzero element of tc.

Proof. The proof is similar to that of the previous corollary (and could even be deduced from
its conclusion by considering orthogonal complements). Since a is in particular a tc-module,
we may write a = b @ (Baepg®) for some subspace b C t¢ and some subset £ C &. We
want to show that b is nonzero. Suppose otherwise that b is zero. Then FE is nonempty. Let
B € E. Write = aq 4 -+ + @, as in Lemma [6.57} Set Z := [Ya,,- -, [Ya, ,, [Ya,, Xp]] - - ].
Then Z € tc Nb = b = {0}, but several applications of Lemma (and (6.45))) implies
that Z # 0, giving the required contradiction. O

6.20. Proof of Theorem [6.54. We need one final miscellaneous lemma:

Lemma 6.60. Let K be a compact connected Lie group with maximal torus T. Then the
map 7 (T) — m (K) induced by the inclusion T — K is surjective.

Proof. (Omitted in lecture; see for instance Section 36.4 of my Fall 2016 notes on Lie groups,
linked on the course homepage.) O

We now give the proof of Theorem [6.54l Let notation be as in its statement. We may
write A" = {71,...,7.} and A” = {4/, ...,4/} so that 7/ corresponds to /. We define g’, g"
in the obvious way and define X}, Y, € g’ and X', Y]" € g” as in §6.19, We will show more

precisely that there exists a unique isomorphism K’ = K” extending the given isomorphism

Kk : T' = T" with the additional property that the induced isomorphism g’ = g” maps X/
to X/ fori = 1..n.
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To that end, we fix linear embeddings of K’ and K", hence involutions # of g’ and g”
with fixed subspaces € and €’. It suffices to show that there exists a unique f-equivariant

isomorphism g — g” given on t. by dx and which maps X/ to X”. Indeed, such an

isomorphism of complexified Lie algebras induces an isomorphism 7 : € = & of their 6-fixed
subspaces. What remains to be checked is just that any such isomorphism arises from a Lie
group morphism K’ — K" and similarly for the inverse isomorphism. From basic Lie theory
(see e.g. Theorem 155 of the Fall 2016 notes linked on the course webpage), the Lie group
K’ admits a universal connected covering group K’ , which fits into a short exact sequence
11— m(K)— K'— K' — 1, where 7;(K) identifies with a discrete central subgroup of K.

The given Lie algebra map ¥ — £’ extends to a Lie group map K’ — K” (see e.g. Theorem
146 of the aforementioned notes); we just need to check that m;(K’) lies in the kernel of the
latter. But by Lemma it suffices to show that 71 (7”) lies in the indicated kernel, which
follows from the fact that the given map 7" — T” is a well-defined Lie group map. The
completes the proof of the required reduction.

It remains to produce the required #-equivariant map g’ — g”. We will do so by con-
structing its graph. Let g denote the subalgebra of g’ @ g” generated by tc U {X;} U {Y;},
where

tc .= {(2/,2") et Bt : dr(a) = 2"}
and X; := (X}, X/) and Y; := (Y/,Y/) with Y/ := —0(X!), Y := —0(X/). [] It is enough to
check that g is the graph of a #-equivariant isomorphism of Lie algebras; note that if such
a morphism exists, then it is uniquely defined and restricts on t to dx. The #-equivariance
will follow from the construction of g. By applying the same argument with the roles of g’
and g” reversed, we reduce to showing that g is the graph of a morphism of Lie algebras.
Let 7 : g — ¢’ and " : g — g¢” denote the projections. By Corollary [6.58] we see that 7’
and 7" are surjective. We might thus hope to define a morphism f : g’ — g” by requiring
that f(z) := y whenever (z,y) € g. Since g is a subalgebra, we know that f is a morphism
provided that it is well-defined as a set-theoretic map. We thus need only check that if
(x,y1) and (z,y2) both belong to g, then y; = y,. Equivalently, we need to check that if
(0,y) belongs to g, then y = 0; in other words, we must show that ker(7”) is trivial.
We claim that

(6.92) gN (te D) = te.

Before proving the claim, we explain why it suffices. Suppose for the sake of contradiction
that ker(n”) is nonzero. Then o' := 7/(ker(n”)) is a nonzero ideal of g’. By Corollary [6.59]
we have a’ Nt # {0}. We may thus find 0 # 2’ € { so that (2/,0) € ker(n”). Clearly

(6.93) (2,0) € g N (L @ tL).
From the claim (6.92)), it follows that (2/,0) € tc, whence that 0 = dk(2’). Since dk is an

isomorphism, this forces ' = 0, giving the required contradiction.

End of lecture #18, Tuesday, 30 Apr 2019
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We turn finally to the proof of the claim (6.92). Let h C g’ & g” denote the set defined
as on the RHS of , with e;, f; defined in terms of X;,Y; € g as in , . Then
tc C b; moreover, tc is self-centralizing in b, since the tc-weights of ®Ce; (resp. of BCf;)
are positive (resp. negative). In particular, (tz ® t%) Nh = t¢, so to establish (6.92), we
reduce to showing that g = . To that end, observe first that b is contained in g and contains
the generating set S := tc U {X;} U {Y;} for g. We thereby reduce to verifying that b is a
subalgebra. Since hh C g, we may reduce further to showing that b is closed under ady for
each Z € S. For this we appeal to the relations noted in Corollary [6.58 applied to each
component g', g” of g’ @ g”, together with the assumed compatibility between ~; and ~/'.

This completes the proof.

6.21. Dynkin diagrams. They provide a convenient pictorial representation of the Cartan
matrix. Here we just summarize what was discussed in class; look at Wikipedia or any of
the course references for a detailed discussion.

The vertices of the Dynkin diagram correspond to the simple roots. For any pair («, )
of distinct simple roots, we have seen that there are at most seven possibilities for the pair
(Nag, Nso) of integers appearing in the Cartan matrix:

e (0,0): we draw no edge between « and
—1,—1): we draw a simple undirected edge between o and 3
): we draw a double oriented edge from « to
—2,—1): we draw a double oriented edge from [ to «
): we draw a triple oriented edge from a to /3
e (—3,—1): we draw a triple oriented edge from f to «

We illustrated with K = U(n) or SU(n) or PU(n), where the Cartan matrix looks like (for
n=>5)

2 -1 0 0 0
-1 2 -1 0 0
0 -1 2 -1 0|,
0 0 -1 2 -1
0 0 0 -1 2

so the Dynkin diagram looks like a series of vertices connected by simple edges.

We've focused in this class on Lie groups rather than Lie algebras. A variant of Theorem
m (with similar proof) is that if K’, K" are connected compact Lie groups with maximal
tori 7", 7" of the same dimension, then ¥ = ¢” iff the Cartan matrices are the same (up to
relabeling indices) iff the Dynkin diagrams are the same.

6.22. Root data.

Definition 6.61. A root datum is a quadruple ¥ = (X, ®, XV ®Y) consisting of

(i) finitely-generated free abelian groups X, XV of the same rank n, thus X = Z" XV = 7"

(i) a perfect Z-linear pairing X ®z X" 10N Z,

(iii) finite subsets ® C X, ®Y C X, and
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(iv) a bijection ® <> @Y denoted « > " such that
(v) (a,a¥) =2 for all a € D,
(Vi) sa(A) := A — (), a¥)a defines a linear automorphism s, : X — X such that s,(®) = P,

and
(vii) sqv(AY) := AV — (o, AY)a¥ defines a linear automorphism s,v : XY — XV such that
SaVv (@V) =PV,

We say that U is reduced if Qo N ® = {a, —a} for all a € ©.
There is an obvious notion of an isomorphism of root data.

For example, if K is a compact connected Lie group with maximal torus 7', then
U(K:T):=(X(T),®K :T),X¥(T),®"(K : T))
is a root datum; here ®V(K : T) := {a¥ : a € ®(K : T)}. Using the conjugacy of maximal
tori, we see that the isomorphism class of V(K : T) is independent of T

Theorem 6.62. The map
{compact connected Lie groups K}/~ — {reduced root data U} /~,

given by sending K to V(K : T) for some mazimal torus T, is a bijection.

Sketch of proof. Injectivity follows readily from Theorem [6.54] (exercise). We omit the proof
of surjectivity; one way to proceed would be to argue as in the proof of Theorem [6.54] but
incorporating the Serre relations ad)_(fvij T x ;= ad;iN” i Y; =0. O

&

7. REPRESENTATIONS OF COMPACT LIE GROUPS

Let K be a compact connected Lie group. Our aim in this section is to generalize the
results established in §2{ when K = U(n).

7.1. Setup and preliminaries. Choose a maximal torus 7" and then a Weyl chamber
C C t®. These choices define a Weyl group W and sets ® O &+ D A of roots, positive roots
and simple roots, respectively. Recall that C' defines a notion of A € t; being dominant,
which means that it belongs to the closure CV = {\ : A\(H,) > 0 for all a € ®*} of the Weyl
chamber CV = {\ : A(H,) > 0 for all &« € ®*}, and strictly dominant if in fact A € CV.
Recall that C' defines a partial on tg-, where we say that \; > Ao if (A} — A2)(C) > 0, or
equivalently, if \; — Xy € > 4+ Rxoa; we say also that A is positive if A > 0.

We remark that one can characterize the subsets ®* C @ arising in the above way as
those for which

e, fecd a+pBedP — a+ e P and
e d is the disjoint union of ®* and —®+.

20End of lecture #777?
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(See any of the main course references.) The choice of ®* determines C' = {z : a(z) >
0 for all @« € &7} and CV. A convenient way to choose ®* is via a lezicographical ordering:
choose a faithful embedding K < U(n), hence an embedding tg < R", identify t; with tg in
the usual way via the pairing (x,y) — trace(zy) (the restriction of the standard Euclidean
norm on R"), and equip t; with the lexicographical order coming from R™. This is what we
did earlier (implicitly) in the case K = U(n).

We recall some additional facts established in the preceeding section:

(i) W acts simply-transitively on the set of Weyl chambers.

(ii) (dual form of Corollary [6.43)) Any A € t} is W-conjugate to a unique dominant element.
(iii) Any dominant A\ € t} satisfies A > w(\) for all w € W.

Recall finally the Weyl integral formula (§6.6))

(7.1) /K ;= ﬁ / o oy PO1t™),

where we integrate with respect to probability Haar measures and where the Jacobian factor
D is given explicitly by

(7.2) D(t) = |det(t — 1|g/tc)|= [ [ 1t — 1.

aced

Our first aim is to factor D = AA = |A|? as in the case K = U(n). Such a factorization
holds formally with

(7.3 Ay =TT - ).
a>0

Unfortunately, A is not in general well-defined as a function on T'; the source of this issue
is that the expressions t*/? themselves are not well-defined, since it may happen that o € t;
but (1/2)a ¢ €. To circumvent this issue, we pass to a covering torus 1" of T'. Recall that the
normalized exponential map e(x) := exp(2miz) induces an isomorphism e : tg/tz — T. We
denote by T the covering torus of T’ corresponding to the sublattice 2t; of tz; it comes with an
isomorphism e : tg/2t; — T and a canonical surjection T — T'. In other words, choosing a
basis for tz, we may identify 7" with R"/Z" and T with R"/2Z". In any event, for A € (1 /2)t,
we have \(2tz) C Z, and so the character e* : T — U(1) given by exp(z) — exp(\(z)) is
well-defined. In particular, the above formula defines A : T — C. We identify D : T — C
with a function D : T — C via pullback. The identity |A|>= D then holds. For a class
function f on K, the Weyl integral formula implies that

(7.4 (. f)re = 7 (AL A

where we identify f with a function on 7' by restricting to T and then pulling back to T,
and where we integrate with respect to the probability Haar on 7T'.
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Set
1
(7.5) pi=5 Z a.
acdt
It defines an element of (1/2)t;, hence a character of 7. We may rewrite

(7.6) Aty =t JJ(1—t)

a>0

We pause to record some basic properties of p.

Lemma 7.1. (i) p is strictly dominant. Its W -stabilizer is trivial.
(11) For all w € W, we have

(7.7) p—wip)= > «

acd:
a>0,

w™H(a)<0
In particular, p — w(p) defines a positive element of t.

Proof. We first establish the formula ([7.7]). We have

wp)= 3w = Y a=Y e

a>0 a:w=1(a)>0 a>0

where
o 1 if w(a) >0,

-1 ifw'(a)<O.
Thus .

p-ulp) = 3 1%

a>0

We have

l—co {1 if w(a) < 0,
e

0 otherwise,

which leads to the required formula. It follows immediately that p — w(p) defines a positive
element of .

Suppose now that w € W fixes p. Then w stabilizes ®*, hence w stabilizes C. Since we
have seen (in Lemma that W acts freely on the set of Weyl chambers, it follows that
w = 1. Thus p has trivial W-stabilizer.

It remains only to verify that p is strictly dominant, i.e., that for each o € ®*, we have
p(H,) > 0. To that end, note first that since p has trivial W-stabilizer, it is not fixed by the
root reflection s,, and so p(H,) # 0. Suppose for the sake of contradiction that p(H,) < 0.
Then s,(p) — p = —p(Hy)a > 0. But we have seen already using the formula that
sa(p) — p < 0, giving the required contradiction. O



112 PAUL D. NELSON
Let L denote the ring of Laurent polynomials on 7', thus
L= @)\6(1/2)%@6/\7
where as usual e* = [t — t*]. The Weyl group W acts on L. We set
L :={feL:w(f)=fforalweW}.

For w € W, we denote by (—1)" the determinant of the action of w on tg. For instance,
for the root reflections s,, we have (—1)* = —1, because reflections have determinant —1.
More generally, if w € W may be written as a product of exactly £ > 0 root reflections, then
(—1)¥ = (=1)*. This observation justifies the notation. We set

L= {fecL:w(f)=(-1)"f for all w € W}.
Since the (simple) root reflections generate W, we may also write
LY ={feL:s,(f)=—fforallaecA}
For X\ € (1/2)t;, define

(7.8) AN =) (=1)ver ™,
weW
Lemma 7.2. (i) A(\) € L™ for all X € (1/2)t;,.
(i) L™ = Dre(1/2encvCA(N).

Proof. (i) Direct calculation.

(i) Let f € L. Then f = 2/\6(1/2)% c(N)er, where c(w())) = (—=1)“c()) for all w € W.
If X is irregular, i.e., if A\(H,) = 0 for some root «, then s,(A) = A, while (—1)% = —1,
and so ¢(\) = 0. If A is regular, then its unique dominant W-conjugate w(\) belongs
to CV, and we have ¢(\) = (—1)Yc(w(N)). Tt follows that f = Z)\e(l/Q)tiﬁCV c(N)AN).
The uniqueness of this decomposition follows from the fact that if A € (1/2)t;, N CY,
then w(A) ¢ CV for all nontrivial w € W.

U

Let 7 be a finite-dimensional representation of G. Recall that the weights of m are those
w € X(T) for which the weight space w[u] ;= {v € 7 : tv = tfv for all t € T} is nonzero.
The character y, of 7 is a class function on G, which we may identify with a W-invariant
function on 7', and in fact an element x, € L™, given by x» = >_ c () mx(p)e". For any

element f € L, we may speak more generally of the weights of f (i.e., those p € X(T) for
which the coefficient of e* in f is nonzero), and we say that A is

e a mazimal weight of f if there does not exist a weight p of f with > A, and
e the highest weight of f if every weight p of f satisfies u < A.

Note that f has (in general, many) maximal weights, and that f has a highest weight iff it has
a unique maximal weight. This terminology applies also to 7 in place of f by considering the
character x,. For instance, A =[] . (e*/? — e /%) € L and A(p) = 3 e (—1)Wev) =
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A(p) are each of the form e”+- - - where - - - denotes the contributions of weights w(p) strictly
less than p, and so A and A(p) both have highest weight p.

Lemma 7.3. (i) A € L.
(ii) For all f € L™, we have f/A € L™,
(iii) A = A(p).
(iv) Let X be a dominant element of (1/2)t;,. Then A + p is a strictly dominant element
(1/2)t;,, and

AN A H,
) oW =TT
Proof. (i) It is enough to check for each simple root 3 that
(7.10) A(sp(t)) = —A(t).
Using that 3% = 1, we compute that
(7.11) A(sg(t)) = JJ (#7272 — 10/,
a>0

Since sg(3) = —3, we have
(7.12) (tsﬁ(ﬁ)/Q — t—Sﬁ(B)/Q) — _(t6/2 _ t_ﬁ/z).

Let « € &7 — {8}. Then (see the homework for details concerning the following
terminology and facts) the Weyl chambers C' and sg(C') are adjacent, separated by the
wall 8+ and no other wall. In particular, o takes the same sign on C' and s5(C), hence
« is positive on sz(C); equivalently, sg(«) is positive on C, i.e., sg(a) > 0. Thus sz
acts on @1 — {5}, and so

(7.13) [T o —s@my = ] o2 o),
a>0,a#pB a>0,a#8
The required identity follows.
(ii) It is enough to show that f is divisible by A in L. We record two proofs (the second
of which was given in lecture, the first of which I find a bit more natural). Both proofs
use the fact that for distinct positive roots a and S,

(7.14) CaNCB = {0}.

(To see this, it suffices to check that 8 ¢ Cc, which follows from the identity CaN® =

{a, —a} and our assumptions.)

(a) (First proof) Set Z := {z € (C*)" : A(z) = 0}. Then z € Z iff z* = 1 for some
positive root a. The identity z® = 1 is equivalent to s,(z) = 2. Let f € L¥* and
z € Z. Then, choosing « so that s,(z) = z, we have f(z) = f(sa(2)) = —f(2),
hence f(z) = 0. Thus f vanishes on Z. By the Nullstellensatz, it follows that f
belongs to the radical of the ideal in A generated by A. Note that L is a UFD
(being a localization of the UFD Cl[ty,...,t,]). To conclude, it suffices to show
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that A defines a squarefree element of L, i.e., that no prime factor of A occurs
with multiplicity > 1.

We first compute the prime factorization of t* — 1 for each nontrivial character a
of T. The character group X (7') is isomorphic to Z", where n = dim(7T’). Suppose
that « is of the form dj for some natural number d and some character 8 of T,
with d chosen maximally. Then

tr—1= ] -0,

with the product taken over all dth roots of unity (. We claim that each factor
t? — ( is irreducible. For this it suffices to show more generally that if o is a
primitive nontrivial character of 7' (thus a corresponds to a nonzero element of
Z™ whose coordinates are relatively prime) and ¢ € C*, then t* — ( is irreducible.
Indeed, since « is primitive, we may apply a linear change of variables on Z" to
reduce to the case that a = (1,0,...,0), so that t* — ¢ = t; — ¢, which is clearly
irreducible. (The existence of such a change of variables is a simple exercise in linear
algebra, closely related to the fact that finitely-generated torsion-free modules over
Z are free; indeed, the latter fact implies that the quotient X (7')/Z« is free, hence
that the surjection to that quotient from X (T ) splits, leading to a direct sum
decomposition X (T) = Za @ (- - -) and hence the required change of variables.)

Since no prime factor in occurs twice, we see in particular that t* — 1 is
squarefree. To establish the same for A, we need to check that no prime factor of
t® — 1 divides t® — 1 whenever a and 3 are distinct positive roots. This follows

from (7.15) and (71).

(b) (Second proof) We show first that if f € L vanishes on {z : 2* = 1}, then

f/(t* —1) € L. Choosing coordinates t,...,t, on T, we may represent « as
(aq,...,qay,) for some integers a;. We may assume for convenience, by inverting
the coordinate t, if necessary, that a,, > 0. Setting R := Z[tF,...,t5,], we then

have t* — 1 € R[t,]. We may assume, after multiplying f by a sufficiently large
power of t,, then f € R[t,]. By division with remainder in the polynomial t,,, we
then have f = (tgm — T[], t;*')q +r for some q,r € R][t,] for which the degree in
t,, of r is strictly less than «v,. This identity implies that » vanishes on the solution
set to the equation t* = 1. For any given values tq,...,t,_1 € C* of the first n — 1
coordinates, that equation has exactly «,, solutions in the variable ¢,,. The noted
degree bound on r thus implies that » = 0. It follows as required that f is divisible
by t* — 1.

From ([7.14)) we see that for distinct positive roots o and g, the tangent planes to
the hypersurfaces {t : t* = 1} and {t : t® = 1} are traverse at any point of the
intersection {¢ : t* = t# = 1}. Thus if f vanishes on {z : 2% = 1} and is divisible by
t* — 1, then f/(t* — 1) likewise vanishes on {z : 2/ = 1}. We may thus iteratively
apply the argument of the preceeding paragraph to obtain the required conclusion.
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(iii) By the previous item, we have A(p)/A € L™™. We've noted already that A and A(p)
each have p as highest weight. If A is any maximal weight of A(p)/A, then A 4+ p = p,
whence A = 0. Thus A(p)/A is a complex scalar; since A(p) and A are each of the
form e” + (---), we conclude that A(p)/A = 1.

(iv) We have seen that p is strictly dominant. Since A is dominant, it follows that A + p is
strictly dominant. It remains to check the formula (7.9). This requires taking a limit
as in the proof of the analogous result for U(n) (Lemma [2.13)). Let us first rewrite the
identity A = A(p) established above in the form: for = € tc,

(7.16) Z(_l)wew(r),p) — H(ea(x)/2 _ e—oa(x)/Z)'
W a>0
A similar argument (applied with the roles of t¢ and t{ reversed) gives for A € t§ that
(7.17) Z(_l)wew(k)ﬂw — H(ek(Ha)/Z _ e—A(Ha)/Q).
W a>0
It follows that for ¢ = exp(¢H,) with € > 0 small, we have

Z(_l)wtw()\) — H(es)\(Ha)/Q eA(Ha) /2 |<I>+| H )\ H

w a>0 a>0
Thus

2w(= )“’t“’(””) _H >\+p,
2w (=1t -

as required.

7.2. Classification of irreducibles.

Theorem 7.4. Let K be a compact connected Lie group with maximal torus T, hence root
set ® and Weyl group W. Choose a Weyl chamber C, hence sets ® and A of positive and
simple roots, respectively, as well as a partial order > on ty.

Fach m € Irr(K) has a highest weight X € X(T') = t,; this is a dominant element for
which the Weyl character formula

Xn = —AX’)
P
holds, with
~ 1 1
o _1\w,w(w) _ Tyg* N
Ay =) (—1)ven € X(T) =5, p.—QZa.
weW a>0

The map ™ — X\ defines a bijection
(7.18) Irr(K) <> {dominant A € X(T)} < X(T')/W.
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Proof. Let m € Irr(K). Let A € X(7T) be any maximal weight of 7. Since x, is W-invariant,
and since every element p of X (7)) is W-conjugate to a unique dominant element which is
then > p, we know that A\ is dominant. Since A has highest weight p with A = e” + .-+,
we know that Ay, € LY has A\ + p as a maximal weight, with Ax, = m;(\)e?? + .- .
Regrouping terms into monomial alternating functions gives

(7.19) AXr = Mg (M) Axg, + 0,

where - - - denotes a linear combination of A, taken over p with p 4 p strictly dominant
and p not greater than A\. By the Weyl integral formula and Schur orthogonality, we have
(as in the case of U(n))

<DX7ra XTI’)T <AX7T7 AXW)T ||m7r()‘)A>\+P +oee H2 2
7.20) 1= (XrsXx)c = = = > Imi ()],
720) 1= (ool = 25 o - ()

Here we used that A + p is strictly dominant and that for strictly dominant Aj, Ao,

W] if A = o,

0 otherwise

<A>\17 A>\2> = {

Since my(\) € Z>1, we deduce from ([7.20) that m,(A) = 1 and hence that equality holds
in each step, i.e., that the --- in (7.19) vanishes. This gives the required formula for y,

in terms of A\. The proof shows also that \ is uniquely determined, hence is the unique
maximal weight, i.e., the highest weight of 7. We thus obtain an injective map Irr(K) —
{dominant A € X(T')} as in the statement of the theorem; to complete the proof, it remains
only to show that this map is surjective. We imitate the first proof given earlier for U(n).
Suppose A is a dominant element of X (T') not arising as the highest weight of any element
of Irr(K). By Lemma , the ratio Ayy,/A, defines an element of L™, hence in particular

a function 7' — C. We claim that this function factors through T'. To see this, we write

Arip _ Dwew(=1)ver0r

Ay e [Joso(l—e™@)
and observe that having rewritten the ratio in this way, both the numerator and denominator
factor through 7T for the denominator, this is clear, while for the numerator, we use that
w(A+p) —p =w(X) — (p—w(p)), which belongs to t}, thanks to Lemma[7.1] This completes
the verification of the claim. Thus Ay;,/A, defines a W-invariant function 7" — C, hence
a class function K — C. For each 7 € Irr(K), say with highest weight u, then the Weyl
integral formula gives

<A)\+p/Apa XW)K = <A)\+p7 AXW)T = <A/\+P7 AN+P>T =0,

using in the last step that A, u are dominant and distinct. The Peter-Weyl theorem then
implies that Ax;,/A, = 0, which is absurd. This completes the proof of the required
contradiction. O
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Remark 7.5. We indicate a way to formulate the conclusion of Theorem [7.4] without explicit
reference to a maximal torus. Recall from §6.22| that there is a bijection

{compact connected K}/~ < {reduced root data ¥ = (X, ®, X", ®")}
Kw— ¥U(K):=(X(T),®(K :T),X"(T),®").
There is a “duality” ¥ +— U on the set of (reduced) root data given by
U= (XY, 9V, X, ).
We may define the dual group K of K to be the connected compact Lie group (up to
isomorphism) having the dual root datum, i.e., ¥(K") = ¥U(K)"; it comes with a maximal
torus TV C KV having natural identifications X (TV) = XY(T') and XY(TV) = X(T), and
we may furthermore identify the Weyl group W of T with the Weyl group of TV. We then
have natural bijections
Irr(K) = {dominant A\ € XV(T)}

= X(T)/W

~ XV(TY) /W

=~ Hom(U(1), KV)/~,
where the equivalence relation ~ in the last expression is given by conjugation.

7.3. Borel-Weil. Recall the usual notation: K is a compact connected Lie group with
Lie algebra €, complexification G, and complexified Lie algebra g. Recall that Irr(K) is in
natural bijection with the set of isomorphism classes of holomorphic (equivalently, algebraic)
finite-dimensional irreducible representation of G. We fix a maximal torus 7' < K, with Lie
algebra denoted t, and set tg := it C t¢, as usual. We denote by A < G the connected
(complex) Lie subgroup with Lie algebra Lie(A) = tc. For example, if K = U(n), so that
G = GL,(C), then with the choice
U(1)
T =

we have
CX
A —
CX
Fix a Weyl chamber C' C tg and hence choices of positive roots ®* and simple roots A, as
usual. Set
n:.:= @aequ

and

b:=nd tc < gd.
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(The directness of the sum follows immediately from the root space decomposition of g.)
For example, if we take K = U(n), T as above, and for C' the “standard” Weyl chamber

{(x1,...,2y) 2y > xj for i < g}, then &+ = {¢; —¢; : i < j}, and (for n = 3, say)
0 * =
n:@i<j(CEij: 0 = ,
0
* ok ok
b= * x|,
*
1 *
N = 1 x|,
1
*
B —

Using that the sum of two positive roots, if it is a root, is positive, we see that n and b
are Lie subalgebras of g, with n an ideal of b. Hence they correspond to some connected
(complex) Lie subgroups N and B of G, with N a normal Lie subgroup of B.

Lemma 7.6. (i) The Lie subgroups N, A and B of G are closed.
(1)) NN A={1}.
(i1i) B = N A; more precisely, B is the semidirect product of N and A.

Proof. In the special case K = U(n), these conclusions are clear by inspection of the explicit
descriptions given above (which depended upon the choice of C, but the choice doesn’t mat-
ter, because any two choices are W-conjugate). In general, choose a faithful representation
(m,V) of K and a basis ey,...,e, of V consisting of weight vectors for T, thus te; = tYe;
for some \; € X(7T'). We may assume that this basis has been ordered in such a way that if
Ai < A; (with respect to the partial order defined by C), then ¢ < j. Since for € g* with

0 * =x
a > 0 we have dr(x) : VA — VA% and A+ a > \, we see that dr(z) € 0 *|. On the
0
x % % 1 * %
other hand, dr(tc) C * | . Exponentiating, it follows that w(N) C 1 x| and
* 1
*
m(A) C * . In particular, AN N = {1}.

*

We claim now that A and N are closed. (The remaining assertions then follow readily.)
We identify G with its image under 7. (Apologies in advance if these proofs are sloppy. The
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customary way to develop this material is in the language of algebraic groups. I don’t know
offhand of a reference for the approach taken here.)
Start with V. Recall that, by definition, IV is generated by the image under exp of small

0 *x =
elements of n. Let n; := 0 x| > ndenote the Lie algebra consisting of strictly upper-
0
1 *x =
triangular matrices, and Ny := 1 x| > N the corresponding Lie gruop. Then we have
1

mutually inverse diffeomorphisms exp : n; — N; and log : Ny — n; given by finite Taylor
series. In particular, the exponential map is defined on all of n. Using the BCH formula, we
see that in fact N = exp(n). Since n is closed in ny, it follows that N is closed in N;. Since
N1 NG is closed in G, we conclude that N is closed in G.
(CX
We turn to A. Let A := C* > A denote the diagonal subgroup of GL,(C),
CX

and T} = U(1) its standard maximal torus, so that A, > T} > T. We
U(1)
get tig > tg and t; 7 > tz. Since T — T', we have t; = t;z N tg. Thus we can find a
lattice L C t; 7 complementary to tz, i.e., so that t; 7 = tz; @ L. Choosing bases for these
lattices, we can identify t; 7 with Z" and tz with Z™ for some 0 < m < n in such a way that
the inclusion tz < t; 7 is the standard one. In the coordinates defined by these bases, the
inclusions T'= U(1)™ — T} = U(1)" and A = (C*)™ — (C*)™ = A; are then likewise the
standard ones; in particular, the latter has closed image. O]

In particular, B/N = A. We may and shall thus extend each homomorphism x : A — C*
to a homomorphism y : B — C* that is trivial on N, thus x(na) = x(a). We'll often write

bx = x(b).

Theorem 7.7. Let m be an irreducible holomorphic finite-dimensional representation of G.
There is a unique holomorphic character X : A — C* and a unique-up-to-scalars nonzero
vector v € T so that

(7.21) m(b)v = b v for all b € B.
Moreover, X is the highest weight of ™ and v is a highest weight vector.

Proof. Existence: Let A € X(T) be the highest weight of 7 (via Theorem [7.4] and using
Theorem to regard m as an irreducible representation of K), and v € w[\] a highest
weight vector. We extend A to a holomorphic character A — C*. The vector v is an
eigenvector of T" with eigenvalue A, hence also of A with eigenvalue A. A short calculation
as in the proof of Lemma [6.5] shows that dm(X,) : 7[\] = 7[A + a]. Since A is the highest
weight of m, we have [\ 4+ a] = {0}. Thus X,v = 0. Since o was arbitrary, v is annihilated
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by n. Since N is connected (by construction), it follows that v is fixed by N. Thus v is a
B-eigenvector, as required.

Uniqueness: Suppose given a pair (v, \) as in the conclusion of the theorem. Our task is
to show that A is in fact the highest weight 7. For each finite ordered tuple (aq, ..., q,) of
positive roots, the vector

(7.22) X o X g v:=dn(X_ o) -drn(X_,,)v

is a T-eigenvector of weight A — a; — - -+ — «,,, which is strictly lower than A when n > 1.
Call the span of the indicated vectors V. It suffices to show that V = 7. Since v € V and 7
is irreducible, it suffices to show that V' is K-invariant. Since K is connected, it is enough to
show that V' is g-invariant. To that end, recall that g = t¢ ® (Ba>0CXa) B (Bax0CX_y). It's
clear that V is invariant by t¢ and by X_,, for a > 0, so it remains only to show for a > 0 that
V' is X,-invariant. Differentiating the condition , we see that v is annihilated by X,.
It remains to check for n > 1 that X, X_,, --- X_,, v belongsto V. Set u := X_,, --- X_,,v.
Then X, X _,,u=X_, Xou+[Xa, X 4 ]u. By induction on n, both X_,u and [X,, X_,,]u
belong to V. Since X_,, stabilizes V', the required conclusion follows.

O

Now let A € X(T') be a dominant weight, and consider the vector space
(7.23) F\ :={f : G — C : holomorphic, f(bg) = b=*f(g) for b € B, g € G}.

The group G (and hence also its subgroup K) acts on Fy by right translation. We will show
the following:

Theorem 7.8. Let w) denote the irreducible representation of K of highest weight X. Then
m\ = FY. Here FY denotes the dual representation of Fy, regarded as a representation of K ;
alternatively, we may use Theorem to extend my to an algebraic representation of G,
and the isomorphism is then of algebraic representations of G.

We compute in passing the dual of m,. Note that if C' is a Weyl chamber, then so is
—('; since the Weyl group acts simply-transitively on the chambers, there is thus a unique
wo € W for which wo(C) = —C. (It is often called the longest Weyl element, with the notion
of “longest” corresponding to C'). For instance, if K = U(n) and C' is chosen in the usual

1
way, then wy =
1

Lemma 7.9. 7} = m_,,0\)-

Proof. It’s clear that 7} is an irreducible, hence is isomorphic to 7, for some dominant weight
p. We must verify that g = —wg(X), or equivalently, that A = —wg(p). We check first that
—p is the lowest weight of my. From this it follows that —wq(u) is the highest weight of 7,
and so A = —wy(p), as required. O
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Thus Theorem [7.§] tells us that

(7.24) T = Fyo()-

Proof of Theorem[7.8. Let F denote the space of all holomorphic functions f : G — C,
and let f € F. Using the identity principle for holomorphic functions on G = K X p, we
may identify f with its restriction to K, and then further with an element of the space
L*(K), on which the group K x K acts by the regular representation (ki,ks) - f(z) =
f(kytwk). We accordingly have an L?(K)-decomposition f = > fus where p € X(T) runs
over the dominant weights and f, belongs to the space A(7,) of matrix coefficients of the
representation 7,. Let L and R denote respectively the left and right regular representations
of K on L*(K). Since A(m,) = 7 @ 7, is the m,-isotypic component (see of L*(K)
under R, we have f, = dim(m,)R(Y,)f. Suppose now that f € F), i.e., that L(b)f = b*f
for all b € B. Since R and L commute, it follows that L(b)f, = b*f,, i.e., that f, belongs
to Fy. If f, is nonzero, then we may find a nonzero vector v € 7}, so that bv = b v for all
b € B. Then Theorem implies that 7 = 7\ and that v € 7, is a highest weight vector.
Thus

(7.25) fe@mer)NF =Cv®mny.
Thus F\ = Cv ® 7}, hence F\ = 7}. O

8. PLANCHEREL FORMULA FOR COMPLEX REDUCTIVE GROUPS

With the remaining few lectures in the course, we aim to treat some of the simplest
aspects of the representation theory of non-compact groups. We focus on the case of complex
reductive groups, which are simpler than real reductive groups for reasons to be explained
later.

Let G be a unimodular group equipped with a Haar measure dg, and let f : G — C be
nice enough (e.g., smooth and compactly-supported in the case of a Lie group). We've seen
in that for G compact, one has the Fourier inversion formula

(8.1) =3 ilol?(g)) trace(n(f)).
welrr(G)

(We showed this when vol(G) = 1, but the general case follows because 7(f) and vol(G)
scale in the same way when one scales dg.) In the non-compact case, one seeks a formula of
the shape

(82) £ = [ trace(s () dian(z).

G

where now G denotes the set of isomorphism classes of irreducible unitary representations
of G and dup denotes a measure on G, called Plancherel measure, which scales inversely to
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dg. For instance, the Fourier inversion formulas on the circle

) _ r £ — 27rin:td C®°(R/7Z
(8.3) 0= it fw / J@e i e ox@y)
and on the real line

8.4 feyde, o f(z)e?™ ™™ dx,  f € O°(R
(8.4) 0-3 S s (®)

may be interpreted in this way; for instance, in the second example, f (&) is the trace of
me(f), where m¢ denotes the one-dimensional representation of R, spanned by the function
R > 2+ ¥ and with R acting by right translation.

In a course emphasizing the functional analytic aspects of representation theory one might
study general conditions under which such formulas exist (e.g., look up the definition
of a “Type I” group). Here we will focus instead on the problem of determining up explicitly
for a more restricted class of groups, namely the conected complex reductive groups.

We will use much of the same notation as above. We start with a compact connected
Lie group K. We denote by G its complexification. We fix a maximal torus 7" and Weyl
chamber C. We use these to define subgroups N, A and B of G, as in §7.3] The example
K = U(n) depicted earlier is worth keeping in mind.

We note that G is unimodular. To see this, we must show that |det(Ad(g))|= 1 for all
g € G. It suffices to verify the stronger identity

(8.5) det(Ad(g)) =

By the identity principle for holomorphic functions applied to deto Ad : G — C*, we need
only verify (8.5) holds for g € K. Since deto Ad is a class function, we reduce further to
verifying (8.5) when g =t € T', and indeed, det(Ad(t)) = [[,cpt® = [[4a0t™t™* =

8.1. Iwasawa decomposition. In its most basic form it asserts that

(8.6) G = BK.
Moreover,
(8.7) BNK=T.

In the case G = GL,(C), this amounts to the Gram-Schmidt procedure (explanation given
in class). We record the proof for general G. We consider first the analogous Lie algebra
question. To start, we might write any element of g as x + y + 2z using the decomposition

g=tcOHndn,

where n = @,-0g" and 1 = Bo0g®. We may write ©x = z¢ + x; with xy € tg, x; € itg, say.
Then the element w := x; + z 4 0(z) is f-invariant, hence belongs to £. On the other hand,
y — 0(z) belongs to n. Thus

r+yt+z=w+zo+ (y—0(2) € t+tg +n.
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In particular,
(8.8) g=b+¢

Using that ¢ = {x € g : 6(z) = x} and that 6 swaps n and n and acts on tc with fixed
subspace itg, we see that

(8.9) bt =itg.

We now turn to the groups. We’ve seen that B is a closed subgroup of GG. Since K is
compact, it follows that BK is closed. Using (8.8) and computing the derivative of the

map B X K Mg—) G as in the proof of the Weyl integral formula, we see moreover that

BK is open (see for instance Knapp, Lemma 5.11). Since G is connected, we conclude that

G = BK.

8.2. Integration on B\G. We fix a Haar measure dg on G and a left Haar measure db on
B. Using these choices we will define a notion of integration over B\G.
Let F denote the space of measurable functions f : G — C such that

(8.10) f(bg) =4(b)f(9)

for all b € B,g € G and fK|f|< oo, the latter integral taken with respect to any Haar
measure on K.

Lemma 8.1. Each f € F is of the form f(g fB bg )db for some f G — C. The map

Fof— fG g)dg is a well-defined linear functzonal on F that is invariant under right
translation by G We denote this linear functional by f — fB\G f. We have fB\G f= ch
for some constant ¢ > 0, depending only upon the various choices of Haar measure.

Proof. Left to the reader; this or some variant was treated in “Lie groups I”. 0

8.3. Principal series representations. We denote by A" the group of unitary characters
of A, thus A" consists of continuous homomorphisms x : A — U(1). We similarly define
the group a” of unitary characters of A. Using the surjective quotient map a — A given
by exponentiation, we may identify A" with a subgroup of a”*. On the other hand, by
differentiating at the origin, we may identify a” with the R-vector space consisting of linear
functionals a — ¢R. Concretely, suppose A is the group of diagonal matrices in GL,(C).
Write a € A in coordinates as a = (ay, ..., a,) with a; € C*. Then every x € A" is of the
form x(a) = [, a;(a;/la;|)% for some s; € iR and k; € Z, and this defines an isomorphism
AN =2 (iR)™ x Z™. Similarly, we may identify a with the group C" of diagonal matrices
x=(x1,...,2,) in M,(C) and a" with the group (iR)" x R™.

To each A € Hom(A,C*) we attach a “principal series representation” y, consisting of
measurable functions v : G — C satisfying

(8.11) v(bz) = 6Y2(b)b v (x)
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forall b€ B,z € G and

(8.12) /K|v\2< 0.

Thanks to the Iwasawa decomposition, we may regard 7 as a closed subspace of the Hilbert
space L*(K). The group G acts on m, by right translation. We note that if f; € 7, and
f2 € m_y, then fi fo belongs to the space F considered in §8.2] and so we obtain a G-invariant
pairing

TN R T_) — C

f1® far— Jife

B\G

Also, T = 7_5. Thus if A belongs to A" = Hom(A4,U(1)), so that A\ = — X, then integration
over B\G defines a G-invariant inner product on 7y, hence , is a unitary representation of

G.
8.4. Characters of principal series representations. Recall that we equip G with a

Haar measure dg and B with a left Haar measure db; this normalizes an integral over B\G in
the sense described above. To each f € C.(G) we attach an integral operator 7(f) € End(w),

as in , by the formula 7(f) := fgeG f(g)m(g) dg.
Theorem 8.2. For each f € CX(G), the operator mx(f) is trace class. We have

(8.13) trace(my(f)) :/ f(g7 0g)8 (b)Y
9eB\G JbeB
Proof. Let v € my. By definition,
") = [ flantes),

where here and henceforth we the omit Haar measures for notational simplicity. We apply
the substitutinon g — 27 !¢g to rewrite the above as

|t
geG
We next use the defining property of [ mG 1O rewrite the above as
/ Fa by)u(by).
y€B\G JbeB
Since v(by) = 6'/2(b)b v(y), it follows that

(8.14) w(f)o(z) = / RCOLC
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with

K(z,y) = /b RO h)

Since B is closed and f € C*°(G), we have k € C®(G x G). It follows readily from the
definition that

(8.15) k(byz, bay) = 62(by)b36"2(by)by Mk(, ) for by, by € B.

Note that the diagonal kernel integral

(8.16) / k(x, )
z€B\G
is the RHS of (8.13).

The remainder of the argument is a bit of standard functional analysis. It suffice to
show more generally that if 7" is any operator on 7 defined as in by a smooth kernel
k € C>(G x G) satistying (8.17), then T defines a trace class operator with trace given by
(8.16). This can be proved in the same way as the following statement, which may have
come up in a functional analysis course:

Let (M, i) be a compact manifold equipped with a smooth finite measure, and let
k € C®(M x M). Then the operator T on L*(M, i) defined by
Tv(z) := [v(y)k(z,y)du(y) is trace class, with trace(T) = [ k(z,z) du(z).

One can prove this by reducing first to the case that M is a compact torus and then appealing
to Fourier series.

O

8.5. Some basics concerning conjugacy classes in G. Every such class intersects B,
that is to say, G = Uzep\gz~ ' Bz. For instance, if G = GL,(C), then this follows from the
Jordan normal form. To sketch a proof in general, it suffices to show for each g € G that
the map

g: B\G — B\G

Bx — Bxg

has a fixed point (because if Bz = Bxg, then g € 27! Bz). One way to see this is to use that
B\G = T\ K (a consequence of the Iwasawa decomposition) and then to show as in one of
the standard proofs of the conjugacy of maximal tori (not the one presented in this course)
that any map 7T\ K — T\ K homotopic to the identity has a fixed point. One can also argue
algebraically using the Borel fixed point theorem.
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8.6. A change of variables. The groups N and A are unimodular (indeed, their adjoint
representations are unimodular, hence have trivial determinant). We may thus equip them
with Haar measures, compatibly with the chosen left Haar measure on B in the sense that

(8.17) / h= /n ENGEAh(an): / GNQEAh(na)(S_l(a).

For instance, if G = SLy(C), then a left Haar on B is given by

w19 i e C ) ) T

where dx and d*y denote Haar measures on C and C* respectively and where

(8.19) lyle:= ly[®

denotes the complex modulus, given by the square of the usual complex absolute value, so
that [ _h(z)dz = |ylc [ . Myx)dz for any h € C.(C), and so that d*y = dy/|y|c defines
a Haar measure on C* for each Haar measure dy on C.

We want to rewrite this integral formula for B so that it interacts better with conjugacy
classes. To start, note that

(DE )63

Now observe that “generically” (i.e., for y # 1), the above matrix has distinct eigenvalues,
hence is conjugate to the diagonal matrix with the same entries. More explicitly, we have

62 (00D )

which equals (y Zy_l > when z = zy~!'/(y~! —y). Thus

s [0 -t L) ()

and so

o g [ () (1) e

Here it is understood that we integrate away from the measure zero set of y for which 3? = 1.
A similar argument applied “one root at a time” gives the following more general identity:

Lemma 8.3. With Haar measures on B, N, A compatibly normalized as above, we have for
h e C.(B)

H |aa/2 o CL_a/2’(C 3
8.24 /h = >0 / h(nan™1),
( ) B 51/2(a) nenN ( )

acAreg
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with the integral taken over the full measure subset
(8.25) A" :={a € A:a” #1 for all o € D}.

Proof. Compare with Knapp, Lemma 10.16. The key point is to verify the following general
form of (8.22)), valid for any a € A™8:

H ’a/a/Q —a oc/2|(C B
8.26 / h(na) = == / h(nan™"%).
( ) neN (na) 6=1/%(a) neN ( )

O

As a consequence, we can rewrite the formula given above for x,, as follows. We first
define F': A™ — C by the formula

(8.27) Fla) = ([[la* ~a?c) | T

By working backwards through the above calculations, we see that F' extends to an element
of C°(A); indeed, by (8.26]), we have for a € A™8

F(a) = ([l — a=2c) / N

a>0

5 [ F(g™"nag)
geB\G JneN

=) [ [ g nag)

for a suitable Haar measure on K, but this last expression defines for a € A an element of
C(A), using here that K is compact. We define the Fourier transform F” : A" — C by

FM) = / a*F(a).
acA
We then obtain

(8.28) xa(f) = F"(A).
We equip A" with the Haar measure dual to that on A, so that the Fourier inversion formula
F(1) = [\car F*(X) holds.

8.7. Passage to the Lie algebra. Suppose now that f € C°(G) as above is supported in
a “small conjugation-invariant neighborhood” U of the identity element 1 of the Lie group
G. For example, in the case G = GL,(C), we might define U to be the set of all g € G each
of whose eigenvalues ¢ satisfy |¢ — 1|< € for some small € > 0; alternatively, we might ask
that the subleading coefficients of the characteristic polynomial of g be bounded by €. We
may then find a small Ad(G)-invariant neighborhood Y of the origin 0 of the Lie algebra
g such that exp : Y — U is a diffeomorphism onto its image. We may define an element
fo € C=(Y) by requiring that fo(z) = f(exp(x)). We define Fy € C°(a) to vanish off
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elements x € aNY, for which we set Fy(x) := F(exp(x)), with F' attached to f as above.
We equip a with the Haar measure matching up near the origin under the exponential map
with the Haar measure on A near the identity. For A € a" (hence, in particular, for A € A"),
we may define the Fourier transform Fj'(\); we have FJ'(A) = F”(\) when A € A". (Recall
from before that a* = (R x R)" while A" = (R x Z)".) We equip a” with the dual Haar
measure, so that the Fourier inversion formula Fy(0) = [, _ . F¢' () holds.

Recall that we’ve fixed a Haar measure dg on G. We equip g with the Haar measure dx so
that for small x € g, writing g = exp(z), we have dg = j(x) dz, with j(0) = 1. Using Lemma
[5.10, one may check then that the inverse square root of j admits the following formula for
small enough regular elements = € a:

(8.29) i) =]

a>0

c(a)/2 _ ,—ala)/2

a(z)

8.8. Main result. We define a polynomial function P : a* — R by the formula P(\) :=
[I,~0lA(Ha)|c. We aim to show the following:

Theorem 8.4. For f € CX(G), and with measures as normalized above,

(8.30) - | POY ).

X
AEAN |W|

This is a theorem of Gelfand—Naimark. We’ll loosely follow Harish-Chandra’s proof tech-
nique, as exposed in the textbook of Varadarajan. It is a fact that we will not have time
to prove that the my are irreducible unitary representations of G, so this theorem gives the
desired Plancherel formula.

Let’s suppose first that f is supported in a small conjugation-invariant neighborhood of
1, in the sense described above, so that we may define F, fy, Fy. The formula implies
that for small regular € a, we have

(8.31) Fy(z) = (J[ e*®/* = eo®/?) / fo(Ad(gn)z).

a>0 geG/B JneN

The exponential map restricts to a polynomial diffeomorphism exp : n — N with polynomial
inverse log : N — n. We may normalize the Haar measure on n to be compatible with exp.
With the abbreviation f§(y) := fo(Ad(g)y), we then obtain

(8.32) Fo() = ([ 2@ — e=e@12) / FO(Ad(e")z).
a>0 geG/B Jyen
By the Lie algebra analogue of Lemma [8.3] we have

(8.33 | paaer = [Le@i) [ fw+a)

a>0
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Thus

(8.31) Ro) =5 @) [ fiay)

geG/B,yen
The function j~'/2 extends to an Ad(G)-invariant function on g. Setting ¢ := 772 fy, we
may rewrite the above formula as

(8.35) Fo(w) =/€G/B ] ¢z +y).

Recall the decomposition g =n @ a®n. Fix K < U(n) and hence G — GL,(C) as usual.
We then get a perfect Ad(G)-equivariant pairing g ® g — C given by (x,y) — trace(zy).
Using this we may identify g" with g. Under this identification, n and @ are dual to one
another, while a is dual to itself. Integrating the above formula for Fy over regular z € a
thus gives for all A € a” that

(8.36) R = [ i [ s
g€ nebLCgh

Here qZA> denotes the Fourier transform and bt the subspace of g" that annihilates b; by the
above discussion, it identifies with n.

We say that A € a” is reqular if \(H,) # 0 for all roots «. By the analogue of for
g”, we see that for regular \ € a”,

~

(837 ) = (IMHI) [ dad(g)n),

a>0 geG/A

Let’s denote the latter expression by f o, qg; it’s a normalized integral over the G-orbit O, of
A. Then we have the following analogue of the Weyl integral formula for h € C,(g"):

1
(8.38) / h=— P(\) / h.
gh ‘W| A€a”r regular ()N

(The key point here is that the union of the orbits O, is open and dense in G; we may thus
reduce to the usual Jacobian calculation.)

We’re now ready to prove the theorem. We denote by Op the translation-invariant dif-
ferential operator on C°(A) or on C°(a) with symbol P, so that (dph)" = P - h. Let
f € CX(G). Define F' as above. Then

(8.39) /Ae A %w _ (975/1(1)‘
—F ()

We want to show that this last expression equals f(1). By smoothly and Ad(G)-invariantly
truncating, we may assume that f is supported in a small conjugation-invariant neighborhood
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of the identity, so that we may define fy, Fy, ¢ as above. Then, combining everything we’ve
shown thus far, we conclude that

(0pF)(1)  OpFy(0)

(8.40) W |W‘P A

(8.41) B /AEaA ﬁ /(:)A ’
(8.42) - / ) ¢

(8.43) = ¢90)

(8.44) = fo(0)

(8.45) = f(1),

as required.
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