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ABSTRACT. The purpose of this expository article is to make an introduction to rep-
resentation theory for Lie groups/algebras by focusing on the branching of a repre-
sentation from Spin, to SL3 through subgroups Sping, and Ga.

1. Introduction

This manuscript is an expanded version of the lecture notes of the first author delivered
during the 20" Gékova Geometry-Topology Conference. The last part of the manuscript
includes some calculations from the joint investigation on branching problems of both
authors. However, the first author is responsible for all mistakes, typos, or any false
claims that may appear in the manuscript.

Let ® denote the configuration of vectors in R? depicted as in Figure 1. To each of
these twelve vectors in @, we assign variables: a; «~ X; fori =1,...,6, and —a; «~ Y]
fori =1,...,6. In addition, we introduce two more variables H; and Hs and form the
14-dimensional C-vector space g with basis

V ={X1, X2, X3, X4, X5, X6,Y1,Y2,Y3, Yy, Y5, Y5, Hi, Ho }.

Our focus here is on a particular algebra structure on the space go whose multiplicative
structure is determined by Table 1 below, and the requirement that Ax B = —B % A for
all A, B € go. This multiplication table, essentially, is imposed by our careful choice of
initial conditions a) X7 xY; = Hy, b) X3 x Y2 = Ha, and by the diagrammatic rule

Zi * Zj = Ci,jZkH Cij cZ

whenever (Z;,Z;,Z;) € V x V x V corresponds to the triple (a;,aj, o) € ® x & x &
satisfying o; + aj = oy,

The overarching goal of our manuscript is to introduce the basic ideas of the repre-
sentation theory of go by studying the behavior of its modules under restrictions. To
elaborate on it in more familiar terms, let us pass to the group setting: A linear algebraic
group G is a closed subgroup of the general linear group of n x n invertible matrices over
the field of complex numbers C. The Lie algebra g = Lie(G) of G is, by definition, the

Key words and phrases. Root systems, branching of representations, Kostant partition function.
The first author is partially supported by a Research and Enhancement Grant from Louisiana Board
of Regents.
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FIGURE 1. A configuration of twelve vectors from R?2

x | Ha | X,y Y Xz Y, X3 Y3 Xy Yy X5 Y5 Xe Ys
Hy| 0 |2X; |27 | -3Xa2| 3Ys | —X3 Ys Xy -Y, 3X5 —-3Y5 0 0
Hy -X5 Y1 2Xs | —2Y2 | X3 -Y3 0 0 —-X5 Ys X Ys
X5 H, X3 0 2Xy —-3Y, —3X5 —-2Y3 0 Yy 0 0
Y: 0 -Y; | 3X» -2Yy 2X3 3Y5 —Xy 0 0 0
X5 H, 0 Y1 0 0 — X 0 0 Ys
Yo -X5 0 0 0 0 X -X5 0
X3 Hy +3Hs | —3X5 2Y1 0 0 0 Yy
Y3 *2X1 3Y5 0 0 7X4 0
X, SH +3H,| 0 | % | 0 —Y;
Yy X, 0 X3 0
X5 Hi+Hy| O -Y
Ys Xy 0
X; H, + 2H;

TABLE 1. Multiplicative structure of go

linear space consisting of left-translation-invariant vector fields on G with multiplication
given by [X,Y] := XY — Y X. Although it is not immediate from its above definition, go
is the Lie algebra of a linear algebraic group, which we denote by Gs. Here, we investi-
gate the interactions between G5 and the some other well known classical groups, namely,
SL, (special linear group), SO,, (special orthogonal group), and Spin,, (spin group; the
universal covering of SO,,). More precisely, let V be a representation of Spiny, meaning
that V is a vector space and there exists a group homomorphism o : Spin; — GL(V).
We analyze V when it is viewed as an H-module for H one of the subgroups of G = Spin;
that are listed in Figure 2. In general, understanding this kind of branching problem for
an arbitrary pairs of groups (G, H) is a challenging problem, however, for certain pairs of

42



Branching through G-

classical groups satisfactory solutions exist. In our article, we make a modest introduc-
tion to this important topic in combinatorial representation theory, and while doing so,
we hope that our article serves useful as a quick introduction to the Lie theory through
small rank examples. To this end, we decided to split our paper into two parts, first of
which summarizes the basic principles of Lie theory and related representation theory. In
the second part of our paper, we present some well known branching theorems and their
applications to the groups of Figure 2.

Spin, C SOz

G2 Splne C SO6

N/

SLs

FIGURE 2. Two paths

We should mention that all of the branching computations we present in the last part
of our paper have been performed in some form in the literature before. See, [GaSh] and
[Wyb] as well as the references in these papers. However, we still hope that our resulting
computations look somewhat cleaner and hopefully helpful for some other purposes.

2. Part I
2.1. Notation and Preliminaries

Throughout our paper, G denotes a linear algebraic group and we consider only finite
dimensional representations of G. Furthermore, we restrict our attention to rational
representations p : G — GL(V), that is to say, after choosing an ordered basis for the
space V, the entries of all matrices p(g) € GL,, = GL(V) are rational functions of the
co-ordinates on G (these are restrictions of the co-ordinate functions from GL,,).

A regular function on an algebraic variety X (hence on a linear algebraic group X = G)
is a collection of pairs (U, f/g), one for each point z € X, where x € U C X is an open
set and f/g : U — C is a well defined rational function. Of course there has to be a
compatibility condition on these pairs and it is a good exercise to figure it out. With
respect to point-wise multiplication of the rational functions, the collection of all regular
functions on X forms a ring. A derivation on the ring O[G] of regular functions on G is a
linear map v : O[G] — O[G] such that v(f1f2) = v(f1)fe+ fiv(f2) for f1, f2 € O[G]. The
set of all derivations on O[G], which we denote by Der(G) forms a vector space. Then
the Lie algebra g = Lie(G) of G is defined to be the subspace g C Der(G) consisting of
v € Der(G) such that

L.v=vL,, forall xe€G
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where £, : O[G] — O[G] is the “left-translation by x” defined by L. (f)(y) = f(z~1y)
for f € O[G] and y € G. The multiplicative structure on g is given by the “bracket”
[,]] : g xg— gdefined by [v,u] =vou—pov, v,u € g. Here, circle means composition
of functions. When GL,, is viewed as the general linear group GL(R?*") over the field
of real numbers, the group G C GL,, becomes a Lie group and moreover its Lie algebra
can be identified with the Lie algebra of left invariant vector fields on G in the sense of
differentiable manifolds.
Abstractly, a Lie algebra is nothing more than a vector space g endowed with a bilinear

multiplication [-,-] : g X g — g such that

o [z,2] =0 for all z € g,

o [z,[y, 2] + [y, [z, x]] + [2, |z, y]] =0 for all z,y, z € g.

Example 2.1. On g = R? we have the “cross-product” of calculus: e; x ez = es,
es X ep = ey, and ey X e3 = e, where eq, eo, e3 are the standard basis elements. Remember
that e; x e; = —e; x ¢; for all 4,7 = 1,2,3. Extended by linearity to all of R3, it is easy
to check that the cross product satisfies the defining properties of a Lie bracket.

Of course, there are many different Lie algebra structures on a fixed vector space for
Lie brackets reflect the behavior of the underlying groups.

Example 2.2. The Heisenberg algebra is the three dimensional Lie algebra
H3(R) = SpanR{xu Y, Z} = R3

with respect to the Lie bracket [z,y] = z, [z,2] =0, [y,2] = 0. Clearly, H3(R) is not
isomorphic to the “cross-product algebra” from Example 2.1.

The Lie algebra of GL(V) is denoted by gl(V'), which, as a vector space is isomorphic
to the space of all n x n matrices. The bracket on gl(V') is given by [X,Y] = X oY —Y o X
for X, Y € gl(V).

A linear map L : g1 — g2 between two Lie algebras is called a Lie algebra homo-
morphism, if L([z,ylg,) = [L(x), L(y)]q, for all z,y € g. It is not difficult to see that
isomorphic linear algebraic groups have isomorphic Lie algebras. A (linear) representa-
tion of g is a Lie algebra homomorphism from g into gl(V') for some vector space V. The
adjoint representation of g is the representation ad : g — gl(g) defined by = — ad «z,
where ad z is the linear map defined by ad z(y) := [z,y], v € g. The kernel of ad is
called the center of g. If the center is all of g, then the Lie algebra is called abelian. The
kernel of a Lie algebra homomorphism p : g — gl(V) is called an ideal of g. Equivalently,
a subspace a C g is called an ideal, if for every z € g and a € a, the element [z,a] € g
lies in a. Observe that an ideal is a Lie subalgebra in a natural way. A non-abelian
Lie algebra is called simple, if it does not posses an ideal other than itself and the zero
subspace. g is called semi-simple, if it decomposes into a direct sum of its simple ideals.
We call an algebraic group G semi-simple, if its Lie algebra is semi-simple, G is called
(algebraically) simply-connected, if any surjective group homomorphism o : H — G with
a finite kernel and H connected is an isomorphism of algebraic groups. Now, suppose G
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is a simply-connected group, and its Lie algebra Lie(G) = g is semi-simple. In this case,
any connected algebraic group with Lie algebra g is a quotient of G by a subgroup of the
center of G. In particular, GG is the largest algebraic group with Lie algebra g.

A module V for a Lie algebra g is called irreducible if V' contains precisely two sub-
modules: {0} and V itself. Two very important facts about irreducible representations
are :

e Schur’s Lemma: Let p: g — End(V) be an irreducible representation. Then the
endomorphisms which commute with p(g) are the scaling linear transformations.

o Weyl’s Theorem: Let p : g — End(V) be finite dimensional representation of a
semi-simple Lie algebra. Then p is completely reducible. In other words, V is a
direct sum of its irreducible g-submodules.

Finally, observe that the differential dm : g — gl(V') of a representation of an algebraic
group 7 : G — GL(V) is a Lie algebra representation.

2.2. More on Lie algebras

The classification of semi-simple Lie algebras (over C) was achieved by the joint efforts
of Wilhelm Killing and Elie Cartan in the late 1800’s. Before we summarize the details
of the classification scheme, we make a brief interlude on “real forms.” Given a complex
semisimple Lie algebra (meaning that it is defined over C) g, a real Lie algebra g (meaning
that it is defined over R) is called a real form of g, if the complexified vector space go ®@g C
is isomorphic to g. In general there are many real forms of a given complex Lie algebra.
However, if g is semisimple, there is a unique particularly important special case called
the “compact real form” of g, which is characterized by a bilinear form as follows.

The Killing form of a Lie algebra b defined over a field K is the unique symmetric
bilinear form B : h x h — K defined by

B(z,y) :=Tr(ad zoad y) = Tr(ad yoad z), =,y €b.

A real form g is called a compact real form for the complex semisimple Lie algebra g,
if the associated Killing form of go is negative-definite. The significance of a compact
real form is that it is the Lie algebra of a compact (in the topological sense) real Lie
group. Moreover, if G is a connected linear algebraic semisimple group over C, then
there is a one-to-one correspondence between the irreducible representations of G and
the irreducible representations of the compact real form gy of the complex Lie algebra
g = Lie(G). This correspondence ties together the analysis on compact (real) Lie groups
and the representation theory of connected linear algebraic groups over C.

As it is noted above the Killing form is a bridge between complex and real Lie algebras.
In our exposition we focus on complex Lie algebras only, however, the Killing form is still
our primary tool for proving many structural results.

Lemma 2.1 (Cartan’s criterion). g is semi-simple if and only if its Killing form B is
non-degenerate, that is to say, B(xz,y) =0 for ally € g, then x = 0.

Now we have a strategy for the classification of semi-simple Lie algebras:
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(1) Choose a maximal subalgebra h of g acting semisimply on g, which is unique up
to conjugacy by G.

(2) Using Killing’s form attach to b a finite system of vectors (called the “root system”
of (g,h)) in a Euclidean subspace of the dual vector space h*.

(3) Classify all possible “irreducible” root systems.

(4) Show that there is a unique simple Lie algebra for each such root system.

It turns out that there are four countably-infinite families of irreducible root systems,
labeled by A, (n > 1), B, (n > 2), C,, (n > 3), and D,, (n > 4). We list below the
corresponding Lie algebras, which are customarily called as the classical Lie algebras.

Type A, (the special linear Lie algebra sl,,y1): Let gl, ,; denote the Lie algebra of all
complex (n+ 1) x (n 4+ 1) matrices with the Lie bracket [z,y] = zy — yz. Since

Tr(zy) = Tr(yz) and Tr(z +y) = Tr(z) + Tr(y)

for all z,y € gl,,, we see that the vector subspace sl, 1 C gl,,, consisting of z € gl
such that Tr(z) = 0 is a Lie subalgebra. The unique simply-connected algebraic group
with Lie algebra sl 41 is SL,41, the special linear group of (n 4+ 1) x (n + 1) matrices
with determinant one.

Type B,, (the odd-dimensional special orthogonal Lie algebra $09,,41): For n > 1, let
w, denote the (2n+1) x (2n+ 1) matrix with 1’s along the anti-diagonal and 0’s elsewhere.
Then 09,41 consists of x € sly, 1 such that zTw, + wex = 0. (Using any other non-
degenerate symmetric matrix instead of wy gives an isomorphic Lie algebra.) The unique
simply-connected algebraic group with Lie algebra sog,41 is called the spin group, and
it is denoted by Spin,, ;. We are going to study the spin group in more detail in later
sections. We should mention that the Lie algebra of the familiar group SOs;,4+1 (the odd
orthogonal group) is also $09,41, however, SOz,41 is not simply-connected.

Type C,, (the symplectic Lie algebra sp,,,): Let s denote the skew-symmetric matrix

5= <_(} Ig) , where I, is the n x n identity matrix.

(Using any other non-degenerate skew-symmetric matrix instead of s leads to an isomor-
phic Lie algebra.) Then sp,,, is the space of all 2 € sly, such that x"s + sz = 0. The
unique simply-connected algebraic group with Lie algebra sp,,, is the symplectic group
defined as Sp,, = {g € GL,, : g'sg = s}.

Type D,, (the even-dimensional special orthogonal Lie algebra s0s,): Similar to the
case of type By, let w, denote the 2n x 2n matrix with 1’s along the anti-diagonal and 0’s
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elsewhere. (Using any other non-degenerate symmetric matrix gives an isomorphic Lie
algebra.) The even-dimensional special orthogonal Lie algebra sog, consists of z € sla,
satisfying 2 7s + sz = 0. The simply-connected group corresponding to so0g, is another
spin group, denoted by Spin,,,.

In addition to the above list of simple Lie algebras, there are five other “exceptional”
types, labeled by Gg, Fy4, Eg, E7, and Eg. We are going to focus on G2 after we gain more
understanding of representation theory in the next several sections.

2.3. Roots, weights, and the generation of Lie algebras

An endomorphism z : V' — V on a complex vector space is called semi-simple if it
is diagonalizable. An element x € g is called semi-simple, if ad x : g — g is a semi-
simple endomorphism. A subalgebra h C g is called toral, if it consists of semi-simple
elements only. A maximal toral subalgebra in a semi-simple Lie algebra is called a Cartan
subalgebra.

Theorem 2.2. Let g be a semi-simple Lie algebra defined over C (or, more generally,
over a field of characteristic 0). Then any two Cartan subalgebras in g are conjugate to
each other via an inner automorphism ' of g.

From now on we assume that g is semi-simple. Let V' be a g-module and let h be a
total subalgebra. Since b is abelian its elements are simultaneously diagonalizable linear
operators on V. (Recall: commuting endomorphism are simultaneously diagonalizable.)
Thus, as an h-module, V' decomposes into generalized eigenspaces: V' = D,cy- V(N),
where V(A) = {v € V: h-v = A(h)v for all h € h}. If nonempty, V() is called a
weight-space, and the corresponding eigenvalue-functional A : h — C is called the weight
of V(A). Note that there can only be finitely many weights for V is finite dimensional. We
have an important special case when b is a Cartan subalgebra of g, and the representation
V' is the adjoint action of g on itself. In this case, the weight spaces are denoted by g
instead of V(A) = g(A\). The root space decomposition is the corresponding weight space
decomposition:

g=he P o, (1)
AEBCH*—0
where gy ={X €g: [H,X]=MNH)X for all H € h}, A € .

The set of non-zero weights ® of the adjoint representation has a fascinating combi-
natorial structure. Its elements are called the roots of g. We list some of the important

ISuppose z € g is such that (ad z)* = 0 for some k > 0. Then expad = = Zle(ad x)t/il is a well

defined automorphism of g. The group generated by all such automorphisms is called the group of inner
automorphisms of g.
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properties and introduce some terminology to be used later. None of the observations
listed below is difficult to prove.

(1) The Cartan subalgebra b is the weight-space g for the zero eigenvalue-functional
that maps everything to 0.

(2) The set ® spans bh*.

(3) If « € @, then so is —a € P.

(4) The weight spaces go, @ € ® are all one-dimensional, and they are called root
subspaces.

(5) [9a,088] C gatp for all a, B8 € ®. The equality holds if « + 8 is a root.

(6) For a € @, let T,, € b denote the dual of o with respect to the Killing form
(hence, a(H') = B(Tw, H') for all H' € ) . Then for any X € go, ¥ € g_q, we
have [X,Y] = B(X,Y)T,.

(7) Let X € go, Y € g_o and let H, € [ga,9—a] be such that a(Hy) = 2. (T,
and H, are related to each other by T, = 2H,/B(H,, H,).) Hence, the triplet
X,Y, H, generates a copy of sla 2 go @ [ga, G—a] D g—a in g

(8) Forall o, 8 € ®, the value of the functional 8 on H, is an integer, and furthermore,

B(H,) = 2B(Hg, Hy)/B(H,, Hy).

(9) If o and B are roots such that 8 # +q«, then there are largest positive integers
p and 7 such that 8+ ia € ® for all —r < i <p,and B+ ja ¢ D,if j < —r or
j>p. Infact, r — p = B(H,).

Let R denote the root lattice, the free Z-module in h* that is spanned by ®. Denote by
E C b the real vector subspace spanned by the corresponding vectors {H, € h: o € ®}.
In particular, h = F ®g C. It is not difficult to see now that the restriction of the Killing
form Blyxy to E is positive-definite. By dualizing we obtain an inner product on the dual
vector space E*. Let Qpy, denote the hyperplane Qy, = {8 € h* : S(H,) = 0}. It is
easy to see that the line spanned by « in h* is orthogonal to Qg , and this leads us to
define an important discrete invariant.

The Weyl group W = W (g, h) is the finite group generated by the set of reflections
Sq : B* — E* with respect to hyperplanes Qp_, o € ® such that s, () = —a. It is easy
to see that such a linear transformation is explicitly given by

sa(B) =B - pB(Ha)a, BEE"

Notice, for 8 € ®, s,(3) is another root. In other words, W permutes the roots among
themselves. Consider the lattice P in h* consisting of linear functionals 5 € h* such that
B(Hy) € Z for all o € ®. We call P denote the weight lattice. It is clear that the root
lattice R is a a sublattice of the weight lattice P. It is also clear that both R and P are
W-invariant. Furthermore, since all Cartan subalgebras are conjugate, these lattices are
invariants of a semi-simple Lie algebra, and W is independent of the choice of a Cartan
subalgebra.
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2.4. Abstract root systems

Now let E denote an arbitrary real, finite dimensional vector space equipped a positive-
definite symmetric bilinear form (= inner product) (-,-) : E x E — R. As before, for
a € E, denote by s, : E — E the linear automorphism defined by reflecting with respect
to the hyperplane 2, orthogonal to the line Ra. A root system ® C FE is a finite collection
of vectors such that

(1) E = Spany®,

(2) for a € @, the only other scaler multiple of « that is contained in ® is —q,

(3) 5P = @ for every a € P,

(4) ratios 2(8, ) /(o, ) = 2cos 9% for a, 8 € ® are all integers. Here, 0 is the
angle between « and f.

For our Lie theory purposes, we take E as the dual of the real vector space spanned by

{Hy, € bh: a € @}, where @ is the root system of the pair (g,h), and the inner product

is the one that is induced from the Killing form.

We call ® irreducible, if it is not a union of two other root systems. The root systems
corresponding to the simple Lie algebras are in fact irreducible root systems. Because
of the fourth axiom above, the ratios of the lengths of the roots and the angles between
them cannot be arbitrary. Indeed, possible angles are easily seen to be

w/6, w/4, w/3, w/2, 2mw/3, 3mw/4, 5n/6.

This observation allows us to list all possible inequivalent, irreducible root systems.

The dimension of E is called the rank of the root system ® C E. In Figure 3, we list all
possible rank one and rank two root systems. In Figure 4, after connecting each dot to
the center of the corresponding polytope, we have all irreducible rank three root systems.

Remark 2.3. In a Gy root system re-scaling short roots by multiplying each of them by 3,
and keeping the lengths of the long roots the same results in another Go root system.

Let < be a total ordering on E. (Total orders on a finite-dimensional vector space over
an ordered field always exist.) Let T C ® denote the set of roots which are “positive”
with respect to this total ordering;:

acdt if0<a.

Set of simple roots determined by ®* is the maximal subset A C ®T consisting of those
positive roots which cannot be written as a sum of two other positive roots. Clearly, for
each set of simple roots A, there is exactly one set of positive roots such that A C &7

Example 2.4. For the root system Gg as depicted in Figure 1, {ag,- - ,ag} is a system
of positive roots, and the set {a1, as} is a set of simple roots.
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FIGURE 4. Irreducible roots systems of rank three.

Another characterization of simple roots is as follows:

(1) A ={ay,...,apr} C @ is a basis for E.
(2) Any root a in ® has an expansion of the form a = )", n;co; with either all n; are
non-negative integers, or all non-positive integers.

Finally, let us remark that, in Lie theory setting there is a convenient way to pick positive
(hence, simple) roots. Suppose ® is the root system of (g, ). Choose a linear functional
f :h* — C that takes irrational values on the weight lattice P. Then {a € ® : f(a) > 0}
is a system of positive roots.
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2.5. Serre’s Theorem

Let B be a finite set. The free Lie algebra on B is the Lie algebra § obtained from the
free tensor algebra generated by B by declaring AQ (BRC)+B®(CR®A)+C®(A®B) =0
and A® B=—-B® A for all A, B,C € §. We denote the resulting multiplication by the
bracket.

Theorem 2.3. Let ® be an irreducible abstract root system with a set of simple roots
A = {a1,...,an}, and let § denote the free Lie algebra on the set of 3n wvariables
B = {Hi,...,Hp, X1,..., Xn,Y1,.... Y}, For 1 < i,j < n, define n;; by setting
ni; = 2(ay,a;5)/(aj,;), hence n;; € {0,—1,—2,—3} whenever i # j. Then the Lie
algebra obtained from § by further imposing the conditions below is a simple Lie algebra
with root system ®.

( ) [H’HHJ] =0 fO’f’ all iaj;

(2) [X;,Y:] = H; for all i, and [X;,Y;] =0 for all i # j,

(3) [Hi, X;] =njuX; and [H;, Y;] = —nyY; for all i, g,

(4) for all i # j,

() X X] = 15 19] = 0. i n =0

(b) [Xi, [Xi X]] = Vi, [V, V1] = 0, if mys = —1;

(©) [Xen (X2, [Xs, X,1]) = Vi [¥i, Vi, Yyl = 0, f mys = 25

(d) [, [Xi, (X [, X)) = [ [V Vi, [¥2, Vil = 0, if mye = —3.

In the light of Serre’s Theorem above, if we can identify a root system of a Lie algebra
inside the root system of another, then we can explicitly determine how these two Lie
algebras are interacting. It is very instructive to produce the root system of go via that
of s07. To this end, let a,b and ¢ be three non-adjacent corners of the cube containing
all root vectors of so7, see Figure 5. The six roots lying on the edges emanating from the
corners a,b and c¢ lie on a plane T that passes through the origin. Indeed, T is parallel
to the abc-plane. There are exactly 6 other roots on the edges of the cube, 3 of which lie
on one side of the plane T', and 3 on the other side. We project these roots orthogonally
onto T'. It is easy to verify that the resulting configuration of projected vectors forms a
G2 root system. (To visualize, place the cube by its corner on table in such a way that
corners a,b and ¢ have equal distance from the surface. Then project the root vectors
on the table and observe the configuration of Gy. The parallel translation of the table
surface to the center of the cube is T, and it contains all the root vectors for Gs.) In the
same vein, the root system Aj sits inside B3. Indeed, we simply remove the root vectors
that passes through the (centers of the) maximal faces of the cube. Finally, we see that
Ay lives on Aj as the indicated in Figure 6.

In the sequel, we are going to use these embeddings of root systems to study the
branchings of representations.

2.6. Representation Theory

Although we do not necessarily need it, for the sake of completeness we provide a
construction of all irreducible representations of a semi-simple Lie algebra.
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FIGURE 5. G9 in Bs.

The universal enveloping algebra of a Lie group G is the algebra of left-invariant
differential operators of all orders on GG. A more concrete description can be obtained by
passing to the Lie algebra of G. In fact, as we are going to see, the universal enveloping
algebra is unavoidable when studying the representation theory of g.

Let T® = Ti(g) denote the space of i-tensors on the underlying vector space of the Lie
algebra g (over some field ), and denote by T(g) the tensor algebra of g:

T(g) = P T(g).
i>0
We denote by J(g) C T(g) the two sided ideal that is generated by all elements of the
form

TRyYy—yr—[r,y], for z,y€cg.

The quotient algebra U(g) := T(g)/J(g) is the universal enveloping algebra of g, which is
a Lie algebra itself. Since J(g) is contained in €,.,T"(g) and since T°(g) = F, a copy
of F is contained in U(g). More importantly, a copy of g sits in U(g). This is a part of
important “Poincaré-Birkhoff-Witt Theorem” (abbreviated to PBW), which we explain
next:

Define U™ = U™(g) C U(g) to be the image of T @ T'@---®T™ in U(g). Notice that
T™ is mapped onto U™ — U™, For m > 0, we define the vector space G™ := U™ /U™,
There is an obvious bilinear multiplication G™ x G™ — G™'™. For notational consis-
tency, set U™! := 0. Thus

Gr(g) = G
m>0
is a graded, associative algebra with unity. It is rather long but explanatory to name
Gr(g) as the associated graded algebra of the universal enveloping Lie algebra of g.
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FIGURE 6. Embeddings via root systems

Let Sym’ (V') denote the vector space of symmetric i-tensors on a vector space V. Recall
that the symmetric algebra Sym(V) = P, Sym'(V) of V' is naturally isomorphic to the
F-valued polynomial functions on V.

Theorem 2.4 (PBW). The associated graded ring of the universal enveloping algebra of
g is (graded-)isomorphic to Sym(g). In other words, Gr(g) is (graded-)isomorphic to the
ring of polynomial functions on g.

As a corollary of PBW we see that g embeds into U(g) as a Lie subalgebra. This
observation is tremendously strengthened by the following following result.

Theorem 2.5. Let X = {x1,x2,...} be any ordered basis for g. Given a partition
A= (A1, A2,..., ) of m €N (a non-increasing sequence of positive integers that sum to
m), let x5 denote the monomial xx = xy, @ Tx,_, @ - @xx, € T(g). Then as A runs
over all partitions of all positive integers, the set of images of xx’s in U(g) constitutes a
basts.
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Proof. Consider the subspace W of T™ generated by all monomials of the form z, where
A is a partition of m. Then W is mapped onto Sym™. It follows from PBW that the
images of these monomials span G™ and are linearly independent. O

The role of universal enveloping algebras in the representation theory of g begins with
a consequence of its universal property.

Proposition 2.6. For each Lie algebra homomorphism from g into gl(V') there is a
unique algebra homomorphism py from U(g) into U(gl(V)) extending the Lie algebra
homomorphism.

It is easy to check that the converse of Proposition 2.6 is also true: Any algebra
homomorphism out of U(g) restricts to a Lie algebra homomorphism out of g.

2.7. Constructing the irreducible modules of g

Let g, denote a root subspace as in (1) and let M be a g-module. Choosing a system
of positive roots ®* in ®(g, h), we call an element v+ € M a highest weight vector, if
0o - vt = 0 for all simple roots a € A associated with ®+. Treating M as a U(g)-module,
we define a sub-representation V in M by setting V = U(g) - v™. We call such a module
highest weight module for g.

Theorem 2.7. Let V = U(g) - v be a highest weight module for g, hence in particular,
a system of positive roots ®T is chosen. Suppose that the elements of ® are ordered as
in B, Bm, and A ={a1,...,qp} is the set of simple roots in ®T. Suppose also that
the maximal vector vt of V belongs to some weight space V(X\) C V. Then

1. As a vector space over F, V is equal to
V= Span p{yg v - vg ¢ (in,...im) € N}
2. The weights of V' are of the form
‘
M:/\_Zkiaia for some k; €N, i=1,... 4.
i=1
3. For each pu € b*, the weight subspace V() is finite dimensional, and furthermore
the “highest” weight space V(\) is one dimensional.
4. V is an indecomposable (irreducible) g-module with a unique maximal proper sub-

module and a corresponding unique irreducible quotient.
5. Bvery homomorphic image of V is also a highest weight module.

It follows from the above theorem that a highest weight vector of a highest weight
module V is unique up to a scalar multiple. What is slightly more complicated to prove
is that two highest weight modules of the same highest weight A have to be isomorphic.
Next, we construct all highest weight modules explicitly.

A Borel subalgebra of g is a subalgebra of the form b = h®,cqp+go. We denote by n™ the
subalgebra n™ = @,c_a+8a, S0 that g =n~ @ b. Consequently, U(g) = U(n~) ®@c U(b).
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For A\ € bh*, let C\ denote a copy of C which is regarded as a b-module via
o t-v=At)v forallteh,
e go-v=vforalaecdr.

Now, we can define
M) :=U(g) @u(p) Chx-

We call My, the Verma module of highest weight A. It is clear that M) is a highest weight
module with highest weight vector 1 ® v of highest weight A. In fact, M) is isomorphic
to U(g)/I(\), where I()\) is the annihilator of the maximal vector v in U(g). Note that

My = U(g) @u(e) Cx = (Un™) ®@c U(b)) ®u(py Cx = U(n") @c Cx

as a vector space. We know from Theorem 2.7 that M) has an irreducible quotient,
which we denote by V). Indeed, V) is the quotient of M) by the sum of all proper
submodules of M,. Conversely, any irreducible representation of g with highest weight A
is such a quotient. Therefore the remaining question to answer is “when is an irreducible
representation of g finite dimensional ?”

Theorem 2.8. An irreducible g-module V' of highest weight X is finite dimensional if and
(A @)
(o, @)

Here, the pairing (,) is the dual of the restriction of the Killing form on t X t.

only if for each simple root o € A the ratio (A, a) := 2 1S a nonnegative integer.

A weight A as in Theorem 2.8 is called dominant . The weight lattice P of g is the
free Z-module consisting of A € §* such that (A\,a) € Z for all « € A. If A is indexed
such that A = {a1,...,ap}, then we define the set of “fundamental dominant weights”
{wi,wa,...,we} € P C t* as the dual basis of the “co-root basis” {Hy,,...,Ha,} for t.
Therefore, w;(H,,) = 6;; for all 4,j =1,..., £, or equivalently

<w1‘, Oéj> = 5ij7 for all aj € A. (2)

Example 2.5. We compute the fundamental weights for the root system Go which is
depicted in Figure 1. A set of simple roots is given by A = {«1,as}. Reflecting ag with
respect to the line whose normal is « gives ag back. Thus, we have

ag = Sa, () = g — a6 (Ha, )

implying that ag(H,,) = 0. Similarly, reflecting ag with respect to the line whose normal
is ag gives a5. Equivalently,

A5 = Say (aﬁ) = 06 — aG(Hﬂtz)O‘Q'

In order for this equality to be true, we must have ag(H,,) = 1. Therefore, w; = ag. By
the same procedure, we find that ws = ay4.

The computation in Example 2.5 extends to the general situation as follows: Define
m; ;= (o, 0 ) ford, j =1,...,£. Then writing o; = Z§:1 a; jw;, we see that a; ; = m; ;.
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o ¢
Of course, this implies w; = 75, m; ;

(my, ;)i j=¢. In the literature, the latter matrix is known as the Cartan matriz.

/ . . .
aj, where (m] ;); j=¢ is the inverse of the matrix

It is evident that A € P is dominant if and only if all coefficients in the expansion
A =3 k;w; are nonnegative. The fundamental representations of g are those irreducible
representations with the highest weights wy, wa, - - - ws. It is an important fact to remember
that each weight is conjugate to a unique dominant weight via the action of Weyl group.
Moreover, if A is dominant, then o\ < X for all ¢ € W. In fact, for a simple root «;, by
equation (2) we see that sq, (w;) = wj — §;;0;. Using this observation, the weights of an
irreducible representation are computable by our next theorem:

Theorem 2.9. Let A € P be a dominant weight with the corresponding irreducible repre-
sentation V = V. Suppose p is a weight of V, a is a root, and i is an integer between 0
and (u, ). Then A\ —ia is also a weight of V.. Moreoever, an arbitrary v € P is a weight
of V if and only if v and all of its W -conjugates are < \.

The multiplicity of a weight space V(u) in a representation V' is the number of different
copies of V(u) appearing in the weight space decomposition of V. By Theorem 2.9, to
understand the nature of V', it suffices to find the multiplicities of each weight 1 € P such
that 4 < A. In fact, if V' = V) is irreducible, then the multiplicity of V' (u) in V is equal
to

> sign(w)P(w(X+p) — (1 +p)),

weW
where P is Kostant’s partition function that we are going to introduce in Part II, and
p is the half the sum of all positive roots and sign(w) equals the determinant of w as a
linear map from h* to itself. This formula, known as Kostant’s multiplicity formula is
very similar in nature to Kostant’s other famous formula, called “Kostant’s branching
formula” that we are going to utilize for studying branchings of representations in the
next chapter.

3. Part I1
3.1. Branching from SL,.; to SL,

The special linear group SL, 41 is simply connected, hence its representation theory
is fully reflected by its Lie algebra sl, 1. Its subset t C sl,41 consisting of all diagonal
matrices forms a Cartan subalgebra. Let ¢; € t*,¢ = 1,...,n+1 denote the i-th coordinate
function defined by ¢;(diag(ai,...,an+1)) = a;. Then the set of roots associated with
(slpt1,t) is & = {£(e; —¢;) : 1 <i<j<n+1}. Fori=1,...,n, let o; denote the
root a; = €; — €;41, and set A = {a,...,a,}. Then A is a basis for the n-dimensional
Euclidean space £ = Spang®. It is easy to verify that any root a € ® can be written
in the form a = ) - Ma, @i, where all coefficients n,, are all non-positive, or all non-
negative. Hence, A is a set of simple roots. The associated fundamental weights are easily
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seen to be equal to

Wi =¢€1+---+¢€ — (14 +€nt1) (3)

n+1
fori=1,...,n.

Theorem 3.1 (Cartan). Fork =1,...,n, the k-th exterior power /\k C™*1 of the defining
representation C™"*1 is an irreducible representation of SLyy1 with the highest weight wy.

Let G and H be two simply connected groups such that H C G. If V is a representation
of GG, then it is an H-module, as well. The determination of irreducible constituents of V'
as an H-module is called the branching problem of V. When viewed as an H-module, we
denote V by Res% (V). If 11 is a dominant weight for H, we use the notation m(V, 1) € Z
for the number of occurrences in V' of the irreducible representation V,, of H with the
highest weight p. Suppose G is SLy 11, and let H denote the stabilizer subgroup in G of
the standard basis element e,,+1 of C™*!. Then H is isomorphic to SL,,.

Theorem 3.2 (Weyl). Let V) be an irreducible representation of G of highest weight .
Then m(Vy, 1) < 1 for all dominant weights p of H. Furthermore, m(Vy,u) = 1 if and
only if the coefficients of the expansions A\ = Z?:ll Ni€; and = Y1 jui€; satisfy the
interlacing condition:

M1 2> A > 2> Uy > Apgas 4)

Although the above theorem is very useful for computing branching multiplicities for
arbitrarily large n, for smaller values of n we have alternative methods. Let us do this for
n = 3 and for all fundamental weights of sly. The fundamental weights w1 (sly), wa(sls)
and ws(sly) correspond to the irreducible representations C*, A2C* and A3C* in the given
order. For SL3, the correspondence is wi(sl3) e~ C3, and wa(sl3) «~ A2C3. Therefore,

(1) C*=C*aC,

(2) A2C* = A2(C3 3 C) = (A2C2 @ AOC) @ (AIC? @ AIC) @ (A°C3 @ AZC)
= A2C3 @ C3,

(3) A3C* = A3(C2 @ )
= (A3C2 @ A°C) @ (A2C3 @ AIC) @ (AIC? @ A2C) @ (A°C3 ® A3C)
=Co A C3.

3.2. Spin group and its fundamental representations

Let V be a finite dimensional vector space over C, and let T(V') be the tensor algebra
of V. Suppose we have a symmetric, non-degenerate, bilinear form D : V x V — C. We
denote by D(V') the two sided ideal in T(V') that is generated by all elements of the form

rRy+y®r— D(x,y)- Iy, forall z,y € V.

The quotient Cliff(V, D) := T(V)/D(V) is called the Clifford algebra of the pair (V, D),
and furthermore, there is a natural Z/2-grading on it. Therefore,

Cliff(V, D) = Cliff " (V, D) @ Cliff (V, D),

o7



CAN and HOWE

where Clff" (V, D) is the subalgebra generated by the products of even degree elements.
Since it is an associative algebra, Cliff(V, D) has a natural Lie algebra structure defined
by [a,b] = a-b—b-a. In fact, the identification of so(V, D), which is the Lie algebra
of endomorphisms of V that preserve D, with A2V gives a natural embedding
s0(V, D) — CIliff " (V, D) of Lie algebras.

Let v : V — V x V — Cliff(V, D) be the natural diagonal quotient map. The pin
group on V is the subgroup of invertible elements of the Clifford algebra generated by
the elements —1lcugv,py and y(v), v € V with D(v,v) = —2. Finally, the spin group
Spin(V, D) is defined as the identity component of Pin(V, D). As it is mentioned in
the introduction, the spin group is simply-connected and there is a natural 2:1 covering
homomorphism 7 : Spin(V, D) — SO(V, D), where SO(V, D) is the group of invertible
linear automorphisms of V' which preserve D. Thus, the Lie algebra of Spin(V, D) is the
special orthogonal Lie algebra, consisting of endomorphisms of V' that are skew-symmetric
with respect to the bilinear form D.

There are important differences between spin groups of odd-dimensional vector spaces
and the spin groups of even-dimensional spaces and this will be clear in a moment. When
dimV =2n+1,let B={e1,...,en,€0,6_p,...,e_1} be an ordered basis of V such that

D(eg,e0) =1 and D(e;,e;) = 0;,—; for all 4,5 € {—n,...,—1,1,...,n}.

Therefore, the matrix Sg of D in the basis B is equal to w, that is used to define s09,41.
In this case, if 7 : Spin(V,D) — SO(V, D) is the double cover of SO(V, D), then we
let H = {g € Spin(V,D) : 7(g)eo = eo}. It is easily seen that H is isomorphic to
the spin group of (V’, D|y), where V' C V is the vector subspace that is spanned by
B ={e1,...,en,€n,...,e_1}.

We use the basis B to identify the elements of so(V, D) with matrices. The resulting
Lie algebra is nothing but s02,+1, and the Lie subalgebra corresponding to H in 502,41
is given by Lie(H) = s05, = {A € 502,41 : Aeg = 0}. We call V. = C?"*! the
defining representation of §09,4+1. Similarly, the vector subspace that is spanned by
B ={e1,...,en,e_n,...,e_1} is called the defining representation for soa,.

The vector space V = C?"*! has a decomposition V = W & Cey ® W*, where W C V
is the span of first n basis vectors from B and W* is the subspace spanned by the last
n basis vectors. Let \* W (respectively A* W*) denote the exterior algebra on W (resp.
on W*). Tt turns out that the Clifford algebra Cliff(V, D) is isomorphic to the direct sum
of matrix algebras:

Clfi(V, D) 2 End(A*W) @ End(A*W™).
Furthermore, the even part Cliff"(V, D) is isomorphic to End(A*W). In particular, this
isomorphism gives a representation of 505,11 on .S := A*W, called the spin-representation.

In the case of an even-dimensional vector space V = C?" 2 W & W* (W and W* are
as before) the Clifford algebra is isomorphic to a single copy of the matrix algebra:

ClLiff(V, D) = End(A*W),
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and its even Lie subalgebra Cliff* (V, D) is isomorphic to the direct sum of two Lie algebras
Clifft(V, D) = End(&®; A* W) @ End(@; A* T W).

Thus so(V, D) acquired two representations; one on @; A%* W, and one on @; A1 W,
We call these representations the half-spin representations, and denote them by ST and
S~ , respectively.

Diagonal matrices of the form diag(aq,...,an,0,—ap,...,—a1), a; € C forms a Cartan
subalgebra b in s02,41. In fact, b is the Lie algebra of the maximal torus

H = {diag(z1,...,Tn, 1,2, ", ... ,a:l_l) :x; € C*} C SO2,41-

Let ¢, € b*, i = 1,...,n denote the i-th coordinate function on diagonal matrices:
e;(diag(ay,...,an,0,—an,...,—a1)) = a;. It is clear that {e1,...,€,} is a basis for h*.
The associated roots of (so2,41,0) are

+(e; —€j), (e, +¢€;) for 1 <i<j<n together with £e; 1 <i<n.

Set ; = ¢; —e;q1 fori =1,...,n—1 and o,, = €,,. Then A = {aq,...,a,} is a set of
simple roots. The set of positive roots is then

Ot ={e;—¢j,ei+€:1<i<j<n}U{e;: 1<i<n}

Finally, the fundamental dominant weights are w; = €1 +---4+¢; fori=1,...,n—1 and
wn=1(e1 4 +6).

For s04,, the root datum is given as follows. We use the Cartan subalgebra
h = {diag(a1,...,an,—an,...,—a1): a; € C}.
As before, let €, denote the k-th coordinate function on §. Then

(I)(EOQn, h) = {:I:(el — Ej),:l:(éi + Ej) 1 S 7 <j S n}

Set, as before, a; = ¢; — ¢;41 for ¢+ = 1,...,n — 1. Different from the odd case, let
Qp = €n—1 + €. The set of simple roots we use is A := {a; : ¢ = 1,...,n}. Then the
fundamental dominant weights are computed to be w; = €1 +---+¢; fori=1,...,n—2,
and

1 1
Wp—1 = 5(61 +- - t+ep1—€,) and w, = 5(61 +ten_1te€n)
Theorem 3.3 (Cartan). For k =1,...,n— 1, the k-th exterior power /\k C?"*1 of the
defining representation is an irreducible representation of Spin,, i with highest weight
wk. The irreducible representation corresponding to the fundamental weight w, is given
by the spin-representation S = N*C™.

For the even spin group Spin,,, the exterior powers /\k C™, k=1,....n—2 are
irreducible with the corresponding highest weights wy. The remaining two fundamental
representations are the half-spin representations S~ and ST with the highest weights wy_1
and wy,, respectively.

99



CAN and HOWE

3.3. Branching from Spin; to SLs via the right path

When expanded in the orthonormal basis €1, ...,€, of h*, the dominant weights of
509,41 split into two classes, namely, 1) integral weights, which are of the form
A= (A,...,\,) with A; € Zy for all i = 1,...,n, and 2) half-integral weights, which
are of the form A\ + h,, where \ is an integral weight, and A, = (%, R %) Note that
the half-integral weights are those weights of Sping, ,; that are not representations of

SOQnJrl-

Theorem 3.4 (Murnaghan). Let V) be an irreducible representation of Sping .. The
branching from Sping , to H = Spiny, is multiplicity free. Furthermore, m(\, p) =1 if
and only if the following two conditions are satisfied:
(1) either both p and X\ are integral weights, or they both are half-integral weights.
(2) they interlace: A\1 > 1 > Ao >+ > pin—1 > A\p > |pnl-

Once again, initially, we are going to avoid using the above high-tech theorem for
branching computations. We look at the case of g = so7, which has three fundamental
representations:

(1) wi(so07) corresponding to its defining representation C7.

(2) The adjoint representation A2C” with the highest weight ws(s07).

(3) The spin-representation S = A®*C? with the highest weight ws(s07).
We begin with the defining representation C”. Obviously,

cC"=cCqcC,

which is equal to the sum of defining representation for sog with the one dimensional
trivial representation.

In the case of so7 the adjoint representation is the second exterior power of the defining
representation, which is one of the fundamental representations. However, this is not the
case for sog. Indeed, the highest weight of the second exterior power A2CS is given by
€1 + €2 = CUQ(EU(;) + W3(506).

The adjoint representation of so; decomposes into irreducibles of sog as follows:

A2CT = AHCP @ C) = (AOCO @ A%C) @ (AICE @ ALC) @ (A2CC @ A°C)
= C° o A’C°
the sum of defining representation and the adjoint representation. Finally, the spin rep-
resentation S = A*C3 splits into
S=CaC*aN’C}*oAC® = (CCon’Ca (Can’C?®) = S oSt
Obviously, this is true in general: the spin representation of s02,41 splits into a sum of
half-spin representations of sos;,.

Remark 3.1. There are important coincidences among the small rank simple Lie algebras
and one of these coincidences is between sog and sly. Indeed, these two simple Lie algebras
are the same. This can be seen from their root systems both of which are of type As.
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However, as far as the notation for weights are concerned we must be careful. Recall that
the fundamental weights for SL4 correspond to the irreducible representations C*, A2C*
and A3C* in the given order. From this we see that wa(s06) is wi(sly), ws(s06) is w3(sly),
and w(s06) is wa(sly).

Next, we compute the branching of an irreducible representation V' of so; of highest
weight A = aw1 (s07) + bwa(507) + cws(s07) to sl3. In terms of e-coordinates,

A=a(1,0,0)+06(1,1,0) + ¢(1/2,1/2,1/2) = (a + b+ ¢/2,b+ ¢/2,¢/2).

If ¢ # 0, then according to the Branching Theorem an irreducible representation of sog
with the highest weight 1 = (u1, 2, 13) is a constituent of the restriction if and only if u
is a half-integer weight satisfying

a+b+c/2 > > b+e/2 > pa > ¢/2 > |us|

Equivalently,
20 4+2b+c > 2u1 > 2b+c,
a+b > py—p2 > 0,
b+c > pp—psz > 0.

Note that wi(s0g) = €1, wa(s0s) = 1/2(e1 + €2 — €3) and ws(s06) = 1/2(e1 + €2 + €3).
Therefore,

€] = W1 (506),
€y = w2(506) + W3(506) — w1 (506),
€3 = w3(506) - W2(506),
implying
po= pi€r+ poex + pses = (11 — po)wi(s06) + (p2 — p3)wa(s06) + (12 + p3)ws(so6).

On the other hand, by Remark 3.1, in terms of the fundamental weights of sl this is
equal to

p= (2 — ps)wi(sly) + (p1 — p2)wa(sly) + (p2 + ps)ws(sly). (5)

In view of (3), the expression (5) for y in terms of the coordinate functions €1, €2, €3, €4 of
the Cartan subalgebra of sl is equal to

+ o + — s+ — 1+ o+ + o+
(k1 #22 pa) oy A;z pa) o (i 52 Ha) o (m #22 1s)

Now, by using Theorem 3.2 we see that an irreducible representation U = U, of sl3
appears in the decomposition of the irreducible representation corresponding to p if and
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only if its highest weight 7 = 71 €1 + Toeo + T3€3 satisfies

(11 + p2 + p13) S>> (11 — pi2 + pi3) >
2 2
(—/L1+52+N3) 27_32_(#14-#224—#3)'

Summarizing, we obtain the following result.

Ty 2

Theorem 3.5 (Branching from Spin; to SL3). An irreducible representation U of sls
with highest weight T = dw(sl3) + ews(sl3) appears in a decomposition of the irreducible
representation V' of so7 of highest weight A = aw1(s07) + bwa(s07) + cws(so7) if and only
if exactly one of the following holds:

(1) X is a half-integral weight (that is to say ¢ # 0), and there exists a half-integral
weight p = (1, o, p3) € (1/2,1/2,1/2)+ 73y of s06 such that a+b+c¢/2 > py >
betc/2> o > ¢/2> |us], and

(it potps) 2d+e  (m—potps)  —dte
2 - 3 - 2 - 3 -
(it potps)  —(d+2e)  (p+ po + )
2 - 3 - 2
(2) X is an integral weight (that is to say ¢ = 0), and there exists an integral weight
= (11, 12,0) of sog such that a +b > p1 >b > pus >0, and

(1t pe)  2dte (m—pe) —dte
2 - 3 - 2 - 3 -
(—p1 + p2) > —(d + 2e) > (it p2)
2 - 3 - 2
3.4. Kostant’s Partition Function

A rational character of a linear algebraic group is a group homomorphism y : G — C*
which is at the same time a morphism of algebraic sets. The set of rational charac-
ters X (G) forms an abeliean group with respect to point-wise multiplication. Note that
characters are class functions, namely, they take constant value on conjugacy classes.
Recall that in a semi-simple Lie algebra all Cartan subalgebras are conjugate. Using the
“exponential map” exp : g — G we see that all maximal tori in G are conjugate. On the
other hand, it is known that the union of all maximal tori in a connected, semi-simple
algebraic group is a dense subset. Therefore, a character x of a connected, semi-simple
algebraic group G is completely determined by its values on a maximal torus. In other
words, X(G) = X(T). If, in addition, G is simply-connected, then the character group
X(T) is isomorphic to the weight-lattice of (g, t).

We fix a Borel subgroup B of G containing T' and denote by ®, ®* and A, respectively,
the root system, the subset of positive roots, and the set of simple roots, relative to
(G,B,T).
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Let V be a finite dimensional g-module. If G is simply-connected, then there exists
a representation m : G — GL(V') whose differential is the given representation of g. All
finite dimensional representations of G are obtained in this way. As a finite dimensional
g-module, the vector space V' decomposes into a direct sum of t weight spaces V' (u) with
€ P. Assuming V is irreducible, let P(V) C P denote the set of weights that appear
in the weight space decomposition of V. Then there exists a unique dominant weight
A€ P(V) such that u < X for all p e P(V).

The formal character ch(V') of a representation 7 : G — GL(V) is defined to be

ch(V)= Y due" € ZI[P], where dy =dimV(p).
HEP(V)

Here, we use the notation e*, u € P to pass to the multiplicative notation. Indeed, the
sum p + v of any weights p,v € P is conveniently represented by the corresponding
multiplication e - e¥ = e#T¥. If w; is a fundamental weight and 7; : G — GL(V,,) is the
associated irreducible representation of GG, then e“* is the formal character corresponding
to
ch(Ve,)(t) = Tr(mi(t)).

In other words, we view a formal character ch(V') as a regular function on the maximal
torus T via ch(V)(t) = Tr(w(t)), t € T.

After this reminder on the characters, we look at the behavior of the restriction of a
formal character of G to a maximal torus of a subgroup H C G. We are going to use
“Kostant’s Branching Multiplicity” formula for our analysis. To this end, let Tg and
Ty = HNTg denote the maximal tori for G and H, respectively, and let ty and t; denote
the corresponding Lie algebras. We choose a set of positive roots @3‘ for (g, tg). Following
Goodman and Wallach [GoWa] (page 370), we make the following regularity assumption®:

Regularity Assumption: Suppose there exists an element Xy € t; such that

(o, Xo) > 0 for all v € <I>;r.

This is equivalent to finding a regular element Xy € t; (not touching the “walls of the
Weyl chamber”), which is regular in tg, also. In particular, the vector Xy allows us to
define a total ordering on the roots of (h,ty):

of = {ye®y: (v, Xo) >0}
__ For a weight A\ of g, let A denote the restriction of A to the subalgebra h. Set

oy = {a: a e ®f}, and for § € E denote by Rs the set of all @ € ®f such
that @ = . Let X denote the set of positive roots 8 from @; with |Rg| > 1, and let

2This assumption is not necessary, as D. Vogan removes it in [Vog]. However, it simplifies the proof
and it is helpful for choosing an appropriate positive root system. In effect, it boils down to the following
algebraic fact: the centralizer in G of the maximal torus Ty is commutative, hence it is equal to T.
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X = @ — @;. The union ¥y U ¥4 is denoted by ¥ and the multiplicity of an element
B € ¥ is defined by
|Rs| if 5 ¢ Py,
mpg = . T
|Rg| — 1 lfﬂéfbh.
The Kostant partition function P = Ps; on the dual Cartan subalgebra t; is determined

by
[Ta=e?)yme=>"Pme.

BET

Observe that P(n) is equal to the number of ways of writing 1 as non-negative integral
combinations of the elements of .

Theorem 3.6 (Kostant’s Branching Multiplicity Formula). Let A and p be dominant
integral weights for G and H, respectively, and let V\ and V), denote the corresponding
irreducible representations. Then

m(\p) =Y sign(s)P(s- (\+ pg) — 1 — Pg)-
seWy

3.5. Branching from G5 to SLs

In a type Gy root system, the set of all long-roots forms an As root system
Oy = {az, a5, 06, —2, —as5, —0s}, see Figure 1. As in the introduction section we have
the following associated list of generating variables

Bl = {HQ’H57H65X27}/25X55}/57X5;}/6}'

Since these variables are among the generating set of variables for gs, Serre’s relations 1
through 4 are automatically satisfied, and hence, we have a copy of sl naturally sitting
inside go. Since Hs = Hy + H2 and Hg = Hy + 2H> (see Table 1), the Cartan subalgebra
t = Spanc{Ha, H5} of sl3 is equal to that of go. Therefore, the regularity assumption is
also automatically satisfied, and hence we can apply Kostant’s formula for computing the
branching multiplicities from G5 to SLs.

Let Xo = 3H> + Hs, and set @;2 ={a;: i=1,...,6} as usual. Then {(a, Xy) > 0 for
all a € @, and moreover, {a € @y, : (a, Xo) > 0} = {az, 5,06} is a set of positive
roots for (sl3,t). Since [H;, X;] = a,(H;)X; for all 4 and j, by using Table 1, the values
of the positive roots on H;’s are easily computed as in Table 2.

In particular, we see that |[Rg| =1 for all 3 € ®,, and therefore ¥ = ¥y = {ay, a3, a1}
Thus, the Kostant partition function P of t* is obtained from the generating function
equality

1 1 1
= -, 6
l—e a1 l—eas]—e 0 n%: Pn)e (6)
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ar1(Hy) =—1| o1(Hs) = oy (Hy)+ay(Hy) =2—1=1
ag(Hy) =2 | as(Hs) = ap(Hr) +ao(Hz) = -34+2=-1
az(Hy) =1 | az(Hs) = az(H; )+a3(H2)=71+1=0
as(Hz) =0 as(Hs) = as(H1)+as(H2) =1+0=1
as(Hz) =—-1| a5(Hs)=as(H1) +as(Hz) =3-1=2
ag(Hz) =1 as(Hs) = ag(H1) +as(H2) =0+1=1
TABLE 2. Values of the positive roots

Lemma 3.7. Suppose pp = aaq + bag € t* for some non-negative integers a and b. Then

{min{a—b,b}—i—l ifa>b>0,

otherwise.

Plaay + bag) =

Proof. First of all, observe that, since P(aay + baz) is equal to number of ways of writing
1 as a non-negative integral combinations of a1, ag = a1 + @ and ay = 207 + @y we
must have that a > b > 0. Expanding the left hand side of the equation (6), we see that
P(n) is equal to number of (i,j, k) € Z3, such that a = i+ j + 2k and b = j + k. It
follows that a — b = i + k, and therefore, each choice of k uniquely determines both j and
i. Clearly, k is from {0, ..., min{b,a — b}}, hence the proof is complete. O

Let A = {a1,as}. The Weyl group Wy, is generated by the reflections s; = s,, and
S2 = Say, and it has 12 elements. The action of these elements on A are listed in Table 3.

se Wy, o Qs (n+5)ar + (m+ 3)as
id ay Qg (n+5)a; + (m+ 3)as
s1 - 3aq + ag (—n+3m+4)aqr + (m + 3)aq
S2 o + oo -2 (n+5)as + (n —m+2)ay
5182 200 + g | =301 — o 2n—3m+1)a; + (n—m+ 2)as
5981 —ar—az | 3a1+2as | (—n+3m+4)ar+ (—n+2m+ 1)ay
518281 —2a1 —ag | 3aq +202 | (—2n+4+3m —1ag + (—n+2m+ 1)as
595189 201 + g | =31 — 209 (2n —3m+ 1)as + (n —2m — 1)aw
51595152 a1 +as | —3a1 — 2an (n—=3m—4)a; + (n—2m — 1)as
59515251 —2a1 — g | 3oy + as (=2n4+3m —1)ag + (—n+m — 2)ay
5182518281 —a1 — Qo o (—n = 5)as + (—n+m — 2)ay
5951525182 o —3a; — g (n—3m—4)a; + (—m — 3)ay
515251525152 —oy —a (—=n = 5)as + (—m — 3)az

TABLE 3. The action of Wy, on A
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By using Table 3 we compute the values P(s- (A + pg) — it — pg). To this end, let
A = n'w; +mwy, n';m’ > 0 be a highest weight for an irreducible representation V)
of go. Since w1 = ag = 3a1 + 23 and we = oy = 21 + ay (by Example 2.5) we see
that A = (3n' 4+ 2m/)a; + (2n' + m/)ag. Set n = 3n' + 2m/ and set m = 2n' + m/'.
Then we have 2m > n > m > 0 unless V), is the trivial representation, in which case
n=m=mn'=m' = 0. Finally, note that py, = 5a1 + 3.

The weight lattice of sl (C g2) is spanned by the fundamental dominant weights dual
to Hy, and H,,. Thus, w; = %(20&5 + a2) =201 + g and wy = %(a5 +29) = a1 + as.
If u = d’wy + V/wsy is the highest weight of an irreducible epresentation of sls, then we
express it in terms of a; and as’s as p = (2a’+0" )y + (@' + V' )az. Letting a = 2a’+b" and
b=a' +b weseethat a > b > 0 with a = 0 if and only if V.. is the trivial representation
of 5[3.

With the above notation (A = nay + mas with n > m > 0 and p = aq; + bag with
a > b>0) we list the values of the Kostant partition function in Table 4.

s € Wy, 5 (A +pg) —n—py sign(s)P(s - (A + pg) — 11— Pg)
id (n—a)ag + (m —b)as min{n —a—m+bm—>b}+1
$1 (—n+3m—a—1)ag + (m —b)ag —min{-n+2m—-a—-b—1,m—->b} -1
S9 (n—a)ag +(n—m—>b—1)ay —min{fm—-—a+b+1l,n—m—->b—1} -1
5182 2n—3m—-—a—4)a1+(n—m—>b—1)as 0
S981 (—n+3m—a—1a; + (—n+2m —b—2)a 0
515951 (—2n+3m—a—6)a; + (—n+2m —b—2)as 0
528182 2n—3m—a—4)a1+(n—2m—>b—4)as 0
51595152 (n=3m—-—a—9a1+(n—2m—-—>b—4)as 0
50515251 (=2n+3m—a—6)a; +(—n+m—>b—>5)as 0
5152518251 (—n—a—10)aq + (—n+m — b —5)az 0
5951828152 (n=3m—a—9)a1+ (—m—0b—6)as 0
515251525152 (—n—a—10)aq + (—m — b — 6)as 0

TABLE 4. Computing multiplicities

Remark 3.2. In Table 4 we have 0’s in the last column for the reason that either the
coefficient of «a; is zero, or the coefficient of a; is less than that of as.

We conclude from Table 4 that
m(A\, p) = P((3n" +2m' —2a" — b )y + (20" + m’ —a’ — b')am)
—P@Bn +m' —2d -V — 1)y + 20" +m' —d' —V)as)
—P((3n" +2m' —2d" = b )y + (' +m' —ad — V' —1)az)
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For convenience let us abbreviate this summation in the form A — B — C, where A is the
first summand, B is the second, and C is the third summand. In particular, A, B and
C are all non-negative. Let us denote the coefficient of oy in A by wuq, the coefficient of
g by vy. Similarly, we define uq, v2, u3 and vs to be the coefficients of a;’s in the second
and the third summands.

Lemma 3.8. If m(\, p) > 0, then
(1) up =3n"+2m' —2a’ =V > 0,
(2) m=2n"+m'—a =¥V >0,
3) ug —vy=n"+m' —a >0.

Proof. For A—B—C to be positive, A has to be positive. The rest follows from Lemma 3.7.
O

We analyze A — B — C by looking at A more closely. First, assume that u; — vy > vy,
or equivalently that ¥ > n/. Hence A = min{u; —v1,v1} +1 = v1 + 1. In this case,
since ug = uy and v3 = v1 —n’ — 1, we have C = min{ug — vs,vs} +1 =v; —n’ > 0.
Similarly, since vo = v1 and us = u; —m’ — 1, we have B = min{u; —vy —m' —1,v1} + 1.
However, if us — vo > wvg, then B = v; + 1 forcing A — B — C' < 0. Therefore, we must
have B=u; —v; —m' — 1 and

m(A\p)=A—B—-C=ad +2, whenevert >n'.
Also, we have obtained the inequalities

n <d+b<2n+m and o0 <n' +m.
Next we assume that 0 < u; — vy < vy, equivalently 0 < b <n/. Thus A = u; — vy + 1,
and B = u; —v; —m' > 0. Since
C = min{uz —vs,v3}+1=min{2n ' +m' —a' =1V, 0 +m' —d' -V -1} +1
=n+m —-d —-b >0,

we have

m(A\, pu)=—n"+a +b +1>0 whenever b’ <n'.
In particular, as before, we have

on'4+m' >ad +b>n and n’ 4+ m' >d +V >d V.

Conversely, if (a’,b') € Z>o X Z> satisfies 2n' +m’ > o' +b' > n' and o/, 0’ <n' +m/,
then 3n' 4+ 2m’ —a’ — b > 0. Tt follows that m(\, u) # 0 by analyzing the cases b’ > n’

and b’ < n’ just as we did above. We summarize these observations as follows:

Theorem 3.9. Let A = n'wi(g2) + m'wa(g2) and pu = a'wi(sl3) + b'wa(sls) be the highest
weights of the irreducible representations of g2 and sls, respectively. Then m(\, u) # 0 if
and only if

(1) n' <d +¥ <20 +m/, and

(2) ',V <n' +m'.
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Furthermore, in this case,

m(A, ) = {

—n'+ad +b +1 whenever b <n’,

a +2 whenever b’ > n/'.

z4+y=2n"+m
\\
z=n"+m

y=n'+m

FIGURE 7. Branching region for (n/,m’)

3.6. Branching from Spin; to Go

We use the embedding of gs into so7 resulting from the corresponding root system
embeddings. Let H; denote the matrix E;; — E_; _; fori =1,...,3. Then {H;, Hy, H3}
forms a basis for a Cartan subalgebra ts,, of s07. Let 7; denote the functional deftermined
by ’I]Z'(Hj) = 261')]‘. Then

P, = {En1, £n2, Enz} U {0 +n5), £(ni —n;) : 1 <0< j <3}
forms the root system for the pair (s07,ts,,). We use
Ap, = {1 =m —n2, ag =1n2 — 13, a3 =13}
as a set of simple roots for ®g,, and hence, we get @gs is
{a1, a2, 03,00 + a2, a2 + a3, 00 + a2 + a3, a1 + 202 + a3, 1 + a2 + 2a3, 200 + as},

which equals

{mitn: 1<i<j<3}U{n,m,m3},
and is the associated set of positive roots.

Let us verify that there is a regular element X in ts,,. Let hy = %Hl — %Hg + %H3
and hy = Hy — Hg, and set Xo = 5h1 + 3hy = %Hl + %HQ + %Hg Since Oéi(Xo) > 0 for
1=1,2,3, we see that for any positive root § € @gg, B(Xp) > 0, hence Xj is the desired
element.
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Let t3, C t;,, be the subspace defined by the equation —mn; + 72 + 13 = 0. We depict
t, as in Figure 8. Thus, the long roots of G2 correspond to the solid dots, and they are

given by —n1 — 12, —n2 + 03, M1 + N3, M1 + N2, 12 — N3, =101 — 13-

a m+ 13
- ”‘\\
_772 _|_ 773 "’4’ \\
- N
\\
f 2 + 13
/
/ : A
/ P —m + N3 .
., 0 N
/ o ® it
/ /I
/ ]
/ 1
/I /
1
I/ /
/ !
1 + I/
—MN1 T 72
e/ kP R SRS —— QO ;o c
N 1)
\\ . !
N ]
N .
O -
N -
N - N2 — N3
Y //
N //
N //
N -
N ’,’
®
b =11 — N3

FIGURE 8. Gg in Bj

The projections of the other six roots £(m1 — n3), £(—m + 12), £(n2 + 13) € B3 onto
tg,-plane are: :I:%(—m —21n2+13), :l:%(—m +19—2n3), and :I:%(2171 “+12+13), respectively.
These 12 vectors form a root system of type Go. Since ®f = {y € ®g, : (v, Xo) > 0},
the following is a set of positive roots for Go:

1 1 1
{m +n2,m +n3,m2 —n3, (0 +2m2 —n3), = (M — M2+ 2n3), 5 (2m +n2 +03) }-

3 3 3

Let 71 denote (1 — 72 + 2n3) and let 72 denote n2 — n3. Then the ratio of the lengths

|v2|/|71] is v/3, and the angle between v, and 7 is 57/6. Therefore Ag, := {y1,72} is
the set of simple roots with +; being the short root, and 2 the long root.
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The restrictions of the positive roots of ®p, are

1
M3 =11 — 12 = 5(771 — 12 + 2n3),

1
T=m—1n3 = 5(771+2772—773),

T =TT = 5 (20 4+ ),
m+nz =m +ne,
m+nz=m+mns,

2 =73 =12 — 13-

It follows that fbgg = fI)JCE2, and that ¥y consists of short roots of Go each of which has
multiplicity 1. Therefore, we see that ¥ = Yo = {~v1,71 + 72,271 + 72}-
If p € ty,, then, by definition, P(u) is the number of ways of writing x as in

pw=ayr +b(y1 +v2) + ¢(271 + 72) for some a,b,c € N.

In particular, if P(u) is non-zero, then p has to be of the form a’y; + b7, for some
a',b € N with ¢’ > b'. Moreover, Lemma 3.7 is applicable, and hence,

min{a’ = b, 0’} +1 ifd > >0,

0 otherwise.

Pla'y + V) = { (7)

For any subset A C Z, we set the notation d 4 ; for

1 ifieA,
04 = o
' 0 ifié¢ A

Let Ws,, denote the Weyl group of so;. The standard permutation representation of
Wso, on t} provides us with a useful description of its elements: Each o’ € W, is of the
form o’ = e40, where A is a subset of {1,2,3}, o is a permutation of the indices of the
coordinates ny,72,73, and €4 - n; = (—1)%4in;.

Now, let A = A1m1 4+ Aam2 + Asns be a dominant weight for so7, hence Ay > Ao > A3 >0
are either all non-negative integers, or all non-negative half-integers. For ¢/ = 40 in
Wio., let I(o'; ) denote o”-(A—p)—p = any +bnz+cns, where p = pgo, = 5 (5m1+3n2+13).
For an arbitrary permutation o of {1, 2,3}, we express p in the form

7 — 201 7 — 20, 7— 203
2 Noy + ) Moo + Tno'g'

p:
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Hence, I(ea0; ) = am + bna + ens can be concisely written as
3

—92i)(=1)04.0; — 920
I<sAo;A>=Z(<—1>5Awi—” el 21))%
=1

- 23: <(—1)5A’% N — T(14 (=1)%47) —

2((=1)%47:i + 0;)
D) Mo, (8)
On the other hand, a straightforward calculation shows that the projection of a vector

any + bnz + cnz onto the —n1 + n2 + 13 = 0 plane is
2a +b+c a+2b—c a—b+2c
3 m + 3 N2 + 3

Suppose p = svy1 + 2 is a dominant weight for g, hence s, € N with s —r > 0. (This
is because p = s'wy +1r'ws = ' (21 +v2) + 7' (371 + 272) = (28" + 31" )1 + (8" + 277 )2 for
some s, > 0 with ' + ' > 0.) Therefore,

PI(eao;A) —pu) =P((2a+b+c—8)y1 + (a+b—1)y),

which is equal to

N3 = (2a+ b+ ¢)y1 + (a + b)7e.

min{a+c—(s—r),a+b—r}+1 if 2a+b+c—s>a+b—1r >0,
0 otherwise.

Observe that in order for 2a + b+ ¢ —s > a+ b —r > 0 to hold, both inequalities
a+c¢c>(s—r)>0and a+b > r > 0 have to hold. Consequently, we have some
restrictions on the subsets A C {1,2,3} in order for P(I(g40;A) — i) to have a non-zero
value. Indeed, if a,b, and ¢ denotes the coordinates of (8), and if U;, i = 1,2, 3 denotes

T(1+ (=1)%47) — 2((=1)%4ii + 0;)

Ui = — : 9
5 (9)
then
a+b=(=1)%47 ) 4 (=1)°47 \; + U; 4+ Uj, (10)
a+c= (=147 )\ 4 (=1)°47 X\ 4+ U; + Uy, (11)

where 0, =1,0; = 2 and o}, = 3.
By using (9) — (10), we analyze the (im)possibilities:

Case of A =1{1,2,3}:
If i =1, = 2, then U; = 0,U; = 0, hence a +b < 0. If ¢ = 1,5 = 3, then
U; =0,U; = —1, hence a + b < 0. Therefore, i = 1 implies that a 4+ b < 0.

Ifi =25 =3, thenU; = —-1,U; = =1, hence a+b < 0. If i = 2,5 = 1, then
Ui =—-1,U; =1, hence a+ b < 0.
Ifi=3,7 =1, thenU; = =2,U; =1, hence a+b < 0. If i = 3,5 = 2, then

U; =—-2,U; =0, hence a + b < 0.
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Since in all of the above cases a+b < 0, we conclude that when A = {1, 2, 3}, the value
of the Kostant partition function is zero.

Case of A =1{1,2}:

If i =1, = 2, then U; = 0,U; = 0, hence a +b < 0. If ¢ = 1,5 = 3, then
U; =0,U; = —1, hence a+ b < 0.

If i=2,5 =1, then U; = 0,U; =1 then a + b may not be < 0. However, in this case,
k=3, and Us =0, hence a + ¢ < 0.

Ifi =35 =1,then Uy = —2,U3 = 1 then a+b < 0. If ¢ = 3,5 = 2, then
U;=—-2,U3=0then a+b<0.

Since in all of the above cases either a+b < 0, or a+c¢ < 0, we see that when A = {1,2}
the value of the Kostant partition function is zero.

Case of A =1{1,3}:

Ifi=1,5 = 2, then U; = 0,U; = =3, hence a +b < 0. If ¢+ = 1,5 = 3, then
U; =0,U; = -2, hence a + b < 0.

Ifi=2j=1,then U; = —1,U; = —4, hence a +b < 0. If i = 2,5 = 3, then
Ui =—-1,U; = -2, hence a + b < 0.

Ifi=3,j=1,thenU; = -1,U; = —4thena+0b < 0. If i = 3,5 = 2, then
U;=-1,U; = -3 then a + b < 0.

Since in all of the above cases either a + b < 0, we see that when A = {1, 3} the value
of the Kostant partition function is zero.

Case of A ={1}:

Ifi=1,7 =2, then U; = 0,U; = =3, hence a+b < 0. If i = 1,5 = 3, then
U; =0,U; = —2, hence a + b < 0.

Ifi=2j=1,then U; = —1,U; = —4, hence a +b < 0. If i = 2,5 = 3, then
U; =-1,U; = =2, hence a + b < 0.

Ifi=3,7j=1,thenU; = -1,U; = =4 thena+b < 0. If i = 3,5 = 2, then
U;=-1,U; = -3 then a + b < 0.

Since in all of the above cases either a 4+ b < 0, we see that when A = {1} the value of
the Kostant partition function is zero.

Case of A =1{2,3}:

In this case, we look at ¢ > 1 and ¢ = 1 separately.

Ifi=2,j=1,thenU; =—-4,U; =1, hence a +b < 0. If i =2,j =3, then £ =1, and
Ui =—-4,U; = —1, hence a + ¢ < 0.

Ifi=3j=1then Uy = -3,U; = 1thena+b < 0. If ¢ = 3,j = 2, then
Ui=-3,U;=0thena+b<0.

We conclude that, if A ={2,3} and ¢ > 1, then either a + b < 0, or a + ¢ < 0, hence
the value of the Kostant partition function is zero.
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On the other hand, if ¢ = 1, then the cases are j = 2,k =3 and j = 3,k = 2. In the
former case, a+b = A1 —A2—5, a+c= A1 — A3 —5. In the latter case, a+b = A1 — Ay — 4,
a+c = A1 — A3 — 6. The value of the partition function is easily computable for these
two cases. We are going to summarize the end result of these computations (and of the
other similar cases) in our final theorem below.

Case of A ={2}:

Ifi=2,j=1, then Uy = —4,U; =1, hence a + b = —Xy + A\ — 3. However, in this
case, k = 3, and a + ¢ = — X3 + A3 — 4, which is negative. Similarly, if i = 2,j = 3, then
k=1,and U; = —4,U, = —1. Hencea+c= —X\y + A3 —3 < 0.

Ifi=3,7 =1, then U; = —=3,U; =1, then a + b = A3 — Ay — 2, which is negative. If
1=23,7=2,then U; = —-3,U; =0, then a + b < 0.

Thus, we see from the above cases that if ¢ > 1, then the corresponding value of the
partition function is zero. Therefore, we assume ¢ = 1. Once again, there are two cases:
j=2,k=3,and j = 3,k = 2. In the former case, a+b= XA — A2 —5, a+c = A1 + A3 —6,
and in the latter case a + b= — A3 —6,a+c= A1 + Ao — 4.

Case of A ={3}:

Ifi =2, =1, then U; = —4,U; = —4, hence a + b = —Xy + Ay — 8. However, in this
case, k = 3, and a + ¢ = —A2 + A3, which is negative. Similarly, if ¢ = 2,j = 3, then
k=1,and U; = —4,U, = —1. Hencea+c= —Xy + A3 —3 < 0.

Ifi =3,j =1, then U; = =3,U; = 1, then a + b = A3 — A\, which is negative. If
1 =23,7=2,then U; = -3,U; =0, then a + b < 0.

Thus, we see from the above cases that if 7 > 1, then the value of the Kostant partition
function is zero. Therefore, we assume i = 1. Once again, there are two cases: j = 2,
k=3,and j = 3, k = 2. In the former case,a+b=XA\1 — A2 —5,a+c=A1 + A3 —6. In
the latter case, a+b=XA1 — A3 —6,a+c= A1 + Ay — 4.

Case of A =0:
In this case, in both sums a + b and a + ¢ the coefficients of \;’s are positive, and
Ui=i+o;fori=1,2,3.

Given two integers u and v, let us denote by p(u,v) the function

min{u,v} + 1 if both u and v are non-negative,
plu,) = { two) (12)

0 otherwise.
We conclude from the above analysis that

Theorem 3.10. Let 11,72,7n3 denote the dual of the standard coordinate functions on
tso,, a Cartan subalgebra of so7, and let X\ = Aim1 + Xame + Aznsz € t5,. be the highest
weight of an irreducible Spinz-representation V. Then the multiplicity of an irreducible
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representation V,, of go with the highest weight p = s'wi(g1) + r'wa(g2) in Vi is given by
m\ ) =pA1 =X —5—5 —1r" A1 — A3 —-5—5 —2r")
—pAN =X —4—8—r" A\ —X3—6—5 —2r)
—2p(M =X —5—5 =71 A+ X3 —6—1"—25)
+2p(A\ = A3 —6—8" =" N+ —4 -5 —2/)
+pM+ A +6—8 —r" A+ A3+8—5 —27)
—pM+ A3+ T—8 =" A+ X+ T—5 —2)
—pA+ X +6—8 =" Aa+ A3 +9—5 —27)
+pA2+A3+8—8 —r' A+ X +7—5 —2/)
+pAM + A3+ T8 =1 Ao+ A3 +9—5 —2r")
—pA2a+ X3 +8—8 =1, A\ + X3 +8—5 —2r),
where p(-,-) is as in (12).

Admittedly, we lack a more conceptual description. The whole branching problem
from Spin; to G deserves a better approach. In fact, a more algebraic study of this kind
naturally lands itself in the realm of invariant theory. Such an approach is developed by
late Yui Kwan Wong in his 1995 Yale thesis [Won]. A more geometric approach leading
to a cleaner formula using Borel-Weil-Bott theorem is taken by McGovern in [McG]. All
of these formulas are different than each other.
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