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Chapter 7

Cyclic highest weight
modules.

In this chapter, g will denote a semi-simple Lie algebra for which we have chosen
a Cartan subalgebra, h and a base A for the roots ® = ®+ U ®~ of g.

We will be interested in describing its finite dimensional irreducible repre-
sentations. If W is a finite dimensional module for g, then h has at least one
simultaneous eigenvector; that is there is a 4 € h* and a w # 0 € W such that

hw = p(h)w Y h € h. (7.1)

The linear function u is called a weight and the vector v is called a weight
vector. If z € g,,

hzw = [h, z]w + zhw = (g + o) (h)zw.

This shows that the space of all vectors w satisfying an equation of the type
(7.1) (for varying p) spans an invariant subspace. If W is irreducible, then the
weight vectors (those satisfying an equation of the type (7.1)) must span all of
W. Furthermore, since W is finite dimensional, there must be a vector v and a
linear function A such that

hv=Ah)v Yheh, ew=0, Va € dT. (7.2)
Using irreducibility again, we conclude that
W =U(g)v.

The module is cyclic generated by v. In fact we can be more precise: Let
hi,...,hs be the basis of h corresponding to the choice of simple roots, let
€; € 8a;, i € 8—a; Where aq,...,a,, are all the positive roots. (We can choose
them so that each e and f generate a little si(2).) Then

g:n—@h®n+a
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104 CHAPTER 7. CYCLIC HIGHEST WEIGHT MODULES.

where ey, ..., e, is a basis of n, where hq, ..., hy is a basis of h, and f1,..., fi
is a basis of n_. The Poincaré-Birkhoff-Witt theorem says that monomials of
the form

i1 im B J1 Je k1 k
1 ...fn;‘nhl ...he 61 ...emm

form a basis of U(g). Here we have chosen to place all the e’s to the extreme
right, with the h’s in the middle and the f’s to the left. It now follows that the

elements
i1, fim

1 Im Y

span W. Every such element, if non-zero, is a weight vector with weight
A— (2'1041 + -+ imam).
Recall that
pw <A means that A —u = Zkiai, a; > 0,

where the k; are non-negative integers. We have shown that every weight u of
W satisfies
W= A

So we make the definition: A cyclic highest weight module for g is a module
(not necessarily finite dimensional) which has a vector vy such that
T4V = 0, v Ty €Ny, h’U+ = )\(h)’l}+ Vh €h

and
V =U(g)v+-

In any such cyclic highest weight module every submodule is a direct sum of its
weight spaces (by van der Monde). The weight spaces V,, all satisfy

= A

and we have
V=,

Any proper submodule can not contain the highest weight vector, and so the
sum of two proper submodules is again a proper submodule. Hence any such V'
has a unique maximal submodule and hence a unique irreducible quotient. The
quotient of any highest weight module by an invariant submodule, if not zero,
is again a cyclic highest weight module with the same highest weight.

7.1 Verma modules.

There is a “biggest” cyclic highest weight module, associated with any A\ € h*
called the Verma module. It is defined as follows: Let us set

b:=h®n,.
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Given any A € h* let C, denote the one dimensional vector space C with
basis z; and with the action of b given by

(h+ Y xp)zy = A(h)z.
B>0

So it is a left U(b) module. By the Poincaré Birkhoff Witt theorem, U(g) is a
free right U (b) module with basis {f{* --- f;™}, and so we can form the Verma
module

Verm(\) := U(g) ®u ) Cx

which is a cyclic module with highest weight vector v :=1® z4.

Furthermore, any two irreducible cyclic highest weight modules with the
same highest weight are isomorphic. Indeed, if V and W are two such with
highest weight vector v, u4., consider V'@ W which has (v4,u4) as a maximal
weight vector with weight A\, and hence Z := U(g)(v4,uy) is cyclic and of
highest weight A. Projections onto the first and second factors give non-zero
homomorphisms which must be surjective. But Z has a unique irreducible
quotient. Hence these must induce isomorphisms on this quotient, V' and W
are isomorphic.

Hence, up to isomorphism, there is a unique irreducible cyclic highest weight
module with highest weight A. We call it

Irr(A).

In short, we have constructed a “largest” highest weight module Verm(\)
and a “smallest” highest weight module Irr(\).

7.2 When is dimIrr(\) < 00?

If Irr(A) is finite dimensional, then it is finite dimensional as a module over any
subalgebra, in particular over any subalgebra isomorphic to sl(2). Applied to
the subalgebra sl(2); generated by e;, h;, f; we conclude that

Such a weight is is called integral. Furthermore the representation theory of
sl(2) says that the maximal weight for any finite dimensional representation
must satisfy

so that A lies in the closure of the fundamental Weyl chamber. Such a weight is
called dominant. So a necessary condition for Irr(\) to be finite dimensional
is that A be dominant integral. We now show that conversely, Irr()\) is finite
dimensional whenever \ is dominant integral.

For this we recall that in the universal enveloping algebra U(g) we have

L [ej, fE) =0, if i #j
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2. [y, S = —(k + Dai(hy) £
3. [ei, [T = —(k+ 1) fF(k-1—hy)

where the first two equations are consequences of the fact that ad is a derivation
and
lei, fi] =01if i # j since a; — a; is not a root

and

[hy, £ = —aj(hi) fj.
The last is a the fact about s/(2) which we have proved in Chapter II. Notice
that it follows from 1.) that e;(fF)vy = 0 for all k and all i # j and from 3.)

that
eiff " o =0

so that fl-)‘(hi)Her is a maximal weight vector. If it were non-zero, the cyclic
module it generates would be a proper submodule of Irr(A) contradicting the
irreducibility. Hence
A(hi)+1
fi ) vy = 0.

So for each i the subspace spanned by vy, fivg,--- ,f{\(hi)v+ is a finite dimen-
sional sl(2); module. In particular Irr(A) contains some finite dimensional s{(2);
modules. Let V' denote the sum of all such. If W is a finite dimensional sl(2);
module, then e, W is again finite dimensional, thus so their sum, which is a
finite dimensional sl(2); module. Hence V' is g- stable, hence all of Trr()).

In particular, the e; and the f; act as locally nilpotent operators on Irr(\).
So the operators 7; := (expe;)(exp —fi)(expe;) are well defined and

Ti(Irr(N)),y = Irr(A) s,

S0
dimIrr(A)y, = dimIrr(A), Yw e W (7.3)

where W denotes the Weyl group. These are all finite dimensional subspaces:
Indeed their dimension is at most the corresponding dimension in the Verma
module Verm(\), since Irr(\), is a quotient space of Verm(\),. But Verm(\),
has a basis consisting of those ffl -+ fkmy, . The number of such elements is
the number of ways of writing

A—pu=Fkay+ - kpamn.

So dim Verm(\),, is the number of m-tuplets of non-negative integers (k1, ..., k)
such that the above equation holds. This number is clearly finite, and is known
as Px (A — ), the Kostant partition function of A — i, which will play a central
role in what follows.

Now every element of F is conjugate under W to an element of the closure
of the fundamental Weyl chamber, i.e. to a u satisfying

(/.L, Oéi) Z 0
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i.e. to a p that is dominant. We claim that there are only finitely many dominant
weights p which are < A, which will complete the proof of finite dimensionality.
Indeed, the sum of two dominant weights is dominant, so A + p is dominant.
On the other hand, A — u = > k;o; with the k; > 0. So

A = (w) = A+ A=) = k(A + p, ) >0,

So p lies in the intersection of the ball of radius /(A, A) with the discrete set
of weights < A\ which is finite.

We record a consequence of (7.3) which is useful under very special circum-
stances. Suppose we are given a finite dimensional representation of g with the
property that each weight space is one dimensional and all weights are conju-
gate under W. Then this representation must be irreducible. For example, take
g = sl(n + 1) and consider the representation of g on AF(C"*1),1 <k <n. In
terms of the standard basis e, ..., e,41 of C™t! the elements e, \---Ne;, are
weight vectors with weights L;, + --- + L;,, Where h consists of all diagonal
traceless matrices and L; is the linear function which assigns to each diagonal
matrix its i-th entry.

These weight spaces are all one dimensional and conjugate under the Weyl
group. Hence these representations are irreducible with highest weight

w; i =L14+---+ Ly

in terms of the usual choice of base, hq,...,h, where h; is the diagonal matrix
with 1 in the j-th position, —1 in the j + 1-st position and zeros elsewhere.
Notice that

wi(hj) = bij
so that the w; form a basis of the “weight lattice” consisting of those A € h*
which take integral values on hq, ..., h,.

7.3 The value of the Casimir.

Recall that our basis of U(g) consists of the elements

i1 o 1y J1 Je k1 k
1 ...fn;"h/l ...he 61 ...emm.

The elements of U(h) are then the ones with no e or f component in their
expression. So we have a vector space direct sum decomposition

U(g) =U(h) & (U(g)ny +n_-U(g)),

where n; and n_ are the corresponding nilpotent subalgebras. Let v denote
projection onto the first factor in this decomposition. Now suppose z € Z(g),
the center of the universal enveloping algebra. In particular, z € U(g)®. The
eigenvalues of the monomial above under the action of h € h are

m

Z(ks - Z'S)OCS(h)'

s=1
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So any monomial in the expression for z can not have f factors alone. We have
proved that
z—7(2) eU(gny, VzeZ(g). (7.4)

For any A € h*, the element z € Z(g) acts as a scalar, call it xx(z) on the
Verma module associated to A.

In particular, if A is a dominant integral weight, it acts by this same scalar
on the irreducible finite dimensional module associated to A.

On the other hand, the linear map A : h — C extends to a homomorphism,
which we will also denote by A of U(h) = S(h) — C. Explicitly, if we think of
elements of U(h) = S(h) as polynomials on h*, then A(P) = P()\) for P € S(h).
Since nyv = 0 if v is the maximal weight vector, we conclude from (7.4) that

xa(z) =A(v(2)) VzeZ(g) (7.5)

We want to apply this formula to the second order Casimir element associated
to the Killing form k. So let k1,...,k¢ € h be the dual basis to hy,..., hy
relative to k, i.e.

Ii(hi, k]) = 51]
Let x4 € g4 be a basis (i.e. non-zero) element and z, € g_, be the dual basis
element to =, under the Killing form, so the second order Casimir element is

Cas®™ =Y hiki+ Y TaZa

where the second sum on the right is over all roots. We might choose the
To = eq for positive roots, and then the corresponding z, is some multiple of
the f,. (And, for present purposes we might even choose f, = z, for positive
a.) The problem is that the z, for positive a in the above expression for Cas”
are written to the right, and we must move them to the left. So we write

Cas" th’ —l—Zxa,za —i—Zzaxa—&—Zxaza

a>0 a>0 a<0

This expression for Cas” has all the nt elements moved to the right; in partic-
ular, all of the summands in the last two sums annihilate vy. Hence

~(Cas®) th‘ —i—ZﬂUmZa

a>0

A(Cas”™) Z)\ i)+z>\([ﬂ3a72a})-

a>0

and

For any h € h we have
KR, [T, 2a]) = (R, 24], 2a) = a(h)E(Ta, 2a) = a(h)

SO
[-rcw Zoc] = ta
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where t, € h is uniquely determined by
K(ta,h) = a(h) V heh.

Let (, ), denote the bilinear form on h* obtained from the identification of h
with h* given by k. Then

Z A[zas za]) = Z Alta) = Z()‘va)n =2(X,p)n (7.6)

a>0 a>0 a>0

where

:%Za.
a>0

On the other hand, let the constants a; be defined by

Zaz (hiyh) ¥ heh.

In other words A corresponds to > a;h; under the isomorphism of h with h* so
Z a;ajk(hi, hy)

Since k(hy, k;) = d;; we have

)\(k‘z) = a;.
Combined with A(h;) = >, a;jk(h;, h;) this gives

Nk = Z A(hi)A(K;). (7.7)

Combined with (7.6) this yields

XA(Cas™) = (A +p, A+ p)i = (p, p)s- (7.8)

We now use this innocuous looking formula to prove the following: We let
L = L; C hi; denote the lattice of integral linear forms on h, i.e.

«1o (1 @)
L={peh™2 7.9
e 5 (79
L is called the weight lattice of g.
For p, A € L recall that
<A

if A — p is a sum of positive roots. Then
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Proposition 1 Any cyclic highest weight module Z(X), A € L has a composition
series whose quotients are irreducible modules, Trr(u) where p < X\ satisfies

(Lt pptp)=A+pA+p) (7.10)

In fact, if
d=>Y dimZ()),

where the sum is over all p satisfying (7.10) then there are at most d steps in
the composition series.

Remark. There are only finitely many p € L satisfying (7.10) since the set
of all p satisfying (7.10) is compact and L is discrete. Each weight is of finite
multiplicity. Therefore d is finite.

Proof by induction on d. We first show that if d = 1 then Z(\) is irreducible.
Indeed, if not, any proper submodule W, being the sum of its weight spaces,
must have a highest weight vector with highest weight u, say. But then

xa(Cas™) = x,(Cas™)

since W is a submodule of Z()\) and Cas” takes on the constant value x(Cas™)
on Z(A). Thus g and X both satisfy (7.10) contradicting the assumption d = 1.
In general, suppose that Z(\) is not irreducible, so has a submodule, W and
quotient module Z(\)/W. Each of these is a cyclic highest weight module,
and we have a corresponding composition series on each factor. In particular,
d = dw +dz(x),w so that the d’s are strictly smaller for the submodule and the
quotient module. Hence we can apply induction. QED

For each A € L we introduce a formal symbol, e(A) which we want to think
of as an “exponential” and so the symbols are multiplied according to the rule

e(n) -e(v) = e(p +v). (7.11)

The character of a module N is defined as
chy = Zdim N, -e(p).

In all cases we will consider (cyclic highest weight modules and the like) all
these dimensions will be finite, so the coefficients are well defined, but (in the
case of Verma modules for example) there may be infinitely many terms in the
(formal) sum. Logically, such a formal sum is nothing other than a function on
L giving the “coefficient” of each e(u).

In the case that N is finite dimensional, the above sum is finite. If

f=2 fueln) and g=3 ge(v)

are two finite sums, then their product (using the rule (7.11)) corresponds to

convolution:
(X2 duew) - (X gve@)) = Y207+ ghae)
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where

(fraai= > fugv

ptrv=XA

So we let Zg, (L) denote the set of Z valued functions on L which vanish outside
a finite set. It is a commutative ring under convolution, and we will oscillate
in notation between writing an element of Zg,(L) as an “exponential sum”
thinking of it as a function of finite support.

Since we also want to consider infinite sums such as the characters of Verma
modules, we enlarge the space Zg, (L) by defining Zg.,(L) to consist of Z val-
ued functions whose supports are contained in finite unions of sets of the form
A= oo kac. The convolution of two functions belonging to Zge, (L) is well
defined, and belongs to Zgen(L). So Zgen (L) is again a ring.

It now follows from Prop.1 that

ChZ [ Z ChII‘I‘(/_L)

where the sum is over the finitely many terms in the composition series. In
particular, we can apply this to Z(\) = Verm(\), the Verma module. Let us
order the p; < A satisfying (7.10) in such a way that pu; < p; = ¢ < j. Then
for each of the finitely many u; occurring we get a corresponding formula for
chyerm(y;) and so we get collection of equations

Nerm(uy) = Y AN ()

where a;; = 1 and 7 < j in the sum. We can invert this upper triangular matrix
and therefore conclude that there is a formula of the form

chie) = Y b(H)hverm(u) (7.12)

where the sum is over u < A satisfying (7.10) with coefficients b(p) that we shall
soon determine. But we do know that b(\) = 1.

7.4 The Weyl character formula.

We will now prove

Proposition 2 The non-zero coefficients in (7.12) occur only when

=wA+p)—p

where w € W, the Weyl group of g, and then

Here
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We will prove this by proving some combinatorial facts about multiplication of
sums of exponentials.

We recall our notation: For A € h*, Trr(\) denotes the unique irreducible
module of highest weight, A,and Verm(\) denotes the Verma module of highest
weight A, and more generally, Z(\) denotes an arbitrary cyclic module of highest

weight A. Also
1
pi= 5 E ¢

PpeDt
is one half the sum of the positive roots. Let \;,7 = 1,...,dimh be the basis of
the weight lattice, L dual to the base A. So
)\z(haj) = ()\i7aj) = 51’]‘-

Since s;(a;) = —a; while keeping all the other positive roots positive, we saw
that this implied that
Sip=pP— G
and therefore
(pya;) =1, i=1,...,0:=dim(h).

In other words 1
p:§Z¢:)\1+...+)\e. (7.13)

The Kostant partition function, Pk (p) is defined as the number of sets
of non-negative integers, kg such that

p= ) keb
BeDT

(The value is zero if p can not be expressed as a sum of positive roots.)

For any module N and any u € h*, N, denotes the weight space of weight p.
For example, in the Verma module, Verm(\), the only non-zero weight spaces
are the ones where p = A\ — Zﬁeqﬁ kg and the multiplicity of this weight
space, i.e. the dimension of Verm(\), is the number of ways of expressing in

this fashion, i.e.
dim Verm(\), = Px (A — p). (7.14)

In terms of the character notation introduced in the preceding section we
can write this as

Cthrm(A) = Z PK()‘ - u)e(u)
To be consistent with Humphreys’ notation, define the Kostant function p by

p(v) = Pg(—v)
and then in succinct language

ChVerm()\) = p( — )\) (715)
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Observe that if

= f(we(w)
=Y fweA+p) =Y fv—Ne(v

We can express this by saying that

fre(N) =F(=N).

then

Thus, for example,
ChVerm()\) = p( - )‘) =D 6()\)
Also observe that if

fa:75:1+6(—a)+e(—2a)+...

then
(I—e(-a))fa=1

H fa:p

acdt

by the definition of the Kostant function.
Define the function g by

¢:= [] (ela/2) = e(=a/2)) = e(p) [[(1 — e(=0))

acdt

and

since e(p) = [[ocq+ €(a/2). Notice that
wq = (—1)"q.

It is enough to check this on fundamental reflections, but they have the property
that they make exactly one positive root negative, hence change the sign of q.
We have

qp = e(p). (7.16)
Indeed,
ae(=p) = |[I(1 = e(=a))] elphpe(—p)
= [0 -e-an]s
IIU*_e Ilf@
1.
Therefore,

thVerm()\) = qpe()‘) = €(p)€()\) = 6()\ + ,0)
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Let us now multiply both sides of (7.12) by ¢ and use the preceding equation.
We obtain

thIrr()\ Z b ,U/ + p

where the sum is over all ¢ < A satisfying (7.10), and the b(u) are coefficients
we must determine.

Now ch pp(y) is invariant under the Weyl group W, and ¢ transforms by
(=1)". Hence if we apply w € W to the preceding equation we obtain

( thIrr N = Z b ,u + p))

This shows that the set of p + p with non-zero coeflicients is stable under W
and the coefficients transform by the sign representation for each W orbit. In
particular, each element of the form p = w(A+p)—p has (—1)" as its coefficient.
We can thus write

qchy(n) = Z (=D e(w(A+p) + R

weWw

where R is a sum of terms corresponding to p + p which are not of the form
w(A + p). We claim that there are no such terms and hence R = 0. Indeed, if
there were such a term, the transformation properties under W would demand
that there be such a term with p + p in the closure of the Weyl chamber, i.e.

u+peA=LND
where
D=Dg={\€E|(\6) >0 ¥peA¥)
and F = hg denotes the space of real linear combinations of the roots. But we
claim that
p=A (ptppt+p)=A+pA+p), &ptpeh = p=A\
Indeed, write u = A — 7w, m=> koo, ko > 0s0

0 A+pA+p) = (+ppu+p)

= A+prA+tp) —A+p—mA+p—m)
= (Atpm)+(m,u+p)

(A +p,m) since pu+p €A

0

>
>

since A + p € A and in fact lies in the interior of D. But the last inequality is
strict unless m = 0. Hence m = 0. We will have occasion to use this type of
argument several times again in the future. In any event we have derived the
fundamental formula

dehiy = 3 (—1)"e(w(A + p)). (7.17)

weWw
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Notice that if we take A = 0 and so the trivial representation with character
1 for VI(A), (7.17) becomes

g= (~1)"e(wp)
and this is precisely the denominator in the Weyl character formula:

2wew (=1)"e(w(A +p))

WCEF ch =
) = s e w (—D)Pe(wp)

(7.18)

7.5 The Weyl dimension formula.

For any weight, p we define

Ay= > (1) e(wp).

weW
Then we can write the Weyl character formula as

A
ChIrr()\) = ;1-‘”) .
p

For any weight p define the homomorphism ¥, from the ring Zg, (L) into
the ring of formal power series in one variable ¢ by the formula

W (o) = el

(and extend linearly). The left hand side of the Weyl character formula belongs
to Zgn (L), and hence so does the right hand side which is a quotient of two
elements of Zg,(L). Therefore for any p we have

U, (chiyny) = \I/\;i/({g:;)'
\IIH(AV) = lI/V(A/,L) (719)

for any pair of weights. Indeed,

Wu(Ay) = D (~1)velt

w

= 3 (el

w

_ Z(_l)we(wu,u)nt
= U, (4,).
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In particular,
U,(A)) = UA(4)
= Ux(q)
= U, (H(e(a/Q) - 6(*04/2)))

= H (e(kya)mtﬂ _ e—(A,a)mt/Q))

aedt

= (H()\, a),.@> #2971 terms of higher degree in t.

Hence

Wy(Arsy) _ TIO+p.0)
v,(4,) o

Now consider the composite homomorphism: first apply ¥, and then set ¢t =
0. This has the effect of replacing every e(u) by the constant 1. Hence applied to
the left hand side of the Weyl character formula this gives the dimension of the
representation Irr(A\). The previous equation shows that when this composite
homomorphism is applied to the right hand side of the Weyl character formula,
we get the right hand side of the Weyl dimension formula:

U, (chr(ny) = ® 4+ terms of positive degree in t.

Ha€¢+ ()‘ + P a)li
[oco+(pra)x

dimIrr(\) = (7.20)

7.6 The Kostant multiplicity formula.

Let us multiply the fundamental equation (7.17) by pe(—p) and use the fact
(7.16) that gpe(—p) =1 to obtain

chingy = Y (—1)"“pe(=p)e(w(X + p)).
wew
But
pe(=ple(w(A+p)) = p(- —w(A+p) +p)
or, in more pedestrian terms, the left hand side of this equation has, as its
coefficient of e(u) the value

p(p+p—wA+p)).
On the other hand, by definition,

chpn) = Z dim(Irr(A)e(p).

We thus obtain Kostant’s formula for the multiplicity of a weight p in the
irreducible module with highest weight A:

KMF  dim (Trr()),, = > (=1)"p(u+ p—w(X+ p)). (7.21)
weWw
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It will be convenient to introduce some notation which simplifies the appearance
of the Kostant multiplicity formula: For w € W and p € L (or in E for that
matter) define

w O p=w(p+ p)—p. (7.22)

This defines another action of W on E where the “origin of the orthogonal
transformations w has been shifted from 0 to —p”. Then we can rewrite the

Kostant multiplicity formula as

dim(Irr()), = > (=1)"Px(w © A — p1) (7.23)
weW

or as

ch(Irr(A) = Y > (1) Pr(w © A — p)e(p), (7.24)

weWw pu

where Pk is the original Kostant partition function.
For the purposes of the next section it will be useful to record the following
lemma:

Lemma 1 Ifv is a dominant weight and e # w € W then w®v is not dominant.

Proof. If v is dominant, so lies in the closure of the positive Weyl chamber,
then v + p lies in the interior of the positive Weyl chamber. Hence if w # e,
then w(v + p)(h;) < 0 for some 4, and so w ® v = w(v + p) — p is not dominant.
QED

7.7 Steinberg’s formula.

Suppose that X" and A"’ are dominant integral weights. Decompose Irr(\) ®
Irr(\”) into irreducibles, and let n(A\) = n(A, N ® \”) denote the multiplicity of
Irr()\) in this decomposition into irreducibles (with n(\) = 0 if Irr(\) does not
appear as a summand in the decomposition). In particular, n(v) = 0 if v is not
a dominant weight since Irr(v) is infinite dimensional in this case, so can not
appear as a summand in the decomposition. In terms of characters, we have

ch(Trr(X)) ch(Irr(X")) = Z n(A) ch(Irr()N)).
A

Steinberg’s formula is a formula for n(\). To derive it, use the Weyl character
formula
A)\+p

ch(h«r(x')):M, ch(Irr(V)) = —

Ap p

in the above formula to obtain

ch(Ir(N) Axrgp = Y n(N) Ay,
A
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Use the Kostant multiplicity formula (7.24) for \:

h(Irr(\ Z Z DYPr(w e N — pe(w)

weW pn

and the definition

Avrep = 3 (=) e(u(N + p))

ueW

and the similar expression for Ay, to get

S (D) Pk(w o N = p)e(u(N + p) + p) =

u u,weWw

ZZ (w(A+p)).

Let us make a change of variables on the right hand side, writing
v=w®A

so the right hand side becomes
Z Z(—l)wn(ufl ov)e(v+p).

If v is a dominant weight, then by Lemma 1 w~!®v is not dominant if w1 # e.
So n(w™t ®v) = 0if w # 1 and so the coefficient of e(v + p) is precisely n(v)
when v is dominant.

On the left hand side let

p=v—u®\

to obtain
Z (=) Pr(wo XN +ue XN —v)e(v+p).

V,u,w

Comparing coefficients for v dominant gives

n(v) = Z(—l)“wPK(w ON+uo N —v). (7.25)

u,w

7.8 The Freudenthal - de Vries formula.

We return to the study of a semi-simple Lie algebra g and get a refinement of
the Weyl dimension formula by looking at the next order term in the expansion
we used to derive the Weyl dimension formula from the Weyl character formula.
By definition, the Killing form restricted to the Cartan subalgebra h is given
by
K(h,h') =Y a(h)a(h)

[e3
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where the sum is over all roots. If p, A € h* with ¢,,¢\ the elements of H
corresponding to them under the Killing form, we have

(A e = Rl ty) = D alta)alt,)

[e3%

SO

(A p)w = Z(/\aa)n(ﬂaa)n- (7.26)

[e3%

For each A in the weight lattice L we have let e(\) denote the “formal
exponential” so Z (L) is the space spanned by the e()\) and we have defined
the homomorphism

Uy Zpin(A) — C[[H], e(A) > e,

Let N and D be the images under ¥, of the Weyl numerator and denominator.
So
N = \IJP(AP+)\) = ‘I/er)\(Ap)

by (7.19) and
A, =q= H (eo‘/2 — efa/2> (7.27)

aedt

and therefore

N(1)

H (6(A+p,a)nt/2 _ ef(Aer,a)Nt/z)
a>0

H <(/\ + p ) t[l + i(/\ + p, )t + ~-}>

with a similar formula for D. Then N/D — d(\) = the dimension of the
representation as ¢t — 0 is the usual proof (that we reproduced above) of the
Weyl dimension formula. Sticking this in to N/D gives

5= <1+214Z[<A+p,a>z—(p,a>th2+--->.

a>0

For any weight u we have (p, 1), = > (1, @)2 by (7.26), where the sum is over
all roots so

N 1
- 1 — 24 ...
D d( + 48[(/\+p,/\+p)ﬁ (ps p)u]t” + >

and we recognize the coefficient of j5¢* in the above expression as x(Cas")),
the scalar giving the value of the Casimir associated to the Killing form in the
representation with highest weight A.

On the other hand, the image under ¥, of the character of the irreducible
representation with highest weight \ is

1
Dt = (Ut (i p)wt o+ 5 (s ) + )
m

14
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where the sum is over all weights in the irreducible representation counted with
multiplicity. Comparing coefficients gives

S (0. p)7 = AN (Cas”).

m

Applied to the adjoint representation the left hand side becomes (p,p), by
(7.26), while d(\) is the dimension of the Lie algebra. On the other hand,
xx(Cas™) = 1 since trad(Cas”) = dim(g) by the definition of Cas”®. So we get

1
(p:p)n = 57dim g (7.28)

for any semisimple Lie algebra g.

An algebra which is the direct sum a commutative Lie and a semi-simple
Lie algebra is called reductive. The previous result of Freudenthal and deVries
has been generalized by Kostant from a semi-simple Lie algebra to all reductive
Lie algebras: Suppose that g is merely reductive, and that we have chosen a
symmtric bilinear form on g which is invariant under the adjoint representation,
and denote the associated Casimir element by Casg. We claim that (7.28)
generalizes to

i trad(Casg) = (p, p). (7.29)

(Notice that if g is semisimple and we take our symmetric bilinear form to be
the Killing form ( , ). (7.29) becomes (7.28).) To prove (7.29) observe that
both sides decompose into sums as we decompose g into as sum of its center
and its simple ideals, since this must be an orthogonal decomposition for our
invariant scalar product. The contribution of the center is zero on both sides,
so we are reduced to proving (7.29) for a simple algebra. Then our symmetric
biinear form (, ) must be a scalar multiple of the Killing form:

(7)262(7)n

for some non-zero scalar ¢. If 21, ..., zy is an orthonormal basis of g for (, ).
then z1/c, ..., zn/c is an orthonormal basis for (, ). Thus

1 K
Casg = 2 Cas™.
So . )
trad(Casg) = — trad(Cas”) = — —dim g.
c c

But on h* we have the dual relation

. (ps )

c2

(psp) =

Combining the last two equations shows that (7.29) becomes (7.28).
Notice that the same proof shows that we can generalize (7.8) as

xa(Cas) = (A +p, A+ p) — (p, p) (7.30)

valid for any reductive Lie algebra equipped with a symmetric bilinear form
invariant under the adjoint representation.
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7.9 Fundamental representations.
We let w; denote the weight which satisfies
wi(h;) = 04

so that the w; form an integral basis of L and are dominant. We call these
the basic weights.If (V,p) and (W, o) are two finite dimensional irreducible
representations with highest weights A and o, then V ® W, p ® o contains the
irreducible representation with highest weight A + 1, and highest weight vector
vx ® wy, the tensor product of the highest weight vectors in V' and W. Tak-
ing this “highest” component in the tensor product is known as the Cartan
product of the two irreducible representations.

Let (Vi, p;) be the irreducible representations corresponding to the basic
weight w;. Then every finite dimensional irreducible representation of g can be
obtained by Cartan products from these, and for that reason they are called the
fundamental representations.

For the case of A,, = sl(n+1) we have already verified that the fundamental
representations are AF(V) where V = C"*! and where the basic weights are

We now sketch the results for the other classical simple algebras, leaving the
details as an exercise in the use of the Weyl dimension formula.

For C,, = sp(2n) it is immediate to check that these same expressions give the
basic weights. However while V = C?" = AL(V) is irreducible, the higher order
exterior powers are not: Indeed, the symplectic form € A2(V*) is preserved,
and hence so is the the map

NV) = N72(V)

given by contraction by Q. It is easy to check that the image of this map
is surjective (for j = 2,...,n). the kernel is thus an invariant subspace of

dimension
2n B 2n
j 25 —2

and a (not completely trivial) application of the Weyl dimension formula will
show that these are indeed the dimensions of the irreducible representations
with highest weight w;. Thus these kernels are the fundamental representations
of C,,. Here are some of the details:
We have
p=wi+- - +wy :Z(n—i—i-l)Li.

The most general dominant weight is of the form

Zkiwi =a1L1+ - +aply
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where
a1:k1+...+kn’ a2:k2+"'+kn,"'an:kn

where the k; are non-negative integers. So we can equally well use any decreasing
sequence aj; > ag > --- > a, > 0 of integers to parameterize the irreducible
representations. We have

(p,Li—Lj):j—i, (p,LZ+LJ):2TL+2—Z—j

Multiplying these all together gives the denominator in the Weyl dimension
formula.
Similarly the numerator becomes

e =) T+
i<y i<j.
where
lii=a;+n—1i+1.
If we set m; :=n — i+ 1 then we can write the Weyl dimension formula as

l—12

2
dimV(al,...,an)ZH Z2_7n2 Hi

1<j

where for the case i = j we have taken out a common factor of 2" from the
numerator and the denominator.
An easy induction shows that

[J(m? —m2) [ mi = (2n — 1)}(2n — 3)!--- 11,

so if we set
ri:li—lza—kn—i

then
[Tic;(ri =ri)(ri+r; +2)[L;(ri + 1)

(2n—1)!I2n—3)!---1!
For example, suppose we want to compute the dimension of the fundamental
representation corresponding to Ao = L1 + Ly so a1 = as =1,a; = 0,7 > 2. In
applying the preceding formula, all of the terms with 2 < ¢ are the same as for
the trivial representation, as is 71 — ro. The ratios of the remaining factors to
those of the trivial representation are

i i _ J

coming from the r; —r; terms, ¢ = 1,2. Similarly the r; +r; terms give a factor

dim V(aq,...,a,) =

2n+1f[2n+2—j

2n—1j:3 2n —j
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and the terms r; + 1,79 + 1 contribute a factor

n+1
n—1

In multiplying all of these terms together there is a huge cancellation and what
is left for the dimension of this fundamental representation is
(2n+1)(2n —2)
5 .

Notice that this equals

(22”)—1=dim A2V — 1.

More generally this dimension argument will show that the fundamental repre-
sentations are the kernels of the contraction maps i(Q) : A¥ — (V) AK=2(V)
where 2 is the symplectic form.

For B, it is easy to check that w; ;== L1+ -+ L; (i <n—1), and w, =
%(L1 + .-+ L,,) are the basic weights and the Weyl dimension formula gives

the value <2n;— 1> for 5 < n — 1 as the dimensions of the irreducibles with

these weight, so that they are A7(V), j = 1,...n — 1 while the dimension of the
irreducible corresponding to w,, is 2". This is the spin representation which we
will study later.

Finally, for D,, = 0o(2n) the basic weights are

and
1 1
Wp—1 = §(L1++Ln_1+Ln) and Wp = §(L1++Ln_1an)

The Weyl dimension formula shows that the the first n — 2 fundamental repre-
sentations are in fact the representation on AJ(V), j = 1,...,n — 2 while the
last two have dimension 2”~!. These are the half spin representations which we
will also study later.

7.10 Equal rank subgroups.

In this section we present a generalization of the Weyl character formula due
to Ramond-Gross-Kostant-Sternberg. It depends on an interpretation of the
Weyl denominator in terms of the spin representation of the orthogonal group
O(g/h), and so on some results which we will prove in Chapter IX. But its
logical place is in this chapter. So we will quote the results that we will need.
You might prefer to read this section after Chapter IX.
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Let p be an even dimensional space with a symmetric bilinear such that

P =P+ DpP-

is a direct sum decomposition of p into two isotropic subspaces. In other words
p+ and p_ are each half the dimension of p, and the scalar product of any two
vectors in py vanishes, as does the scalar product of any two elements of p_.
For example, we might take p = ny ® n_ and the symmetric bilinear form to
be the Killing form. Then p4+ = n4 is such a desired decomposition.

The symmetric bilinear form then puts p4 into duality, i.e. we may identify
p- with p%} and vice versa. Suppose that we have a commutative Lie algebra
h acting on p as infinitesimal isometries, so as to preserve each p., that the e;r
are weight vectors corresponding to weights 3; and that the e; form the dual
basis, corresponding to the negative of these weights — ;. In particular, we have
a Lie algebra homomorphism v from h to o(p), and the two spin representations
of o(p) give two representations of h. By abuse of language, let us denote these
two representations by Spin,, and Spin_,. We can also consider the characters
of these representations of h. According to equation (9.22) (to be proved in
Chapter IX) we have

ChSpin+V - ChSpin,z/ = H (e(;ﬁj) - e(_;ﬁ])) .
J
In the case that h is the Cartan subalgebra of a semi-simple Lie algebra and
and p+ = ni we recognize this expression as the Weyl denominator.

Now let g be a semi-simple Lie algebra and r C g a reductive subalgebra of
the same rank. This means that we can choose a Cartan subalgebra of g which
is also a Cartan subalgebra of r. The roots of r form a subset of the roots of g.
The Weyl group Wy acts simply transitively on the Weyl chambers of g each of
which is contained in a Weyl chamber for r. We choose a positive root system
for g, which then determines a positive root system for r, and the positive Weyl
chamber for g is contained in the positive Weyl chamber for r.

Let

CccWg

denote the set of those elements of the Weyl group of g which map the positive
Weyl chamber of g into the positive Weyl chamber for r. By the simple transi-
tivity of the Weyl group actions on chambers, we know that elements of C' form
coset representatives for the subgroup Wy, C Wy. In particular, the number of
elements of C' is the same as the index of Wy in Wj.
Let
pe and pr

denote half the sum of the positive roots of g and r respectively. For any
dominant weight A of g the weight A 4 pg lies in the interior of the positive
Weyl chamber for g. Hence for each ¢ € C, the element c(A + pg) lies in the
interior for r and hence

coX:=c(A+pg)— pr
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is a dominant weight for r, and each of these is distinct.

Let V) denote the irreducible representation of g with highest weight A. We
can consider it as a representation of the subalgebra r. Also the Killing form
(or more generally any ad invariant symmetric bilinear form) on g induces an
invariant form on r. Let p denote the orthogonal complement of r in g. We
thus get a homomorphism of r into the orthogonal algebra o(g/r), which is an
even dimensional orthogonal algebra, and hence has two spin representations.
To specify which of these two spin representations we shall denote by S, and
which by S_, we note that there is a one dimensional weight space with weight
Pg — Pr, and we let S, denote the spin representation which contains that one
dimensional space. The spaces Sy are o(g/r) modules, and via the homomor-
phism r — o(g/r) we can consider them as r modules.

Finally, for any dominant integral weight u of r we let U, denote the irre-
ducible module of r with highest weight pu.

With all this notation we can now state

Theorem 1 [G-K-R-S]| In the representation ring R(r) we have

VW\@Sy —heSsS. = Z(—l)cUc.)\. (7.31)
ceC

Proof. To say that the above equation holds in the representation ring of r
means that when we take the signed sums of the characters of the representations
occurring on both sides we get equality. In the special case that r = h, we have
observed that (7.31) is just the Weyl character formula:

X (V) (X(Syg/m) = x(S—gm)) = Y (=1)"e(w(A+ pg)).

weWg

The general case follows from this special case by dividing both sides of this
equation by x(S4r/n) — X(S—r/n). The left hand side becomes the character of
the left hand side of (7.31) because the weights that go into this quotient via
(9.22) are exactly those roots of g which are not roots of r. The right hand side
becomes the character of the right hand side of (9.22) by reorganizing the sum
and using the Weyl character formula for r. QED



