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SUBALGEBRAS
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In this paper we study composition series and em-
beddings of Verma modules induced from “nonstandard”
Borel subalgebras. This article can be viewed as a gener-
alization of Futorny’s work on imaginary Verma modules

for Agl) where the center of the Kac-Moody algebra acts
nontrivially.

Introduction. Let A be an indecomposable symmetrizable gen-
eralized Cartan matrix, g(A) = n_ @ 9 & ny the triangular decom-
position of the Kac-Moody algebra g(A) and W the Weyl group
for g(A). The “standard” Borel subalgebra b, and its opposite b_
are defined to be by = h @ ny. For affine Kac-Moody algebras, H.
Jakobsen and V. Kac and independently V. Futornyi have found
an explicit description of a set of representatives of the conjugacy
classes of Borel subalgebras (see 1.1) under the action of W x {£1}.
We will call all Borel subalgebras not conjugate to by or b_, “non-
standard” Borel subalgebras. In particular for each subset X of
the set of simple roots II for g(A), one can construct a nonstandard
Borel subalgebra b and then for each A € $* one can use induction
to obtain what we will call a “nonstandard” Verma module M*X ().
For example if X = II then bf is the standard Borel subalgebra
and M()) is the “standard” Verma module. At the other extreme
X = 0 one obtains the “natural” Borel subalgebra and what one
might call a “natural” Verma module. A striking difference between
Verma modules induced from a standard Borel and those induced
from bf for X C II, is that these new nonstandard Verma modules
have infinite dimensional weight spaces. Consequently many of the
classical techniques used in the study of the composition series of
standard Verma modules do not seem to apply to this new setting.
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The purpose of this article is to describe, in the case that the cen-
ter of g(A) acts nontrivially, the composition series and embeddings
of Verma modules induced from “nonstandard” Borel subalgebras.
More precisely the main results appear as Theorem 5.2 and Corol-
lary 5.3 where they assert the following: The multiplicity of irre-
ducible modules in a local composition series for a Verma module,
M ()), induced by a nonstandard Borel subalgebra b, (see 1.1) is the
same as the multiplicity of irreducibles in a local composition series
for a Verma module, Mg()), induced by a standard Borel subalge-
bra &, C b,. Moreover there exists an isomorphism of vector spaces
Homy(M(X), M(p)) = Homy(Me(A), Me(p)) for 4 € H*. Unexpect-
edly the representation theory of infinite dimensional Heisenberg
algebras plays an important role in the proof of these results (see
the proofs of 2.3, and 4.5).

This paper can be viewed as an extension of work done in [4]
where Futorny studied composition series and embeddings of Verma
modules for g(A) = AP, See also [1] and [2] for work related to
natural Verma modules.

The author would like to thank Thomas J. Enright for many
helpful suggestions that improved the exposition of this article and
also Nolan Wallach for simplifying the proof of Lemma 4.2.

1. Notation.

1.1. For any relation R on the set of integers and ¢ an integer we
set Zp. = {a € Z| aRc}. For example Z+q is just the set of positive
integers. Let g be a simple finite dimensional Lie algebra over C,
h a Cartan subalgebra of g, A its root system with respect to b,
and II a set of simple roots and A+ (resp. A_) the set of positive
(resp. negative) roots determined by II. Let ny := @, 4, 8a s0 that
g =n_ ®bh @ n, is the triangular decomposition of g. For any Lie
algebra a, let L(a) = a ® C[¢t,17!] be the loop algebra of a and let

g=LgoCcapCd

be the associated nontwisted affine Kac-Moody algebra of g (see [8]
and [9] for more information about these algebras). We let

H=h+Cc+Cd

denote the Cartan subalgebra of g.
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Let 6 be the indivisible positive imaginary root for g and let A =
{a+né|a € A,;n € Z} be the set of roots of g. As in [7] we call a

subset Ay of A a set of positive roots if
(1) fa,feAyand a+ €A, thena+ B € A;.

(2) If a € A, then either a € A} or —a € Ay.
(3) Ifae Ay, then —a ¢ A

(See 1.2 for some examples of sets of positive roots.) A subalgebra
b of g is a Borel subalgebra if

b= f-) @ (@aGA.;,ga)

for some set of positive of roots A,.

We now introduce some subalgebras of g. Let X C II, AX the
subroot system generated by X and AY¥=A*NnA,. X determmes
a reductive subalgebra m of g:

m=mf =m_®hom,

where my = @, AX gdo- X also determines a nilradical

. . X .
Up = Uy = Doehy\Axba

Consequently the decomposition of g = u_ @ m @ u, induces a
decomposition of g;
é =u_=o ﬁ'l o) Uy

where
M=t =LMm)®Cc®Cd and  up=u} = L(iy).
We also set
my = (m* @ C[t¥'|t*!) & my,
so that
nf =m¥ o Hom.

Since m is reductive we have m = h¥ @_{'% where £ is semisimple
and h% := {h € hla(h) = 0 for alla € AX} is the center of m.
Moreover

b=t =m_@hy dm,
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where hx = ) [fa,8-a]. From £ we can also construct the affine
aeAf
Kac-Moody algebra
E=LE)®CcdCdah

and define _

b = (E &® C[til]til) H my.
The difference between { and th is that th contains h¥ @ C[t¥!]t£!
whereas & does not. To sum it up we have defined three algebras,
EChC ¢ and our goal is to relate certain composition series of
Verma type modules for § to those for &. In order to introduce these
modules we now define the chosen Borel subalgebra for g. Set

X X X X X X ~ X X

One can check that by is a Borel subalgebra of g (see 1.2 below for
the appropriate set of positive roots).
Observe that since [m%, 1] C 1, we have

X, uf] cuf and [m*,uf]cuf.

Note also

o If X =0, then m¥ = p, uf = ny, and by = b is the natural
Borel subalgebra of g (see [7]).

o If X =1II, then m* = g, uf = 0 and b} = b% is the standard
Borel subalgebra.

1.2. The representation theory of Verma modules induced from
the standard Borel subalgebra has been well examined by other
authors (see [8], and [9] and their references). In this article we
will relate the representation theory of Verma modules constructed
from b¥ for X # II (in particular h* # 0 and u # 0) with Verma
modules for standard Borel subalgebras. This study will include
the representations induced from the natural Borel subalgebra as a
special case and consequently can be viﬁgvgi as a generalization of

Furtony’s work [4] where the case g = sl3(C) is analyzed.
Define

A% = {a+nbla € A \AY, n € Z)
U{a + néla € AX U{0},n € Zyo} U Af
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As(i¥) = AX U {a+nbla € AX U{0},+n € Zyo)

and
A(ug) = A (%) = {a + nbla € AL\AX, n € Z}.

Every positive set of roots of A is W x {1} conjugate to one of
the sets A¥ where W is the Weyl group for § (see [7], the action
of {1} is on 6). Let Q¥ (resp. Q1(m)) denote the monoid in $H*
generated by AY (resp. Ay(m¥)). Define A <X pif p—X € QY. Let
Q (respectively Q+_, Q+(m)) denote the toot lattice of A (monoid
generated by Ay, A¥ respectively).

1.3. For V a g-module and A € §*, let V) = {v € V|hv =
A(h)v for all h € $H} be the A-th weight space of V. Let P(V) =
{A € H*| V) # 0} be the set of weights of V and define Dx(A) =
{u € $5*|u <X )}. The category OX = 0% (g) is defined as follows.
Objects of OX are $)-diagonalizable §-modules such that there exists
a finite number of elements A;,...,\; € H* with

P(V)c U Dx(N)
i=1

and dim V), is at most countable. If A and B are objects in OX
then the set of morphisms from A to B is the set of all g-module
homomorphisms. Note that all subquotients, direct sums and tensor
products of a finite number of modules in @ are in OX. We define
the categories OX () and OX (&) in an analogous manner except we
replace @5 in the definition of <* by Q% () and we require that
dim Vj < oo for all A € $* and all modules V in OX () and OX (£).
For M € OX and n € C define M™ = {m € M|d.m = nm}; then
since M is $)-diagonalizable, we have M = @nec M.

1.4. We will now construct some objects in OX. For L a Lie algebra
over C, let U(L) denote the universal enveloping algebra of L. For
A € H* define

MX()‘) =U(g) Qu(sY) Cx

where C, 1s the obvious one dimensional bf -module. This is the
(nonstandard) Verma module for the nonstandard Borel b¥. We
can view C, as an mf @ $H-module by restriction and then define

Mz (X)) = U(R¥) Bum¥esn) Cr
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and )
ME(\) =UEY) @y (¥as) Cr-

From the standard theory of Verma modules one knows that MX ()
and M ()) have unique irreducible quotients which we denote by
LX()) and L¥()) respectively. Finally if N is an m*-module then
we can make it into a pf -module by letting uf act by zero. Inducing
up to g we obtain

U(N) :=U(8) ®upx) N-

In the case that N is irreducible we will call U(N) a generalized
Verma module for g.

From now on we fix X C II and we will often drop X from the
notation above except where it might cause some confusion.

Let P be a module for a Lie algebra a. The intersection of all
maximal submodules of P is the radical of P and is denoted by
rad o P. The proof of the following result is straightforward and is
left to the reader.

PROPOSITION 1.5. For A € $*, one has for any m-module
subquotient F' of Mu(X)
(1) U(F)=®uU(F),,
(2) there exists an epimorphism M(A) — N(A) where N()) =
U(F())) and F() is the irreducible quotient of Mn()),

(3)

dimU(F)u:{o if né¢r-Qu,

dimF, i peX—Qy(m),
(4) radN()) is the unique mazimal submodule of N(A).

Using (4) above one sees that M()) has a unique irreducible quo-
tient which we denote by L()).

2. Lie algebras with triangular decomposition, contragre-
dient Lie algebras and their representation theory. In this
section we consider the structure of th, & and their representation
theory. More precisely we describe composition series and embed-
dings of Verma modules for m in terms of composition series and
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embeddings of Verma modules for &. The relevant references for this
section are [5] and [9].

A triangular decomposition of a Lie algebra g consists of the fol-
lowing data: three subalgebras h, g_ and g,, an involutive anti-
automorphism o of g and a free additive semigroup Q4 C bh* satis-
fying
1) g=g-®h® g4,

(2) g+ # 0 and g4 = Boe, 0+, Where g1, = {z € gy|[h,2] =
a(h)z for allh € b},

(3) o(gs) =5- and oly = 1y and

(4) there exists a basis {a;};es of @+ consisting of linearly inde-
pendent elements of h*.

A Lie algebra g with triangular decomposition is called regular pro-

vided dimg, < oo for all @ € Q4. If 0 : g — g is the Cheval-

ley involution of § and if € is simple then it is straight forward to

check that (h,my, Q4+(m),oln) and (h, 4, Q4 (m),ol;) are Lie alge-

bras with regular triangular decomposition.

A Lie algebra g with triangular decomposition (h,g+,Q+,0) is
contragredient provided the following is satisfied:

(5) dimg,, =1forall j € J,
(6) the elements of g4, g_a,, J € J and h generate g,
(7) forall j € J, ga, @ [ga,0-a,] D 9-a, is isomorphic to sly(C) as
an algebra and
(8) the sum ) [ga,0-a,] is a direct sum.
j€J
For example if £ is a simple Lie algebra then Bisa contragredient Lie
algebra with respect to (b, &;, Q4 (m), ol;), while ™, with respect to
(h, M4, @+(m),0lx), is not if X C IT ((6) above is not satisfied).

The category O(g,T) for a Lie algebra g with triangular decom-
position T' = (h, g4, Q+, o) is the category of all g-modules M such
that M is h-semisimple, the weights of M all lie in a finite union
of fans D(A\) = {u € b*|p € A — Q4+}, and dim M), is finite for
all A € h*. As usual the set of morphisms between two objects
in this category is the set of all g-module maps between these ob-
jects. Note that in if € is simple and T = (h, 8, Q4(m),ol;) or
T = (h,my,Q4(m),ols) we have O(g,T) = OX (&) and O(g,T) =
OX () respectively.
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Following [5] we say a Lie algebra [ is a Heisenberg Lie algebra if
Centl =[[,l] =Cz for some z€ Ll

For the rest of this section we will assume £k € C and [ is a Z-
graded Heisenberg Lie algebra with dim [, < oo for all n € Z. Set
[+ = @®n>olen and by = [ @ Cz. For k € C let C, = Cw denote the
one dimensional b-module with [{w = 0 and zw = kw. One says
that a Z-graded [-module V satisfies property € if (i) z.v = kv for
all v € V and (ii) there exists N € Z such that V, =0 for n > N.
Let Vac(, V = {v € V|l .v = 0} denote the vacuum space of V.

If X # II then we define

L=L% = (C[tlt @ h*)d Cc @ (C[t ']t @ b¥).

L is a Heisenberg algebra with a Z-grading determined by ¢. As for
[ in the previous paragraph, L determines two subalgebras L, and
L_.

We will later need the following result on Z-graded [-modules V.

THEOREM 2.1. ([5], Theorem 1.7.3) Let k € C\{0}. Every I-
module satisfying condition € is completely reducible and in par-
ticular is a direct sum of copies of M(k) := U(l) ®us) Cx. More
precisely if V satisfies condition €, then the linear map

f : U([) ®U(b() Vac[+V —V
given by u @ v — u - v is an [-module isomorphism.

REMARK. From the theorem we see that if V satisfies €, with
k # 0 then V is free as a U([-)-module.
We will also need the following useful result.

PROPOSITION 2.2. ([8],[9], Chapter 2). Let M € OX(m) and ¢ €
h*. Then there exists a sequence 0 = My C My C --- C My = M of
modules in OX(m) and a subset I C {1,...,k} such that
(1) ifi € I then M;/M;_1 = Lu(&) for some & > & (partially

ordered with respect to Q4 ),
(2) ifi ¢ I then (M;/M;_1), =0 forall u>¢.
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Such a sequence of submodules of M is called a local composition
series of M at £. The irreducible factors M;/M;_; = L;(&;) (where
a=mora= %) occurring in (i) with & > ¢ are called proper, all
others are extraneous. Let u € h*. The multiplicity of Li(p) in M is
the number of proper factors of type Lz(p) in any local composition
series of M at p and is denoted by [M : Li(p)]. (This notion is well

defined: [9], Chapter 2.)

PROPOSITION 2.3. Let A\, u € h*. If A(c) # 0 then
[Min(A) : Lin(p)] = [Me(A) : Le(pe)]

and the map given by ¢ — ¢ := Blmy(r) defines an isomorphism of
vector spaces

= Homg(Mm(A), Min(p)) = Homg(Me(X), Me(p)).

Proof. For any A € $* we will view Me(A) C M()) in the obvious
manner. First suppose A(c) # 0 and that 0 = My C M;--- C
M), = Me(}) is a local composition series at n for the ¢-module
Me()). Define M; = U(t)M; C Myu()). Since [L4,E_] = 0 one has
M; = U(L_)U(&)U(Ly)M; = U(L_)M; and thus if we let L, act
trivially on M;/M;_; then the universal mapping property of the
tensor product implies

MMy = U(rn) Qu(iaLy) (M;/M;—1)

as m-modules. If (M;/M;_1), = 0 for u > 7 then (M;/M;_1), =
0 since P(M;/M;_1) C P(M;/M;—1) — Z3¢6. We claim that if
Mi/Mi—l S Le(ﬂi), then Mi/Mi—l &= Lm(/h’)- Certainly Lm(,ui)
is a quotient of M;/M;_,. Let 0 # u € U(t) Quipry) Le(u:) be a

weight vector. Then we can write

U = Zaljul & v;

l’j

where {u;}1er and {v;};es are basis elements of weight vectors for
U(L-) and Lg(p;) respectively and «; € C. Among all indices
(1,7) with ay; # 0 let (a,b) be such that v, has minimal weight
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(there may be many such pairs of indices). Let v,, be a nonzero
highest weight vector in Lg(g;) and suppose v, has weight p; — £
and 0 # ¢ € Q+(m). Since au # 0 and the v; are linearly in-

dependent one has ) a,jv; # 0 where J' is the set of indices
jeJ’
J with v; € LE(uz)u, . Now Lg(p;) is irreducible, so there ex-

ists w € U(8)e with w( (Y @ajv;) = v,. The fact that v, has
Jed!
minimal weight implies that wv; = 0 for 7 ¢ J' with «;; # 0.
Thus w( ) azjv;) = 0 and [, L_] = 0 implies that wu = Z[ul ®
igJ’
Zazjwv] Zﬂlul ® v,, where B, = 1 and B € C. Since

(L )RCuv,, is 1rreduc1ble as an L-module (Theorem 2.1) one must
have that U(m)u = U(#) ®y gy, ) Le(ni). This proves the claim.
Observe that we have also proven that if F' is an irreducible sub-

quotient of Mw(A) then F' = U(m) @y sgr, ) Le(p) for some p € H*.
Let now 0 # u € Vace, My(), then since [Ly,&_] = 0 we have
that u € Vacm, Mn(p). If v € Vacm, Mn(p) one has

v = Z aju; ® v
Ly
where {w;} is as in the preceding paragraph and {v;} is a ba-
sis of Me(p). Since [Ly,€_] = 0 and v € Vacy,, Mn(p) we have
that [ L+,Za“u1 = 0 for all j. Using Theorem 2.1 we have

Zaljuz € (C for all j ie. v = Zﬂjvj for some 3; € C. Thus

Vac ey Me(p) = Vacm, Mm(p). Usmg this fact, together with the uni-
versal mapping property of Verma modules, the reader can deduce
that the map ¢ — ¢|a,(») is a bijection from Homg(Mn(X), Mm(g))
to Homy(Me(A), Me(p)). O

3. A basis for U(L(g)). _
3.1. Let p be the rank of g and let C = {yqa, Al € A, 1 < k < p}

be a Chevalley basis of g. Let {av]}d'mm+ C C be a basis of my and
{z;};_ dgimm, C C be a basis of m_. Here we assume that
(1) if z; € gg, and z; € gp, with f§; < j3;, then : < j and
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(2) ifz; €4gg, thenz_; € g_g,. o
In addition we define z; < z; if 7 < j. Let {yj};h:nl““r C C (resp
{y}2- dgimi, C C) be a basis of root vectors of uf (resp. uX)
satisfying (1) and (2) above. We also define y; < y; if 1 < 5. If
z; € fq is a Chevalley basis element, let {z;, &;,2_;} be the sl(C)
triple determined by z;. Finally we totally order the Chevalley basis
C by
yf<:tg<h,~<h]-<a:k<y1

if —dimuy < f < -1, =dimmy <g< -1, 1<:<j <p,
1 <k <dimmy and 1 </ < dimu,. Note that this is a total
ordering on C' and is compatible with the usual partial ordering on
¢ induced by the positive roots of A.

Next we will order a basis of L(g) using (1) and (2) above. Set

z(m)=zQt"

for z € g and m € Z. L(g) has a basis B(L(g)) := {z(m)|z €
C, m € Z} which we totally order by defining

(3) z(m) <y(n)

if either (1) m < n or (2) m = n and z < y. (Note that if z(m) €
L(g), and y(n) € L(g)s with o < § and = and y are in C, then
z(m) < y(n).) In particular u_ has a basis

B(u_) = B(L@) Nu_ = {yi(m)| 1 < —i < dimisy, m € Z}.
In fact, if a is any subalgebra of L(g), then we define
B(a) = B(L(g)) N a.

In the following we will use the multi-index notation a = (ay,...,a,)
fora; € Z. Ifr > land (i,m,p) = (¢1,.-.,%r, M1y .., M, P1,...,Pr) €
Z*, then set Z = zimp = 2;,(M1)P 7 -+ 2z (m,)Pr. We will use the

convention

Z=Zimp = 2,(m1)?™" -z (m,)P" =0 if p; < 0 for some ¢ and
Z=Zimp = zil(ml)”‘i ez (me)Pr =1 if p; = 0 for all s.
Now define

2=y )Pz (g (e
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for 1 <j<r. Forl<jy<¢<r define

Zi] (ml)Pl . Zi_] (mj)pj_l e Zié(mﬁ)pE“I ... zir(mT)pr
& _ it # ¢
ziy (Ma)P* o 2y, (m)Pr 2 o 2y (my )P

ifj=¢

In other words 2% is essentially just Z where we’ve decreased the

exponents pe and p; by one.
By the Poincaré-Birkhoff-Witt Theorem U(u_) has a basis

B(U(u2)) = {gimp = ¥ (ma)? ™" -+ i, (e )77 s, (m)
< Yi, 1 (Myr1)ys, (m;) € B(u-)} U {1}.

If f € U(u_) is a polynomial in reduced words from B(U(u_)) then
we define the degree of f to be the maximum length of any word
appearing in f and let U(u_),) be the set of polynomials of degree
p or less. Thus if § = y;, (mq)P™*---y;.(m,)P" then degy = 3, p:-
Define also U(u-)() = 0 for p < 0. We totally order the words in
B(U(u-)) by degree and then among words of equal degree we order
reverse lexicographically. Moreover if w = pzimp and v = Yabe
with zimp < Ya,be and p, € € C\{0}, then we also write w < v. For
example y5(7) < y-2(3)’y-1(4)° < y-2(3)y-1(5)*.

REMARK 3.2. Suppose t is a Lie algebra over Cand a C tisa
subalgebra with basis {y:}1cr. Let {z;} e be a basis complementary
to {yitier (i-e. {wilier U {z;}jes is a basis of t) with J totally
ordered by a relation <;. Then it is well known (see [HS]) that
U(t) is a free right U(a)-module with U(a)-basis {27;* --- 2* | m; €
Zso and j; <y ji+1} U {1}. This in particular implies that if
2t zita = e zal with ) <5 -+ <y I, 0y € Zso, then
m; =n;, 5; = I; for all  and a = d'.

In addition if F' is an m-module with basis {z;};cs then by the
Poincaré-Birkhoff-Witt theorem

U(F)=U(@) Quwm F=Uu-)® F

has a basis consisting of vectors of the form y;, (m;)?~* - - - y;, (m, )P ;.
We order this basis lexicographically by declaring ¥i m pZx < Yab,cZi
if either ¥imp < Yabe OF If Yimp = Yabe but &k < [. In addition
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we will later use the fact that U(F) is a free U(u_)-module with
U(u_)-basis {z;}cy.
Finally if ’
U= Z u{,m,pyi,mypxj

then we let
LinSp (u) = Span {yi m p@;| t p  # 0}

be the span over C of the basis elements y; m pz; occuring in the
decomposition of u above that have nonzero coefficients.

4. An irreducibility criterion for subquotients of M(}).
4.1. In this section we will assume that A(¢) # 0 and F' is an
m-subquotient of Mn(A). The main result in this section is an irre-
ducibility criterion for

U(F) = U(ﬂ) QU () F (see 4.6).

There are a couple of technical lemmas that will be used throughout
the case by case proof of this result and it is best to get them out
the way before diving into the analysis.

Nolan Wallach kindly provided the author with a nice proof of
the first technical result:

LEMMA 4.2. Ifa € A(u-) is a nonsimple root and y € g_, is
nonzero, then there exists z € B(n,) such that 0 # [z,y] € u_.

Proof. Recall that we always assume X # II so that A+\AX # 0.
Set p = rank g. We will prove this result by induction on p. If p = 1,
then X = 0 and the result follows.

Suppose now p > 1. Let {e;}?_; = Il be Dynkin’s enumeration of
the set of simple roots in A (see [8]) and let n; € Z be nonnegative

p

integers such that a = Z—niai. Recall that the support of «,
=1

denoted by supp (), is the set of all indices ¢ such that n; # 0. If

|supp ()] < p then we have that « lies in a subalgebra of g that is of

smaller rank and by induction the result follows. Consequently we

may assume that |supp (a)| = pso that n; > 0forall 1 <7 < p. Let
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(, ) be the Killing form on h* and for any 8 € A, let # = 28/(8, 8)
denote its coroot.
We first consider the case that ny > 1 for some 1 < k < p. Here
p

g cannot be of type A; as the longest root of A, is of the form Z o;
1=1

and thus n; = 1 for all 2. Suppose that (a,&;) > 0 for all indices ¢

such that n; > 1. We will prove by induction on p that this is not

possible. Consider the equality

2=(a,@)=— ) nie,&)— Y ni(e,d).

i, >1 in,=1

If (c;, &) > 0 for all indices 7 with n; = 1, then we obtain a contra-
diction. Hence there exists an index j w1th n; =1 and (a,d;) < 0.
Then
(a, &;) Zn, (a;yj) —2<0

]

so that
0< -—Zni(ai,dj) <2

i#]
(this is nonzero as the node j is connected to at least one other
node). Since n; > 0 for all ¢ this implies (a,&;) = —1 and if &
is such that ny > 2 then (ax,&;) = 0. Consequently a + «; is a
negative root and |supp (@ + a;)| = |supp(e;)| — 1 since n; = 1.
Now induction on p implies that there exists a £ with ny > 2 such
that a + a; + ai 1s a negative root.

The calculation

(a—}-aj-’rak,dj): (a,dj)+2+(ak,dj)= —-14+2=1

(recall (e, &) = 0 for [ withn; > 1). Hence a+ax = ataj+ar—q;

is a negative root.
p

Now we have reduced to the case a = — Zai. By considering

the Dynkin diagram of g one can deduce til_;t there are at least
two indices ; # ¢ such that a + «;, and a + «;, are roots in A.
If a;,, i, € A(ty), then we choose 0 # z € (il4)a,, and the result
follows as supp(a+«;, ) contains an index j with «; € A(14) so that
a+a; € A(us). If a;; € Ay(m), then since supp(a + ¢, ) contains
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an index j with a; € A(ity), there is a basis element z € (my )q,,
with 0 # [z,y] € u_.

The second technical result will help consolidate later calcula-
tions. Before we state it though we need to introduce some more
notation: Suppose

y=yi,(m)" -y (m,)’” , e€Z and z€g.
Define
Jo=J(2,9) = {1 <j <r|0# [y;,,2] € uy ®m}
2,§) ={1<7<r[0#][y;,,z] eu_}
g,e) = {5 € J-|yi,(m;) = [2,y; )(e + m;)}
JL=Jl(z,9,¢) = {j € J-|y;,(m;) < [z,y;](e + my)}.

LEMMA 4.3. Suppose X(c) # 0 and F is a subquotient of Mn(X).
Let T be a nonzero weight vector in F', z € g, e € Z, and § =
yi, (my)P -y (m, )P with degy > 1. If either (1) z € uy and
e 0 or(2)e>0 and z € my, then

z(e)yz = Z pilz y”](e—{—mj)y T+ Z PJ?J Z yz]](6+mJ)

JeJL JEJTUJC
-1
Y S pipelyies [2,ui,)l(e + my 4+ me)gPa
jeJi\{1}€=1

JeUrUIN ) 5541

+ 3 6lyi, [2, ] (e 4+ 2m;)57 % mod Uu_) gy © F

1<5<r

where

.- —pi(p; —1)/2 of jeJUJ.
! pilp; —1)/2 if jeJL

andp:deggj:Zpi.

We use the convention z° = 1 in U(g) for any nonzero element
z € g and if an index set for some summation is empty, then we
take the summation to be zero.
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Proof. First observe that if e > 0 or e < 0 then [[z(e),y:,(m;)],
Yic(me)] and [2(e),y;,(m;)] act on any element in U(F) by [[z,y;,],
Yic|(e +m; +mg) and [2,y; |(e + m;) respectively i.e no central term
appears. Moreover if either (1) or (2) above holds then z(e)z = 0.
Now the Lemma follows from the calculation below.

r py—1

2e)gz =32 X viama)" -y, ()"

7=1 a=0
{2, yi;1(e + my)yi, (m;)P =7 -y (m, )P

= Z (]Z_: [z, yij](e + m])gfcz

jEJf_ a=0

p]—l

+ jg%[yh(Tnl)pl"‘yﬁ(Tnj)a,[Z,y%](6'+'ﬂQjH

S .

i, (my)P 7T yz‘r(mT)prj)

+ Y (i 7 [z, 93, )(e + m;)z

jeJTUJe \a=0

PJ"I

3 vl v () (1,0

-(e+-nw),yg(nw)“"a—l"'yn("%3p15> i

= Y pile v ]+ my)iz
jeJL

p. p —_ 1 Can
+ 3 2D et 2m )i
JjeJh
i-1
+ Y Yo pipelvio [z, v )l(e + my + me)gta
jeI\y et

+ Y. pivley)(e+mj)z
jeJrure
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pi(pi —1) s _
b 2 BB et 2my)a
JEJT UJC

+ Y Y el

JeJLuJN{r} {=j+1
(e +mj +me)gz mod U(u_)p—z ® F.
O]

4.4. If F is an irreducible subquotient of My(A), F' is of the
form U(h) ®uigr,) I’ where F' is a subquotient of Me()) (see
the observation in the proof of Proposition 2.3). In particular
F is a free U(L_-)-module with a U(L_)-basis of weight vectors
{we}eez=. Fix now a basis of U(L_) of weight vectors {v,},er so
that B = {v,we|(7,€) € ' x Z} is a basis of F'. Now the fact that
dimF, < oo for all ¢ € $* and P(F) C A — Q4(m) implies that
one can enumerate the basis B by negative integers, say {z;}icz,,
so that
(1) each z; is a weight vector of the form v,w, and
(2) if z; has weight A; and A; > );, then 7 > j.
From now on we will assume that F is an m-subquotient of Mpn(X)
which has a basis {z;} that satisfies (1) and (2) above and we order
this basis by z; < zj, if i < j. Note that My()) also has a basis
{z;} that satisfies (1) and (2).

Now suppose that z € h* and h € hx are both nonzero. Let I be
a finite subset of Zo and {m,}scs a finite set of distinct integers.
Let e < 0 and (j,7) € I x S. If one writes z; = v,we and commutes
h(e +m,) past v, (if e < 0 then no central terms appear) then one
can rewrite h(e + m,)z; in the form

Z AgrV4We!

EI
where a¢s € C. Then for e < 0 and (¢,s) € I x S, Remark 3.2 and
(1) above imply

(3) z(e+ ms)z; & Span {z(e + m,)z;, h(e + m,)z;]
(J,r) # (3,8),(J,r) € I x S}.
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This is a key observation that we will use in the proof of

PROPOSITION 4.5. Suppose A(c) # 0 and F is a subquotient
of Mn(X) having a basis {z;} satisfying 4.4.(1) and (2). If B €
Q+\Q+(m) and radU(F)s-p # 0, then there ezists o € Q\Q4+(m)
and p € Z such that radU(F ) -pra+ps £ 0. More precisely if 0 #
u € radU(F)y-p # 0 for some f € Q\Q4+(m), then there exists
a€Q\Q+(Mm), pEZ, and Y € (U(ny )0y )asps such that Yu # 0.

Proof. U(u_) has a basis {yimp} as in section three so that
{yi,m,pz;} forms a basis of U(F) that is lexicographically ordered
from the ordering induced from B(U(u-)) and {z,};ez., Recall
that U(u_) is filtered by degree (see §3) and thus U(F) = U(u-)QF
is also filtered by degree in U(u_).

Let now 0 # u € U(F)—p with § € Q4\Q+(m). We have where
u{’m,p € C. Let yapeczqs be a basis vector that is maximal among
all terms with nonzero coefficients in u above. Set fmax = Yabe
and Zmax = z4. Certainly 8 € Q4+\Q+(m) implies yape # 1, s0
deg Ymax > 0.

Case 1. J_(z,7) # 0 for some z € B(uy)U B(m; ) and some § with

maximal degree occurring in the decomposition of u above. Fix one
such z € B(u;) U B(my). Set

Max = {7 = 4 (m2)™ - -y, ()|
§ has maximal degree in u withJ_(z,7) # 0}.

Then Max is not empty by hypothesis. Among all monomials
§ € Max consider their factors y;, and let y,; be one in a root space
9o, where o, is a minimal root among all such factors. In other

k
words Qg is a minimal element in
{ai, |y, € b, > and y; occurs as a factor in some § with § € Max}.

Let ¥min = Ya',b'er € Max be a monomial that contains the factor
Yo, and define Jiin = Jmin(2) = J-(2, min) and Jg;, = J(2, Ymin)-
Let j be an index such that w/,,,., # 0 and set Tpmn = ;. We will
now reduce to the case that all monomials with maximal degree
have only factors y;, lying in a root space g,, with ;, simple.
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By Lemma 4.3

z(€)YminTmin = Z cj[z,ya;](e+b;)giﬁn:z_:nﬁn mod U(u_)-1) @ F

J€JImin

where ¢ = deg §Jmin and either ¢ < 0 and z € B(uy) or e > 0
and z € B(my). Let S; be the summation above. By Remark 3.2
the fact that Jmin(z) # 0 and e < 0 or e > 0, implies S; # 0. If
Y = Jim,p, T = z; 1s a different monomial occurring in u then

2e)gz = Y. pilzyi)(e+m)@Pz  mod U(u_ )1y ® F.
jeEJ~

where p = deg §. Since JminZTmin has maximal degree for the mono-
mials in u we have p < ¢/. Let now 7 be the summation above.
In order for T1 € LinSpan (S1) + Span (U(u_)(p—1) ® F') one must
have p = ¢’ and by Remark 3.2, one also has C[z,y;,] = Clz,ya],

m; = ;,gj,;,jn:giandf::imﬂase<<Oore>>0. Conse-

quently §min = ¥ and T = Zg, which is a contradiction. Hence
Ty & LinSpan (Sy) + Span (U(u_)(p-1) ® F).

Now our element z(e)u has the same degree ¢’ as u and z(e) sends
each monomial of maximum degree to a monomial that is of higher
weight with respect to the finite root lattice Q Since there are only
finitely many nonzero weight spaces in g®°', after applying case (1)
to u finitely many times we arrive at

Case 2. J_(z,y) = 0 for all z € B(uy) U B(my) and all § with
maximal degree occurring in the decomposition of u above: This
implies that if § = yjmp is a monomial in v of the same degree
as Ymax (recall YmaxTmax is the maximal element occurring in the
decomposition of u), then the summations with indices in J_(z,7)
in the formula 4.3 vanish. By Lemma 4.2 above we know that for
all such maximal degree monomials yimp = ¥, (m1)?* - - - ys, (M, )P,
and for all the factors y; € Ga, > @ € A(uy) are simple roots.
In particular this holds for gmax = ¥a,(01) - - ya.(bs)°. Then for
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e € 0and 1 <! < s, one has by Lemma 4.3

Yar(€)TmaxTmax = D —C;(¢j — 1)a, (€ + 2b;)FmaxTmax
1<5<s
aJ=al

+ D Y cicea(ha)Yae(bj 4 be + €)FinxTimax

1<5<e~1 =yl
ﬂ]=al

+ Z ng};naxhaz(bj + e)53'm2nc mod U(u._)(c_z) ® F.
1<1<s

Let Sy, Sq, and S; denote the first, second, and third summation
respectively above. We will now consider, for a fixed [, 1 <[ < s,
the summand

w = gfnaxha.,(e + bl)jmax

in the summation S3. Now h, = z + h where 0 # z € h* and
h € hx. For e € 0 the element w is thus nonzero by 4.4.(3). In
addition observation 4.4.(3) also implies that w is not in

LinSpan ( > cjgjfmxha,(bj + €)&max) + Span (U(u_)(c-2) ® F) .

178,031
aJ=al

Moreover w ¢ LinSpan (S;) 4 LinSpan (S3) + Span (U(u_ )(c-2) ® F')
as S; and S; have factors y,;(2b; + €) or y, (be + b; + €) in them
with e < 0 (use Remark 3.2).

On the other hand consider an index (i,m, p, ) # (a,b, c,d) and
set § = Yimp = ¥Yi, (M1)"* -+ - yi, (m, )P, T = z;. Then by Lemma 4.3
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we have for e < 0 (so that J” = @)

y-az(e)gf = Z P [y-—an yi,](e + mi)gjf

JEJ—

+ Z pjgj[y—an yiJ](e + mj)j:
jE€Je

+ €y, [Wean v, l(e + 2my) 57z
=1

j-1

+ S Y pipelYoan ¥i, ), v (e + My + me)TE

jed N1} é=1

Y Y pipellueen v il

JEJN{r}E=s+1
(e + mj + me)y 7¢% mod Uu_)p-gy @ F

where p = degy and ¢; € Z. For 1 < ¢ < 5, let T; be the :-
th summation above. Our goal is to show that none of the w ¢

5
> " LinSpan (T;) + Span (U(u-)p-1) ® F).
=1

Suppose p < ¢ — 1, then Ty, T3, Ty, Ts all have degree ¢ — 2 or
less so

5
w ¢ Y LinSpan (T;) 4+ Span (U(u_)(p-1) ® F).
=2

But w ¢ LinSpan (11) + Span (U(u-)p-1) ® F') as e < 0. Thus

5
w ¢ > LinSpan (T}) + Span (U(u-)p-1) @ F) .

=1
Suppose now p = ¢’. Here y; m » has maximal degree so each factor
1 7p
Yi, of ¥im,p must come from a root space of a simple root «;,. 11 =

T4 = 0 by the hypothesis of Case 2 and thus w ¢ Y LinSpan (T})+
i=1,4
Span (U(u_),-1)®F). Since a;; is simple and so is a,, we have that
[Y—a;»¥i,] = ha, o1 O

depending on whether ¢; = @; or not. Thus

[Yier [Y—ar ¥i;]](€ + mj + me) = i, (ha,)yi (e + m; + me) or O,
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accordingly. Hence for e < 0 we have that

w¢ Y LinSpan(T;)+ Span (U(u-)p-1) ® F) .

1=1,3,4,5

This leaves us to study T5. Now in order for

5
w € Y LinSpan (T;) + Span (U(u_)p-1) ® F)

=1

one must have by Remark 3.2 that
g3 = gimx and [Y—ars ¥i,](e + m;)Z = hq (€ + b)) Zmax-

Using the observation 4.4.(3) one has that Znax = & and m; = b;.
Thus y;,(m;) = Ye,(br) so that § = Fmax. But this contradicts the
assumption (i,m,p,7) # (a,b,c,d).

O

THEOREM 4.6. If A(c) # 0 then U(F) is irreducible if and only
if F is irreducible.

Proof. Suppose F'is a reducible subquotient of M () i.e. there
exists a proper m-module N of F'. Then uy.N = 0 when we view
N C U(F) and N, # 0 for some g € A — Q4(m) so that N' :=
U(g)N = U(u-)N C U(F) is a proper g-submodule. Hence U(F)
is reducible.

For the converse we assume that A(c) # 0 and F is irreducible.
First we claim that rad (U(F))r-g = 0 for f € Q4(m). This is be-
cause (rad zU(F))s—p C Fi-p for all irreducible subquotients F' of
Mn(X) and B € Q4(m). Thusif F is irreducible and rad ;U(F)x-p #
0 for some 3 then rad ;U(F') contains a generator of F' and hence
rad 3U(F) = U(F). Clearly this is nonsense. Now if rad (U(F))s—p #
0 for some # € Q4 we could use Proposition 4.5 inductively to ob-
tain a nonzero element in rad (U(F'))x—g for some ' € Q4 (m) which
leads again to a contradiction. Finally from Proposition 1.5 we see

that rad U(F) = 0 i.e U(F) is irreducible. O
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5. Composition Series and Embeddings of Verma mod-
ules for A(c) # 0. In this section we restriet ourselves to the case
that A(c) # 0.

Let 4 € H* and M be a module in OX. As in section two, a
sequence 0 = My C My C --- C My = M of modules in OX and a
subset I C {1,...,k} such that
(1) if i € I, then M;/M;_; = L¥(u;) for some p; > p (partially

ordered with respect to @),

(2) ifc¢¢ Ithen (M;/M;_1)) =(0) for all \; > pu
is a local composition series at p. If p; > p, then we let [M @ L{u;)]
be the number of times that L(u) appears in (1) above. Of course
this definition may depend on the sequence M; C --- C M} =
M above. Consider a countable direct sum of irreducible modules
®iezL(1). This module is in the category OX but it does not have
a local composition series at . So this notion is not well defined
for all modules in OX. On the other hand, for M = M()) with
A(c) # 0 this number is well defined (see 5.2 below).

We will now essentially follow the argument of [4] Lemma 9.

For a g-submodule N of M()) let [N] := N N Mp(A).

LEMMA 5.1. Every nonzero submodule N of M()) is generated
by [N] and [N] # 0.

Proof. We may assume that N is a proper submodule of M ().
If 0 # u € N, then by Proposition 4.5 there exists a Y € U(@)
such that 0 # Yu € rad M()\). Hence [N] # 0. Let N’ be the g-
submodule of N generated by [N]i.e. N' = U(u_)[N] and suppose
that N’ # N. Then N/N' ¢ M()\)/U(u-)[N] = U(Mn())/[N]).
Let
(1) v =Y ¥YimpTimp
where the yimp are basis vectors in U(u_) as in section three and
where the ; m p are elements of My ()\)/[N]. If u # 0 in N/N’ then
Zim,p 7 0 for some index (i, m, p) appearing in the decomposition of
u. Let 1 € h* be such that each such nonzero z;j m, p is a linear com-
bination of weight vectors in My (A)/[N] of weight greater than or
equal to u. Now consider a local composition series for Mu(A)/[V]
at u: 0 =My C My C -+ C My = Mu(X)/[N]. Let 1 <d < k be



292 BEN COX

maximal with respect to the property that some z; m p has nonzero
image Zimp in My/My_1. Let z,p  be one such nonzero element in
M (X)/[N] occurring in the decomposition (1). Then since zapc is
a linear combination of elements of weight greater than or equal to u
we have My/My_1 = L(y') for some y' > u. Moreover u € U(u_)M,
by the maximality of d and u & U(u_)M,_; since U(Mn(A))/[N] is
a free U(u-)-module (Remark 3.2). Hence u has nonzero image @
in the quotient U(My/My—1) = U(u.) ® My/M,_,. By Proposition
4.5, U(@)unU(My/Mi-1)r-p # 0 for some B € @4 (m). But this im-
plies that (N/[N])a—g = (N/N")r—p # 0 for some 8 € Q(m) which
contradicts the fact that Ny_g = [N]y_g for all 8 € Q4 (m). OJ

THEOREM 5.2. Let A, € b*. If M(c) # 0 and pu(c) # 0 then
[M(X) : L{p)] = [Me(}) = Le(e)}-

Proof. Lemma, 2.2 and Theorem 4.6 proves that a local composi-
tion series exists for Verma modules M () with A satisfying A(c) # 0
(in particular a local composition series for My,(A) induces a local
composition series for M(A).) From the previous lemma we see
that every irreducible subquotient of M()) is isomorphic to U(F)
for some irreducible m-subquotient F' of My()) and any local com-
position series for M(\) comes from a local composition series of
M ()). Consequently the multiplicity [M () : L()] is independent
of local composition series used and Proposition 2.3 gives us the
multiplicity of irreducible subquotients in such a series. O

COROLLARY 5.3. Let A, € h*. If A(c) # 0 and p(c) # 0, then
the map ¢ — § := dlm. () defines an isomorphism of vector spaces

(1) :Homy(M(X), M(n)) — Homy(Me(A), Me(u))-

Proof. Since ¢ is an g-module map, the map ¢ := Bl Mu(r)
Mn(X) — M(g) is an m-module homomorphism. Now if v de-
notes the highest weight vector of M(A), then ¢(vy) € Vac,, M(y)
so by Proposition 4.5, ¢(vy) € Mu(p). Thus ¢ has image in My (1)
and we have ¢ : Mu()\) = Mu(). By Proposition 4.5 ¢ is not zero
if ¢ is not zero. Consequently the map

: Homy(M(X), M (1)) — Homau(Mn(A), Mu(p)).
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is injective. Using the universal mapping property of Verma mod-
ules the reader can check that ™ is also surjective. This map com-
bined with the one in Proposition 2.3 gives the isomorphism (1)
above. |

6. Index of Notati_on _ ‘ .
11 Zre, § 1o, b, iy, A, I Ay, 7, L(@), o d, X, AY, AX, 6,
bXa bXa mi, th X

’ m;ta ﬁlX, Ui(, u:)t(v Ei() %Xv ﬂi(, b:)i:(a p;}t(a
1.2 Afa A:i:(n’\lX)v A:l:(uX)’ Qfa Q-I-(m)a A <X K, Q7
1.3 Vs, P(V), Dx(}), 0% = 0X(§), OX (), OX (&), M™, rad P,
L4 U(L), MX(X), MZT(N), ME(N), LE(N), L (), U(N),
1.5 L()),

2.0 (baﬁ‘+7 Q+(m)aa,ﬁ1)7 (b7%+a Q-}-(m)?a'@)a O(gaT)’ MT()‘)’ LT()‘)7
¢, VacV, L = L%,

2.1 M(k),
2.2 [M : Ly(p)),

3.0 z(m) =z ®1t", gfjv B(U(u-)), U(u-)@), B(u-), B(uy),
4'3 gmaxa jmaxa
4.4 ']+(Z7g)7 J0(27g)3 J__(Z,:Ij), €55

4.5 Jmax = Jmax(z) = J_(2, Umax),

5.0 [N], [M : L(w)].
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