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Notations

Mat,, (C)
GL(n,C)
GL(n,R)

O(n,C)

U(n)

associative algebraic of n x n complex matrices

group of invertible C-linear transformations on C"

group of invertible R-linear transformations on R"

complex orthogonal group consisting of {g € GL(n,C) : g'g = I}, where [ is
the n x n identity matrix and ¢' is the transpose of ¢

unitary group consisting of {g € GL(n,C) : g*g = I}, where g* is the conjugate
transpose of g

real special orthogonal group {g € GL(n,R) : ¢'g = 1,det(g) = 1}
group of unit circle {z € C* : ||z|| = 1}

nth symmetric group

branching rule from G to its subgroup H, where the inclusion H — G is
understood

maximal torus of a compact connected Lie group

Weyl group corresponding to a maximal torus

Homy,.(T, S'), the character lattice of T

integral lattice, or kernel of the exponential map of a torus

lattice of integral froms

roots of a compact connected Lie group with a choice of maximal torus
Weyl chambers corresponding to ®

subset of ® consisting of positive roots for a choice of K

half sum of the roots

character of a representation 7

continuous irreducible representation of G with highest weight A
multiplicity of 7/ in 7§/ restricting to H

length of a partition A

sum of A\; + Ay + - -+ for a partition A

Schur polynomial of n variables with signature A

complete symmetric polynomial in n variables

Weyl group of SO(2n + 1)

Weyl group of SO(2n)

Weyl algebra associated to V

space of polynomials on V'

symmteric algebra of V



1 Introduction

Suppose we have a group G and a subgroup H C G. Given an irreducible representation
(m, V) of G, it is not necessarily true that the restricted representation (m|gy,V) of H is
irreducible. In the case where G is a compact Lie group and H a closed subgroup, the
restricted representation 7|y will decompose into a sum of irreducible representations of the
subgroup H. The rules for such decomposition are called branching rules. Branching rules
have important applications in physics, for example, in the case of explicit symmetric breaking.
In representation theory, we often need to know the decomposition of the tensor product of
irreducible representations into a sum of irreducible representations; such tensor product rule
is the same as the branching rule for G as the diagonally embedded subgroup into G x G. We
will see examples of this for G = GL(n,C) and O(n,C).

In the first half of this paper, we present an original combinatorial proof of the branching
rules for the successive unitary groups and for the successive special orthogonal groups. The
proof of U(n) | U(n — 1) branching relies on the Weyl character formula and the ingredients
from symmetric function theory that involves proper cancellation of Schur polynomials of
horizontal strips. The branching rule for orthogonal group, on the other hand, involves two
different cases, SO(2n + 1) | SO(2n) and SO(2n) | SO(2n — 1). The branching rule for
SO(2n + 1) | SO(2n) is easier to obtain since both groups share the same maximal torus. To
get the branching rule for SO(2n) | SO(2n — 1), we make use of the branching rule for unitary
group along with careful combinatorial manipulation. Two remarkable things come out of
these branching rules. First, the branching rules share an interleaving pattern. Secondly,
all these branching rules have multiplicity one. If we keep branching down an irreducible
representation of U(n) or SO(n) all the way to U(1) or SO(2), the irreducible summands will
terminante in one-dimensional representations. In this way, we can get a basis labelled by a
chain of interleaved signatures, called Gelfand-Tsetlin basis, of any irreducible representations
of U(n) or SO(n).

The second half of the paper is an exposition on the existing literature of obtaining branch-
ing rules via duality. Our exposition is based on Chapter 4 and 5 of [GW09] and [HTWO05].
First we setup the language of linear algebraic groups over C and introduce the more gen-
eral context of representation theory of algebras. Then we prove a general theorem on the
duality between the irreducible regular representations of a linear algebraic group G and the
irreducible representations of the commuting algebra of G. As an application, we next prove
a duality theorem when the commuting algebra comes from the Weyl algebra which acts as

polynomial differential operators on polynomials on a complex vector space. This will give



us GL(n,C)-GL(k, C) duality and O(n,C)-sp(k, C) Howe duality. By combining Schur-Weyl
duality and the GL(n,C)-GL(k, C) duality, we give three interpretations of the Littlewood-
Richardson coefficients as branching rules of three different group/subgroup pairs. Finally,
we prove the branching rule for O(n,C) x O(n,C) | O(n,C) that is only valid for irreducible
O(n, C)-representations in the stable range. This proof will make use of most of the dualities
we have developed, following [HTWO05].



2 Branching Rule of Successive Unitary Groups

2.1 Weyl Character Formula

We briefly introduce the notations and conventions we use to describe the root system of
a compact connected Lie group. Our conventions follow Chapter V of [BtD85].

Let G be a compact connected Lie group, and fix T to be a maximal torus of G with
T = (SY)". We define the Weyl group of G (with fixed choice of T) to be W = Ng(T)/T,
where Ng(T') is the normalizer of 7' in G. Then W acts on 1" naturally by conjugation. We
denote the character lattice of G to be X(T') = Homyps (T, S'), and we let W act on X(T') via
(g-\)(t) = Mg~ 't). We can identify X(T) = Z" as follows. If u = (p1, ..., ptn) € Z", then the
corresonding element in X(7') is the continuous map sending (¢1,...,t,) € T to [[;_, ¢*. We
write t# = [[;_, ¢*. This way, the multiplication on X(T") becomes addition on Z".

Let (m,V) be a finite-dimensional continuous representation of G over C. If we restrict
the representation to 7', then (7|7, V') will decompose as a sum of one-dimensional irreducible
representations of 7'. In terms of characters, we have X« (t) = >_ ,cx(ry m=(1)t", where mx(u)
is the dimension of the weight space V,, = {v € V : w(t)v = tlv,Vt € T'}. We say A € X(T) is
a weight of V' if m,(\) > 0.

Let Ad : G — GL(g) be the adjoint representation of G, and let Ad¢ denote the com-
plexified representation. We use ® to denote the set of nonzero weights of Ad¢, and we call
them roots of G. We choose an Ad-invariant inner product (—,—) on g, which is possible
since G is compact. The induced action of W on t agrees with Ad|y,(r), so the inner prod-
uct is also W-invariant. We identify t with t* = Homg(t,R) via this inner product. The
kernel A of the exponential map exp : t — T is called the integral lattice, and the group
A ={a € t*: oA C Z} is called the lattice of integral forms. We will always choose the
coordinates of T" so that A is simply Z" and (—, —) is the standard Euclidean metric, so that
A* = 7" as well. Thus given a € ¢, we can view it as an element of A* via X(T') = Z".

Given a € ®, we can associate a hyperplane 7, C t with %, = Lie(kera). These
hyperplanes will divide t into finitely many convex regions, called Weyl chambers. We will fix
a choice of K for each GG, and we call it the fundamental Weyl chamber. For such K, we can
assign to it a set of positive roots &, = {a € ¢ : (a,t) > 0 for all t € K'}. Then we can define
a partial order on t*. We write v < X for 4, A € t* if (y,7) < (\,7) for every 7 € K. In this
case we say \ is higher than v. We call elements in K N A* dominant weights.

The gem of the theory of compact Lie group is the following celebrated character formula
by Weyl that describes the character of all irreducible representation of a compact connected



2.2. Maximal Torus and Root System of U(n)

Lie group. A proof of it can be found in Section VI.1, VI.2 of [BtD85|, or Chapter 22 of
[Bumo04].

Theorem 2.1.1 (Weyl character formula). Suppose (7, V') is an irreducible continuous rep-
resentation of a compact connected Lie group G. Then

(i) m™ has a unique highest weight A\ with m,(\) = 1.

(11) 7 is the unique irreducible continuous representation of G with highest weight X. In
addition, every dominant weight is the highest weight of some irreducible continuous

representation.

(iii) ForteT,
ZwGW det(w)tw(A+p)

Ha6<1>+ (ta/2 _ t_a/2> )

where det(w) is the determinant of the action of w on t, and p = %zae% a, the half

X (t) =

sum if positive roots. We call the denominator the Weyl denominator with respect to

[T @ =172 =) det(w)t*®.

a6¢+ weW

G. Moreover,

Note that since W preserves the inner product (—,—) on t, we have det(w) = +1. It
is a fact that elements of W are generated by hyperplane reflections on t, so we also write
det(w) = (—1)“®), where ¢(w) denote the smallest number of elementary reflections used to
generate w (see Chapter 20 of [Bum04|). The two equivalent descriptions of the denominator
in the Weyl character formula will turn out to be useful in different scenarios.

2.2 Maximal Torus and Root System of U(n)

We use the following description of the root system of U(n), following the convention in
Section V.6 of [BtD85]. We assume n > 2. We choose T' to be the maximal torus of U(n)
consisting of diagonal matrices. That is, T = diag(ty, .. .,t,) for t; € S1. The Weyl group of
U(n) turns out to be the nth symmetric group W = S,,, and W acts on T' by permuting ¢;’s.
The induced W-action on t = R" is, for 0 € W and p € {,

(1, f2, - - s fn) = (Ho(1)s Bo(2)s - - - > Ho(n))-

The determinant det(w) = (—1)4*) in the character formula is the same as the sign of
the permuation w. The roots of U(n), identified with elements in A* = Z", are e; — e;,
1 <1,7 <n. Here e; € Z™ is the basis element with 1 on its 7th entry and zeros elsewhere, and



2.3. Statement of U(n) | U(n — 1) Branching Rule

it correpsonds to the weight 7' — S* that projects t — t;. The fundamental weyl chamber we
choose is K = {(pt1, ..., ftn) € t: g1 > pp > --+ > pp}, so the positive roots are e; — e; for
i < j. The dominant weights are therefore y € Z" with p; > -+ > p,.

Hence by Theorem 2.1.1, given a dominant weight A, the unique irreducible representation

of U(n) with highest weight A, denoted as WE(”), has character

Poes, (-1 D)
2es, (Dt

where p= 33,5, a= (5452, ., =5 ).

Xr(t) =

(2.1)

2.3 Statement of U(n) | U(n — 1) Branching Rule

U(n

Suppose we are given an irreducible representation 7, ) where ) is a dominant weight.

We realize U(n — 1) as a subgroup of U(n) by

AH(A 0)7
0 1

which induces an inclusion of the maximal tori 7" < T'. This gives a surjection X(7') = Z" —
X(T") = Z" ! by projecting the first n — 1 entries. With such embedding, we can restrict
W}\J(n) to WE(H)|U(n_1). Then as a representation of U(n — 1), it decomposes into the direct sum
of irreducible representations of the subgroup U(n — 1), each indexed by its highest weight:

U(n) _ @{Wy(n) : ﬂ_/[j(n—l)]ﬂ_g(n—l).
) "

T

U(n—1

The sum is over dominant weights of U(n — 1), and we use [Wg(n) : w,‘f("‘”]

-1)

to denote the
multiplicity of wE(" in the decomposition. Our goal is to determine [WI\J(H) : wE(”‘”] for all

pairs of A € Z" and p € Z" 1. It turns out that this multiplicity has a very clean description.

Theorem 2.3.1 (U(n) | U(n — 1) branching rule). Suppose X is a dominant weight of U(n),
and p is a dominant weight of U(n — 1). Then [xy™ : 75"V

That is,

=1 if A and p interleave.

M2 > A > g > 2> g1 > Ap,

and 0 otherwise.



2.4. Schur Polynomials and Pieri’s Formula

2.4 Schur Polynomials and Pieri’s Formula
Before proceeding further, we first modify the character formula (2.1) for ’/T}\I(n) so that both

the numerator and the denominator can be expressed as elements in the ring Z[ty, ..., t,]. To
do this, we simply multiply both the numerator and the denominator by

Since the action of o € S, does nothing to such half-weight, in the formula (2.1) we may

replace p with p’ = (n — 1,n — 2,...,0). Then we can rewrite the character formula using
determinants:
(1) = i)
T et

We recognize the denominator to be the determinant of a Vandermonde matrix, and we denote
it as A, (t) = det(t!7) = [Ticicj<n(ti — t;). Note that the numerator det(t;” ’\ Y divides

each of t; —t; in Z[ty,...,t,], so it divides A,(t). Hence x, () is a symmetric homogeneous
polynomial in Z[ty, ..., t,]. It is called the Schur polynomial corresponding to A, and we write
it alternatively as sy = sx(t1,...,t,). When we want to make the number of indeterminants

explicit, we write sg\n) instead of s,.

We first restrict the attention to the case when \ is a partition; i.e., it does not contain
negative entries. Recall that a partition A is a sequence (Aq,...,\,) such that \; > Ay >
- > A > 0. We shall identify two partitions to be the same if they only differ by trailing
zeros. We define the length of a partition A, denoted £(A), to be ¢(A\) =sup{n € N: A\, > 0},
and £(\) = 0 if A = 0. We also denote |A\| = Ay + Ay +---. Then a partition A with £()\) <n
is a dominant weight for U(n). However, not all dominant weights are partitions since they
may contain negative entries. We say \ is a partition of n, denoted A - n, if |A\| = n.

For partitions A, p, we write inclusion A C pif \; < p; for all ¢ € N. If A C p, then we
define p1/\ to be the nonnegative integer sequence (11 — Aj, 2 — Ag,...). Naturally we shall
define |u/A| = |u| — |A|. We may associate each partition A with a Young diagram YD(\).
Then YD(u/A) is defined to be the set theoretical difference YD(p) \ YD(X). We say u/A is
a horizontal strip if YD(u/A) has no two boxes in the same column.

For example, let = (4,2,1) and A = (2,1). We lay YD(A) on top of YD(u) so there top
left corners coincide We mark YD(u) in red. Then /A is a horizontal strip, marked in blue.
However, if X' = ), then /) is not a horitonal strip (marked in green):

" F




2.4. Schur Polynomials and Pieri’s Formula

Lemma 2.4.1. If A\, u are partitions of length < n, then X\ C p and p/X is a horizontal strip
if and only if
P1 > AL 2> g > A 2ty > Ay

Proof. Clearly g > A\ > --- is sufficient for p/A to be a horizontal strip. On the other hand,
if 11/ is a horizontal strip, then we need to require p; > A; for A C p. If p; > A;_1, then the
ith and (i — 1)th rows of YD(u/A) will contain a box in the same column. So the condition is
sufficient as well. O

Our main tool to prove the branching rule of U(n) | U(n — 1) is Pieri’s formula. Let hén)
be the kth complete symmetric polynomial in n variables. That is,

WO (b t) = Yty

11 <1< <i

Observe that h,gn) is precisely the character of S¥C", the symmetric k-tensor of the standard
representation of U(n). Pieri’s formula gives the decomposition of the product of a Schur poly-
nomial with a complete symmetric polynomial as a sum of Schur polynomials Equivalently,
in the language of representations, it gives the multiplicity of w}f(”) in 7T ® SkCr.

Theorem 2.4.2 (Pieri’s formula).
=D s,
m

where hy is the kth complete symmetric polynomial in n variables, and the summation is over
all partitions p with ((p) < n such that X C p and p/X is a horizontal strip with |u/\| = k.

Proof. The proof presented here is based on the proof of Theorem B.7 of [BS17]. Define
—{v ez Y v =k >0V} Then A" = 33 . . Let My = {v € M :

A + v is a partition and (A 4+ v)/\ is a horizontal strip}, and denote My = M \ M;. Write

(n) g (n)

sy hy "~ as

=AY Y (=),
veM  o€S,

Since for any o € S,,, we have ZVGM t =2, cnt?, we have

A Z Z J)tU(/\-i—V-i—p)

veEM oeS,

Define X(v) = 3, g (—1)"t7OH%0) 5o that sURM = A > e X(v). Our goal is to
show > cpy X(v) = >, cpr, X(v). To this end, we seek a involution v + v’ such that X (v) =

8



2.5. Proof of U(n) | U(n — 1) Branching Rule

—X (V) forallv € My, sothat ) ., X(v) =0, since if v # v/, they would cancel each other;
otherwise X (v) = 0.

Observe that v € M, if and only if (A + v)/A not a horizontal strip (including the cases
where A+ v is not a partition), and if and only if there exists some ¢ such that A\; 1 +v1 > A
For a given v, we let i be the largest of such integer. Then we define v by letting v; = v; for
j#1and j #1714+ 1, and

Vi=Aip1+Vigr — A — 1
Vi =N+ vi—Aipn + 1
Since Ajy1 + Vg1 > A and A; > A, we have vj > 0 and v}, ; > 0. Adding two equations we
see that v] + v/, | = v; + i1, 50 ), v; = k. Hence v/ € M. Note the second equation implies
Aig1 + Vi > A, so vV € M. Finally for j > i, we have A\ji1 + v} 1 = Ajy1 + 541 < Aj, 801 s
also the largest integer for which A\;41 + v/, ; > A;. It follows that v +— ¢/ is an involution.
Finally we notice that s;(A + v+ p) = A+ 1/ + p, where s; € S,, swaps ith and (i + 1)th

entries. By making a change of variable ¢ +— os;, we conclude that X (v) = —X(v/) for all
Ve MQ. ]

2.5 Proof of U(n) { U(n — 1) Branching Rule

We first prove a special case of Theorem 2.3.1 when the highest weights of the irreducible
representations we are considering are partitions.
Proposition 2.5.1. Suppose A\, are partitions with £(N) < n and ¢(p) < n — 1. Then

" =

1 of X and p interleave. That is,
AL 2>y 2 Ay > g 20 2 i1 2 A,
and 0 otherwise.
Proof. The character of Wg(n)|U(n,1) is just
XU (t1,. .. ta1,1) = sx(t1, ..., ty_1,1)

because of the way we embed U(n — 1) < U(n). The strategy is then to decompose
sx(t1,...,tp—1,1) into sum of the form »_s,(¢1,...,¢,—1), which will then tell us the mul-
tiplicities of each s, with ¢(u) <mn — 1.

Observe that

ti\l—HL—l té\l-&-n—l e 1

Tt t1\2+n—2 tg\g—&-n—? T
An n

t t e 1

S,\(tl,...,tn_l,l) = (22)

An(tla s atn—la 1)



2.5. Proof of U(n) | U(n — 1) Branching Rule

We write the denominator as

Antr, .t )= [ @G—t) [ -1

1<j<k<n—1 1<j<n—1
=Api(tr o teo) - (D" T (1—t).
1<j<n-1
Expanding the determinant in (2.2) along the rightmost column, then dividing out A,,_;, we
have
A (tl, o .. n 17 ].)
Anfl

_ (_1)7171 ( H (1 — t])> SA(tla ey tpt, 1)

1<j<n—1
(n—1) =) L gD _
(A1+1 Ao+ T S A2+ 1) T S+ Ansa+ L A - 1,0n)

n ) (7’1 1
- A’L* b

where we denote

S,\(tl, Ce ,tn,l, 1)

=S

)\i*:()\1+1,...,)\i71+175\\2'7)\’[;4’17"'7)\”)7

and we use hat to mean omission of the term. On the other hand, as formal series, we have

I a-tv'= I Ztl ihk(tl,...,tn_l).

1<j<n—1 1<j<n—1 i=0
Hence
oo n
S)\(tl,...,tn_l, = E ]’L 1) S)\i*
k=0 =1

n

o z+1 n—1) (n—1)

= (-1 Zh e
=1

To simplify notation, we use Z(\) to denote the set of partitions p with £(u) <n —1, u D A
and that p/\ is a horizontal strip. By Pieri’s formula,

SH =Y Y e Y e
k=0

k=0 HEE )\z* E()\Z*)
\u//\“‘l

Note that we get rid of the infinite sum over k by simply removing the constraint on |u/A\*|.

Hence we can write sy(t,...,%,—1,1) as an alternating sum:
sty ostp-1,1) = Z(—l)”1 Z s
=1 ueE()\i*)

10



2.5. Proof of U(n) | U(n — 1) Branching Rule

We will show that with proper cancellation, the summation can be made to have the desired
interleaving pattern. Let

n

=D (0" Y sV =g+ (D YT s

ik HEE() HES (k)
so that ¢; = s\(t1,...,tn_1,1).
Lemma 2.5.2.

Q. = (_1)k+1 Z SLn—1)7
m

where we sum over all p such that iy > A\ +1> s > Xo4+12> > pp 1 > X1 +1 2> X >
i = A1 = -0 2> fne1 2> Ay If an index goes out of range, we simply omit it in the chain
of inequality.

Proof. We shall prove this lemma by induction. For k£ = n case, we have
an = Z SEZ’L—I)’
=(An")

where X = (A + 1, A0+ 1,...,\,_1 + 1), so this case follows directly from Lemma 2.4.1.
We proceed the inductive case backward. Suppose

k+1 = (‘1)k+2 Z SLT/L_I)
W

for p/ such that

P2 ML= > >N F L2 > N 1> N > > 2> (2.3)
Then

n— n—1
a= (=DM Y s =D s
ZE(Ak*) w

where the range of ' is (2.3). Since \** = (A\; +1, A0 +1,..., A1+ 1, M\ey1, ..., \y), applying
Lemma 2.4.1, we see the range of summation for p is

1> A A+ 12> > > MNemr 12> e > A1 2> g 2> 000 2= et 2 A (2.4)

Comparing the range (2.4) with (2.3), we see that they only differ on the range of ), and gy,
where

N1+ 12> > M+ 1
A1+ 12 e 2 Mgy
Since A\ + 1 > A\py1, after cancellation, we get A\, > pur > A\py1. This agrees with the range

given in the lemma. O]

11



2.5. Proof of U(n) | U(n — 1) Branching Rule

Since q; = sx(t1,...,tn_1,1), by the lemma, we have
8)\<t1, Ce ,tnfl, 1) = ZSLn_l),
m

where \; > 1 > Ao > g > -+ > i1 > A,. This precisely means that A and p interleave,
finishing the proof of Proposition 2.5.1. O

It is now easy to obtain the branching rule of U(n) | U(n — 1) for an irreducible represen-
tation whose highest weight can be any dominant weight, not just a partition.
Proof of Theorem 2.3.1. Let det : U(n) — S* be the determinant function. Then it is the
character of an one-dimensional representation of U(n), denoted as Wge(tn). Note that x_uvwm (t) =
Tdet

t!" =t,---t,. We can reduce the problem to the case when )\ is a partition, i.e., A, > 0, by

looking at WI\J(H) ® (Wi(tn))(@T, for some r € N. Let v = (r") = (r,7,...,7), so the character of
(r )Y@ i ¢ s 7. Then the character the tensor product o™ @ (m ") is

ZUES (_1)4(0)t0(/\+v+p)
An(t) '

We choose r big enough so that A + ~ is a partition. Then for ¢t = (¢,...,t,-1,1), we can
apply Proposition 2.5.1 to get

> oes, (= 1)H) o Atrte) — 1)l o lutr’)

ZUESnfl(
A1) B %: A, (b) ’

where 1 interleaves with A 4+ . Since Z[t1,ts, ... ,t,_1] is a domain, we can divide both sides

by t7. Let ' = pn — . It follows that WE,(n_l) appears in 7. "

) with multiplicity 1 if and only
if A and 4/ interleaves. O
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3 Branching Rule of Successive Orthogonal Groups

3.1 Maximal Tori and Root Systems of SO(2n + 1) and SO(2n)

Like with the U(n) case, we first give a description of the maximal torus and the root
system of SO(2n + 1) and SO(2n), following Section V.6 of [BtD85]. We will always assume
n > 2.

For SO(2), we can identify SO(2) = S by

SO(2) = C,OSQ —sinf 10 € R/27Z .
sinf  cosf

Let T'=T(n) = (SO(2))" € SO(2n) C SO(2n + 1), where we include T'(n) as n matrices in
SO(2) along the diagonal of SO(2n), and the inclusion SO(2n) < SO(2n + 1) is via

()

Then T'(n) is a maximal torus in both SO(2n) and SO(2n + 1).

The Weyl group of SO(2n + 1) is the semidirect product ¥(n) = Z% % S,, where we use Zs
to denote the cyclic group of order 2, and S,, acts on Z% by permuting the entries. The action
of (r,0) € ¥(n) with 7 € Z§ and 0 € S,, on p € t =R" is

(7,0).(p1, s pin) = ((_1)T1N0(1)7 R (_1>Tnﬂo(n))-

Thinking of elements in ¥(n) as product of elementary reflections, it is evident that
det(r,0) = (=1)"9) = (=1)X27(—1)%). Define a homomorphism § : X(n) — Z, by
§(r,0) = >, mimod 2. Then it turns out the Weyl group of SO(2n) is ¥o(n) = kerd.
The action of ¥(n) on t inherits from that of ¥(n).

The root systems for SO(2n + 1), with a fixed choice of the fundamental Weyl chamber,

1S:

Fundamental Weyl chamber: K = {(p1, ..., pn) € t: g > -+ > pp, > 0}.

e Positive roots: e¢; £e;, 1 < j, and e, 1 <, 5,k < n.

Dominant weights: A\ > Xy > --- > X\, > 0 with A\ € Z".

s . 1 3 1
Half sum of positive roots: (n —3,n—3,...,5).

13



3.2. Branching Rule for SO(2n + 1) | SO(2n)

The root system for SO(2n) is given by:
e Fundamental Weyl chamber: K = {(p1,...,in) € t: g > - > |pal}.
e Positive roots: e; £e;, 1 <7< j<n.
e Dominant weights: A\; > Ay > -+ > |\, | with A € Z".
e Half sum of positive roots: (n —1,n —2,...,0).

By Theorem 2.1.1, knowing the information about root systems allows us to compute the

character of any irreducible representation indexed by its highest weight.

3.2 Branching Rule for SO(2n + 1) | SO(2n)

We begin with deriving the branching rule for SO(2n + 1) | SO(2n), which is relatively
more straightforward, as the maximal tori of both SO(2n) and SO(2n + 1) have the same rank

n.

Theorem 3.2.1 (SO(2n+1) | SO(2n) branching rule). Let A be a dominant weight of SO(2n+
1) and p a dominant weight of SO(2n). Then [ﬂfo(an) o) = 1 f

M >N > e > > Ay > |,

and O otherwise.

Proof. By the Weyl character formula (Theorem 2.1.1),

ZwEE(n) (— 1)f(w)tw(>\+p)
Aso(2n+1)

Xﬂ§0<2n+1> = )

where Ago(2nt1) is the Weyl denominator. Notice the positive roots of SO(2n) is a subset of
that of SO(2n 4 1). Using the product formula for the Weyl denominator, we find

Aso@n+1) = Aso(2n) H (2 =777,

1<i<n

14



3.2. Branching Rule for SO(2n + 1) | SO(2n)

Hence

Aso(2n)X RSOCn+1)

n 1/2
_ K(w)tw A+p)
> oo
weX(n) i=1
n t1/2

_ Z (o) Z or tTO‘ (A p) H i

o€Sn TELY i=1 ti—1

n—1 o) n—1 t1/2 t1/2
o T To(A+p)]j i o n o n

- Z(_l)é( ) Z (—1)“ )Htj P HtTl {( tloOtPln _ —lo(A+p)] )t——l}

0ESn rezn~? j=1 i=1 "

Observe that the bracket is the geometric series
2.
|k|<[o(A\+p")]n

where k € Z and the new p/ is the half-sum of SO(2n); i.e., o’ = p—(3)™ € Z". So by induction
we get

=

A ni1) = —1)4)
SO(Qn)XWEO@ +1) Z( )

>

oESn i=1 \ [I<loOtp)]i
n
k
=2 GV X e
gESn =1 \|k|<Xi+n—1

where we used [o(A + p')]; = (A + p/)o-1(;) and a change of variable ¢ — o¢(i). This can be
rewritten as the determinant of the matrix whose ith row and jth column is Z| K|<i-tn— At
Since the determinant remains the same when subtracting one row from another row, by
subtracting the (i + 1)th row from the ith row of this matrix, we see that

Aso(on winy = det tk
SO(2 )XW§O<2 +1) € Z

J
Ai+1+n—i§|k|§)\i+n—i
n
_ 4(o) k
= > 0]] > togi) | »
o€Sy =1 \ Aiy1+n—i<|k|<Xi+n—:

Note that we may assume A, ;1 = 0.

Now we fix 0 € S,,. Interchanging product and summation, we can combine the enumerated

15



3.2. Branching Rule for SO(2n + 1) | SO(2n)

integers k’s into a tuple p € Z™:

> towy | = > ( tff(j))
j=1

1T\ Nip1+n—i<|k|<Ni+n—i Xig1+n—i<|p;| <Ai+n—i

— Z 1o®).

Aip1+n—i<|ps|<Ai+n—i

n
1=

For a given p, define 7 € Z N Xg(n) by ; =0if p; > 0and 7, = 1 if p; < 0 for i < n — 1.
That is, (—1)™ reflects the sign of p; for ¢ < n — 1. This uniquely determines 7, for it to be
in Yo(n) by requiring > 7, mod 2 = 0. Let s € Z" be s = 7p, where the action of 7 sends
pi — (=1)7p;. Then s; > 0 for i < n — 1. Since 72 = 1, we have p = 7s. Summing over 7 and
s instead of p, we obtain

Z td(p) _ Z 1o7s.

)\1+1+n—2§|p1\§)\1+n—z TGZQ’QZQ(TL)
Air1+tn—i<s;<Ai+n—i
‘Sn I S)\n

Let = s —p'. Then

Z 1078 — Z Z tm’(,u—l-p') )

TEZINZo(n) TEZLNIg(n) Nit1<pi<A;
Ait1+n—i<s; <Aj+n—i [tn | <An
|Sn | <An

Putting everything together,

ASO(2n)X7r§O(2n+1) = Z (_1)4(‘7) Z Z tUT(;Hp’)

oESh TGZSOZo(n) A1 S <A
[pn]<An

— Z (_1)€(w) Z peu+p)

weXp(n) A1 <A
ln]<An

= E AS0(2n) X z500m -
Ait1 < <A
‘Hn|§)\n

Since Z[ty, ... ,t,] is a domain, diving out Ago(2n), we have

Xﬂ_io(2n+l) = E Xﬂ_ﬁO(Zn) .

Ait1 S <A
‘.U‘n‘SAn

This gives the branching rule SO(2n + 1) | SO(2n). O
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3.3. Branching Rule for SO(2n) | SO(2n — 1)

3.3 Branching Rule for SO(2n) | SO(2n — 1)

Like the ones we have seen so far, the branching rule for SO(2n) | SO(2n — 1) also has an
interleaving pattern.

Theorem 3.3.1 (Branching rule for SO(2n) | SO(2n — 1)). Let A be a dominant weight of
SO(2n) and p a dominant weight of SO(2n — 1). Then [0 : 70" D] =1 if

AL > > Ao > i > > g > A,
and 0 otherwise.

To obtain this branching rule, we will make use of Theorem 2.3.1, the unitary group
branching rule. This will guide us when restricting the maximal torus to one with less rank,
which is the main obstacle in this case. We apply the branching rule of U(n) | U(n — 1) to
get the following lemma concerning determinants.

Lemma 3.3.2. Let a = (aq,...,a,) €Z" and oy > g > -+ > . Then for indeterminants

t1,...,t,_1 and t, =1, we have
det(t57)
G S der(e?),
£ 42 J
H1<z<n 1< -t ) B
where the summation is over all B = (B,...,Bn_1) such that 5; € Z + % and ;1 < B < oy

for all i. The determinant on the left is of an n X n matriz, while the one on the right is of
an (n — 1) x (n — 1) matriz.

Proof. Let A = (A1,...,A\,) with A\; = a; — (n —4). Then \y > Ay > -+ > \,, s0 A\ is a
dominant weight of U(n). Writing the branching rule U(n) | U(n — 1) in terms of the Weyl
character formula, we have

1)f(ﬂ)t0(u+p/)

— 1)) o (Atp)
2oesa (71) Z 2ioesn( (3.1)

AU(n)(tla--' n—1,1 AU(n 1) tla---vtn—l) ’

_ (n—1 n—=3 —(n—1)
where p = ("5, %5, ..., =%

all p such that \y > gy > Ao > --+ >y
n—1

/ (n—2 n— —(n—2)
Y9 9ttty 2 .
> A\,. By multiplying both sides by t 2= =
3 5

[Ticicn1t;® , we may assume p = (n —1,n —2,...,0) and p' = (n — 3,n — 3,...,3). Then

a = A+ p. Obeserve that the set of positive roots of U(n — 1) is contamed in that of U(n),

so we have Ay (tr, - tn-1,1) = Av-1)(t1; - tn-1) [Ticicn— 1(t2 —t, 2) Multiplying both
sides of (3.1) by Ay(n—1) and writing in terms of determmants, we get

py = o deltf ™)
0
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3.3. Branching Rule for SO(2n) | SO(2n — 1)

Since \; > p; > Ajyq is equivalent to \; +n — i@ > pu; +n —1 — % > A\ix1 +n —1¢— 1, which is
the same as [\ + p|; > [+ p'li > [N+ pliv1, with a change of variable § = u + p/, we have

det (i det (£l
( ;) i (] T ) 1 :Zdet(tfi),
H1<z<n 1( tP — ti 2) H1§i§n—1(ti2 -t 2) B
where ;11 < ; < a; and 3; € Z + % for all 7. O

We are now ready to prove the branching rule of SO(2n) | SO(2n — 1).

Proof of Theorem 3.3.1. We embed SO(2n — 1) < SO(2n) in the natural way such that
the embedding of the corresponding maximal torus is (t1,t2,...,t,—1) = (t1,te, ..., th_1,1).
Comparing the sets of positive roots of SO(2n) and of SO(2n — 1), by the Weyl denominator
formula, we have

1 1 11 11 _1 1 1 _1
Asoeny(tt, ot 1) =[] (2,2 =t 2e2) (22 —t, %, %) [[ (2 —t,2)

i<j<n—1 1<i<n—1

11 11 11 _1 _1 1 _1
Asoen-n(tr,- - tnor) = [ (267 =t 2e2) (@2t -2 %) [ (2 —42).
i<j<n—1 1<i<n-—1
Hence
1
Agon)(ti, .- th-1,1 H ; —t 2) - Aso@n—1)(t1, - tho1).

1<i<n—

Let Aio(%) be the numerator in x_so@n according to the Weyl character formula, and sim-
BN

ilarly let A5°?"™Y be the enumerator of X soen-1. Let m(u) = [0 7301 Then
m
SOC™ o @ma1) = D, m(p)mi @Y translates to
A§0(2n) (t1y . tt, 1 Z (s A§0(2n71)(t1, tat)
Asgo@ny(tr, - th-1,1 ASO(2n71)(t17 oy tnt)

Multiply both sides by Ago(n—1), we get

AiO(Q”)(tl,... t-1,1) _

> m(u) ASCC Ity Lt ). (3.2)
[Lcicn (8 — 1, 2) p
Denote p = (n — 1,n —2,...,0) and p' = (n — %,n — g, c %), i.e., half-sums of positive

roots of SO(2n) and SO(2n — 1). We continue to denote the Weyl group of SO(2n) as 3o(n).
Observe that

ASO(2n) (t17 et 1) _ Z (_1) tw (A p) Z Z E(a tar /\+p)

weXp(n) TELY 0€Sh
((T):O
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3.3. Branching Rule for SO(2n) | SO(2n — 1)

Then the left hand side of equation (3.2) becomes

AP, e, ) 3 S res, (1)@ det(tThy
1 _1 - 1 —1 - 1 1 -
ngign—1(ti2 —1; %) TELy H1§i§n—1(tz'2 —1; %) TELy H1§i§n—1(tz? —1; %)
£(T)=0 £(T)=0

et (7L
Once fixed 7, we can compute det(t, T )J via Lemma 3.3.2 by first sorting 7(\ + p) in
H1§i§n—1(ti2 —t )
decreasing order and then apply the lemma. Sorting can be achieved by properly swapping
()""P)]i)

rows of the matrix (tE-T , which may introduce a sign change. Notice that 7(A + p)
contains distinct entries, and A+ p is decreasing. Let x(7) denote the number of ordered pairs
in 7(A+p), that is, the number of (7, j) pairs, i < j, such that [T7(A+p)]; < [T(A+p)];. Clearly
k depends only on 7, as A + p is decreasing and [\ + pl|,, has the least absolute value. Let
a = sort(7(A + p)) so that a; > as > --- > «,. Then x(7) will have the same parity as the

number of swaps needed to sort 7(A + p) into a. By Lemma 3.3.2,

[r(A+p)]i
TELY ngign—l(tz? - tz 2) TELY a=sort(T(A+p))
£(1)=0 £(1)=0 ai1<Bi<oy

Bi€EL+3

Lemma 3.3.3. In the right side of (3.3), it is enough to sum over [ such that for every
1 <i<n-—1, there exists some j such that | X+ plis1 < |Bj] < |+ pli-

Proof. Denote 6 = |\ + p| (note that the only term that could be negative is (A + p),, = A,).
First fix some 7. Then fix some S in the summation that does not satisfy the condition in
the lemma. That is, there exists a smallest integer k£ such that the interval (0y41,60;) does
not contain any |3;|. Then exact one of [T(A + p)|i, [T(A + p)k+1 is negative, for otherwise
there would be more than one §; lying inside either (6xi1,6x) or (=6, —0x11). Let 7/ =7
except that 7/ = 7411 and 7, = 73 (i.e. negating 7, 7p41). Then /(7') = £(7) = 0, and the
same (3 will appear in the summation of 7. Moreover, (—1)*") # (—=1)*") since number of
ordered pairs in 7'8 will be offset by one compared to that in 7. Also it is clear that the map
7+ 7' is an involution (i.e. 77 = 7) since we are looking at the smallest k. Hence the term
det(tfi) that appears in the summation of 7 will be cancelled by the same term appearing in
the summation of 7’. O

Lemma 3.3.4. For any 3 that satisfies the condition of Lemma 3.5.3, it appears in (3.3) with
multiplicity 1.

Proof. We will show that any such 8 appears in the summation for a unique 7 € Z with
(1) = 0. If B > 0 for all k, then clearly (—1)" =1 for 1 <i <n — 1, and 7, can be either
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3.3. Branching Rule for SO(2n) | SO(2n — 1)

1 or —1. Let k be the smallest integer such that £, < 0. Then for all i < k, we have 3; > 0.
This implies that (—1)™ =1 and 7; = 0, for otherwise there will be more than one /5 in some
(0;11,06;). Since By < 0, we must set 7, = 1 so that (—1)™ = —1. Next we find the smallest
k' > k such that B > 0, and by the same reasoning we require (—1)™ =1 and (—1)"% = —1
for k < i < k'. If we keep doing this, we will see that for i < n, (—=1)" = 1if §; > 0 and
(—1)% = —1if ; < 0. The value of 7, is then uniquely determined to make ¢(7) = 0. O

By the two lemmas, we can write the inner summation on right side of (3.3) by first
enumerating the signs of 5. Let 7 denote the first n — 1 components of 7, which acts on S by
negating corresponding components. Hence

dot ()] )
3 t; ) = = Y (—1) 3 det(£).

TELy Hl<z<n 1(t —1; TELy Bi€Z+3
K(T):O Z(T):O [A+plit1<Bi<|A+pli

Lemma 3.3.5. det(¢ [50“(75)]1) = (—1)4@+s(n) det(t‘?ﬁ]i)'

Proof. Since det(t Sort(Tﬁ iy = (—1)%® det (¢771), it is enough to show that
j
(_1)H(F) _ (_1>Z(F)+n(7—).

By definition, x(7) is the number of ordered pairs in 76, and x(7T) is the number of ordered
pairs in 76, consisting of the first n — 1 components of 76, for some 6 sorted decreasingly as
0, > 0y > --- > 0,. Hence the difference x(7) — k(7) equals the number of ordered pairs
formed by [76]; and [76], for all i < n, which is equal to the number of negations among

Ty vy Tn-1, i.€., £(T). Hence the equality follows. H

Therefore,

det (t[T(A-i-P)J)

2. = ) () > des(™).

TELY H1gz’§n—1(tz‘2 -t 2) Tezy! Bi€Z+3
£(r)=0 [Aplir1<Bi<|Apl;
Let p=pB—p 80 1 > pig > -+ > pip1 > 0. We get
det (¢ _ o
Z ( >,1 — Z (_1)4(7) Z det(tg.T(“er )]z)
TELY H1<z<n 1(t —t;?) Tezy ! Hi€Z
¢(r)=0 IA+plipr<[u+pli<|A+pli
= Z (_1)4(?) Z det(t?(“”l)h)
Tezy " Hi€Z

[Mit1<p:<|Al;

- Z ASOCPD (4 ).

i €7
[Mi1<p:<|Al;

Comparing this with (3.2) yields the branching rule of SO(2n) | SO(2n — 1). O
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4 Branching Rules via Duality

In this chapter, we will show an algebraic way of obtaining new branching rules from the old
ones via duality. Unlike our previous proofs that involve careful combinatorial manipulations
of the character formula, the new approach we will see is more systematic, in the sense that
once the general theory is developed, many branching rules will follow.

We will shift our focus from compact Lie groups to linear algebraic groups that are re-
ductive, the analogue of complete reducibility of compact Lie groups. The algebraic setup
will be more suitable to present the duality theorems. A brief discussion of the link between
the complete reducibility of certain linear algebraic groups and that of compact Lie groups is
discussed at Section 4.3.

This exposition is based on Chapter 4 and 5 of [GW09], the appendix of [BS17|, and the
paper by [HTWO05].

4.1 Algebraic Setup

We consider the following algebraic setup.

Definition 4.1.1. A subgroup G of GL(n,C) is a linear algebraic group if G = ﬂfeA F710)
where A is a set of polynomial functions on Mat,,(C).

Definition 4.1.2. A C-valued function g on GL(n,C) is regular if
g € Clz1y, ..., Ty, det(z) 1]

A C-valued function on a linear algebraic group G C GL(n, C) is regular if it is the restriction
of a regular function on GL(n,C). Let O[G] denote the set of regular functions on G, which

forms a commutative algebra.

Definition 4.1.3. Let G, H be linear algebraic gorups. We say a map ¢ : G — H is a reqular
map if ¢*(O[H]) C O[G], where ¢*(f)(g) = f(p(g)) for all f € O[H], g € G.

Definition 4.1.4. Let G be a linear algebraic group. A representation of G is a pair (p,V)
where V' is a complex vector space and p : G — GL(V) is a group homomorphism.

Definition 4.1.5. We say (p, V) is a regular representation if dimV < oo and after fixing a
basis for V', each coordinate-wise p;; is a regular function for all ¢, j.

We also need to look at infinite-dimensional representations, that are locally regular:
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4.2. Representations of Algebras

Definition 4.1.6. A [ocally reqular representation of G is a representation (p, V') such that ev-
ery finite-dimensional subspace of V' is contained in a finite-dimensional G-invariant subspace
where the restriction of p is regular.

4.2 Representations of Algebras

For our purpose, we look at a more general notion of representation at the level of asso-
ciative algebras. We will only encounter algebras with identity, so we always assume this.

Definition 4.2.1. Let A be an associative algebra. A representation, or module, of A is a
pair (p, V') where p: A — End(V) is an algebra homomorphism.

Most of the time we will simply write V' instead of (p, V') as a representation of A, where
the action p will be understood.

Note there is a bijection between the representations (not just the regular ones) of any
group G and the representations of the group algebra C[G]. We will use representations of

groups and representations of the corresponding group algebras interchangably.

Definition 4.2.2. An A-module (possibly infinite-dimensional) V' is irreducible if the only

A-invariant subspaces are {0} and V.

Definition 4.2.3. Let (p, V') and (7, W) be representations of an associative algebra A. We
use Hom 4 (V, W) denote the linear subspace of the Hom(V, W) that commute with the action

of A. Such map is called an A-module homomorphism.

We say a vector space V' has countable dimension if the cardinality of every linearly in-
dependent set of V' is countable. Schur’s lemma asserts the only A-module homomorphisms
between two irreducible (possibly infinite-dimensional but with countable dimension) repre-
sentations are multiplication by scalars. The proof can be found at Lemma 4.1.4 of [GW09].

Lemma 4.2.4 (Schur’s Lemma). Let (p,V) and (7,W) be irreducible representations of an
associative algebra A. Suppose V' and W have countable dimension over C. Then

L oaf (p, V) = (1, W)

dim Hom 4(V, W) = { 0 otherwise

Definition 4.2.5. A finite-dimensional A-module V' is completely reducible if for every A-
invariant subspace W C V, there exists a complementary A-invariant subspace U C V' such

that V=W e U.
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4.3. Reductivity of Classical Groups

An equivalent definition for complete reducibility of a finite-dimensional A-module V' is
if it has a decomposition V. = W; & --- & W,, with each W; a finite-dimensional irreducible
A-module.

We also want to extend the notion of complete reducibility to infintie-dimensional repre-

sentations.

Definition 4.2.6. An A-module V is locally completely reducible if for every v € V', the cyclic
submodule Aw is finite-dimensional and completely reducible.

We want to characterize the decomposition into irreducibles for a locally completely re-
ducible representation. Let A be an associative algebra. Let A be the set of all equivalence
classes of finite-dimensional irreducible A-modules. Suppose V is an A-module. For each
S ./zl\, define the A-isotypic subspace to be V() = ZUCWU}:/\ U. Fix a module F* to be a

representative for each \ € A. Then there are tautological maps
Sy : Homy(FM V)@ F* =V, Sy(u® w) = u(w).
We make Hom4(F*, V) ® F? into an A-module by z.(u ® w) = u @ (z.w).

Proposition 4.2.7 (Proposition 4.1.15 of [GW09]). Let V' be a locally completely reducible
A-module. Then Sy is an A-module isomorphism onto V(). Furthermore,

V=PV = P Homu(F V) @ F.
AeA AeA

4.3 Reductivity of Classical Groups

Now back to the algebraic group setting, we record without proof several fundational results

regarding the representation theory of linear algebrac group.

Definition 4.3.1. A linear algebraic group G is reductive if every regular representation of G

is completely reducible.

Let (o,V) and (7, W) be irreducible regular representations of a linear algebraic reductive
groups H, K, respectively. Let G = H x K. Then it turns out G is reductive as well, and (o ®
7,V @ W) is an irreducible regular representation of GG, where o ® 7 denote the representation
where (h, k) € G acts by o(h) ® 7(k). Moreover, all irreducible regular representations of G
arise this way.

In this paper, the only linear algebraic groups we are concerned about are GL(n,C),
the general linear group over C, and the orthogonal group O(n,C), where O(n,C) = {g €
GL(n,C) : g'g = I,,}. Here is the reason why both groups are reductive.
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4.3. Reductivity of Classical Groups

Let G be a linear algebraic group. It can then be viewed as a real Lie group. Let 7 be a Lie
group automorphism of G' with 72 = id. If for any f € O[G] we have [g — f(7(g))] € O[G],
then we call 7 a complex conjugation on G. Let K = {g € G : 7(g) = g}. Then K is a closed
Lie group, and we call K a real form of G. Then it is a general fact that (Proposition 1.7.7 of
[GWO09])

Proposition 4.3.2. Let K be a real form of a linear algebraic group G, and let € be the Lie
algebra of K inside g, the Lie algebra of G. Let (p,V') be a reqular representation of G. Then
a linear subspace W C 'V is invariant under dp(€) if and only if W is invariant under G°, the
connected component of the identity of G (as a real Lie group).

For G = GL(n,C), let 7 be the involution on G sending g — (g*)~', where g* denotes the
conjugate transpose of g. Then 7 fixes precisely K = U(n) C GL(n,C). But we know any
finite-dimensional continuous representation of U(n) is completely reducible, by constructing
a U(n)-invariant Hermitian form using integration over an invariant Haar measure on U(n).
Since U(n) is connected, the induced representations on ¢ are also completely reducible. Since
regular representations are continuous and GL(n,C) is connected, by Proposition 4.3.2, it
follows that GL(n, C) is reductive. The proposition also implies that a regular representation
of GL(n,C) is irreducible if and only if the restriction to U(n) as a continuous representa-
tion is irreducible. Through a process called complezification, any continous representation
of U(n) can be extended to a complex analytic representation of GL(n,C) with its complex
manifold structure. Moreover, the complex analytic representation that an irreducible contin-
uous representation of U(n) extends to turns out to be automatically algebraic (i.e. a regular
representation of GL(n,C)), so it is irreducible. Complexification of a compact Lie group is
discussed in Chapter 24 of [Bum04| and II1.8 of [BtD85]. Hence the Weyl character formula
(Theorem 2.1.1) gives a characterization of all irreducible regular representations of GL(n, C)
by their highest weights (as continuous representations restricted to U(n)).

To see that O(n, C) is reductive, our strategy is to show the index-2 subgroup SO(n,C) =
{g € O(n,C) : det(g) = 1} is reductive. Let 7 be the involution on SO(n,C) sending g — 7,
so T is a complex conjugation. Then the fixed subgroup of 7 is SO(n). In the same argument
as in previous paragraph, by Proposition 4.3.2, SO(n,C) is reductive. Using an averaging
argument as in proving the complete reducibility over a finite group, it can be shown that if

a finite-index linear algebraic subgroup is reductive, then the original group is reductive (see
Proposition 3.3.5 of [GW09]). Thus O(n, C) is reductive.

Example 4.3.3. To appreciate the reductivity of classical groups GL(n,C) and O(n,C), let’s
consider a group that is not reductive. Let G C GL(C) be the “ax + b” group; i.e.,

G—{(“ b) :aeCX,beC}.
0 1

24



4.4. General Duality Theorem

This is clearly a linear algebraic group. We let G act on C? = Ce; @ Ce, in the standard
way by multiplication. Then Ce; is a G-invariant subspace. However, Ce; does not have a

11
(0 1) 62:€1+€2¢(C62.

4.4 General Duality Theorem

G-invariant complement, since

Let G C GL(n,C) be areductive linear algebraic group. Let G denote the set of equivalence
classes of the irreducible regular representations of G, and we fix (7*, F**) to be a representative
for each \ € G. Let (p, L) be a locally regular representation of GG, and we assume that L has
countable dimension. We hope to apply Proposition 4.2.7, and to do so we need to check two
things, which we put as the next two propositions.

Proposition 4.4.1. L is a locally completely reducible C[G]|-module.

Proof. For any v € L, since L is locally regular, we have Cv C W for some regular G-invariant
subspace W C L. Then C[G].v C C[G].W C W, so the cyclic module C|[G].v is regular,
and in particular finite-dimensional. Since G is reductive, it follows that C[G].v is completely
reducible. O]

Proposition 4.4.2. Let V C L be a finite-dimensional G-invariant subspace that is irre-
ducible. Then (p|y, V') is a reqular representation of G.

Proof. Since L is locally regular, there exists W C L with V' C W where p|w is regular. Since
V' is G-invariant, after a change of basis, we can view p|y as a submatrix of p|y,. Hence by

our definition, p|y is a regular representation. O

Thus by Proposition 4.2.7, as G-modules we have

L= @ Home(F* L)® F?,

AESpec(p)

where Spec(p) C G denote the set of irreducible representation classes that appear in L, and
g € G acts by I @ 7(g).
Assume R C End(L) is a subalgebra such that

(i) R acts irreducibly on L.

(ii) If g€ G and T € R, then p(g)Tp(g)~! € R, so G acts on R.
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4.4. General Duality Theorem

(iii) The action in (ii) is locally regular.

Let RE = {T € R: p(g)T = Tp(g) for all g € G}. Since the action of R commutes with that
of G, this makes L into an (R¢ ® C[G])-module Let E* = Homg(F?, L) for A € Spec(p). We
can define an action of R on the component E* by T-u = Tou for T € R¢, u € Homg(F*, L).
This makes sense because for u € E*, x € L, g € G,

(Tu)(7(g)x) = T(u(z*(9)x)) = T(p(g)u(x)) = p(g)(Tu(x)),
so that Tu € E*. Note that this action is compatible with the action of R C R on L, since

for any T' € RY, the following diagram commutes:

Home(F*, L) ® F> =2

Jre I

Home(F*, L) ® F» —2 L
Hence as a module for RY ® C[G], we have the decomposition
L~ g reor
A€ESpec(p)

where T' € R acts by T'® I on each summand.

Theorem 4.4.3 (Duality). With the above setup, as an RY module, each E* above is irre-
ducible for X\ € Spec(p). If E* = E* as R® modules for \, ;i € Spec(p), then A\ = p.

To prove the duality theorem, we will assume the following version of Jacobson Density
Theorem (Theorem 4.1.5 of [GW09]).

Theorem 4.4.4 (Jacobson Density Theorem). Let V' be a countable-dimensional vector space
of C. Let R be a subalgebra of End(V') with identity that acts irreducibly on V. If vy, ... v,
are linearly independent in V', then for any wy, ..., w, €V, there exists T € R with Tv; = w;
for1<i<mn.

As a first step to prove the duality theorem, we prove the following lemma.

Lemma 4.4.5. Let X be a finite-dimensional G-invariant subspace of L. Then Homg(X, L) =
RY x.

Proof. Clearly RYx C Homg(X, L), so we only need to show the other direction. Let
T € Homg(X,L). Let {vy,...,v,} be a basis of X. Since R acts irreducibly on L (this
is assumption (i) of R), by Theorem 4.4.4, there exists r € R such that Tv; = rv; for all
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4.5. Schur-Weyl Duality

1 <i < n. Hence T = r|x. By hypothesis, the action of G on R by conjugation is locally
regular (this is assumption (ii)(iii) of R). By Proposition 4.4.1 with L = R, and the by
Proposition 4.2.7, there exists a G-intertwining projection p : R — RY. Since the restriction
R — Hom(X, L) also commutes with G actions, as X is G-invariant, we have T' = p(r)|x. O

Proof of Theorem 4.4.3. First we show that E* = Homg(F?*, L) is irreducible under the action
of R¢. Let T,S € Homg(F*, L) be nonzero elements, and we look for » € RY such that
roT = S. Note that TF* and SF* are isomorphic irreducible representations of G with class
A. By Lemma 4.4.5, there exists r € RY such that r|;px implements such isomorphism. By
Schur’s lemma (Lemma 4.2.4), there exists ¢ € C* such that r|ppxr 0T = ¢S. Hence the action
of c™lr sends T to S.

Now suppose A # u for A, u € Spec(p). Suppose ¢ : Homg(F?*, L) — Homg(F*, L) is
an R%module map, and we will show ¢ = 0. Let T € Homg(F*, L), and set S = ¢(T).
Let U = TF* + SF*. Since A # u, the sum is direct. Let p : U — SEF* be the projection
relative to such direct sum decomposition. By Lemma 4.4.5, there exists r € RY such that
rly =p. Asa F* — SF* map, pT = 0, so that T = 0. Then 7S = ro(T) = ¢(rT) = 0. But
rS=pS=.5s085=0.

O

4.5 Schur-Weyl Duality

Let’s now look at an application of the duality theorem in a case where dim L < oc.
Consider G = GL(n,C), and let C" be the standard representation of G. Let Sy denote the
kth symmetric group. We can extend the actions of G and Sy to (C")®* by letting g € G act
diagonally:

g (N ®- - Qug) =g ® -+ ® gug,

and by letting o € Sy act by permuting the entries:
0.(V1 @+ R UE) = V(1) @+ + @ Vg(k)-

It is clear that the action of G commutes with that of .S;.. It is not so obvious that the algebra
generated by the action of S is the commuting ring of the action of G' in End((C")®*).

Proposition 4.5.1. Let A C End((C")®*) denote the algebra generated by the action of Sy
of permuting the entries. Then A = End((C™)®*)<.

For a proof of the proposition, see Proposition A.8 of [BS17].
Applying Theorem 4.4.3 to the case when R = End(L), we have a decomposition

C*F = P o), (4.1)

AeSCG
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4.6. Weyl Algebra Duality

where F* denote an irreducible regular representation of G = GL(n,C) with highest weight
A (see Section 4.3 about using using highest weights to index irreducible representations of
G), and G denote a irreducible representation of Sy uniquely determined by A. The set S of
highest weights A that appear in the above decomposition can be further determined:

Theorem 4.5.2 (Schur-Weyl duality). In (4.1), S = Par(n, k), where Par(n, k) is the set of
all partitions of k of length < n.

For the proof of the theorem, see Theorem A.10 of [BS17].

4.6 Weyl Algebra Duality

Next we will apply the general duality theorem (Theorem 4.4.3) to the Weyl algebra acting
on the space of polynomials, which we now define.

Definition 4.6.1. Let V be an n-dimensional vector space over C. Fix a set of basis
{e1,...,e,} for V  and let {z;,...,2,} be the corersponding dual basis for V*. Let P(V) =
S(V*) = Clzy,...,x,] be the space of polynomials on V. We define the Weyl algebra

of V' to be the subspace D(V) C End(P(V)) generated by the operators D; = 8?% and

M; = multiplication by xz;, fori=1,...,n.

Proposition 4.6.2. A C-basis for D(V) is {M*D" : a, 3 € N"}, where we use the multi-index
notation M® = M2 - M and D = D' ... Db,

Proof. Note that [D;, M;] = &;;1 for all i,j = 1,...,n. Hence D(V) = Spanc{M*D’ : a, 3 €
N"}. It remains to show linear independence. Suppose for ¢; € C*, 1 < i < n, we have
Yoy M DP' = 0 for of, 5 € N*. Suppose for i # j, either of # o/ or ' # 7. We use
|8°| to denote Y77 3. Pick i such that |5’ is the smallest (if there are multiple ones, just
pick any). Then M D% zf" = kx®" for some positive integer k. Now we look at the other
contributions to the coefficient of 2", which must sum up to 0. For all j, since |87 > |37, if
B9 # 3%, then DP 28" = 0, so there is no contribution from the action of chO‘j DP 1t gi = Bi,
then we need o = &' to have M D¥ 28" = 'z for some k’. Hence i = j, so we need ¢; = 0,
which is a contradiction.

O

Let G C GL(V) be an reductive linear algebraic group. Let G act on P(V') by a represen-
tation p where (p(g)f)(z) = f(g7'z). We want to let G act on D(V) by ¢.T = p(g)Tp(g)~*
for T'e D(V) and g € G, so we need to check g.7' € D(V).
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4.6. Weyl Algebra Duality

Lemma 4.6.3. For g € G C GL(V) with matriz (g;;) relative to {ei,...,e,}, we have

p(9)Dip(g™") = giDi
=1

p(9)Mip(g™") =D (g7 ")isM;.

j=1

Proof. Let f(x) € P(V). Then by using chain rule,
(p(g) a%. (971 ) (x) = p(g) (a%jf (gx)> = p(g) <Z gi (gx)a(agxi)i>

af 0
= p(9) (Z %(Ql‘)gij> = (Z gij%) f,
which proves the first identity. Similarly,

(p(@)zip(g™")f) (x) = p(g) (x:f (gz)) = (97" 2)if (x) = > (g7 )iz f(2).

J

]

Combining with the characterization of the basis for D(V'), we see that the action of
G on D(V) is well-defined. Let Dy(V) = Spanc{M*D”? : |a| + |8] < k}, which is finite-
dimensional. Then the previous lemma shows that Dy (V') is stable under the action of G.
Since g~ = det(g) 'adj(g), where adj(g) is the adjugate matrix whose entries are polynomials
in matrix entires x;;, it follows that the action of G on each Dy (V') is regular. Hence G acts
locally regular on D(V).

Theorem 4.6.4 (Weyl algebra duality). Let G C GL(V') be a reductive linear algebraic group.
Let G acts on P(V) by p(g)f(x) = f(g7'x) for f € P(V) and g € G. Then

PV)=EPE e

AeS

as a D(V) @ C[G] module, where S C G, F* is an irreducible reqular representation of G

with class A\, and E* is an irreducible representation of D(V) determined uniquely by X.

Proof. We will apply Theorem 4.4.3 with R = D(V') and L = P(V'). Then L has a countable
basis B of products of coordinates. If we have any uncountable linearly independent set A of
L, for each b € B it can be written as a linear combination of finitely many elements in A, so
by keeping those elements in A that appear in this way we can reduce A to a countable set of
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4.6. Weyl Algebra Duality

linearly independent vectors, which is a contradiction. Hence L has countable dimension. We
also note p is locally regular since P*(V'), the degree k& homogeneous polynomials, is a regular
G-module.

We have already shown that conditions (ii) and (iii) of the hypothesis of duality theorem
have been met. It remains to prove (i), the irreducibility of L = P(V') as D(V) module. Let
f € P(V) that is not zero. Then there is some o € N" such that D*f € C*. Hence for
any g € P(V), if we let M, be the multiplication-by-g operator in D(V'), then g € CM,D*f.
Hence D(V).f = P(V), so D(V) acts irreducibly on P(V). O

The goal of the remaining section is to realize D(V)% as a generating Lie subalgebra of it.
We define an action of G on P(V @& V*) in the natural way by

g.f(v,w*) = f(g v, w* o g),

for g € G, v € V, w* € V*. Liet z1,...,x, be a basis of V, and let &,...,&, be the
corresponding dual basis. Note that g.z; = Z?Zl(g_l)ijxj and ¢.§5 = > Gii&i-

The first fundamental theorems (FFT) of invariant theory give a finite generating set (as
algebras) for P(V @ V*)¢ when G is a classical group. We record the results for G = GL(n, C)

and G = O(n, C), which will be sufficient for our need.

Theorem 4.6.5 (Polynomial FFT for GL(n,C) and O(n,C)). Let V = C". Then as associa-
tive algebras,

o P(VE @ (V)F)SLO) s generated by S n_| waiaj, for all 1 < i,j < k, where &,;’s are

the coordinates on (V*) dual to the coordinates x;’s on VF.
o P(VE @ (V*)F)OO) js generated by > o Taiagy Y oney Caibays Doney Casa, for all 1T <
,,j < k.
Proof. See Theorem 5.2.1 and 5.2.2 of [GW09]. O
We wish to relate D(V)¢ to P(V @ V*)¢, which we know the generating set of for G =
GL(n,C) or O(n,C).

Define a map o : D(V) — P(V & V”) as follows. Let T'= 3", 5, CapM®DP € Dy(V)
with ¢,5 # 0 for some «, § such that |a| 4+ |f] = k. Then

o(T)= Y copr® e PRV O V),
laf+|B|=k

We call o(T) the Weyl symbol of T. Note that o is not linear, but it is multiplicative, in
the sense that o(ST) = o(9)o(T) for S,T € D(V). Let oy, : Dp(V) — PH(V & V*) be the
restriction oy = o|p,(v). Then oy descends to @ : Dy (V) /Dy (V) — P¥(V & V*), which is
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4.7. GL(n,C)-GL(k,C) Duality

then linear. Since Dy (V) is stable under conjugation by G, we can view Dg(V)/Dy_1(V) as a
G-module with the induced action. By comparing basis, we see such G-action agrees with the
G-conjugation on D(V'). Hence 7% is an isomorphism of G-modules for each k.

The next theorem gives a sufficient condition for computing a generating set of the algebra

D(V)E.

Theorem 4.6.6. Let {t1,...,1,.} be a set of polynomials that generates the algebra P(V @
V*E, and suppose for Ty,..., T, € D(V)Y with o(T;) = ; for all j. Then {Ty,...,T,}
generates the algebra D(V)C.

Proof. Let J be the subalgebra generated by {T},...,T,}. Since C C P(V @ V*)¢, one
of ¢; must be an element of C*, and so is Tj, so C = Dy(V)¥ C J. Next for k > 1,
by induction suppose Dy (V)¢ C J. Let S € Dp(V)¥ \ D1 (V). Then S + Dy_(V) #
0 € Di(V)/Dp_1(V). So 7%(S +Dp1(V)) = S¢jjuthit - bir # 0 € PHV @ VS, Let
R=>Y¢j,.; T ---Ti € D(V). Since o(R) = 5%(S + Dyp_1(V)) € PH(V @ V*)C, it follows
that R € D(V). Hence o(R) = 7x(R + Dr_1(V)) = 7x(S + Dr_1(V)). Since 7% is an
isomorphism, we have R — S € ]D)k,l(V)G C J. Thus S € J, completing the induction. [

Corollary 4.6.7. Under the hypothesis of the previous theorem, suppose additionally g’ =
Spanc{Th,...,T,} is a Lie subalgebra of D(V). Then in the decomposition of Theorem 4.6.4,
E* is an irreducible g'-module where the action of g’ is just the restriction of that of D(V)¢.

Proof. Since g’ generates D(V)¢ as algebra, we have D(V)¢ = U(g’), where U(g’) denote the
universal enveloping algebra of g’. Then the claim follows since there is a correspondence

between the representations of D(V)¢ and representations of g’ by the universal property of
U(g). [

In the following sections, we consider applying Theorem 4.6.4 and Corollary 4.6.7 to partic-
ular choices of V and G € GL(V) to get concrete forms of decomposition of P(V) = @ E*@ F*
where F* is an irreducible finite-dimensional G-module and E* is an irreducible (usually

infinite-dimensional) g’-module.

4.7 GL(n,C)-GL(k,C) Duality

Let G = GL(n,C) and V' = Mat,, x(C), the space of n x k matrices over C. We let G act
on V by left-multiplication, which induces an action p on P(V) by p(g)f(v) = f(g~'v).
For 1 <i,j <k, define E;; € D(V) by E;; = Zlgagn T2

8a:aj :

Proposition 4.7.1. Let g/ = Spanc{FE;; : 1 <i,j < k}. Then ¢’ is a Lie subalgebra of D(V)¢
that is isomorphic to gl(k,C). In addition it generates the algebra D(V)C.
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Proof. Using the Weyl sympbol map o : D(V) — P(V @& V*) defined in the previous section,
we see that o(Ej;) = Y1 #aila,. By the FFT for G = GL(n, C) (Theorem 4.6.5), P(VaV*)“
is generated by z;; = > 0 x4&,; for all 1 < i,j < k. Hence by Theorem 4.6.6, Spanc{E;;} C
D(V)¥ generates D(V)Y as algebra.

To show g’ = gl(k, C), consider another G = GL(k,C), and let G' acts on V by ¢'.v =
vg’~!. This induces an action p’ on P(V) by p/(¢')f(v) = f(vg'). The differential of p’ (as a
smooth representation) at the identity e gives an representation Ly’ : gl(k,C) — End(P(V))
of the Lie algebra gl(k, C). We will compute the effect of Lp’ on the standard basis {e;; }1<; j<k
of gl(k,C). For X € gl(n,C), its action on f € P(V) is given by

d of  d
X. - - tX = J— tX
(N0 =G| ()= 30 FEeE @
1<a<ln
1<b<k
0
= 3 X))
1<a<n ab
1<b<k
3 of
- Uacch 8-1'(113 (U)
1<a<n
1<b,c<k

Taking X = e;;, we find (e;;.f)(v) = Zlgagn vai%(v). Hence Lp/(e;;) = Zlgagn %i%
E;; € D(V). Note that Lp’ may be regarded as a map of complex Lie algebra. Since

SUSTG L X0 >

gl(k,C). O
Theorem 4.7.2 (GL(n, C)-GL(k, C) duality). Let GL(k,C) x GL(n,C) act on P(Mat,, ;(C)
by p(g',9)f(v) = f(g7'vg) for ¢ € GL(k,C), g € GL(n,C). Then as a GL(k,C) x GL(n,C
modules, we have the decomposition
P(Mat, 1(C) = @ E*@ F*,
AeSCG
where each E* ® F* is irreducible under the action of GL(k,C) x GL(n,C).

)
)

Proof. By Corollary 4.6.7, we have the decomposition
P(Mat,, x(C)) = P E* @ F?,

where E? is an irreducible representation of g’ and F* is an irreducible representation of
GL(n,C). The irreducibility of E* as a g’ representation implies it is irreducible as a G’ =
GL(k,C) representation, since G’ is connected. As in the proof of Proposition 4.7.1, the
action of g € GL(k, C) on P(Mat, 1 (C)) is induced by right multiplying ¢~'. Hence the above
decomposition can also be regarded as an isomorphism of GL(k, C) x GL(n, C) representations.

O]
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The next theorem gives a description for the representations that occur in the decomposi-
tion of Theorem 4.7.2. We use F* to denote the irreducible representation of GL(n,C) with
highest weight A. For nonnegative weight A, as in the previous chapters, we continue to use
¢()) to denote the length of A, i.e., the largest index j such that A; > 0. We can improve the
duality in Theorem 4.7.2 by describing the exact irreducible representations appearing in the
decomposition.

Theorem 4.7.3. With notations as in Theorem 4.7.2,

P(Mat,, 1(C)) = @P(F)* @ FY,

I

where the sum is over all nonnegative dominant weights p with ¢(p) < min{k,n}.

Proof. See the proof of Theorem 5.6.7 of [GW09]. Roughly speaking, we seek polynomials in
P(Mat,, ,(C)) with weights (—p, ) that are invariant under the action of a Borel subgroup
GL(k,C) x GL(n,C). Then these weights are precisely the highest weights. O

Corollary 4.7.4. As a GL(k,C) x GL(n,C) module,

S(CteC) ~PF e
o
where the sum is over all nonnegative dominant weights p with {(pn) < min{k,n}. Here
S(C* @ C") denote the symmetric algebra of C* @ C™ with action induced by the diagonal
action of GL(k,C) x GL(n,C) on the tensor product C* @ C™.

Proof. The symmetric algebra S(C* x C") is related to P(Mat, ;(C)) in Theorem 4.7.2
as follows. Consider another representation ¢ of GL(k,C) x GL(n,C) on P(Maty,(C))
by o(¢',9)f(v) = f(g'vg’). This is the induced action of v + (g*)"'vg’~!, under which
Maty,,(C) = (CF)* @ (C™)*. Hence P(Maty,(C)) = S(C* ® C"). But o differs from p only
by precomposing ¢ + (¢')~*, which amounts to passing to the dual representation from F}'
to (F}')*. O

4.8 O(n,C)-sp(k,C) Duality

Let G = O(n,C) = {A € GL(n,C) : A'A = I}. That is, G is the group preserveing
the symmetric bilinear form (z,y) = Y., z;y;. Let V = Mat,, ;(C) with G acting by left
multiplication. For 1 <14, j <k, define A;;, M;; € D(V) by

A= Z ET M;; = multiplication by Z Tpi T
=1 LpiOTpj

p=1
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We continue to denote E;; = Z1gpgn xpi%m e D(V) for 1 <14,5 < k. We have seen that
Eij € D(V)GL(n,C)) SO E@'j S D(V)G

Lemma 4.8.1. A;;, M;; € D(V)C.

7

Proof. First we compute the effect of p(g)%p(g_l) on P(V)forl <p<mn, 1<i<Ek.
Applying Lemma 4.6.3, we have

o . 0 &~ 0
p(9)5—p(@) " = (9epi)a o ;gap T

3xm~

Hence

|
M-
—
(]
g
)
HE
:
R
(]
&
S
.5}
SN——

p=1 a xbj
( ) g
= GapYJvp
1<abp<n \p=1 O4iL;
=A

Since M;; is multiplication by (z;, z;) where we view x;, x; as column vectors with z;,, x;, on
the ith component, and since the bilinear form is invariant under G, it follows that M;; is
invariant conjugation by p(g). O

Proposition 4.8.2. Let ¢’ = Spanc{E;; + (n/2)d;;, M;;,Ai; - 1 < 4,5 < k}. Then g’ is a
Lie subalgebra of D(V)C that is isomorphic to sp(k,C). In addition g' generates the algebra

D(V)<.

Proof. We first need to check the given spanning set of g’ is closed under the Lie bracket.
Clearly [M;;, M,s] = 0 and [A;;, A,s] = 0. It is then purely technical to verify the remaining

pairs. We Show for instance the computation of [A;;, M,]. For a second order differential
operator 5 a , for polynomial ¢ and f, we have
0? 0? o 0 o 0 o?
axﬁy(@f)_(&v@y )f+ 5:%3,7 T 5,957t Pauay
Hence
0? 0? n o 0 n A
oxdy’ 4 8x8y(p 8x¢8y aygpax'
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For ¢ = M,s = (2, ), we find

[Aij, M| = pzzl {m@m%) + (aTm(x"’xs)) 871)]‘ + <8ij(xr,$s)) anz} '

Then

0? 92
M(J;mxs) = m(xprl’ps) = 6i86j7’ + §iT5js
NI T B T
&L’pz- T 81:” B aIPi e axpj - psafpj " pral’pj

0 0 o 9 9 3
3:1cpj (xmﬂfs)aTPi - anj(xprxps)aTM = 6jrxp887pi + 5]'51:177"87]”'

It follows that
[Az’j7 rs] - 6ir (Esj + géjs> + 5%’5 (Erj + géjfr> + 5jr (Esz + gézs) + 6js <Em + gazr> .

Now assume we have checked that g’ defined as above is a Lie subalgebra. Note that since
Ei;j + (n/2)6;;, My, A;; have different degrees as differential operators, they are necessarily
linearly independent. Recall that sp(k,C) C gl(2k,C) is the space of matrices X such that

X'J+ JX =0, where J = OI L . Equivalently, X € sp(k,C) if and only if X takes the
— 1
form
A B . t ¢
X = o oA with A, B,C € Mat,(C), B = B",C = C".

Consider the linear map ¢ : g’ — sp(k, C) defined by sending, for 1 <1i,5 <k,
Ei;j +(8/2)0ij = €ij — €prjpris Mij — €ijuk + €k, Dij — —€itkj — €tk

Then ¢ is a linear isomorphism. Once we have computed all the commutation relations among
the chosen basis of g, we can verify that ¢ preserves the Lie bracket, so it is an isomorphism
of Lie algebra.

To show that g’ generates the algebra D(V)“, we again resort to Theorem 4.6.6 and com-
pute the Weyl symbols as

n n n n
o(Eij + 50) = D wpibyis o(Mig) =Y wpidn, 0(Ay) =D &by
p=1 p=1 p=1

By the FFT for G = O(n, C) (Theorem 4.6.5), P(V & V*)¢ is generated by these polynomials,
so g’ indeed generates D(V)C. O

35



4.9. Seesaw Reciprocity

Applying Corollary 4.6.7, we get

Theorem 4.8.3 (O(n,C)-sp(k, C) duality). Let V = Mat,, x(C). Let O(n,C) act on V by left
multiplication, and let sp(k,C) C D(V) act on P(V) by the action of the Weyl algebra. Then
the action of O(n,C) commutes with that of sp(k,C), and we have the decomposition

P(Mat, 1(C) = @ E*@ F*,

AeSC@

where each E* is an irreducible representation of sp(k,C) and F* is an irreducible reqular

representation of O(n,C).

4.9 Seesaw Reciprocity

We consider a setup similar to the one in Section 4.4. Let G be a reductive group and let
(p, L) be a locally regular representation of G. Let R C End(L) be a subalgebra such that
R acts irreducibly on L, and that G acts locally regularly on R by ¢.T = p(g9)Tp(g)~'. Let
A =RE. Then by the general duality theorem (Theorem 4.4.3), we have

L~ P E¥eF, (4.2)

A€Spec(p)

where E* is an irreducible representation of .4 uniquely determined by A, and F? is an
irreducible regular representation of G labeled by A. Then A < \* gives a bijection between
irreducible regular representations of G and irreducible representations of A appearing in the
above decomposition. In this case, we say (G, .A) is a dual reductive pair relative to L. When
A can be generated by the regular action of a linear algebraic group G’ (resp. Lie algebra g’),
we also call (G, G") (resp. (G,¢')) a dual reductive pair.

Suppose (G’, A") is another dual reductive pair acting on the same vector space L. Let
(p', L) be the representation of G’ on L. We assume the we have inclusions G’ C G and
A C A’. Then the duality theorem gives

L= @ Ever (4.3)

pESpec(p’)

where E'*" is an irreducible representation of A’ and F'* is an irreducible regular representation
of G', and u < u* is a bijection between irreducibles. Assume further that the action of G
restriction to G’ on L is the same as the one from G’, and also the action of A’ is compatible

with that of A for restriction. In this case, we call (G, A) and (G', A’) a seesaw pair relative
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4.10. Littlewood-Richardson Coeflicients

to L, and we use denote the pair using the diagram
G A’
] >
A G’
Theorem 4.9.1 (Seesaw Reciprocity). In the same notation, we have as vector spaces
Hom(EY | E'") = Hom(F'™*, F*),
for X\ € Spec(p) and p € Spec(p’). In terms of multiplicity formula, we can express this as
[FA: F'"] = [E" : BV,

Proof. By Proposition 4.2.7, as an A-module, E’*" in (4.3) decomposes as

E"™ = (P Homyu(E” ,E"")® E7".
o*eA
Hence as (A ® C[G'])-modules,
B P Homu(E” E")® E” @ F™. (4.4)

peSpec(p’) gxc A

1

L

Similarly, by Proposition 4.2.7, as a G’-module,

P = @) Home (F”, F*) @ F".

ved
Hence (4.2) becomes, as (A ® C[G'])-modules,
L @ & Home(F”, ) EY @ F". (4.5)

AeSpec(p) peG?

Comparing (4.4) and (4.5), by equating o* = A* and v = u, we have our desired isomorphism.
O]

4.10 Littlewood-Richardson Coefficients

Now we apply seesaw reciprocity to the GL(n, C)-GL(k, C) duality. Let V' = Mat,, j4,m(C)
and Y = S(V). Let GL(n,C) x GL(k+m,C) act on Y by (g,¢").f(v) = f(¢'vg’). By Corollary
4.7.4, we have

SV) =P F e R,
A
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4.10. Littlewood-Richardson Coeflicients

for all dominant weight A with ¢(A\) < min{n, k+m}. Let (GL(n,C) x GL(n,C)) x (GL(k, C) x
GL(m,C)) act on S(V') by
((91,92), (M, h2))- f (o1, v2) = f(giviha, gavaha),

where we identify Mat,, j+,,(C) = Mat,, ,(C) & Mat,, ,,,(C) for v; € Mat,, ;(C), vy € Mat,, ,,(C).
Applying Corollary 4.7.4 to GL(n,C) x GL(k, C) acting on the summand Mat,, ;(C) and to
GL(n,C) x GL(m, C) acting on the summand Mat,, ,,(C), we have
S(Mat,, (C) @ Mat,, ,(C)) = S(Mat, x(C)) ® S(Mat,, ,(C))
~PE 0 ) (F @ F)

~PFr e F) e (F e Fy),

for dominant weights p, v with £(x) < min{n, k} and ¢(v) < min{n, m}.
This shows (GL(n,C) x GL(n,C),GL(k,C) x GL(m,C)) is a dual reductive pair with
respect to S(V'), so we can form the seesaw

GL(n,C) x GL(n,C) L(k +m,C)
I >< J
C) x GL(m,C)

The inclusion GL(n,C) — GL(n,C) x GL(n,C) is g — (g,9), and GL(k,C) x GL(m,C) —

0
sentations from both dual reductive pairs agree when restricted to GL(n,C) x (GL(k,C) x

GL(k,m)(C) is given by (g,h) <g 2) It can be readily checked that both the repre-

GL(m,C)). Hence the hypothesis of Theorem 4.9.1 is satisfied. By applying the theorem, we
get

[Fr @ By Byl = [Fe, - FY @ Fr,
whenever /(\) < min{n, k + m}, {(1x) < min{n, k} and ¢(v) < min{n, m}. Notice that when
n sufficiently large, the right hand side of the equality does not depend on n.

Definition 4.10.1. Define ¢, = [F}' ® F, : F}}] for A, i, v € N with n sufficiently large such
that max{¢(\),{(p), {(v)} < n. We call ¢}, Littlewood-Richardson coefficients.

Hence the Littlewood-Richardson coefficients record simultaneously the branching rules of
GL(n,C) x GL(n,C) | GL(n,C) and GL(k +m,C) | GL(k,C) x GL(m, C).

We can give a third interpretation of Littlewood-Richardson coefficients by resorting to
the Schur-Weyl duality (Theorem 4.5.2).
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4.11. Stable Branching Rule for O(n,C) x O(n,C) | O(n,C)

Let Y = (C")®® ™) Let GL(n,C) and Sji, act on Y as in the Schur-Weyl duality.
That is, GL(n,C) acts diagonally while Sk, permutes the k& + m entries. This gives the

AePar(n,k+m)
Write Y as (C")®k+m) == (C")® @ (C™)™, we can let GL(n,C) x GL(n,C) act on Y via

decomposition
Y

1%

(91,92)- (V1 @ -+ @ Vpgm) = G101 @+ -+ @ G1Uk @ G2Vps1 @ -+ @ G2Vkogm,
and we let Sy x S, act by
(01,092).(V1 @ -+ @ Vgyn) = Uoy(1) @ *** @ Vg (k) @ Vktoa(1) @+ & Vktog(m)-

By applying Schur-Weyl duality to (C")®* and (C")™ separately, we get

ve| @ cGieor|e|l P G.oF
nePar(n,k) vePar(n,m)
~ P Gred)e(FeF).
pePar(n,k)

vePar(n,m)

Hence (Si x Sp, GL(n,C) x GL(n,C)) is a dual reductive pair, so we can form seesaw

Sk+m C) x GL(n,C)
S ISX I
L X

We embed Sy X S, < Sk1m by sending (o1, 02) to the permuation in Sk, that permutes the
first k entires according to o; and permutes the last m entries according to o,. We embed
GL(n,C) — GL(n,C) x GL(n,C) diagonally by g — (g,¢). It is evident the representations
from diagonal dual reductive pairs restrict to a common representation on (Sy x Sy, ) x GL(n, C).

Thus by Theorem 4.9.1, we have
[Grim  Gh@GL])=[FEQF! : F)] =

Co-

This gives a third interpretation of cf‘w in terms of the branching rule of the symmetric group.

4.11 Stable Branching Rule for O(n,C) x O(n,C) | O(n,C)

In this section, we will make use of the O(n, C)-sp(k, C) duality to deduce a branching rule
of O(n,C) x O(n,C) | O(n,C) for a certain range of irreducibles, where we embed O(n, C)
diagonally inside O(n,C) x O(n,C). This section follows the paper [HTWO05|.
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4.11. Stable Branching Rule for O(n,C) x O(n,C) | O(n,C)

In Section 10.2 of [GW09], it is shown that all irreducible regular representations of O(n, C)
can be indexed uniquely by a non-negative integer partition v such that (¢');+(v')2 < n, where
V' denote the transpose partition of v. Let E” denote the irreducible regular representation
of O(n,C) indexed this way.

Our goal of this section is to prove the following stable branching rule.

Theorem 4.11.1 (Theorem 2.1.2 of [HTWO5]). Let A, i, v be non-negative integer partitions
such that ((X\) < |n/2] and ((n) + €(v) < |n/2]. Then

v, ;A A v
[EfQ E) : E}] = anﬁcgﬂ%,
where the sum is over all non-negative integer partitions o, 3,7.

We will assume the following stronger version of O(n, C)-sp(k, C) duality (Theorem 4.8.3),

which gives the exact decomposition into irreducibles with our index convention.

Theorem 4.11.2 (Theorem 3.2 of [HTWO05|). The decomposition in Theorem 4.8.3 is

P(Mat, «(C)) = (P E) ® E,
A

where E? is the irreducible representation of O(n,C) indexed by X\, and E,i‘ s an irreducible
representation of sp(k, C). In the decomposition, X runs through the set of all integer partitions
such that L(A\) < k and (N); + (N)2 < n. Moreover, in the stable range n > 2k, restricting
E,i‘ to gl(k,C) C gl(k,C) ® py @ p_ as in the complexified Cartan decomposition of sp(k,C),

it decomposes as representations of gl(k,C) by
E) =~ S(S*Ch) @ Fp,

where S(S*CF) is the symmetric algebra of the symmetric 2-tensor of C*, the standard repre-
sentation of gl(k,C), and F} is the irreducible representation of GL(k,C) (induced on its Lie
algebra) with highest weight \.

Remark 4.11.3. The decomposition of E,? as a gl(k, C)-module is an instance of the universality
of holomorphic discrete series; see the discussion before Theorem 3.2 of [HTWO05].

Proof of Theorem 4.11.1. Let p,q be positive integers that we will determine in the end. Let
V' = Mat,, ,+,(C). We first let O(n,C) x O(n,C) act on P(V') diagonally through the decom-
position Mat,, ,+,(C) = Mat,, ,(C) & Mat,, ,(C) by

(g1, 92)-f(v1,02) = f(gy w1, 95 '0a).
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4.11. Stable Branching Rule for O(n,C) x O(n,C) | O(n,C)

On each summand, this is the same action as in Theorem 4.8.3, so the action of O(n,C) x
O(n,C) commutes with sp(p, C) @ sp(q, C), and together they have a multiplicity-free decom-
position. With respect to the dual reductive pair (O(n,C) x O(n,C),sp(p, C) @ sp(q,C)), by
Theorem 4.11.2 to each summand, and after rearranging terms, we have

P(V) = P(EL @ EY) @ (B4 ® EY),

214

where the sum is over all © and v such that £(u) < p, (1)1 4+ (') < n, l(v) < q, (V' )1+ (V)2 <
n. On the other hand, let O(n,C) act on P(V) by g.f(v) = f(¢g~'v), which by Theorem
4.8.3, commutes with the action of sp(p + ¢,C). So we have another dual reductive pair
(O(n,C),sp(p+ ¢, C)), which gives decomposition

@ E)\ ® p+q’

where the sum if over all integer partitions A with /(A) < p+ g and (X'); + (V)2 < n. So we
can form seesaw

p,C) ®sp(q,C)
where O(n,C) — O(n,C) x O(n,C) is g — (g,¢9) and sp(p,C) @ sp(q,C) — sp(p + ¢,C) is

X 0
given by (X,Y) — — It is clear that the representations from diagonal dual pairs

restrict to a common representation at the bottom pair. Hence by Theorem 4.9.1, we have

[Er @ EY: E) =[E), : EF®E].
Now the problem becomes determining the branching law for sp(p+¢q,C) | sp(p, C) ®sp(q, C).
We assume we are in the stable range n > 2(p + ¢). By the second half of Theorem 4.11.2, as
gl(p + ¢, C) representations,
+q >~ S(S*CPH) @ F2

p p+q°

As gl(p, C) @ gl(q, C) representations, CP™7 = C? & C, so that
S(S2Crt1) =2 §(S*CP) ® S(S*CY) @ S(CP @ CY).

Since n > 2(p + q) implies n > 2p and n > 2¢, again by Theorem 4.11.2, as gl(p, C) represen-
tations,

o o 2

Bl = S(S°CP) @ FY,

41



4.11. Stable Branching Rule for O(n,C) x O(n,C) | O(n,C)

and as gl(g, C) representations,
Ey = S(5°CY) ® Fy.

By cancelling out S(S2CP) ® S(S2CY) in [EX

sitions, we have

g - E“ ® E”] after plugging in the the decompo-

)

2 EP®EY =[S(CPeCY) @ F),  Fl e FY.

p+q

By Corollary 4.7.4, we have
S(C? ® C9) @ F)®F,

for £(y) < min{p,q}. Since n > 2(p + ¢), by the definition of Littlewood-Richardson coeffi-

cients, we have

p+qN®c ﬁFa@Fqﬁ’
for ¢(a) < p and ¢(5) < q. Hence

E)

G EERE] =Y l(Fr e B e (FPoF))  Fr e FYl.

a,Byy

By the alternative interpretation of Littlewood-Richardson coefficients, we have

[Fe @ F): FY =

ay)

5 . vl v
(F @ F)  FY] =4 .

Thus
[EF @ EY: E) = Z 50’;7057,
a,By

for all «, 8, such that {(a) < p, () < ¢, and ¢(y) < min{p, q}. The restrictions for A, u, v
are () < p, L(v) < q, {(A) < p—+q, and at the same time to stay in stable range we need
n > 2(p+q). If A\ p,v satisfy £(A\) < |n/2]| and () + £(v) < |n/2], then we can choose
p={(n) and ¢ = [n/2] —

O]
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