Journal of the Inst. of Math. Jussieu (2010) 9(2), 265-356 265
doi:10.1017/S1474748009000231 © Cambridge University Press 2010

THE UNITARY SPHERICAL SPECTRUM FOR
SPLIT CLASSICAL GROUPS

DAN BARBASCH

Department of Mathematics, Cornell University, Ithaca,
NY 14850, USA (barbasch@math.cornell.edu)

(Received 20 January 2000; revised 17 June 2006 and
22 October 2009; accepted 29 October 2009)

Abstract  This paper gives a complete description of the spherical unitary dual of split classical real
and p-adic groups. The proof makes heavy use of the affine graded Hecke algebra.

Keywords: real and p-adic classical groups; unitary dual; affine Hecke algebra

AMS 2010 Mathematics subject classification: Primary 22E46

1. Introduction

This paper gives a complete classification of the spherical unitary dual of the split groups
Sp(n) and So(n) over the real and p-adic field. Most of the results were known earlier
from [2], [3], [4] and [12]. As is explained in these references, in the p-adic case the
classification of the spherical unitary dual is equivalent to the classification of the unitary
generic (in the sense of admitting Whittaker models) Iwahori-spherical modules. The
new result is the proof of necessary conditions for unitarity in the real case. Following
a suggestion of Vogan, I find a set of K-types which I call relevant which detect the
nonunitarity. They have the property that they are in 1-1 correspondence with certain
irreducible Weyl group representations (called relevant) so that the intertwining operators
are the same in the real and p-adic case. The fact that these relevant W-types detect
unitarity in the p-adic case is also new. Thus the same proof applies in both cases. Since
the answer is independent of the field, this establishes a form of the Lefschetz principle.

Let G be a split symplectic or orthogonal group over a local field F which is either R or
a p-adic field. Fix a maximal compact subgroup K. In the real case, there is only one
conjugacy class. In the p-adic case, let K = G(R) where F D R D P, with R the ring
of integers and P the maximal prime ideal. Fix also a rational Borel subgroup B = AN.
Then G = K B. A representation (m, V) (admissible) is called spherical if VE = (0).

The classification of irreducible admissible spherical modules is well known. For every
irreducible spherical 7, there is a character x € A such that x|anx = triv, and 7 is the
unique spherical subquotient of Indg [x ® 1]. We will call a character xy whose restriction
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to ANK is trivial, unramified. Write X (x) for the induced module (principal series) and
L(x) for the irreducible spherical subquotient. Two such modules L(x) and L(x’) are
equivalent if and only if there is an element in the Weyl group W such that wy = x’. An
L(x) admits a non-degenerate hermitian form if and only if there is w € W such that
wx = —X.

The character x is called real if it takes only positive real values. For real groups, x
is real if and only if L(x) has real infinitesimal character [22, Chapter 16]. As is proved
there, any unitary representation of a real reductive group with non-real infinitesimal
character is unitarily induced from a unitary representation with real infinitesimal char-
acter on a proper Levi component. So for real groups it makes sense to consider only real
infinitesimal character. In the p-adic case, x is called real if the infinitesimal character is
real in the sense of [11]. The results in [10] show that the problem of determining the
unitary irreducible representations with Iwahori fixed vectors is equivalent to the same
problem for the Iwahori-Hecke algebra. In [11], it is shown that the problem of classifying
the unitary dual for the Hecke algebra reduces to determining the unitary dual with real
infinitesimal character of some smaller Hecke algebra (not necessarily one for a proper
Levi subgroup). So for p-adic groups as well it is sufficient to consider only real x.

So we start by parametrizing real unramified characters of A. Since G is split, A =
(F*)™ where n is the rank. Define

o = X*(A) 9z R, (1.1)

where X*(A) is the lattice of characters of the algebraic torus A. Each element v € a*
defines an unramified character x, of A, characterized by the formula

xu(r(f) =117, feF, (1.2)

where 7 is an element of the lattice of one parameter subgroups X, (A4). Since the torus
is split, each element of X_ x (A) can be regarded as a homomorphism of F* into A.
The pairing in the exponent in (1.2) corresponds to the natural identification of a* with
Hom[X,(A),R]. The map v — yx, from a* to real unramified characters of A is an
isomorphism. We will often identify the two sets writing simply x € a*.

Let G be the (complex) dual group, and let A be the torus dual to A. Then a* @ C
is canonically isomorphic to @, the Lie algebra of A. So we can regard y as an element
of a. We attach to each x a nilpotent orbit @(X) as follows. By the Jacobson—Morozov
theorem, there is a 1-1 correspondence between nilpotent orbits @ and G-conjugacy
classes of Lie triples {¢, h, f }; the correspondence satisfies é € O. Choose the Lie triple
such that A € a. Then there are many O such that x can be written as wy = %ﬁJr v with
v € 3(&,h, f), the centralizer in § of the triple. For example this is always possible with
O = (0). The results in [10] guarantee that for any x there is a unique O(x) satisfying

(1) there exists w € W such that wy = %ﬁ + v with v € 3(&, b, f),

(2) if y satisfies property (1) for any other O’, then O’ C 5()()
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Here is another characterization of the orbit O(x). Let

gr={reg:nrl=2} go={reg:[x2=0}

Then Gy, the Lie group corresponding to the Lie algebra g, has an open dense orbit in
§1. Its G saturation in § is O(x).

The pair (O(x), v) has further nice properties. For example assume that v = 0 in (1)
above. Then the representation L(x) is one of the parameters that the Arthur conjectures
predict to play a role in the residual spectrum. In particular, L(x) should be unitary. In
the p-adic case one can verify the unitarity directly as follows. In [10] it is shown how
to calculate the Iwahori-Matsumoto dual of L() in the Kazhdan—Lusztig classification
of representations with Iwahori-fixed vector. It turns out that in the case v = 0, it is a
tempered module, and therefore unitary. Since the results in [10] show that the Iwahori—
Matsumoto involution preserves unitarity, L(x) is unitary as well. In the real case, a
direct proof of the unitarity of L(x) (still with v = 0 as in (1) above) is given in [4], and
in §9 of this paper.

In the classical Lie algebras, the centralizer 3(¢,h, f) is a product of symplectic and
orthogonal Lie algebras. We will often abbreviate it as 3(O). The orbit O is called dis-
tinguished if 5(@) does not contain a non-trivial torus; equivalently, the orbit does not
meet any proper Levi component. Let mpc be the centralizer of a Cartan subalgebra in
3(O). This is the Levi component of a parabolic subalgebra. The subalgebra tpc is the
Levi subalgebra attached to O by the Bala—Carter classification of nilpotent orbits. The
intersection of @ with tpc is the other datum attached to O, a distinguished orbit in
mpc. We will usually denote it ﬁlBC(@) if we need to emphasize the dependence on the
nilpotent orbit. Let Mgc C G be the Levi subgroup whose Lie algebra mgc has mpc as
its dual.

The parameter x gives rise to a spherical irreducible representation Ly, (x) on Mpc
as well as a L(x). Then L(x) is the unique spherical irreducible subquotient of

Ihige (X) = Ind]\G/IBC [LMBC (X)] (1'3)

To motivate why we consider Mpc(O), we need to recall some facts about the Kazhdan—
Lusztig classification of representations with Iwahori fixed vectors in the p-adic case.
Denote by 7 the Iwahori-Matsumoto involution. Then the space of Iwahori fixed vectors
of 7(L(x)) is a W-representation (see §5.2 and [10]), and contains the W-representation
‘sgn’. Irreducible representations with Iwahori-fixed vectors are parametrized by Kazh-
dan-Lusztig data; these are G conjugacy classes of (é,x,%) where ¢ € g is such that
[x,€] = é, and % is an irreducible representation of the component group A(x,é). To
each such parameter there is associated a standard module X (¢, x,1) which contains
a unique irreducible submodule L(é, x, ). All other factors have parameters (&', x’,¢’)
such that

N 0 # 0.
, X', %" contains sgn if and only if ¢/’ = triv. Thus
ith respect to x, it follows that X (é, x, triv) =

As explained in §§4 and 8 in [10],
if we assume O satisfies (1) and (2

O(e) c Oe
X(&
) w
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L(é, x, triv). We would like it to equal Iz, but this is not true. In general (for an M
which contains Mgc), L(é, x, triv) = Ind$;[ X (€, x, triv)] if and only if the component

Ap (€, x) equals the component group A(é, x). We will enlarge Mpc(O) to an Mxj, so
that App, (€,x) = A(é, x). Note that if m C ', then Aps(é,x) C Apr (€, x). Then

Ind§;,  [Xane, (€ X, triv)] = X (&, x, triv) = L(¢, x, triv), (1.4)

and defining
IMKL (X) = Indf/[KL [LMKL (X)]’ (15)

the equality
L(X) = IMKL (X) (1'6)

follows by applying 7. We remark that Mgy, depends on x as well as é. It will be described
explicitly in §2. A more general discussion about how canonical Mgy, is, appears in [9].

In the real case, we use the same Levi components as in the p-adic case. Then equality
(1.6) does not hold for any proper Levi component. A result essential for the paper is
that equality does hold at the level of multiplicities of the relevant K-types (defined in
§84.2-4.5).

We will use the data (@, v) to parametrize the unitary dual. Fix an O. A representation
L(x) will be called a complementary series attached to O, if it is unitary, and O(x) = O.
To describe it, we need to give the set of v such that L(x) with x = %iL + v is unitary.
Viewed as an element of 3(O), the element v gives rise to a spherical parameter ((0),v)
where (0) denotes the trivial nilpotent orbit. The main result in §3.2 says that the v
giving rise to the complementary series for O coincide with the ones giving rise to the
complementary series for (0) on 3(O). This is suggestive of Langlands functoriality.

It is natural to conjecture that such a result will hold for all split groups. Recent work
of Ciubotaru for Fy, and by Ciubotaru and myself for the other exceptional cases, show
that this is generally true, but there are exceptions.

I give a more detailed outline of the paper. Section 2 reviews notation from earlier
papers. Section 3 gives a statement of the main results. A representation is called spherical
unipotent if its parameter is of the form %B for the neutral element of a Lie triple
associated to a nilpotent orbit @. The unitarity of the spherical unipotent representations
is dealt with in § 8. For the p-adic case I simply cite [12]. The real case (sketched in [3])
is redone in §9.4. The proofs are simpler than the original ones because I take advantage
of the fact that wavefront sets, asymptotic supports and associated varieties ‘coincide’
due to [28]. Section 10.1 proves an irreducibility result in the real case which is clear in
the p-adic case from the work of Kazhdan—Lusztig. This is needed for determining the
complementary series (Definition 3.1 in §3.1).

Sections 4 and 5 deal with the nonunitarity. The decomposition y = %iL + v is intro-
duced in §3. It is more common to parametrize the x by representatives in @ which
are dominant with respect to some positive root system. We use Bourbaki’s standard
realization of the positive system. It is quite messy to determine the data (O, v) from a
dominant parameter, because of the nature of the nilpotent orbits and the Weyl group.
Sections 2.3 and 2.8 give a combinatorial description of (@, v) starting from a dominant x.

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 269

In the classical cases, the orbit O is given in terms of partitions. To such a partition
we associate the Levi component

mpe = gl(ar) x --- x gl(ax) x §o(no)

given by the Bala—Carter classification. (The g in this formula is not related to the one
just after conditions (1) and (2).) The intersection of O with tpc is an orbit of the form

(a1) x --- x (ay) x Oq

where Oy is a distinguished nilpotent orbit, and (a;) is the principal nilpotent orbit of
gl(a;). This is the distinguished orbit associated to O by Bala-Carter. Then y gives
rise to irreducible spherical modules Lys (), L(x) and Ip;(x) as in (1.3) and (1.6). The
module L(x) is the irreducible spherical subquotient of Ips(x). As already mentioned,
Inge (X) = L(x) in the p-adic case, but not the real case. In all cases, the multiplicities of
the relevant K -types in L(x), Iy (x) coincide. These are representations of the Weyl group
in the p-adic case, representations of the maximal compact subgroup in the real case.
Their definition is in §§4.2-4.7, and in §4.8; they are a small finite set of representations
which provide necessary conditions for unitarity which are also sufficient. Their role
is outlined at the beginning of §4. The relationship between the real and p-adic case
is investigated in §4. In particular the issue is addressed of how the relevant K-types
allow us to deal with the p-adic case only. A more general class of K-types for split real
groups (named petite K-types), on which the intertwining operator is equal to the p-adic
operator, is defined in [6], and the proofs are more conceptual. In [27] a more general
notion of single petaled is studied independently, and for different purposes. Sections 4.4,
and 4.5 are included for completeness. The interested reader can consult [6] and [8] for
results where these kinds of K-types and W-types are useful. The determination of the
non-unitary parameters proceeds by induction on the rank of § and by the inclusion
relations of the closure of the orbit O. Section 5 completes the induction step; it shows
that conditions (B) in §3.1 is necessary. The last part of the induction step is actually
done in §3.1.

2. Description of the spherical parameters

2.1. Explicit Langlands parameters

We consider spherical irreducible representations of the split connected classical groups
of rank n of type B, C, D, precisely, G = So(2n+1), G = Sp(2n) and G = So(2n). These
groups will be denoted by G(n) when there is no danger of confusion (n is the rank).
Levi components will be written as

M = GL(k‘l) X e X GL(]CT) X Go(no), (21)

where Go(ng) is the factor of the same type as G. The corresponding complex Lie algebras
are denoted g(n) and m = gl(ky) x --- x gl(k,) X go(no).
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As already explained in the introduction, we deal with real unramified characters only,
and this is sufficient for determining the full spherical unitary dual. In the case of classical
groups, such a character can be represented by a vector of size the rank of the group. Two
such vectors parametrize the same irreducible spherical module if they are conjugate via
the Weyl group which acts by permutations and sign changes for types B and C and by
permutations and an even number of sign changes in type D.

For a given unramified x, let L(x) be the corresponding irreducible spherical module.
We will occasionally refer to x as the infinitesimal character.

For any nilpotent orbit @ C § we attach an unramified parameter X € a as follows.
Recall from the introduction that a* @g C is canonically isomorphic to &. Let {¢,, f}
be representatives for the Lie triple associated to a nllpotent orbit O. Then Xo = 1h

Conversely, to each y we will attach a nilpotent orbit @ C § and Levi components MBC,
Mx1, := GL(k1)x- - -xGL(k;) X Go(no). In addition we will specify an even nilpotent orbit
O C §o(ng) with unramified character xo := X6, on go(no), and unramified characters
xi on the GL(k;). These data have the property that L(x) is the spherical subquotient
of

g, [@ Lix) ® L(xOﬂ . (2.2)

2.2.  We introduce the following notation (a variant of the one used by Zelevinski [37]).
Definition 2.1. A string is a sequence
(a,a+1,...,b—1,b)

of numbers increasing by 1 from a to b. A set of strings is called nested if for any
two strings either the coordinates do not differ by integers, or if they do, then their

coordinates, say (ai,...,b1) and (ag,...,bs), satisfy
a1 S (12 b2 bl or asg < aq < b1 < b2 (23)
or
bi+1<as or by+1<a. (24)

A set of strings is called strongly nested if the coordinates of any two strings either do
not differ by integers or else satisfy (2.3). O

Each string represents a one-dimensional spherical representation of a GL(n;) with
n; = b; — a; + 1. The match up is

(a,...,b) «— |det|(@TD/2 of GL(b—a+1), (2.5)

where det is the determinant character of GL(n). In the case of G = GL(n), we record
the following result. For the p-adic case, it originates in the work of Zelevinski and

Bernstein—Zelevinski (see [37] and references therein). To each set of strings (aq,...,b;
“jQ,...,br) we can attach a Levi component
MBC = H GL(TL,L),
1<i<k
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and an induced module
GL
I(x) = IndMB(Cn) {® L(Xi)} ) (2.6)

where x; are obtained from the strings as in (2.5).

In general, if the set of strings is not nested, then the corresponding induced module
is not irreducible. The coordinates of x in a* ~ R™ determine a set of nested strings as
follows. Extract the longest string starting with the smallest coordinate in x. Continue to
extract sequences from the remainder until there are no elements left. This set of strings
is, up to the order of the strings, the unique set of nested strings one can form out of the
entries of x.

Theorem 2.2. Suppose F is p-adic. Let (a1,...,b1;...;ap,...,b.) be a set of nested
strings, and M := GL(by — a1 +1) x --- x GL(b, — a, + 1). Then

L(x) = Ind$F™ [|det| (10072 . .| det|(art0r)/2]

In the language of §2.1, Mpc = Mk, = M, where M is the one defined in the
theorem. The nilpotent orbit @ corresponds to the partition of n with entries (b; —
a; + 1); it is the orbit O(y) satisfying (1) and (2) in the introduction, with respect to
x = (a1,...,b1;...50p,...,b.).

For the real case (still GL(n)), the induced module in Theorem 2.2 fails to be irre-
ducible. However

[ L(x)] = [ : Ind§F 0 det| (@1 +01)/2 L. |det|(@rtbr)/2)) (2.7)

whenever p is a relevant K-type.
This is essential for many of the arguments. Relevant K-types are defined in §§4.2-4.7.
We will generalize this procedure to the other classical groups. As before, the induced
modules that we construct fail to be irreducible in the real case. Instead we will establish
that

dim Homg|[p : L(x)] = dim Homg [p 2 Tane (X)] (2.8)

for relevant K-types, where Ips., () is defined by (1.5), and make essential use of this
fact.

2.3. Nilpotent orbits

In this section we attach a set of parameters to each nilpotent orbit @ C g. Let {e, h, f}
be a Lie triple so that € € O, and let 3(O) be its centralizer. In order for x to be a
parameter attached to O we require that

X = %ﬁ +, v € 3(0), semisimple, (2.9)
but also that if
x=2i0 +v, v €;3(0), semisimple (2.10)
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for another nilpotent orbit @’ C §, then @’ C O. In [10], it is shown that the orbit of y,
uniquely determines O and the conjugacy class of v € 3(O). We describe the pairs (O, v)
explicitly in the classical cases.

Nilpotent orbits are parametrized by partitions

(1, 1,2, 2 G g, (2.11)
——

T1 T2 T‘j
satisfying the following constraints.
g = A,_1: gl(n), partitions of n.

g = B,,: so(2n+ 1), partitions of 2n+ 1 such that every even part occurs an even number
of times.

g = Cp: sp(2n), partitions of 2n such that every odd part occurs an even number of
times.

g = D,,: so(2n), partitions of 2n such that every even part occurs an even number of
times. In the case when every part of the partition is even, there are two conjugacy
classes of nilpotent orbits with the same Jordan blocks, labelled (I) and (II). The two
orbits are conjugate under the action of O(2n).

The Bala—Carter classification is particularly well suited for describing the parameter
spaces attached to the O© C §. An orbit is called distinguished if it does not meet any
proper Levi component. In type A, the only distinguished orbit is the principal nilpotent
orbit, where the partition has only one part. In the other cases, the distinguished orbits
are the ones where each part of the partition occurs at most once. In particular, these are
even nilpotent orbits, i.e. ad h has even eigenvalues only on §. Let @ C § be an arbitrary
nilpotent orbit. We need to put it into as small as possible Levi component . In type A,
if the partition is (a1, ..., ax), the Levi component is mpc = gl(a1) x - - - x gl(ag). In the
other classical types, the orbit O meets a proper Levi component if and only if one of
the r; > 1. So separate as many pairs (a,a) from the partition as possible, and rewrite
it as

((al,al),...,(ak,ak);dl,...,dl), (2.12)

with d; < d;+1. The Levi component mpc attached to this nilpotent by Bala—Carter is
mpe = gl(ar) X -+ x gl(ax) X go(np), mno:=n-— Zai. (2.13)

The distinguished nilpotent orbit is the one with partition (d;) on §(ng), principal nilpo-
tent on each gl(a;). The x of the form 1+ v are the ones with v an element of the
centre of mpc. The explicit form is

(cooi=%(ai =D 4w, 3(a; — 1) + 14,3 Sho), (2.14)

where hg is the middle element of a triple corresponding to (d;). We will write out (d;)
and 2ho in §§2.4-2.7.
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We will consider more general cases where we write the partition of O in the form
(2.12) so that the d; are not necessarily distinct, but (d;) forms an even nilpotent orbit
in go(ng). This will be the situation for mgr,.

The parameter x determines an irreducible spherical module L(x) for G as well as an
LM(X) for M = MBC or MKL of the form

Li(x1) ® -+ ® Li(xx) ® Lo(x0), (2.15)
where the L;(x;), 7 =1,...,k, are one dimensional. We will consider the relation between
the induced module

In(x) == Ind§ [Lar (), (2.16)
and L(x).
2.4. G of type A
We write the %lvz for a nilpotent O corresponding to (ai,...,ar) with a; < a;y1 as

(oo5— (ai—l),...,%(ai—l);...).

1
2
The parameters of the form y = %71 + v are then

(O —%(ai —D4wviy..., %(ai D)+ ... (2.17)
Conversely, given a parameter as a concatenation of strings
x="(..;A4:,...,Bi; ...), (2.18)

it is of the form %ﬁ + v, where h is the neutral element for the nilpotent orbit with
partition (4;+ B;+1) (the parts need not be in any particular order) and v; = 1(A;— B;).
We recall the following well-known result about closures of nilpotent orbits.

Lemma 2.3. Assume O and O’ correspond to the (increasing) partitions (ay,...,ay)
and (b1,...,by) respectively, where some of the a; or b; may be zero in order to have the
same number k. The following are equivalent:

(1) O' c O;

(2) Doissai =Y s b forallk > s > 1.
Proposition 2.4. A parameter x as in (2.17) is attached to O in the sense of satisfying
(2.9) and (2.10) if and only if it is nested.
Proof. Assume the strings are not nested. There must be two strings
(A,...,B), (C,...,D) (2.19)

such that A—C € Z,and A < C < B < D, or C = B+ 1. Then by conjugating x by
the Weyl group to a x’/, we can rearrange the coordinates of the two strings in (2.19) so
that the strings

(A,....,D), (C,....B) or (A...B,B+1=C,...,D) (2.20)

appear. Then by the lemma, ' = 2k’ 4+ 1/ for a strictly larger nilpotent @',

1
2

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

274 D. Barbasch

Conversely, assume y = %ﬁ + v, so it is written as strings, and they are nested. The
nilpotent orbit for which the neutral element is %h has partition given by the lengths of
the strings, say (ai,...ax) in increasing order. If y is nested, then aj is the length of
the longest string of entries we can extract from the coordinates of x, arp—1 the longest
string we can extract from the remaining coordinates and so on. Then (2) of Lemma 2.3
precludes the possibility that some conjugate X’ equals %ﬁ’ + v/ for a strictly larger
nilpotent orbit. O

In type A, ﬁlKL = ﬁIBc.
2.5. G of type B
Rearrange the parts of the partition of @ C sp(2n,C), in the form (2.12),
((a1,a1),. .., (ag,ar); 2x0, . . ., 2Tom,)- (2.21)

The d; have been relabelled as 2x; and a 2zxg = 0 is added if necessary, to insure that
there is an odd number. The z; are integers, because all the odd parts of the partition
of O occur an even number of times, and were therefore extracted as (a;,a;). The x of
the form %h + v are

(...;7%(041‘71)4*1/1',...,%(aif1)+V¢;...;%,...,%,...,Igm7%,...,I’me%), (2.22)
———
ni/2 Naom—1/2
where
nl,1/2 = #{xz > l} (223)

Lemma 2.3 holds for this type verbatim. So the following proposition holds.

Proposition 2.5. A parameter x = %71 + v cannot be conjugated to one of the form
il + V' for any larger nilpotent O’ if and only if

(1) the set of strings satisfying 1(a; — 1) + v; — 2(a; — 1) — v; € Z are nested;

(2) the strings satisfying 1 (a; — 1) + v; € 3 + Z satisfy the additional condition that
either xs,, + % < —%(ai — 1) + v; or there is j such that

xj+%<f%(ai71)+w< %(ai—l)+ui<xj+1—%. (224)

The Levi component mygy, is obtained from mpc as follows. Consider the strings for
which a; is even, and v; = 0. If a; is not equal to any 2z;, then remove one pair (a;, a;),
and add two 2x; = a; to the last part of (2.21). For example, if the nilpotent orbit O is

(2,2,2,3,3,4,4), (2.25)
then the parameters of the form %lvz + v are

(=3 +vi, 3 +vi—14va, v, L+ =5 +vs,—5 +us, 5+ s, 5 +us53). (2.26)
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The Levi component is mpc = gl(2) x gl(3) x gl(4) x g(1). If vz # 0, then mpc = MmkL.
But if v3 = 0, then mkr, = gl(2) x gl(3) x §(5). The parameter is rewritten

0« ((2,2)(3,3);2,4,4), -
X<—>(—%+V1,%+V1;—1+U27V2,1+l/2;%,%,%,%7%). .
The explanation is as follows. For a partition (2.11),
3(0) = sp(r1) x so(rg) x sp(r3) x - - - (2.28)

and the centralizer in G is a product of Sp(rej+1) and O(re;), i.e. Sp for the odd parts,
O for the even parts. Thus the component group A(h,é), which by [16] also equals
A(é), is a product of Zs, one for each ry; # 0. Then A(x,é) = A(v,h,é). In general,
Ao (X €) = Anrg () embeds canonically into A(x, €), but the two are not necessarily
equal. In this case they are unless one of the v; = 0 for an even a; with the additional
property that there is no 2x; = a;.

We can rewrite each of the remaining strings

(3@ — D) +vi,..., 2(a; — 1) +vy) (2.29)
as

Xi = (fZ+T77f1+1+T7,,E+TZ), (230)
satisfying

This is done as follows. We can immediately get an expression like (2.30) with 0 < 7; < 1,
by defining f; to be the largest element in Z + % less than or equal to —%(ai —1) + ;.
If r, < % we are done. Otherwise, use the Weyl group to change the signs of all entries
of the string, and put them in increasing order. This replaces f; by —F; — 1, and 7; by
1 — 7. The presentation of the strings subject to (2.31) is unique except when 7, = % In
this case the argument just given provides the presentation (f; + %, B %), but also
provides the presentation

(—F =143, —fi—1+1). (2.32)

We choose between (2.30) and (2.32) the one whose leftmost term is larger in absolute

value. That is, we require |f; + 7| > |F; + 7;| whenever 7, = %

2.6. G of type C
Rearrange the parts of the partition of O C so(2n + 1,C), in the form (2.12),
((al, al), ey (ak, ak); 200+ 1,..., 220, + 1) (233)

The d; have been relabelled as 2x; + 1. In this case it is automatic that there is an odd
number of non-zero x;. The x; are integers, because all the even parts of the partition of
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O occur an even number of times, and were threrefore extracted as (a;,a;). The x of the
form %h + v are

(o=@ =D 4w 2@ =D +vi5...50,...,0, .00, o, .., Tom), (2.34)
N—_—— N———

no N2om

where

m if [ =0,
n =
T B =1y ifl#£o0.
Lemma 2.3 holds for this type verbatim. So the following proposition holds.

(2.35)

Proposition 2.6. A parameter y = %71 + v cannot be conjugated to one of the form
il + V' for any larger nilpotent O’ if and only if

(1) the set of strings satisfying 3(a; — 1) + v; — $(a; — 1) — v; € Z are nested;

(2) the strings satisfying §(a; — 1) + v; € Z satisfy the additional condition that either
Tom +1 < —1(a; — 1) + v; or there is j such that

.’,Ej+1<7%(&171)+lli<%(aifl)%*uigitj_i_l. (236)

The Levi component mygy, is obtained from mpc as follows. Consider the strings for
which a; is odd and v; = 0. If a; is not equal to any 2z; + 1, then remove one pair (a;, a;),
and add two 2z; + 1 = a; to the last part of (2.33). For example, if the nilpotent orbit is

(1,1,1,3,3,4,4) = ((1,1),(3,3), (4,4); 1), (2.37)
then the parameters of the form %ﬁ + v are
(i;—1+vo,v0, 1+ o —3 + 15, =3 +ug, L+ 5,3 1), (2.38)

The Levi component is ipc = gl(1) x gl(3) x gl(4). If vy # 0, then mpc = k. But if
vy = 0, then mgy, = gl(1) x gl(4) x §(3). The parameter is rewritten

O+ ((1,1),(4,4);1,3,3), (2.35)
X (v13—2 +vs,—% 413, 5 + 13,5 +13;0,1,1). .
The Levi component mgy, is unchanged if 14 = 0.
The explanation is as follows. For a partition (2.11),
3(0) = so(r1) x sp(rz) x so(rs) x - - - (2.40)

and the centralizer in G is a product of O(rgj4+1) and Sp(rg;), i.e. O for the odd parts, Sp
for the even parts. Thus the component group is a product of Zs, one for each ;41 # 0.
Then A(x,¢é) = A(v, h,¢), and so Apge(X,€) = A(x, ¢) unless one of the v; = 0 for an
odd a; with the additional property that there is no 2z; + 1 = a;.
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We can rewrite each of the remaining strings
(3@ — 1) +vi,... 2(a; — 1) + 1) (2.41)
as
Xi=(fitT, fi+t1+7i,.. . Fi+m), (2.42)

satisfying
fiez, 0<7m <3, F=fita—-1, |fi+nl>2|Fi+7n| ifr=1(243)

This is done as follows. We can immediately get an expression like (2.42) with 0 < 7; < 1,
by defining f; to be the largest element in Z less than or equal to f%(ai -1+ It
7 < % we are done. Otherwise, use the Weyl group to change the signs of all entries
of the string, and put them in increasing order. This replaces f; by —F; — 1, and 7; by
1 —7;. The presentation of the strings subject to (2.43) is unique except when 7; = % In
this case the argument just given also provides the presentation

(—Fi—1+%,...,—fi—-14+1). (2.44)

We choose between (2.42) and (2.44) the one whose leftmost term is larger in absolute

value. That is, we require |f; + 7;| > |F; + 7;| whenever ; = %

2.7. G of type D
Rearrange the parts of the partition of O C so(2n,C), in the form (2.12),

((a1,a1), ..., (ak,ag);2x0 + 1,. .., 209m—1 + 1). (2.45)

The d; have been relabelled as 2x; + 1. In this case it is automatic that there is an even
number of non-zero 2x; + 1. The x; are integers, because all the even parts of the partition
of O occur an even number of times, and were therefore extracted as (ai,a;). The x of
the form %ﬁ + v are

(...;f%(aif1)+1/,;,...,%(a¢—1)+1/i;...;07...,O,...,xgm_l,...,xgm_l), (2.46)
~——
7o Neom—1
where
m if { =0,
n = : (2.47)
#{x; 21} ifl#0.

Lemma 2.3 holds for this type verbatim. So the following proposition holds.

Proposition 2.7. A parameter y = %ﬁ -+ v cannot be conjugated to one of the form
%iz' + v/ for any larger nilpotent O’ if and only if
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(1) the set of strings satisfying 1(a; — 1) + v; — 3(a; — 1) — v; € Z are nested;

(2) the strings satisfying % (a; — 1) + v; € Z satisty the additional condition that either
Tom_1+1< —%(ai — 1) + v; or there is j such that

xj—l—l<—%(ai—l)—i—l/ig%(ai—l)—i—l/igazjﬂ. (248)

The Levi component mgy, is obtained from mpc as follows. Consider the strings for
which a; is odd and v; = 0. If a; is not equal to any 2z; + 1, then remove one pair (a;, a;),
and add two 2z; + 1 = a; to the last part of (2.45). For example, if the nilpotent orbit is

(1,1,3,3,4,4), (2.49)
then the parameters of the form %ﬁ + v are
(vi;=1+vo,v, L +va;—3 + 13, —3 +v3, 5 + 13,3 +13). (2.50)

The Levi component is mpc = gl(1) xgl(3) xgl(4). If v5 # 0 and 14 # 0, then e = Mk,
If v = 0 and 14 # 0, then mky, = §(3) x gl(1) x gl(4). If v # 0 and v; = 0, then
gy = gl(3) x gl(4) x g(1). If vy = vy = 0, then mky, = gl(4) x §(4). The parameter is

rewritten 5
0 <+—((1,1),(4,4);3,3),
(( )3( ) 1) 1 . (251)
X (vi5—5 +v3,—5 + 35+, 5 +v330,1,1).
The explanation is as follows. For a partition (2.11),
3(0) =so(r1) x sp(r2) x so(rs) x --- (2.52)

and the centralizer in G is a product of O(rgj4+1) and Sp(rg;), i.e. O for the odd parts, Sp
for the even parts. Thus the component group is a product of Zs, one for each 741 # 0.
Then A(x,é) = A(v,h,¢), and so A, (x,€) = A(x, €) unless one of the v; = 0 for an
odd a; with the additional property that there is no 2x; + 1 = a;.

We can rewrite each of the remaining strings

(—3(ai =) +vi,..., 3(a; — 1) + 1) (2.53)
as

Xi i = (fi+7i7fi+1+Ti;-~-7Fi+Ti)7 (254)
satisfying
fi € Z, 0<7 <3, F,=fi+a;—1, |fi+ 7l = |Fi+7| ifr, =1 (2.55)

This is done as in types B and C, but see the remarks which have to do with the fact
that —1Id is not in the Weyl group. We can immediately get an expression like (2.54)
with 0 < 7; < 1, by defining f; to be the largest element in Z less than or equal to
—2(a;—1)+v;. If 7; < 1 we are done. Otherwise, use the Weyl group to change the signs
of all entries of the string, and put them in increasing order. This replaces f; by —F; — 1,
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and 7; by 1 — 7;. The presentation of the strings subject to (2.55) is unique except when

T = % In this case the argument just given also provides the presentation

(—Fi—1+%..,—fi—141). (2.56)

We choose between (2.54) and (2.56) the one whose leftmost term is larger in absolute

value. That is, we require |f; + ;| = |F; + 7;| whenever 7, = %

Remark 2.8. (1) A (real) spherical parameter x is hermitian if and only if there is
w € W(D,,) such that wy = —x. This is the case if the parameter has a coordinate equal
to zero, or if none of the coordinates are 0, but then n must be even.

(2) Assume the nilpotent orbit O is very even, i.e. all the parts of the partition are even
(and therefore occur an even number of times). The nilpotent orbits labelled (I) and (IT)
are characterized by the fact that mpc is of the form

(I) +— gl(ay) x -+ x gl(ag—1) x gl(ag),

/

(II) «— gl(a1) x -+~ x gl(ak—1) x gl(ar)".

The last gl factors differ by which extremal root of the fork at the end of the diagram
for D,, is in the Levi component. The string for k is

@D «— (=
(1) +— (-

(ak71)+yk7"'7
(ar — 1)+ vpy. ..,

(ak. — 1) + I/k),
(ar —3) + vg, —%(ak —1) — ).

NI= N
= N|—=

We can put the parameter in the form (2.54) and (2.55), because all strings are even
length. In any case (I) and (II) are conjugate by the outer automorphism, and for unitarity
it is enough to consider the case of (I).

The assignment of a nilpotent orbit (I) or (II) to a parameter is unambiguous. If a x
has a coordinate equal to 0, it might be written as %hl + vg or %hn + v11. But then it can
also be written as %h’ + 1/ for a larger nilpotent orbit. For example, in type Dg, the two
cases are (2,2); and (2,2)11, and we can write

(D) «—(
(I1) +— (

a_%) + (Va V)a
,3) + (v, ).

= NI=

The two forms are not conjugate unless the parameter contains a 0. But then it has to
be (1,0) and this corresponds to (1,3), the larger principal nilpotent orbit.

(3) Because we can only change an even number of signs using the Weyl group, we might
not be able to change all the signs of a string. We can always do this if the parameter
contains a coordinate equal to 0, or if the length of the string is even. If there is an odd
length string, and none of the coordinates of x are 0, changing all of the signs of the
string cannot be achieved unless some other coordinate changes sign as well. However, if
X = %ﬁ + v cannot be made to satisfy (2.54) and (2.55), then x’, the parameter obtained
from x by applying the outer automorphism, can. Since L(x) and L(x’) are either both
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unitary of both non-unitary, it is enough to consider just the cases that can be made to
satisfy (2.54) and (2.55). For example, the parameters

in type Dg are of this kind. Both parameters are in a form satisfying (2.54) but only
the second one satisfies (2.55). The first one cannot be conjugated by W (Dg) to one
satisfying (2.55).

2.8. Relation between infinitesimal characters and strings

In the previous sections we described for each nilpotent orbit @ the parameters of the
form %lvz + v with v € 3(O) semisimple, along with condition (2.10). In this section we
give algorithms to find the data (O, v) satisfying (2.9) and (2.10), and the various Levi
components from a x € a. The formulation was suggested by Sahi. Given a x € a, we
need to specify

(a) strings, same as sequences of coordinates with increment 1,

) a partition, same as a nilpotent orbit O cg,

(b

(c) the centralizer of a Lie triple corresponding to 3(O),

(d) coordinates of the parameter v, coming from the decomposition x = 3h + v.
Furthermore, we give algorithms for

(e) two Levi components mpc and Mgy,

(f) another two Levi components . and m,,

(g) one-dimensional characters x, and x, of the Levi components m, and .

Parts (f) and (g) are described in detail in §5.3. These Levi components are used to
compute multiplicities of relevant K-types in L().

Algorithms for (a) and (b)
Step 0
G of type C. Double the number of Os and add one more.

G of type D. Double the number of Os. If there are no coordinates equal to 0 and the
rank is odd, the parameter is not hermitian. If the rank is even, only an even number of
sign changes are allowed in the subsequent steps.

Step 1
G of types C and D. Extract maximal strings of the form (0, 1,...). Each contributes a
part in the partition of size ‘2(length of string) — 1’ to O.

G of type B. Extract maximal strings of type (%, %, ...). Each contributes a part of size
2(length)’ to O.
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Step 2

For all types, extract maximal strings from the remaining entries after Step 1, changing
signs if necessary. Each string contributes two parts of size ‘(length of string)’ to O. In
type D, if the rank is odd and no coordinate of the original x is 0, the parameter is not
hermitian. If there are no Os and the rank of type D is even, only an even number of sign
changes is allowed. In this case, the last string might be (...,b,—b — 1). If so, and all
strings are of even size, O is very even, and is labelled II. If all strings are of the form
(...,b,b+ 1), then the very even orbit is labelled I.

Algorithms for (c)

G of types C and D. 3(O) = so(my) x sp(mg) X so(mg) X ---, where m; are the number
of parts of @ equal to 1.

G of type B. 3(O) = sp(m1) x so(mg) X «-+ X sp(ms) X ---, where again m; is the number
of parts of @ equal to 1.

Algorithms for (d)

The parameter v is a vector of size equal to rkG. For each 3;, of 3(0), add rkj;
coordinates each equal to the average of the string corresponding to the size ¢ part of O.

For each factor 3;, of 3(O), the coordinates are the averages of the corresponding strings.
The remaining coordinates of v are all zero.

Algorithm for (e)

The Levi subgroups are determined by specifying the GL factors. There is at most one
other factor Go(ng) of the same type as the group.

For mpc, each pair of parts (k, k) yields a GL(k). If the corresponding string comes from
Step 2, then the character on GL(k) is given by |det(*)|#verageof string - Otherwise it is the
trivial character. The parts of the remaining partition have multiplicity 1 corresponding
to a distinguished orbit in go(no).

For mkr,, apply the same procedure as for mpc, except for pairs coming from Step 1. If
originally there was an odd number of parts, then there is no change. If there was an even
number, leave behind one pair. The parts in the remaining partition have multiplicity 1
or 2 corresponding to an even orbit in go(ng).

Algorithms for (f) and (g)

Both m, and m, acquire a GL(k) factor for each pair of parts (k,k) in Step 2, with
character given by the average of the corresponding string as before.

For the parts coming from Step 1, write them in decreasing order a, > -+ > a1 > 0.
For w,, there are the following additional GL factors.

G of type B: (a1 + a2)/2,(as + a4)/2,...,(ar—2 + ar—1)/2 if r is odd, (a1)/2, (a2 +
as)/2,...,(ar—2+a,—1)/2 when r is even. The characters are given by the averages of
the strings (—(ay—1 —1)/2,..., (a;—2 —1)/2) and so on, and (—(a; —1)/2,...,—3),...
when r is even. Recall that the a; are all even because O is a nilpotent orbit in type C.
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G of type C: (a1 +a2)/2,(as+a4)/2,..., with characters given by the averages of the
strings (—(a1 —1)/2,...,(ag —1)/2), and so on. In this case O is type B, so there are
an odd number of odd parts.

G of type D: (a1 + a2)/2, (a3 + a4)/2, ..., with characters obtained by the same pro-

cedure as in type C. In this case O has an even number of odd parts.
For m,, there are the following additional GL factors.

G of type B: (a2 + a3)/2,(as + a5)/2,...,(ar—1 + a,)/2 leaving a; out if r is odd,
(a1 +a2)/2,(as+a4)/2,...,(ar—1+a,)/2 if r is even. The characters are given by the
averages of the strings (—(a,. — 1)/2,...,(ar—1 —1)/2)... and so on.

G of type C: (as +a3)/2,(as +as)/2,..., and characters given by the averages of the
strings (—(az — 1)/2,...,(ag —1)/2),.... In this case O has an odd number of odd
sized parts.

G of type D: (a1 +a2)/2,...,(ar—3+ar—2)/2, ((ar—1 — 1)/2) with characters obtained
by the averages of the strings (—(a2—1)/2,...,(a1—1)/2),...,((—ar—1—1)/2,...,=1).
In this case O has an even number of odd sized parts.

2.9. Let y = 1 + v be associated to the orbit @. Recall from 2.3

Ing(x) := Ind§; [Lar ()], (2.57)

where Ljs(x) is the irreducible spherical module of M with parameter x. Write the
nilpotent orbit in (2.12) with the (dy, ..., d;) as in §§ 2.5-2.7 depending on the Lie algebra
type. Then mipc = gl(ai) x -+ x gl(ax) X go(no) is as in (2.13). Thus y determines a
spherical irreducible module

Litge(X) = L1(x1) ® -+ - @ Li(xx) ® Lo(xo0)s (2.58)

with x; = (=4 (a; — 1) + v4,. .., 3(a; — 1) + 1;), while xo = Ao for the nilpotent (d;).
Let mky, be the Levi component attached to x = %h + v in §§2.5-2.7. As for mpc we
have a parameter Ly, (X). In this case O = ((a},a}), ..., (al,a.);d},...,d}) as described

in §§2.5-2.7. Then (a W-conjugate of) x can be written as in (2.22)—(2.46), and

ke = gl(ay) x -+ x gl(a) x go(ng), (2.59)
L, (x) = Li(x1) ®- ® LT(X'Ir‘) ® LO(XE))'
Theorem 2.9. In the p-adic case
Iner, (X) = L(X)
Proof. This is in [10], mky, was defined in such a way that this result holds. O

Corollary 2.10. The module Ins,.(x) equals L(x) in the p-adic case if all the v; # 0.
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3. The main result

3.1. Recall that G is the (complex) dual group, and A C G the maximal torus dual to
A. Assuming as we may that the parameter is real, a spherical irreducible representation
corresponds to an orbit of a hyperbolic element x € &, the Lie algebra of A. In §2 we
attached a nilpotent orbit @ in g with partition

(a1y... Q1. Qpy ..., k)

N—— ——

T1 Tk

to such a parameter. Let {&, h, f} be a Lie triple attached to O. Let x := LA 4 v satisfy

(2.9), (2.10).

1
2

Definition 3.1. A representation L(x) is said to be in the complementary series for 0,
if the parameter x is attached to O in the sense of satisfying (2.9) and (2.10), and is
unitary.

We will describe the complementary series explicitly in coordinates.
The centralizer Zx(é, h, f) has Lie algebra 3(O) which is a product of sp(r;,C) or
so(r;,C), 1 <1 < k, according to the rule

G of types B and D: sp(r;) for a; even, so(r;) for a; odd,

G of type C: sp(r;) for a; odd, so(r;) for a; even.

On 3(0O), v determines a spherical irreducible module Lj(v) for the split group whose
dual is Zé(é,iz, £)°. Applying (2.9), (2.10), we find that v is attached to the trivial
orbit in 3(O). If it were not, then v = %ﬁ’—ku’, for a triple {¢/, A, f'}, with & # 0,
so Y = (%ﬁ + %h’) + 0/, and {é+¢& h+H,f+ f}is a Lie triple such that the orbit of
€ + €& is strictly larger than the orbit of &, and contains it in its closure.

Theorem 3.2. The complementary series attached to O coincides with the one attached

to the trivial orbit in 3(O). For the trivial orbit (0) in each of the classical cases, the
complementary series are as follows.

G of type B:
Osm < <y <

N[

G of types C and D:
0<Z/1<'~'§I/k§%<l/k+1<"'<I/k+l<1
so that v; + v; # 1. There are
(1) an even number of v; such that 1 — vgp41 < v; < %,
(2) for every 1 < j < [, there is an odd number of v; such that 1 — vp i1 < 13 <
L= vsj,
(3) in type D of odd rank, vy = 0 or else the parameter is not hermitian.

Remark 3.3. (1) The complementary series for © = (0) consists of representations which
are both spherical and generic in the sense that they have Whittaker models.
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(2) The condition that v; + v; # 1 implies that in types C and D there is at most one
1

V = bR

(3) In the case of O # (0), x = %ﬁ + v, and each of the coordinates v; for the parameter
on 3(O) comes from a string, i.e. each v; comes from (—3(a; — 1) +v;, ..., 3(a; — 1) +14).
The parameter does not satisfy (2.55). For (2.55) to hold, it suffices to change vy ; for
types C and D to 1 — vy ;. More precisely, for % < Vg4; < 1 the connection with the
strings in the form (2.54) and (2.55) is as follows. Write

(=5 (arts = 1)+ koo 5 (arsy — 1) + Viyj)

as
(—=3(arg; —3) + (haj — 1)y oo 5(ahey + 1) + (Vrgy — 1))

and then conjugate each entry to its negative to form

(=3 (akss = 3) + Viyjo- -5 3(Ahas + 1) + Viy ),

With0<1/]/€+j=1—l/k+j<%.

An algorithm

For types C and D we give an algorithm, due to Sahi, to decide whether a parameter
in types C and D is unitary. This algorithm is for the complementary series for O = (0).
For arbitrary O it applies to the parameter for 3(0) obtained as in Remark 3.3 (3) above.

Order the parameter in dominant form,

< v, for type C,}

<o
3.1
1] < - <y, for type D. 3.1)

0

0
The first condition is that v, < 1, and in addition that if the type is D,, with n odd,
then v; = 0. Next replace each coordinate % < v; by 1 —v;. Reorder the new coordinates
in increasing order as in (3.1). Let F(v) be the set of new positions of the 1 — ;. If any
position is ambiguous, the parameter is not unitary, or is attached to a different nilpotent
orbit. This corresponds to either a v; +v; =1, or a % < v; = vj. Finally, L(v) is unitary
if and only if F'(v) consists of odd numbers only.

3.2. We prove the unitarity of the parameters in the theorem for O = (0) for types B,
C and D. First we record some facts.
Let G := GL(2a) and

X::(—%(a—1)—V,...,%(a—1)—V;—%(a—l)—ku,...,%(a—1)+1/). (3.2)

Let M := GL(a) x GL(a) C GL(2a). Then the two strings of x determine an irreducible
spherical (one-dimensional) representation Ly (x) on M. Recall In;(x) := Ind$; [Lar(x)]-

Lemma 3.4. The representation Ij(x) is unitary irreducible for 0 < v < %. The

2
irreducible spherical module L(x) is not unitary for v > %, 2v ¢ 7.
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Proof. This is well known and goes back to [29] (see also [30] and [34]). O

We also recall the following well-known result due to Kostant in the real case, Cassel-
man in the p-adic case.

Lemma 3.5. If none of the {x,a) for « € A(g,a) is a non-zero integer, then X (x) is

irreducible. In particular, if x = 0, then

L(x) = X (x) = Ind§[x,
and it is unitary.

Let i C g be a Levi component, and & € 3(), where 3(th) is the centre of t, depending
continuously on t € [a, b].

Lemma 3.6. Let & be a character of M, depending continuously ont € R. Assume that

Ing(xe) = Ind§[Las (n0) ® &]

is irreducible and hermitian for a < t < b. Then if Ip;(x:) (equal to L(x:)) is unitary for
some a < tg < b, it is unitary for all a <t < b.

This is well known, and amounts to the fact that if a hermitian matrix is non-degenerate
and depends continuously on a parameter a < t < b, if it is positive definite for some
a < tg < b, it is positive definite throughout the interval; to change from positive to
negative, it would have to go through a zero, i.e. become degenerate. This happens for
example when Lps(no) ® &, is unitary for some to, and Ips(x¢) is irreducible. I do not
know the original reference.

When the conditions of Lemma 3.6 are satisfied, we say that Ips(x:) is a continuous
deformation of L(xo).

We now start the proof of the unitarity.

Type B

In this case there are no roots o € A(g, @) such that (x, a) is a non-zero integer. Thus

L(x) = Ind§[x]

as well. When deforming x to 0 continuously, the induced module stays irreducible. Since
Ind§[0] is unitary, so is L(x).

Types C and D

There is no root such that (x,a) is a non-zero integer, so L(x) = Ind$[x]. If there
are no Vg4; > % the argument for type B carries over word for word. When there are
Vgt > % we have to be more careful with the deformation. We will do an induction on
the rank. Suppose that v;_; = v; for some j. Necessarily, v; < % Conjugate x by the
Weyl group so that

X = (1/1, ey Uiy .,1/7\_1,%, . .;I/j_l;l/j) = (XQ;I/J'_l;I/j). (33)
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Let m := §(n — 2) x gl(2), and denote by M the corresponding Levi component. Then
by induction in stages,
L(x) = Ind§;[Lar(x)], (3-4)

where Las(x) = Lo(x0) ® L1(vj—1,v;). By Lemma 3.4, L1 (vj_1, v;) is unitary. Thus L(x)
is unitary if and only if Lo(xo) is unitary. If y satisfies the assumptions of the theorem,
then so does x(. By the induction hypothesis, Lo(o) is unitary, and therefore so is L(x).
Thus we may assume that

O§I/1<"'<I/k<%<l/k+1<"'<l/k+l. (3.5)
If v, <1 — vg41, then the assumptions imply 1 — vg4o < 1. Consider the parameter

Xt = (oo Uy V1 — .0 ). (3.6)

Then
L(x:) = Ind§[x:], for 0 <t < vpypr — v, (3.7)

because no (x:, @) is a non-zero integer. At t = vy — v, the parameter is in the case
just considered earlier. By induction we are done.

If on the other hand 1 — vg41 < v, the assumptions on the parameter are such that
necessarily 1 — vg+1 < vg—1 < 1. Then repeat the argument with

Xt = (.o, V1,V —t,...), 0<t< g —vp_1. (3.8)

This completes the proof of the unitarity of the parameters in Theorem 3.2 when O = (0).

3.3. We prove the unitarity of the parameters in Theorem 3.2 in the general case when
O #(0). )

The proof is essentially the same as for O = (0), but special care is needed to justify
the irreducibility of the modules. Recall the notation of the partition of O (2.11).

The factors of 3(O) isomorphic to sp(r;), contribute r;/2 factors of the form gl(a;)
to tkr,. The factors of type so(r;) with r; odd, contribute a d; (notation (2.12)) to the
expression (2.12) of the partition of O, and % (r; — 1) factors of the form gl(a;). The
factors so(r;) of type D (r; even) are more complicated. Write the strings coming from

this factor as in (2.14),
(—%((h — 1) + Vjyorny %((h — 1) + 1/7;)

with the v; satisfying the assumptions of Theorem 3.2. If r; is not divisible by 4, then there
must be a v; = 0 (otherwise the corresponding spherical parameter is not hermitian),
and mpc # mgr,. Similarly when 7; is divisible by 4 and v; = 0, mpc # mkr,. In all
situations, we consider

as for O = (0). We aim to show that this module stays irreducible under the deformations
used for O = (0), separately for the v; for the same partition size or equivalently simple
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factor of 3(O). It is enough to prove that under these deformations the strings stay
strongly nested at all the values of the parameters. Then Proposition 3.8 applies.
Using the conventions of §2, the strings are of the form

(—A—1+V1,...,A—1—|—V1), (310)
(—B+V2,...,B—1+V2), (311)
(-C +vsy...,C+us). (3.12)

The v; satisfy 0 < v; < % When v; = %, the string is (—A—%, ce A—%) so it conforms to
(2.31), (2.43), (2.55). Similarly when v = 3, the string is (—B+3,..., B—1). But when
- %7 the string is (—C—i—%, el C’—i—%) and it must be replaced by (—C—%, ... ,C—%) to
conform to (2.31), (2.43), (2.55). The string in (3.10) gives av; ;) = 1 — v1 (as explained
in Remark 3.3 (3)). The other ones 5 and v3 give V; (@) = V2 or vg respectively. Suppose
first that there is only one size of string. This means that the corresponding entries v 5(0)
belong to the same simple factor of 3(O). Then the strings are either all of the form (3.10)
and (3.12) with A = C or all of the form (3.11). Consider the first case. If there is a string
(3.10) then vy ;o) =1—11 > 1, and vy 30y is deformed downward. By the assumptions
V1 3(0) does not equal any Vj 5(@) Dhor does V30 T Vis0) =1 for any j. The module
stays irreducible. When v, ;) crosses %, the string becomes (—A+vy,..., A+ 1)), and
v} is deformed downward from 1 to either some v3 or to 0. Again v{ + v; o) # 1 for
any 7, so no reducibility occurs. The irreducibility in the case when 1/ reaches 0 is dealt
with by §10.

It remains to check that in these deformations no reducibility occurs because the string
interacts with one of a different length, in other words, when a v; () for one size stripg
or equivalently factor of 3(O) becomes equal to a v; ;) from a distinct factors of 3(O).
We explain the case when the deformation involves a string of type (3.10), the others
are similar and easier. Consider the deformation of 17 from 0 to % If the module is to

become reducible 11 must reach a v so that there is a string of the form (3.12) satisfying
—A-1<-C, A-1<C. (3.13)

This is the condition that the strings are not nested for some value of the parameter.
This implies that A — 1 < C < A + 1 must hold. Thus A = C, and the two strings
correspond to the same size partition or simple factor in 3(O).

In the p-adic case, the irreducibility of (3.9) in the case of strongly nested strings follows
from the results of Kazhdan—Lusztig. In the case of real groups, the same irreducibility

results hold, but are harder to prove. Given Y, consider the root system
A, :={acA:(x,a)cZ}. (3.14)

Let G, be the connected split real group whose dual root system is Ax-

The Kazhdan—Lusztig—Vogan conjectures for non-integral infinitesimal character relate
statements about the character theory of admissible (g., K)-modules of G with infinites-
imal character x to similar statements for characters of admissible modules for G, but
at integral infinitesimal character, for which the Kazhdan-Lusztig—Vogan conjectures for
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regular integral infinitesimal character can be used. This is beyond the scope of this
paper (or my competence) so I refer to [1, Chapters 16 and 17] for an explanation.

In short, x determines an irreducible spherical representation L(x), and a spherical
Lg, (x). To prove the irreducibility results we need, we will prove them for Lg, (x), where
we may assume that the infinitesimal character is integral. Since G, is not simple, it is
sufficient to prove the needed irreducibility result for each simple factor. This root system
is a product of classical systems as follows.

Definition 3.7. For each 0 < 7 < % let A, be the set of coordinates of x congruent to
7 modulo Z.

Each A, contributes to Ax as follows.

G of type B: every 0 < 7 < % contributes a type A of size equal to the number of

coordinates in A,. Every 7 = 0, % contributes a type C of rank equal to the number
of coordinates in A.

G of type C: every 0 < 7 < % contributes a type A as for type B. Every 7 = 0
contributes a type B, while 7 = 4 contributes type D.

G of type D: every 0 < 7 < % contributes a type A. Every 7 = 0,% contributes a

2
type D.

The irreducibility results for Ins, (x:) needed to carry out the proof are contained in
the following proposition.

Proposition 3.8. Let
xi=(.;=3@—-D+vi....,5(a -1 +w; ...

be given in terms of strings, and let m = gl(ay) X -+ x gl(ax) be the corresponding
Levi component. Assume that x is integral (i.e. (x, &) € Z). In addition assume that the
coordinates of x are

e in 7, in type B,
e in % + Z for type D.

If the strings are strongly nested, then

Ini(x) = Ind§ [Las (x))-

The proof of the proposition will be given in § 10.

Remark. For the v; attached to factors of type D in 3(0), it is important in the argument
that we do not deform to (0). The next example illustrates why.
Assume O = (2,2,2,2) C sp(4). The parameters of the form 2/ + v are

(f%+ul,%+1/1;*%+1/2,%+1/2)a (3.15)
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and, because parameters are up to W-conjugacy, we may restrict attention to the region
0 < 11 < vy. In this case 3(O) = so(4), and the unitarity region is 0 < vy + vy < 1.
Furthermore, mpc = gl(2) x gl(2), but mky, = wpc only if 0 < v1. When vy = 0,
iy, = sp(2) x gl(2), the nilpotent orbit is rewritten (2,2;(2,2)), and $ho = (1, 3). For

272
vy = 0, the induced representations
Sp(4
e (Xo) = Tnd$20) 1 o [Lo(3, ) ® Li(=4 + 2, § + 1)) (3.16)
are induced irreducible in the range 0 < v5 < 1. For 0 < v the representation
Indgh ML= +m+t 3 +m+ (-5 - —t, 5 — v — 1)) (3.17)

is induced irreducible for 0 <t < % — 1.

The main point of the example is that Indé‘i(é)) [L(—% +t,4 4+ 1)] is reducible at t = 0.
So we cannot conclude that L() is unitary for a (vq,v9) with 0 < v4 from the unitarity
of L(x) for a parameter with 1 = 0. Instead we conclude that the representation is
unitary in the region 0 < +v; + v5 < 1 because it is a deformation of the irreducible
module for 11 = v which is unitarily induced irreducible from a Stein complementary

series on GL(4).

4. Relevant K-types

In this section we define a special set of K-types (occurring in the spherical principal
series) which we call relevant. Their first important property is that the intertwining oper-
ators used to compute the hermitian form are particularly simple. This is the property
of petite. A more general notion was introduced and studied independently by Oda [27].
In the notation of §5 these operators only depend on the W-structure of VX5, In §4
we determine these Weyl group representations for the relevant K-types. In §6 we carry
out the intertwining operator calculations in terms of the Weyl group representations.
These calculations are used to obtain necessary conditions for unitarity in § 7. But in §§9
and 10 they also prove to be crucial for determining unitarity and irreducibility of certain
modules needed to complete the determination of the unitary dual.

4.1. In the real case we will call a K-type (u, V) quasi-spherical if it occurs in the
spherical principal series. In §4, we will use the notation M = K N B. By Frobenius
reciprocity (u, V) is quasi-spherical if and only if VEMB £ 0. Because the Weyl group
W (G, A) may be realized as Ni (A)/Zk (A), this Weyl group acts naturally on this space.

The representations of W(A,_1) = S, are parametrized by partitions (a) :=
(a1,...,ax), a; < a;+1, of n, and we write o((a)) for the corresponding representa-

tion. The representations of W(B,,) & W(C,,) are parametrized as in [24] by pairs of
partitions, and we write as

a((al,...,ar)7(b1,...,bs)), a; < Qi1 bj <bj+17 Zal—l—Zb]:n (41)

Precisely the representation parametrized by (4.1) is as follows. Let &k = > a;, | =
> b;. Recall that W = S, x Z5. Let x be the character of Z5 which is trivial on the
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first k Zos, sign on the last [. Its centralizer in S, is S x S;. Let o((a)) and o((b))
be the representations of Sy, S; corresponding to the partitions (a) and (b). Then let
o((a), (b), x) be the unique representation of (S x S;) x Z& which is a multiple of x
when restricted to Z%, and o(a) ® o(b) when restricted to Sy x S;. The representation
in (4.1) is

o((a), (b)) = Ind[g, s, uzg [o(a, b, X)]- (4.2)

If (a) # (b), the representations o((a), (b)) and o((b), (a)) restrict to the same irreducible
representation of W(D,,), which we denote again by the same symbol. When a = b, the
restriction is a sum of two inequivalent representations which we denote o((a), (a))1,11. Let
Wiayp := Say X -+ x Sq, and Wigy 11 := Sa, X --- X S, be the Weyl groups correspond-
ing to the Levi components considered in Remark 2.8 (2) in §2.7. Then o((a), (a)); is
characterized by the fact that its restriction to W, 1 contains the trivial representation.
Similarly o((a), (a))1 is the one that contains the trivial representation of W) 1.

4.2. Symplectic groups
The group is Sp(n) and the maximal compact subgroup is U(n). The highest weight

of a K-type will be written as u(aq,...,a,) with a; > a;4+; and a; € Z, or
plal, ... af) == (a1,...,a1,...,0k,...,ax) (4.3)
—_——— ———
™1 Tk

when we want to emphasize the repetitions. We will repeatedly use the following restric-
tion formula.

Lemma 4.1. The restriction of p(as,...,a,) to Un —1) x U(1) is

Z,u(bl, ceey bnfl) & M(bn)y

where the sum ranges over all possible a1 > b1 > as > -+ 2 b1 > a,, and

bn= > ai— Y b

1<i<n 1<j<n—1

Definition 4.2. The representations pe(n — r,7) := wu(2",0" ") and po(k,n — k) :=
(1%, 0n=2k —1F) are called relevant.

Proposition 4.3. The relevant K-types are quasi-spherical. The representation of
W(C,) on VM is

pre(n —r,r) <= ol(n =), (r)],
to(k,n — k) +— o[(k,n — k), (0)].

The K-types u(0"",(—=2)"), dual to pe(n — r,7), are also quasi-spherical, and could
be used in the same way as pe(n —r,7).

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 291

Proof. We do an induction on n. When n = 1, the only relevant representations of
U(1) are pe(1,0) = p(0) and ue(0,1) = (2), which correspond to the trivial and the
sign representations of W(C1) = Z/2Z, respectively. Consider the case n = 2. There
are four relevant representations of U(2) with highest weights (2,0), (1,—1), (2,2) and
(0,0). The first representation is the symmetric square of the standard representation, the
second one is the adjoint representation and the fourth one is the trivial representation.
The normalizer of A in K can be identified with the diagonal subgroup (£1,+1) inside
U(1) x U(1) € U(2). The Weyl group is generated by the elements

i 0 10 0 1
S B T oy

The restriction to U(1) x U(1) of the four representations of U(2) is

(2,0) = (2) @ (0) + (1) @ (1) + (0) @ (2),
(L-1) = M=)+ 0)e(0)+(=1)a (1),
(2,2) = (2) @ (2),

(0,0) = (0) ©(0).

The space VM is the sum of all the weight spaces (p) ®(¢) with both p and ¢ even. For the
last one, the representation of W on VM is ¢[(2), (0)]. The third one is one dimensional
so VM is one dimensional; the Weyl group representation is o((0), (2)). The second one
has VM one dimensional and the Weyl group representation is o((11), (0)). For the first
one, VM is two dimensional and the Weyl group representation is o((1), (1)). These facts
can be read off from explicit realizations of the representations.

Assume that the claim is proved for n — 1. Choose a parabolic subgroup so that its Levi
component is M’ = Sp(n—1) x GL(1) and M is contained in it. Let H = U(n—1) x U(1)
be such that M ¢ M'NK C H.

Suppose that p is relevant. The cases when k = 0 or r = 0 are one dimensional and
are straightforward. So we only consider k,r > 0. The K-type u(2",0""") restricts to

(4.5)

the sum of
p(27,0" 1) @ p(0), (4.6)
W0 @ (1), (47)
P20 @ p(2). (4.8)
Of the representations appearing, only 1(2",0" "~ 1) ®u(0) and (271, 1,0" "~ H @ u(2)

are quasi-spherical. So the restriction of VM to W(C,,_1) x W(C}) is the sum of

ol(n —r—1),(r)] @ o(1), (0)], (4.9)

ol(n—r),(r—1)]®a[(0),(1)]. (4.10)

The only irreducible representations of W(C,,) containing (4.9) in their restrictions to
W(Cp—_1) are

o[(1,n —r—1),(r)], (4.11)

ol(n—r),(r)]. (4.12)
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But the restriction of o[(1,n —r — 1), (r)] to W(C\,—1) x W(C}) contains o[(1,n —r —
1), (r—1)]®a[(0), (1)], and this does not appear in (4.9), (4.10). Thus the representation
of W(C,,) on VM for (4.11) must be (4.7), and the claim is proved in this case.

Consider the case u(1%,0!, —1%) for k > 0, 2k + | = n. The restriction of this K-type
to U(n — 1) x U(1) is the sum of

p(1%,08 =171 @ p(-1), (4.13)
(1P 0 —1F) @ p(1), (4.14)
p(1F1 05, 1571 @ p(0), (4.15)
p(1* 071 —1%) @ 1(0). (4.16)

Of the representations appearing, only (4.15) and (4.16) are quasi-spherical. So the
restriction of VM to W(C,,_1) x W(C}) is the sum of

ol(k =1,k +1),(0)] @ a[(1), (0)], (4.17)

ol(k, k+1-1),(0)] @a[(1),(0)]. (4.18)
The representation (4.18) can only occur in the restriction to W(Cy,—1) x W(C4) of
o[(1,k,k+1—1),(0)] or o[(k,k+1),(0)]. If k£ > 1, the first one contains o[(1,k — 1,k +
I —1),(0)] in its restriction, which is not in the sum of (4.17) and (4.18). If £k = 1 then
(4.17) can only occur in the restriction of o[(0,1 + 2), (0)], or o[(1,1 + 1), (0)]. But VM
cannot consist of o[(0,1 + 2), (0)] alone, because (4.17) does not occur in its restriction.

If it consists of both ¢[(0,! + 2), (0)] and o[(1,1), (0)], then the restriction is too large.
The claim is proved in this case. [

4.3. Orthogonal groups

Because we are dealing with the spherical case, we can use the groups O(a,b),
SO(a, b), or the connected component of the identity, SO¢(a,b). The corresponding Ks
are O(a) x O(b), S(O(a) x O(b)), and SO(a) x SO(b), respectively. We will use O(a,b)
for the calculation of relevant K-types. For SO(a), an irreducible representation will be
identified by its highest weight in coordinates, u(x1, ..., %[, 2)), or if there are repetitions,
p(ztt, ..., 2 "). For O(a) we use the parametrization of Weyl [36] Embed O(a) C U(a)
in the standard way. Then we denote by ju(x1, ...,z 01%/27F; ¢) the irreducible O(a)-

component generated by the highest weight of the representatlon
H(l’l, sy Ty 1(176)(a/27k)’ 00’7167(176)(“/27’6))

of U(a). In these formulae, € = =+, is often written as plus for 1, and minus for —1.

4.4. We describe the relevant K-types for the orthogonal groups O(a,a).

Definition 4.4 (even orthogonal groups). The relevant K-types for O(a,a)
pe([a/2) = r,7) = p(01*/?; ) @ (27, 0% +), (4.19)
po(rs[a/2] —r) = p(1",0% +) © p(1", 0% +), (4.20)

where r + 1 = [a/2].
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Proposition 4.5. The relevant K-types are quasi-spherical. The representation of
W(D,) of O(a,a) on VM is

ol(r,a = 1), (0)] = (0% +) @ p(2", 0% +), (4.21)
ol(a— k), (k)] ¢ u(1*, 05 +) @ p(1*,0% +). (4.22)

When | = 0, and a is even,

a(a/2,a/2),(0)] +— p(0/%) @ p(2°/*7*, £+2), (4.23)
ol(a/2), (a/2)]im +— p(1%271 £1) @ p(19/271 41). (4.24)

We will prove this together with the corresponding proposition for O(a+1,a) in §4.6.

4.5. We describe the relevant K-types for O(a + 1, a).

Definition 4.6 (odd orthogonal groups). The relevant K-types for O(a + 1,a) are

pe(a —r,r) = p(0l T2 4y @ p(27, 0% +), (4.25)
po(a —k, k) = p(1%, 0% 4) @ p(1%,0% 4), (4.26)
po(k,a — k) == (171,05 +) @ p(1%, 0% +), (4.27)

where r +1 =[a/2] in (4.25), k+1=[(a+1)/2], k+s=[a/2] in (4.26), and k+ 1+ =
[(a+1)/2], k+s = [a/2] in (4.27).

Proposition 4.7. The representations of W(B,) on VM for the relevant K-types are

o[(r,a —r),(0)] +— p(O@+D/2 1) @ u2m, 0% +), (4.28)
ol(a — k), (k)] «— p(1F,0let/2=k 1y @ (1% ole/21=0 4y (4.29)
o[(k), (a— k)] +— p(1FH 01t D2IZR=1 ) @ gy (17, 010/217F, 1), (4.30)

When a is even,
ol(a/2), (a/2)] ¢ p(1°) ® p(1%/>71, £1). (4.31)

When a is odd,
ol((a—1)/2). (a — 1)/2)] +— p(1@I2, £1) @ p(1D/2), (4.32)

The proof will be in §4.6.

4.6. Proof of Propositions 4.5 and 4.7
We use the standard realization of the orthogonal groups O(a + 1,a) and O(a,a). Let

M = {(770,771,...,na,El,...,Ea) Ny €5 = :|:17 H’Ol = HEj = 1}7 (433)
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viewed as the subgroup of O(a + 1) x O(a) with the 7;, €; on the diagonal. With the
appropriate choice of a 2 R*, M C Nk(a), and the action is

(77i7€j) : (...,$k7...) = (...,nkekxk,...). (434)

Then M := K NB is the subgroup of M determined by the relations nj=¢€,j=1,...,a.
Similarly for O(a) x O(a) but there is no 7.

We do the case O(a + 1,a); O(a,a) is similar. The representations p,(a — k, k) and
to(k,a — k) can be realized as

k k k+1 k
/\(Cale ® /\(Ca, respectively /\ Cc*l e /\((Ca).

Let e; be a basis of C*™! and f; a basis of C®. The space VM is the span of the vectors
e, N Nejy, @ fi, No- AN fi,, and eg Aey, Ao Aei, @ fiy Ao+ A fi,,. The elements of
W corresponding to short root reflections all have representatives of the form ny = —1,
n; = —1, the rest zero. The action of S, C W on the space VM is by permuting the e;, f;
diagonally. Claims (4.22), (4.23) and (4.29), (4.30) follow from these considerations, we
omit further details.

For cases (4.21) and (4.28) we do an induction on r. We do the case O(a, a) only. The
claim is clear for r = 0. Since the first factor of u.([a/2]—r,r) is the trivial representation,
we only concern ourselves with the second factor. Consider A" C* ® A" C®. The space of

M-fixed vectors has dimension (ff), and a basis is

iy N--Nep, Qe N Nej . (4.35)
As a module of S,, this is

Indg, g [rivetriv= > (j,a—j). (4.36)

1<gsr

On the other hand, the tensor product A" C" ® A" C® consists of representations with
highest weight 1£(2%,17,07). From the explicit description of /\k C*, and the action of
M, we can infer that VM for 3 # 0 is (0). This is because the representation occurs
in \“™C* @ A®C®, which has no M-fixed vectors. But x(27,0') for j < r occurs (for
example by the P-R-V (Parthasarathy—Ranga Rao—Varadarajan) conjecture). By the
induction hypothesis, (j,a — j) occurs in u(27,0), for j < r, and so only (r,a —r) is
unaccounted for. Thus VM for i.([a/2] —r,7) be (r,a — 7). The claim now follows from
the fact that the action of the short root reflections is trivial, and the description of the
irreducible representations of W (B,,).

4.7. General linear groups

The maximal compact subgroup of GL(a,R) is O(a), the Weyl group is W(A,-1) = S,
and
M =0(1) x---xO(1).

a
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We list the case of the connected component GL(a,R)" (matrices with positive deter-
minant) instead, because its maximal compact group is K = SO(a) which is connected,
and irreducible representations are parametrized by their highest weights.

Definition 4.8. The relevant K-types are the ones with highest weights
p(2*,00).
The corresponding Weyl group representations on VM are o[(k,a — k)].
We omit the details, the proof is essentially the discussion about the representation of
S, on A C*® A C® for the orthogonal groups.

4.8. Relevant W-types

Definition 4.9. Let W be the Weyl group of types B, C and D. The following W-types
will be called relevant:

oo(n—r,r):=c[(n—r),(r), oo(k,n— k) :=o[(k,n — k), (0)]. (4.37)

In type D for n even, and r = %n, there are two W-types, ac[(%n),(%n)h’n =
1

o[(3n), (3n)]1u. If the root system is not simple, the relevant W-types are tensor prod-
ucts of relevant W-types on each factor.

5. Intertwining operators

5.1. The notation from §4 is in effect. Recall that X (v) denotes the spherical principal
series. Let w € W. Then there is an intertwining operator

IHw,v): X(v) = X (wv). (5.1)

Let w be a representative of w. If f € X (v), then
Iw)f(9)= [ (g n) dn.
N/NNwNw—1!

These intertwining operators make sense in both the real and p-adic case. They have
the properties that the integral converges for Re(v, a) > 0, and I(w, v) has an analytic
continuation for (Rev,a) > 0.

If (u, V) is a K-type (K the maximal compact subgroup in the real case, G(R) in the
p-adic case), then I(w,v) induces a map

Iv(w,v) : Homg [V, X (v)] = Homg [V, X (wv)]. (5.2)
By Frobenius reciprocity, we get a map
Ry (w,v) : (V)EOB — (v*)KNB, (5.3)

In case (p, V) is trivial the spaces are one dimensional and Ry (w,v) is a scalar. We
normalize I(w, ) so that this scalar is 1. The Ry (w, ) are meromorphic functions in v,
and the I(w, v) have the following additional properties.
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(1) If w = Sq, - Sa, is a reduced decomposition («; simple roots and s, the corre-
sponding root reflections) let £(w) := k. If w = wq - we with f(w) = €(w1) + £(w2),
then I'(w,v) = I(wy,wev) o I(we,v). In particular, I(w,v) factors into a product
of intertwining operators I;, one for each s,,. These operators are

I X(5a,,, Say - V) = X(Sa; " " Say " V)- (5.4)

(2) Let P = MN be a standard parabolic subgroup (so A C M) and w € W (M, A).
Because X (v) = Ind%[X ()], we can induce the intertwining operator Ip;(w,v) :
Xu(v) = Xay(wv) to form the induced intertwining operator Ind$;[In(w,v)] :
X(v) = X(wv),

Ind$, [In (w, v)] : ndS[Xas (v)] — Ind&[Xps (wr)].
Then I(w,v) = Ind$§; [I (w,v)].

(3) If Re(v, ) > 0 for all positive roots «, then Ry (wp, ) has no poles, and the image
of I(wg,v) (wo € W is the long element) is L(v).

(4) If —v is in the same Weyl group orbit as v, let w be the shortest element so that
wv = —. Then the hermitian dual of X (v) is X (v)" = X (wv). Let (-,-);, be the
hermitian pairing between X (v) and X (wv). It follows that L(v) is hermitian with
inner product

(v1,v9) := (v1, I(w, v)va)y.

For the remainder of the section we consider the real case only.

Let « be a simple root and P, = M,N be the standard parabolic subgroup so that
the derived part of the Lie algebra M, is isomorphic to the sl(2,R) generated by the
root vectors Fi,. We assume that 0E, = —FE_,, where 0 is the Cartan involution
corresponding to K. Let D, = /—1(E, — E_,) and s, = eV=1mDa/2 Here by s,, we
actually mean the representative in Nx (A) of the Weyl group reflection. Then s2 = m,,
is in K N BN M,. Since the square of any element in K N B is in the centre, and K N B
normalizes the the root vectors, Adm(D,) = £D,. Grade V* = @V;* according to the
absolute values of the eigenvalues of D, (which are integers). Then K N B preserves this

grading and
(V*)KOB — @ (Vi*)KﬁB.

The map 9, : sl(2, R) — g determined by

0 1 0 0
wa |f) 0 :Eou woz [1 0 =F .
determines a map
v, :SL(2,R) = G (5.5)

with image G, a connected group with Lie algebra isomorphic to sl(2, R).
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Proposition 5.1. On (Vs )X"B,

Id ifm =0,
Ry (8a,v) = H 2j+1—(v,&) 1 ifm 40
0o<i<m 2'] +1+ <V’ Ol>

In particular, I(w,v) is an isomorphism unless (v, &) € 27 + 1.

Proof. The formula is well known for SL(2,R). The second assertion follows from this
and the listed properties of intertwining operators. O

Corollary 5.2. For relevant K-types the formula is

Id on the +1 eigenspace of sq,
Ry (8a,v) =11 _ <
<V’?é Id on the —1 eigenspace of s.
1+ (v,a)

When restricted to (V*)K0B_ the long intertwining operator is the product of the
Ry (sq,*) corresponding to the reduced decomposition of wy and depends only on the
Weyl group structure of (V*)KN5,

Proof. Relevant K-types have the property that the even eigenvalues of D, are 0,+2
only. The element s, acts by 1 on the zero eigenspace of D, and by —1 on the +2
eigenspace. The claim follows from this. O

5.2. We now show that the formulae in the previous section coincide with corresponding
ones in the p-adic case. In the split p-adic case, spherical representations are a subset
of representations with Z-fixed vectors, where Z is an Iwahori subgroup. As explained
n [18], the category of representations with Z fixed vectors is equivalent to the category
of finite-dimensional representations of the Iwahori-Hecke algebra H := H(Z\G/Z). The
equivalence is

Y — Vi (5.6)

The papers [10] and [11] show that the problem of the determination of the unitary dual
of representations with Z fixed vectors, is equivalent to the problem of the determination
of the unitary irreducible representations of H with real infinitesimal character. In fact
it is the affine graded Hecke algebras we will need to consider, and they are as follows.

Let A := S(a), and define the affine graded Hecke algebra to be H := C[IW] ® A as a
vector space, and usual algebra structure for C[W] and A.

The generators of C[W] are denoted by t, corresponding to the simple reflections s,,
while the generators of A are w € a. Impose the additional relation

Wty = o (W)ta + (w,d), w € a, (5.7)
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where t, is the element in C[W] corresponding to the simple root a. If X(x) is the
standard (principal series) module determined by y, then

X(x)t =H®, C,. (5.8)
The intertwining operator I(w,y) is a product of operators I,, according to a reduced
decomposition of w = 54, - - - Sq,. If @ is a simple root,
. 1
To = (ta 71)0{—1’ I 2 @1, —ar, @1, . (5.9)

The I(w, x) have the same properties as in the real case. The r, are multiplied on the
right, so we can replace & with —(v, &) in the formulae. Furthermore,

CWl= > V.oV

Since r, acts as multiplication on the right, it gives rise to an operator
ro(Sa,v) : Vi — VI

Theorem 5.3. The Ry (sq,V) for the real case on relevant K-types coincide with the
75 (8a,v) on the V} = (V*)ENB,

Proof. These operators act the same way:

Id on the +1 eigenspace of s,
To(SasV) =9 1 (1. & (5.10)
M Id on the —1 eigenspace of s,.
1+ (v, )
The assertion is now clear from Corollary 5.2 and formula (5.7). g

Remark 5.4. (1) The Hecke algebra for a p-adic group G is typically defined using
the dual root system of the complex group G. For example the formulae for r, in the
literature, e.g. [10-12], have roots instead of coroots.

(2) The intertwining operator I, is the standard formula for SL(2) applied to Z-fixed
vectors. For more details the reader may consult [12] and [19].

5.3. The main point of §5.2 is that for the real case, and a relevant K-type (V, u), the
intertwining operator calculations coincide with the intertwining operator calculations
for the affine graded Hecke algebra on the space VE™B, Thus we will deal with the
Hecke algebra calculations exclusively, but the conclusions hold for both the real and
p-adic case. Recall from §2.3 that to each y we have associated a nilpotent orbit O, and
Levi components mpc and mgy,. These are special instances of the following situation.
Assume that O is written as in (2.12). Explicitly, ((a1,a1), ..., (ax,ax); (d;)) satisfy the
following.
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g of type B: (d;) all odd; they are relabelled (2z¢ 4+ 1,..., 229, + 1);

g of type C: (d;) all even; they are relabelled (2zg, ..., 2zaoy,);

g of type D: (d;) all odd; they are relabelled (229 + 1,...,2z9,,-1 + 1).
Similar to (2.13), let

o= gl(a) x -+ x gllax) X §(no),  no=n-—>» a. (5.11)

We consider parameters of the form y = %h +v.
Write xq for the parameter %h, and y; := (f%(ai -1 +wv,..., %(ai —1)+v;). We

focus on x¢ as a parameter on g(ng). We attach two Levi components

Fe:

B gl(wam—1 +22m—2+1) x - xgl(z1 + 20 + 1) X §(z2m),

C gl(:ligm_l + .Z’Qm_g) X oo X g1($1 +LEO) X g(dfgm),

D gl(xom—1+ Tam—2 +1) X --- x gl(x1 + x0 + 1),

(5.12)

Jo:

B glzom + xom—1+1) x -+ x glxe + 1 + 1) x §(x0),

C g1($2m+l’2m_1) Xoeee Xgl(d?2+l‘1> Xg(xo),

D gl(xgm_g + Tom—4 =+ 1) X e X gl(xgm_g) X g(l‘gm_l —+ 1)

There are one-dimensional representations L(x.) and L(x,) such that the spherical irre-
ducible representation L(xo) = X(xo) with infinitesimal character yq is the spherical
irreducible subquotient of X, := Indge(L(xe)) and X, := Indg0 (L(xo)) respectively.

The parameters y. and x, are written in terms of strings as follows:

Xe:

B: o (—xoi—1, ..y T2i—2)  (—Zomy oy — 1),

C: oo (—Tom1 4 3, T — 2) (o + 5, 1),

D: (=21, T2i—2) "3

(5.13)

Xo:

B: o (—z9iy .. x9i-1) - (—xoy ..., — 1),

C: oo(—ma+ 3, w1 — L) (—mo+ 4, D),

D: (=294 x2i-1) - (—Tom—2, .-, — 1) (—2om—_1 +1,...,0).

Theorem 5.5. For the Hecke algebra, p-adic groups,

[ol(n =), (r)] : Xe] = [o[(n =), (r)] : L{xo)],
[o[(k,n = k), (0)] : Xo] = [o[(k,n — k), (0)] = L(xo0)]

hold.
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The proof is in §6.9.

For a general parameter y = xo+v, the strings defined in § 2 and the above construction
define parabolic subgroups with Levi components gl(aq) X -+ x gl(ag) X g and gl(a;) x
-+ x gl(a,) X go, and corresponding Le() and L,(x). We denote these induced modules
by X, and X, as well.

Corollary 5.6. The relations

[o[(n =7), ()] : Xe] = [o[(n = 7), (r)] : L0,
[o[(k,n = k), (0)] : Xo] = [o[(k,n = k), (0)] - L(x)]

hold in general. For real groups, in the notation of §§ 4.2—4.4,

[Me(ran - 7“) : Xe] = [Me(rvn - 7“) : L(X)L
[Mo(kvn —k): Xo] = [/io(kVn — k) L(x)]-

Proof. The results in §5.2 show that the intertwining operators on oe(k,n — k) for
the p-adic group equal the intertwining operators for p.(k,n — k) for the real group,
and similarly for o, and po. Thus the multiplicities of the o./0, in L(x) for the p-adic
case equal the multiplicities of the corresponding g/, in L(x) in the real case. We do
the p-adic case first. Recall Theorem 2.9 which states that Ips., (x) = L(x). The Levi
subgroup Mxr, is a product of GL factors, which we will denote M 4, with a factor G(ng).
So for W-type multiplicities we can replace Iz, (x) by Indas, x G (ng) [ triv @ L(xo)]. We
explain the case of 0, = o¢(k,n— k), that of o, being identical. By Frobenius reciprocity,

Homyy [0 : L(x)] = Homwy [0¢ : Tnre,, (X))
= Homyy (ar,)x W (G(no))[0e © triv @ L(xo)]. (5.14)

Using the formulae for restrictions of representations for Weyl groups of classical types,
it follows that

dim Homyy [oe : L(x)] = Zdim Homyy (G(no))loe (K, no — k) : L(x0)]
k/
= Zdlm HomW(G(ng))[O—c(k/anO - k/) : Xe,G(no)]a (515)
k/

where the last step is Theorem 5.3. Since X, = Indf/[AXQ(no)[® L(xi) ® Xe,c(ne)(x0)]s
again by Frobenius reciprocity, one can show that this is also equal to dim Homyy [0 : X].
This proves the claim for the p-adic case.

In the real case the proof is complete once we observe that in all the steps for the p-adic
case, the multiplicity of triv ® pe(k’,ng — k') in the restriction of pe(k,n — k) matches
the multiplicity of triv ® oo(k’,ng — k') in the restriction of o.(k,n — k). Similarly for pu,
and o,. O

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 301

6. Hecke algebra calculations

6.1. The proof of the results in §5.3 is by a computation of intertwining operators
on the relevant K-types. It only depends on the W-type of VEME so we work in the
setting of the Hecke algebra. The fact that we can deal exclusively with W-types, is a
big advantage. In particular we do not have to worry about disconnectedness of Levi
components. We will write GL(k) for the Hecke algebra of type A and G(n) for the
types B, C or D as the case may be. This is so as to emphasize that the results are about
groups, real or p-adic.

The intertwining operators will be decomposed into products of simpler operators
induced from operators coming from maximal Levi subgroups. We introduce these first.

Suppose M is a Levi component of the form

GL(al) X oo X GL(al) X G(TL()> (61)
Let x; be characters for GL(a;). We simplify the notation somewhat by writing
Xi ¢ (i) = (—5(a = 1) + vy 5 = 1) + 1), (6.2)

The parameter is antidominant, and so L(x;) occurs as a submodule of the principal
series X ((v;)). The module is spherical one dimensional, and the action of a is

Xi(w) = (w, (3(ai = 1) +v4,...,—3(a; — 1) + 1)), wEa, (6.3)
while W acts trivially. The trivial representation xo of G(ng) corresponds to the string
(—no +¢€,...,—1 4+ €) where

0 H of type B,
€:= % H of type C, (6.4)
1 H of type D.

We abbreviate this as (). Again L(xo) is the trivial representation, and because xq is
antidominant, it appears as a submodule of the principal series X (xo). We abbreviate

Xpa(o () ) = Indff n o) | @i @ 1] (6.5)

The module X (- -+ (v;) - - - ) is a submodule of the standard module X () with parameter
corresponding to the strings

xi=(..,— 2@ —-D+viy....,2 @ - +vi,...,—no+e....—1+e). (6.6)

In the setting of the Hecke algebra, the induced modules (6.5) is really

Xar(--- () ---) = Heom,, {®Xi®triv]

Let w; ;11 € W be the shortest Weyl group element which interchanges the strings
(v;) and (v;4+1) in v, and fixes all other coordinates. The intertwining operator I,,
X (v) = X (w;,;41v) restricts to an intertwining operator

Ingiipr (- W) Wig1) ) - Xaa (- (Vi) (Vi) -+ ) = Xy o (- (Vi1 (vi) -+ +). (6.7)

RES
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This operator is induced from the same kind for GL(a; + a;11), where
Mi,i—i—l = GL(ai) X GL(CLH_l) C GL(al + ai+1)

is the Levi component of a maximal parabolic subgroup.
Let w; € W be the shortest element which changes (v;) to (—v;), and fixes all other
coordinates. It induces an intertwining operator

D (- (1) (o)) = Xar (-~ (1), (W0)) = Xuaar (- (=11), (W0))- (6.8)

In this case, wyM = M, so we will not always include it in the notation. In type D,
if ng = 0, the last entry of the resulting string might have to stay —%(al - 1)+ y
instead of 1(a; — 1) — 1. This operator is induced from the same kind on G(a; + no)
with M; = GL(a;) x G(no) C G(a; + no) the Levi component of a maximal parabolic
subgroup.

Lemma 6.1. The operators Ip; ;41 and Iy are meromorphic in v; in both the real
and p-adic case.

(1) Ingii+1 has poles only if %(ai -4y — %(ai+1 —1) = vi41 € Z. If so, a pole only
occurs if

7%( 1)+V2 < 7%(&2'4_171)71/1'4_1, %( 1)+V1< %(ai+1*1)+l/i+1~

(2) Iny has a pole only if 4(a; — 1) + v, = € (mod Z). In that case, a pole only occurs
if
—%(al -1 +y <o

Proof. We prove the assertion for Iy ;+1, the other one is similar. The fact that the
integrality condition is necessary is clear. For the second condition, it is sufficient to
consider the case M = GL(a1) x GL(a2) C GL(a1 + ag). If the strings are strongly
nested, then the operator cannot have any pole because X, is irreducible. It remains
to show there is no pole in the case when —%(ag - 1)+ < —%(al —1) + vq, and
%(al — 1) +uv > %(ag — 1) + vy, Let

M’ :=GL(3(a1 + a2) + v2 + 1) x GL(5 (a1 — a2) + v1 — v2) x GL(a2),
V) =(—2(ar =) +v1,...,4(a2 = 1) + 1), (6.9)
() = (3(as — 1)+ 1+ws,...,5(a1 — 1) + 1),
(v5) = (1) = (— %(ag71)“1’1/2,...7%(04271)4*1/2).

Then Xpr((v1)(v2)) C X ((v1)(W5)(¥4)), and Ipgq 2 is the restriction of

Tus sar2.2((V1) (V) (1)) © Tarr 2,3((V1) (v2) (v3))

to Xjs. Because the strings (v7)(v5) are strongly nested, I, ,a,1,2 has no pole, and
In 2,3 has no pole because it is a restriction of operators coming from SL(2)s which do
not have poles. The claim follows. O

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 303

Let o be a W-type. We are interested in computing r, (w, ... (v;) ... ), where w changes
all the v; for 1 < ¢ to —v;. The operator can be factored into a product of 7, (w; ;41, *) of
the type (6.7) and r,(wy, *) of the type (6.8). These operators are more tractable. Here
is a more precise explanation. Let M be the Levi component

GL(a1) X -+ x GL(a; + a;41) X --+ in case (6.7), (6.10)
GL(a1) X -+ x G(a; + no) in case (6.8). (6.11)

Since X is induced from the trivial W (M) module,

Homwy [0, X ((v4))] = Homyy (ary[olw ary = triv @ X, ., (1), (Vig1)) @ triv]
in case (6.7),
12)

(6.
Homy [0, X ((v3))] = Homy (an) [o|w(ar) @ triv @ X, (1), (vo))]  in case (6.8()7 |
13

where M; ;11 = GL(a;) x GL(a;41) is a maximal Levi component of GL(a; + a;11) and
M; = GL(a;) x G(ng) is a maximal Levi component of G(a; + ng). To compute the
To(wiir1,%) and rq(wy, *), it is enough to compute the corresponding r,, for the o;
occurring in the restriction oy (as) in the cases GL(a;) x GL(a;41) C GL(a; 4+ a;41) and
GL(a;) X G(ng) C G(a; + ng). The restrictions of relevant W-types to Levi components
consist of relevant W-types of the same kind, i.e. o[(n — r), ()] restricts to a sum of
representations of the kind o, and o[(k,n — k), (0)] restricts to a sum of o,. Typically
the multiplicities of the factors are 1.
We also note that

Xulw = Ve (V)W (6.14)
cEW

So the 74 (w, *) map (V)W M) to (V)W (wM),

6.2. Maximal Levi components, summary of results

In the next sections we will compute the cases of Levi components of maximal parabolic
subgroups. We summarize the results. A typical Levi component will be denoted GL(k) x
G(n) C G(k 4 n). The type refers to the type of G(n).

Theorem 6.2.

Type A. The interwtining operator In12((v1)(v2)) restricted to o(m,k +n —m) is
multiplication by the scalar

I (i—3(k=1)—Gn—1)+va+1)+j
Lt sk =)= (3 =1+ —1) =
(6.15)

To(m,k+n—m) (ka n,v, VZ) =
0jsm
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Type B. For o = go(m,k +n—m),

n+3—(—3k-1+v)—j

Tou(mktn—m)((V)) = = (6.16)
e ogjg@q nt g+ (zk—1)+v)—j
Type C. For o = ge(m,k +n—m),
n o (L= Dtv) -
Too(mk+n—m) (V) = 2 = (6.17)
(mttn=m) Ogjgln+;+(;(k—1)+y)—]
Type D. For 0 = go(m, k+n —m),
n—(—3k-1)+v)—j
rae(m,k—i-n—nb)((’/)) = H ; (618)

ocjsmoy M GE=D+v) =5

For types B and C the formulae hold for n = 0 as well. In type D when n = 0, there are
two cases GL(k) C G(k) and GL(k)" C G(n). The formula is the same for 74 (n—m,m)((V))

and Toe(n—m,m) ((V)/):

(6.19)

0o<i<m
For 2m = n there are two representations with subscript 1 and II; the formula above is

the same.

For 0 = 0,(m,k +n —m) and types B, C and D, the scalar o (m, k+n—m)((V)(%0))
equals

(6.20)

In this case n > 0 for o, to occur in the induced module.

6.3. GL(k) x GL(n) C GL(k + n)

This is the case of I; ;41 with ¢ < I. The module X/((v1), (v2)) induced from the
characters corresponding to

(—2k—D+vi,..., 3(k=1)+w1),(=3(n—1)+va,...,5(n— 1) + o) (6.21)

has the following Sj4, structure. Let s := min(k,n) and write o(m, k + n — m) for the
module corresponding to the partition (m,k +n —m), 0 < m < s. Then

Xu((n), 2)lw = @ o(mk+n—m). (6.22)

o<m<s
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Lemma 6.3. For 1 < m < s, the intertwining operator In; 1 2((v1)(v2)) restricted to o
gives

(1= 30 =1) = Gl — 1)+t 1)+
itk =-1) = (=3 - +r-1)—j

To(m,k+n—m) (1/1,1/2) = H

0<j<m—1

Proof. The proof is an induction on k, n and m. We omit most details but give the

general idea. Assume 0 < m < s, the case m = s is simpler. Embed X/ ((v1), (12)) into
Xa (W), (V"), (12)), where M’ = GL(k — 1) x GL(1) x GL(n), corresponding to the
strings

(=2 (k—D)4v1,..., 3(k=3)+11), A (k—1)+11), (=3 (n—1)+va,..., 3 (n—1)+1s). (6.23)
The intertwining operator Ips 1.2(v1,v2) is the restriction of
IIVI/,1,2(V/7 Vo, V”) (e} IM/’273(V/; l///, VQ) (624)

to Xar((v1), (12)) € X ((v)), (v'"), (v2)). By an induction on k + n we can assume that
these operators are known. The W-type o(m, k + n — m) occurs with multiplicity 1 in
X ((11), (v2)) and with multiplicity 2 in Xz ((v), (¢"), (12)). The restrictions are

a(m,k+n—m)lwary) =triveo(m —1,n+1—-m) +trive o(m,n —m) for Iny 2,
(6.25)
U(m,k+n—m)|W(M/) :U(l,n)+a(0,n+1) for IMI)2,3. (626)

The representation o(m, k + n — m) has a realization as harmonic polynomials in S(a)
spanned by

H (eiz - eje)’ (6'27)

1<e<m

where (i1, 71), ..., (ik, jx) are m pairs of integers satisfying 1 < i, jy < k+n, and iy # jo.
We apply the intertwining operator to the Sy x S,,-fixed vector

e:= Z x-[(e1 — €kq1) X oo+ X (€m — €ktm)]- (6.28)
zE€SK XSy

The intertwining operator I 2 3, has a simple form on the vectors
eri= > x[(er—erpr) X X (€m — €hym)] 0 0(0,n+ 1), (6.29)
TESK_1XSnt1

ey 1= Z x-[(e1 — €xq1) X - X (€m—1 — €ktm—1)(€k — €krm)] in o(1,n),
TESKL_1XS1XSn
(6.30)

which appear in (6.26). They are mapped into scalar multiples (given by the lemma) of
the vectors e}, e which are invariant under Si_; x S, x S1, and transform according to
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triv @ o(0,n + 1) and triv® o(1,n). We choose

/
€1 =€,

€2 1= Z z-[(e1 =€) X oo X (€m—1 = €kym—2)(€ktn — €ktm—1)]- (6.31)

TESK_1 XSy XS1

The intertwining operator Iy 1.2 has a simple form on the vectors invariant under S_q x
Sy X 81 transforming according to o(m,k+n—m—1) and o(m — 1,k +n —m). We can
choose multiples of

f1:= Z x-[(er —€x) X - X (€m—1 — €kpm—2)(€m — €kym—1)],
TESk—1XSn X S1
ino(m—1,k+n—m),
(6.32)
foi= Z x-[(e1 —€x) X -+ X (€m—1 — €xtm—2)
2E€SK—1XSnXS1
(em+ a1t en T eppm t o F eppn1 — (K +n—2m+ 1)e,)],
ino(m,k+n—m—1).
(6.33)

The fact that f; transforms according to o(m,k + n — 1) follows from (6.27). The fact
that fo transforms according to o(m — 1,k 4+ n) is slightly more complicated. The prod-
uct [J(e1 — €x) X+ X (€m—1 — €g4m—2) transforms according to o(m — 1, m — 1) under
Som—a. The vector

[em + -+ €1+ €+ €hrm+ -+ €hrn_1 — (k+1n—2m+ 1)egan]

is invariant under the Sk, 2,1 acting on the coordinates €,,, ..., €, €ktmy - -+ s Ektn—1-
Since o(m,k +n —m — 1) does not have such invariant vectors, the product inside the
sum in (6.33) must transform according to o(m — 1,k + n — m). The average under
z in (6.33) is non-zero. The operator Ip; 23 maps fi and fo into multiples (using the
induction hypothesis) of the vectors f], f4 which are the S, x Sk_1 X S7 invariant vectors
transforming according to o(m,k +n — 1) and o(m — 1,k + n — m). The composition
Ini1,2 0 Ingr 2,3 maps e into a multiple of

el = Z - [(61 _ 6n+1) X oo X (em — €n+m)]~ (634)
(TGSTLXS)C

The multiple is computable by using the induction hypothesis and the expression of
e ¢ in terms of ey, eo,
e ¢}, e} in terms of fi, f2, and

e ¢’ in terms of fi, f5.
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For example for the case k = 1, we get the following formulae:

e=mn(e1+ - +ex) = k(eg+1 + -+ €hpn),
er=(n+1)(e1+- +ee1) = (k= 1(ex + -+ exqn),

ey = nep — (€xgp1 + -+ €xpgn),

fi=nler+ - +er1) — (k—1)(ex + -+ hin1),
fo=(ea+-+ea 1)+ (et +erin1)— (E+n—1epin,

/ (6.35)
¢ =—k(er + - +€) = nl€nt1+ -+ €hin),
6/1 :(n+1)(€1+...+ek_l)—(k71)(€k+"'+€k+n)a
6/2 = —(Ek. —+ 4 €k+n—1) + n(ek-'rn)v
fi==(k+D(er+ - +en) +nlents + -+ €rpnt),
fo=(a+ - +e) t(enpr+ o+ ehpn1) = (k+n—1)epqn.
Then
e_k—le _k—|—ne
_n—|—1 1 nt1 2,
k+n k-1
r_
A s LA S
(6.36)
eh = ! fi— i« [
2" k+n—1"" k+n—1"%
k+n n
’_ r_ !
€—k+n71f1 k+n71f2
O

6.4. GL(k) x G(n) C G(n + k)

In the next sections we prove Theorem 5.3 in the case of a parabolic subgroup with
Levi component GL(k) x G(n) for the induced module

Xu((v1) (o)) = Ind§[L(x1) ® L(x0)]. (6.37)

The notation is as in §6.1.
The strings are

(—2k—D+v,...,3(k=1)+v)(-n+1+e....,—1+e). (6.38)

Recall that € = 0 when the Hecke algebra is type B, € = % for type C, and € = 1 for
type D, and

ro(v) « (V) — (V)W D, (6.39)

We will compute r, (w1, (v)(v9)) by induction on k. In this case the relevant W-types
have multiplicity less than or equal to 1 so r, is a scalar.

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

308 D. Barbasch

6.5. We start with the special case k£ = 1 when the maximal parabolic subgroup P has
Levi component M = GL(1) x G(n) C G(n+ 1). In type D we assume n > 1. Then

Xulw = ol(n+1),(0)] + o[(1,7), (0)] + o[(n), (1)], (6.40)

and all the W-types occurring are relevant. In types B and C the operator r,(v) is the
restriction to (V)" (M) of the product

71,20 0Ty 41 OTpt1 OTppt1 O 0T 2 (6.41)

as an operator on V. Here r; ; is the r, (w, %) corresponding to the root €; — €; and 71
is the r, corresponding to €,41 or 2¢,41 in types B and C. In type D, the operator is

71,20-0Tpnt1© fn,n-&-l ©:+-0T1,2, (642)

where 7; ;41 are as before, and 7, 41 corresponds to €, + €,1. Since the multiplicities
are 1, this is a scalar.

Proposition 6.4. The scalar r, (w1, ((v)(10))) is

oe(l,n) = of(n), (D] 00(l,n) = o[(1,n),(0)]

B n+1—v n+1—v
n+14+v n+14+v
C %—&—n—u %—i—n—u%—u
%+n+u %+n+u%+u
D n—v n—vl—v
n+v n+vl+v

(6.43)

Proof. We perform an induction on n.

The reflection representation o[(n), (1)] has dimension n + 1 and the usual basis {¢;}.
The W (M)-fixed vector is €. The representation o[(1,n), (0)] has a basis €f — €5 with
the symmetric square action. The W (M)-fixed vector is

2
e — —(&+- - +eq)
The case n = 0 for type C is clear; the intertwining operator is 1 on p,(1,0) = triv

and (1 —v)/( +v) on pe(0,1) = sgn. We omit the details for type B. In type for n = 1,
i.e. Do, the middle W-type in (6.40) decomposes further

a[(2), (0)] +o[(1), W]z + o[(1), (Wi + o[(0), (2)]. (6.44)

The representations o[(1), (1)]r11 are one dimensional with bases €1 + €. The result is
straightforward in this case as well.
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We now do the induction step. We give details for type B. In the case o.(1,n), embed
Xy in the induced module from the characters corresponding to

W) (—n)(—n+1,...,-1). (6.45)

Write M’ = GL(1) x GL(1) x G(n — 1) for the Levi component corresponding to these
three strings. Then the intertwining operator I : X ((v)(v0)) = Xam((—v)(vo)) is the
restriction of

I a,2((=n), (=v)(v0)) o Tar 2((=1) (V) (v0)) © Tar 1,2 (v, (—7), (v0))- (6.46)
The r, have a corresponding decomposition
(ro)mr12((=v), (=n)(n0)) © (ro)ar 2((=1) (V) (10)) © (o) arr1,2(() (=) (0)).  (6.47)
We need the restrictions of pe(1,7) and po(1,n) to W(M'). We have

Indyy (5o [(n — 1), (0)]] = o{(n + 1), (0)] + 20((n), (1)] + 20[(1,n), (0)]
+20((1,n — 1), (D] + o[(n — 1), (2)] + o[(n — 1), (1,1)]

+0o[(2,n—1),(0)] + o[(1,1,n — 1), (0)], (6.48 a)

Indyy (5 [ol(n), (0)]] = ol(n + 1), (0)] + o[(n), (1)] + o[(1,n), (0)], (6.48b)
Indyy (575, [o[(1), (0)] @ o{(n), (0)]] = o{(n + 1), (0)] + o[(1,n), (0)], (6.48¢)
Indyy (542 5 [01(0), (D] @ o{(n), (0)]] = ol(n — 1), (1)]. (6.48d)

Thus pe(1,n) occurs with multiplicity 2 in X ;. The W(M') fixed vectors are the linear
span of €, e2. The intertwining operators Iy 1,2 and Iy 2 are induced from maximal
parabolic subgroups whose Levi components we label M; and Ms. Then €; 4¢3 transforms
like triv ® triv under W (M;) and €; — €5 transforms like sgn ® triv. The vector ¢; is fixed
under W(B,,) (which corresponds to Ms) and the vector €, is fixed under W(B,,_1) and
transforms like po(1,n) under W(B,,). The matrix r, is, according to (6.47),

1 v—n+1 1 v+n
24v—n 24v—n 1 0 l1+v+n 14+v+n
. n—v|- (6.49)
v—n+1 1 0 v+n 1
l1+v—n+1 24v—n ntv l1+v+n 24v+n
So the vector €; is mapped into

n+1l—v
—¢
n+1l+v !

as claimed.

For 0,(1,n) we apply the same method. In this case the operator Iy o is the identity
because in the representation 1, (1,n) the element ¢, corresponding to the short simple
root acts by 1.
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The calculation for type D is analogous, we sketch some details. We decompose the
strings into

W)(=n+1,...,—1)(0), (6.50)
and M’ = GL(1) x GL(n — 1) x GL(1). Then
IM71((V)(Z/Q>) = IM/J’Q((—H + 1, ey —1)(—V)(0)) o IM/’]_((—’I’L + 1, ey —1)<V)(0))
9 IMI,LQ((V)(—TL + 1, ceey —1)(0))
(6.51)
]

6.6. In this section we consider (6.38) for k£ > 1, n > 1 and the W-types go(m,n+k—m)
for 0 < m < k (notation as in Definition 4.9). These are the W-types which occur in
X, with M = GL(k) x G(n) C G(k +n).

Proposition 6.5. The r (w1, ((v)(1))) for o = 0o(m,n+k—m) are scalars. They equal

type B, .
H n—&-l—(—%(k—l)—&-y)—]_ (6.52)
ocismoy M1 GE-1)+v)—
type C,
[[ "ri-ChE-Den-g .
0<j<m—1 n+z+(z(k=1)+v) =7’
type D, .
11 n—(é(k D+v)—j (6.54)
0<j<m—1 (%(k D+v)—j

Proof. The proof is by induction on k. The case k = 1 was done in §6.5 so we only need
to do the induction step. For types B and C factor the intertwining operator as follows.
Decompose the string

() GE=1)+)w)) = ((—3(k=1) +v,...,5(k=3) +)(5(k = 1) +v)(v)) (6.55)
and let M’ := GL(k — 1) x GL(1) x G(n), and M"” = GL(1) x GL(k — 1) x G(n). Thus
Iy = I p (=3 (k= 1) =) () (0)) © Tnrr 1 2 (V) (=5 (k = 1) = v) (v0))

o IMZQ((I/)(i(k — 1) +v)(w)). (6.56)
I 1,2 and I 2 were computed earlier, while I 2 is known by induction. Then

Te(m,n +k —m)|w (GL(k—1))x W (G(n+1))
= triv® [0e(1,n) + 0c(0,n + 1)] + - -+, (6.57)

Ue<m7 n+k— m)'W(GL(k))xW(G(nJrkfl))
=[(k)®@triv+ (1,k — 1) @ triv] + - -+, (6.58)

oe(m,n +k —m)|w QL) xw(Gntk—1))
=triv® [ge(m —1,n+k —m)+o.(m,n+k—1—-—m)]+---, (6.59)
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where --- denote W-types which are not spherical for W (M), so do not matter for the
computations.
The W-type

m

oe(m,n+k—m) %/\ae(l,n—i—k;—l).

It occurs with multiplicity 2 in X for 0 < m < min(k,n) and multiplicity 1 for
m = min(k, n). We will write out an explicit basis for the invariant S; x Sy_1 x W(By,)
vectors. Formulae (6.53)—(6.55) then come down to a computation with 2 x 2 matrices
as in the case k = 1. Let

e::mZ:p[q/M-J\em] (6.60)

zE€SK

This is the S, x W(By,) fixed vector of gc(m,n + k —m). It decomposes as

e=¢ey+e = fo+ fi1, (6.61)
where
1
= — Z x-ler A Aeml,
| 1 — |
m(k 1 m) rESK_1X51
1
€] = x-leg Ao Aem—1] A g,
(m =Dk —m)! xeSkz—;XS’l
(6.62)
1
O D S e
m(k - 1 o m) x€S1XSk_1
1
f'l: 61/\(E'[62/\"'/\6m]~
(m B 1)'(k - m)' w65§9k71
Also let
1
el =e¢! = x-[er A A€,
el = Z T-ler A A€m—t1 A (€ — €8)], (6.63)
IESk_lxsl
e = Z T [(—€1 + €my1) Nea Ao A €mat]-
x€S1XSk_1
Then
k—m m m m
ey = I 66 + Eelb €1 = ?6/0 - Ze/h
bl (6.64)
eq = fo+ f1, el = fo— fr-
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We now compute the action of the intertwining operators. The following relations hold:

n+e—(3(k—1)+v)
I = I = 2
M ,2(60) €0, M ,2(61) n+e+ (%(k— 1) +V)€1,
2v—1
Inas(ey) = eg,  Inraa(e)) = meﬁ'»
: nte— (31 +v)—j (6.65)
Lyno(fo) = ] et Q=3 1) fo,
ogjism—2 T ET 3 v)=J
nte—(—3(k—1)4+v)—j
Inp 2(f1) = 2 = f1,
Ogjgn_l n+e+ (3(k—3)+v)—j
where € = 1 in type B, € = % in type C, and € = 0 in type D. Then
n+e—(3(k—1)+v)
I o(eg +e1) =eg + 2 e1. 6.66
wr2(€0 + €1) 0 n+e+(%(/€fl)+y) ! ( )
Substituting the expressions of ey, e1 in terms of ef), €, we get
(k—=1)+v)],

k—m mn+e—(§(k—1)+V)}/ m[_“+6—( ¢. (6.67)

k +kn+6+(%(k—l)+y) T

1
2
n+e+(3(k—1)+v)

Applying Ins 2 to this has the effect that ef is sent to e and the term in ¢} is multiplied
by (2v —1)/(2v + k — 1) and €] is replaced by e}. Substituting the formulae for ejj and
ey in terms of fy, f1, and applying Ip~ 2, we get the claim of the proposition. O

6.7. We now treat the case ¢ = ogo(m,n + k —m). We assume n > 0 or else these
W-types do not occur in the induced module X ;.

Proposition 6.6. The r, (w1, ((v)(vp))) are scalars. They equal

[[ o0+ nog-(vrib-Divi g

A ) —(n—9- (-9-(w-ik-1)—j
Proof. The intertwining operator Ips(v) decomposes in the same way as (6.56). Fur-

thermore, o,(m,n +k —m) = N" 0o(1,n + k — 1). The difference from the cases o, is
that while oo(1,n + k — 1) is the reflection representation, and therefore realized as the

natural action on €y, ..., €tk 0o(1,n+k—1) occurs in S?0,(1,n+k — 1), generated by
€ — e? with ¢ # j. We can apply the same technique as for o.(m,n + k —m), and omit
the details. |

GL(k) C G(k) in types B and C

The formulae in Propositions 6.5 and 6.6 hold with n = 0. The proof is the same, but
because n = 0, (1) is not present. The operator Iy o is an intertwining operator in
SL(2) and therefore simpler.
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6.8. GL(k) C G(k) in type D

In this subsection we consider the maximal Levi components M := GL(k) C G(k) and
= GL(k)" C G(k) for type D,,. The parameter corresponds to the string

W) =(—3k-1)+v,....5(k=1)+v)
(V)i=(—3k-1D+v,...,—3(k—1) —v).

k even. The W-structure of Xy ((v)) and X ((v)') is ge[(n — 1), (r)] for 0 < r <
2k, and oc[(3k), (5K)]1, or oe[(3k), (3k)]u respectively, with multiplicity 1. There are
intertwining operators

() : X ((v)) = Xne((—0)), } (6.69)

I (V)) = X (V)) = Xar ((=v))

corresponding to the shortest Weyl group element changing ((v)) to ((—v)). They
determine scalars r,((v)) and r,((v)’).

k odd. The W-structure in this case is o[(n — 7), (r)] with 0 < r < [§k] for both X,
and Xy, again with multiplicity 1. In this case there is a shortest Weyl group element
which changes ((v)) to ((—)’), and one which changes (()’) to ((—v)). These elements
give rise to intertwining operators

D () Xar () = Xar ((~0)), 670)
Iy (V) : Xar (v)') = Xar (=)

Because the W-structure of X, and Xy is the same, and W-types occur with mul-

tiplicity 1, these intertwining operators define scalars r,(v) and 7, ((v)’).

Proposition 6.7. The scalars r,((v)) and r,((v)") are

1 -
Falm-r.ml () = ] ST (6.71)

o<g<r

These numbers are the same for ((v)) and ((v)") and representations with subscripts I, IT;
they depend only on r.

6.9. Proof of Theorem 5.3

We use the results in the previous sections to prove the theorem in general. We give
the details in the case of the group of type B and W-types o.. Thus the Hecke algebra
is type C. There are no significant changes in the proof for the other cases. Recall the
notation from § 2.3. Conjugate v the middle element for the nilpotent orbit with partition

(2zg,...,2Tay,) so that it is dominant (i.e. the coordinates are in decreasing order),
— 1 1 1 1 1 1
V= ($2m7§,...,1'2m7 5,...75170757...,1'075,...,5,...,5).
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Then v is dominant, so X (v) has a unique irreducible quotient L(v). We factor the long
intertwining operator so that

Iy

X)L X (v) & X (—v), (6.72)

where X, was defined in § 5.3. The claim will follow if the decomposition has the property
that the operator I; is onto, and I is into, when restricted to the o, isotypic component.

Proof that I, is onto. The operator I is a composition of several operators. First take
the long intertwining operator induced from the Levi component GL(n),

X(xzm—%,...,%)—)X(%,...,l‘gm— ), (673)

N

corresponding to the shortest Weyl group element that permutes the entries of the param-
eter from decreasing order to increasing order. The image is the induced from the corre-
sponding irreducible spherical module L(%, ey Tom— %) on GL(n). In turn this is induced
irreducible from one-dimensional spherical characters on a GL(xg) X - -+ x GL(z2p,) Levi
component corresponding to the strings

)

or any permutation thereof. This is well known by results of Bernstein—Zelevinski in the
p-adic case, [34] for the real case.
Compose with the intertwining operator

N[ =

(%7...,1‘0—%)"'(%,...,$2m—

X (L Tom = 3) = X (—mam + 5, 1)), (6.74)

all other entries unchanged. This intertwining operator is induced from the standard long
intertwining operator on G(z2,,) which has image equal to the trivial representation. The
image is an induced module from characters on GL(zg) X -+ X GL(z2m—1) X G(z2m).
Now compose with the intertwining operator

X("-(%7...7:L‘2m,1 — %)(—l‘gm + %,...,—%))
X (et D) (ot b b)) (675)

(again all other entries unchanged). This is Ips 2,—1 defined in (6.8), so its restriction of
(6.75) to the o, isotypic component is an isomorphism. Now compose this operator with
the one corresponding to

X( (G mmoa = D aam 4,05

2
—>X("~(—.’L‘2m,1+%7...,,’B2m,2—%)-") (676)
with all other entries unchanged. This is induced from

GL(ZL’()) X oo X GL(iL’Qm_g) X GL(ZQm_Q —+ Z'Qm_l) X G(ng)
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and the image is the representation induced from the character corresponding to the
string
(—%am—1 — %, cee —%, %, ooy Tam—2)  on GL(%2m—2 + T2m—1)-

Now compose further with the intertwining operator
X( (—om-1+ 3, Tom—2 — 3)(—Tom — 5,...,—3))
— X((—z2m-1 + %, ey Tom—g — %) s (—xom — %7 ceey —%)) (6.77)
from the representation induced from
GL(x9) x - - X GL(z2m—3) X GL(22m—2 + Tam—1) X G(x2m)
to the induced from
GL(x2m—2 + Tam—1) X GL(xg) X -+ X GL(z2m-3) X G(x2m)-

By Lemma 6.3, this intertwining operator is an isomorphism on any o, isotypic com-
ponent. In fact, because the strings are strongly nested, the irreducibility results for
GL(n), Theorem 2.2 and Proposition 3.8 for type A, imply that the induced modules are
isomorphic.

We have constructed a composition of intertwining operators from the standard module
X (v) where the coordinates of v are positive and in decreasing order (i.e. dominant) to
a module induced from

GL(I’Qm_Q —+ xgm_l) X GL(I’()) X oo X GL(ZL’Qm_g) X G(l’gm)
corresponding to the strings
((_me—l + %7"'75627)1—2 - %)(%7"')170_ %)7"'7
(%, sy, Tom—3 — %)(_x%‘a + %, cee —%))

so that the restriction to any o, isotypic component is onto. We can repeat the procedure
with ©a,,—4, T2m—3 and so on to get an intertwining operator from X (v) to the induced
from

GL(Z‘Qm_l + $2m_2) X X GL(ml + 1‘0) X G(Z‘Qm)

corresponding to the strings
((—z2m—1 + %,---,xszz - %)(—331 + %7~--,$0 - %)7(—$2m + %,---,—%))-
This is the operator I, and it is onto on the o (%) isotypic components.

Proof that I, is into. We now deal with I5. Consider the group G(z1 + z¢ + 2., ) and
the Levi component M = GL(z1 + ) X G(z2m). Let M’ be the Levi component

M/ = GL(fﬂgm_l +f£2m_2) X oo X GL(Zg + SUQ) X GL(fﬂl) X GL(SC()) X G(LBQm) (678)
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Then X, embeds in

XM/("'(—Z'1 + %7"'7_%)(%7"'ax0 - %)(—.me + %77_%))
The intertwining operator Ipss .41 which changes the string (zo — é, ol %) to (—xo +
%, .. .,f%) is an isomorphism on the o, W-types, by the results in §§6.1-6.6. Since

the strings are strongly nested, the operators Ips; 41 are all isomorphisms, so we can
construct an intertwining operator to an induced module X (v") where

M = GL(J}l) X GL(%O) X GL(me—l + Z‘Qm_g) X oo X G(Z'Qm)v} (6 79)

y”:(_371'1‘%7"'_%)(_$O+%7~-~7_%)"‘7

which is an isomorphism on the o, isotypic components. Repeating this argument for x3,
To up tO Tom_1, Tom_2 We get an intertwining operator from X, to an induced module
X0 (v®)) where

M® := GL(z1) x GL(20) X - -- X GL(Z2m_1) X GL(Z2_2) X G(22m),

v® =z + 3, Dz + L, D) (6.80)
e (_mefl + %u sy _%)(_"EmeZ + %7 sy _%)(_QO + %7 ey _%)a

which is an isomorphism on the o, isotypic components. Let
M® = GL(z1) x GL(x0) X - - - X GL(Z2m—-1) X G(22m)

and let (4 be the same as v(3) but the last string is viewed as giving a parameter of a one-
dimensional representation on GL(zg,,). Then M® ¢ M®) and X, (v®)) is a sub-
module of X ;) (v*). The induced module from M®) to M®) := GL(xa,, + - + 2¢) is
irreducible because the strings are strongly nested on the GL factors. Thus the intertwin-
ing operator which takes v(*) to —v is an isomorphism on X ;) (v™®). So the induced
intertwining operator to G is therefore injective and maps to X (—v). The composition
of all these operators is I7, and is therefore injective on the ge-isotypic components. The
proof is complete in this case.
The case of 0, is similar, and we omit the details.

7. Necessary conditions for unitarity

7.1. We will need the following notions.

Definition 7.1. We will say a spherical irreducible module L(x) is r-unitary if the
form is positive on all the relevant W-types. Similarly, an induced module Ip/(x) :=
d$; [Lar(x)] is r-irreducible if all relevant W-types occur with the same multiplicity in
Ing(x) as in L(x).

7.2. We recall (6.4),

1 G of type B (H of type C),
e=1410 G of type C (H of type B),
1 G of type D.

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 317

Definition 7.2. A string of the form (f + v,...,F + v) with f,F € ¢ + Z is called
adapted, if it is

e of even length for G of type B,
e of odd length for G of types C and D.

Otherwise we say the string is not adapted.

We will consider the following case. Let O C § correspond to the partition
O+ ((a1,a1),...(ar,a;);dy,. .., dp) (7.1)

so that O meets the Levi component m = gl(a1) x - - - x gl(a,) X §(ng), with 2ng+[1 —¢] =
dy + --- + d;, where [z] is the integer part of . The intersection of O with each gl(a;)
is the principal nilpotent, and the intersection with §(n) is the even nilpotent orbit Oy
with partition (dy,...,d;). Let

i=(fituv,...,Fi+uvy), 1<i<r,
X ) (7.2)
(di,...,dp),

(
Xo = %ﬁo, where 710 is a neutral element for

and y be the parameter obtained by concatenating the y;. Then L(x) is the spherical
subquotient of

1, [ ® Liw) @L(x(»] (7.3)

1<igr
The next theorem gives necessary conditions for the unitarity of L(x).

Theorem 7.3. In types B and C, the nilpotent orbit Oy is arbitrary. In type D assume
that either Oy # (0), or else that the rank is even. The representation L(x) is unitary
only if

(1) any string that is not adapted can be written in the form

(-E+71,...,E=1+71), 0<7<3%, E=e(modZ); (7.4)

(2) any string that is adapted can be written in the form

-E+T7,...,E+T), <T<3, =€ (mo ,
E E 0 é E dz
or (7.5)
(-E—-1471,....,E—=1+71), 0<7<4%, E=e(modZ).

This is simply the fact that the v; satisfy 0 < v; < % or % < v; < 1 in Theorem 3.2.

The proof will be given in the next sections. It is by induction on the dimension of g,
the number of strings with coordinates in an A, (Definition 3.7) with 7 # 0, and by
downward induction on the dimension of @. The unitarity of the representation when
there are no coordinates in any A, with 7 # 0 is done in §9.
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7.3. The proposition in this section is a restatement of Theorem 7.3 for the case of a
parameter of the form (7.6). It is the first case in the initial step of the induction proof of
Theorem 7.3. I have combined the two cases in (2) into a single string (—E+v, ..., E+v)
with 0 < v < 1 by changing (—F—147,...,E—147)into (-E+(1—7),..., E4+(1-71)).
This notation seemed more convenient for the case when there is a single such string
present.

Consider the representation L(x) corresponding to the strings

(ate+v,...,A+e+v)(—20+¢€....,—14+¢€), Ja|<A 0<v<lI, (7.6)

where a, A € Z, and ¢ is as in 7.2. This is the case when L(x) is the spherical subquotient
of an induced from a character on a maximal parabolic subalgebra of the form gl(A —
a+ 1) x g(zg). The second string may not be present; these are the cases xg = —1 for g
of types B and D, zg = 0 for type C.

Proposition 7.4. In type D, assume that if there is no string (—xg + ¢€,...,—1 + ¢€),
then A —a+1 is even. Let L(x) correspond to (7.6). Then L(x) is r-unitary if and only
ifa+ ¢ = —A — ¢, and the following hold.

(1) Assume that (a+e+v,...,A+e+v) is adapted. If vtgo = A—a+1, then 0 < v < 1,
otherwise v = 0.

(2) If (a+€e+v,...,A+ e+ v) is not adapted, then 0 < v < 1.

Proof. This is a corollary of the formulae in §6.3. t

7.4. Initial step

We do the case when there is a single A, with 0 < 7 < %, and the coordinates form a
single string. We write the string as in (7.6), (a +e+v,...,A+e+v) with 0 <v < 1.
We let O be the nilpotent orbit with partition (A — a4+ 1,4 —a + 1);dy,...,d;). Let
= gl(A —a+1) x §(ng), and let Oy be the intersection of O with §(ng). In type D,
either Oy # (0) or else A — a + 1 is even. The statement of Theorem 7.3 is equivalent to
the following proposition.

Proposition 7.5. Assume Oy is even, and x is attached to O. Then L(x) is r-unitary
only if a + ¢ = —A — ¢, and the following hold.

(1) If (a+e€e+v,...,A+e+v) is adapted, then v = 0, unless thereisd; = A—a+1,
in which case 0 < v < 1.

(2) If (a+€e+v,...,A+ e+ v) is not adapted, then 0 < v < 1.

Proof. We do the case of G of type C only, the others are similar. So e = 0, and adapted
means the length of the string is odd, not adapted means the length of the string is even.
The nilpotent orbit Oy corresponds to the partition (2z + 1,...,2x2, + 1) and the
parameter has strings

(1,...:100)(0,1,...,x1)~--(1,...,x2m).
The partition of O is (A—a+1,A —a+1,2z0 +1,...,229,, +1).
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We want to show that if A+a > 0, or if A+ a =0 and there is no z; = A, then L(x)
is mot r-unitary. We do an upward induction on the rank of § and a downward induction
on the dimension of O. In the argument below with deformations of strings, we use
implicitly the irreducibility results from §2.6. So the first case is when O is maximal, i.e.
the principal nilpotent (m = 0). The claim follows from Proposition 7.4. So we assume
that m is strictly greater than 0.

Assume x2; < A < x2;41 for some 2. This case includes the possibility za,, < A. We
will show by induction on rank of § and dimension of @ that the form is negative on a
W-type of the form o[(n—r), (r)]. So we use the module X, (notation as in §5.3). If there
is any pair 22; = 2j41, the module X, is unitarily induced from GL(2z2; + 1) x G(n —
2xg; — 1) and all W-types o[(n —r), ()] have the same multiplicity in L(x) as in X.. We
can remove the string corresponding to (z2;x2;j4+1) in Xe as justified by Lemma 3.6. By
induction on rank we are done. Similarly we can remove any pair (za;,22j4+1) such that
either 911 < |a| or A < xo; as follows. Let M := GL(z2; + x2j+1 + 1) x G(n — z9; —
x2j4+1 — 1). There is xas such that L(x) is the spherical subquotient of

Indgj [L(—l‘2j+1, o ,LL'Qj) 9 L(XM)] (77)
Precisely, xas is obtained from x by removing the entries (1,...,22;), (0,1,...,22j41).
Write
Xt = (_372j+1 +t,...,205 + 1 XM)- (7-8)
The induced module
Xo(xt) := Ind$§)[L(—22j41 +t, ..., 205 + 1) @ L(xar)] (7.9)

has L(x:) as its irreducible spherical subquotient. For 0 < ¢ < %(mgjqu — xg;), the
multiplicities of o[(n — r,r)] in L(x:) and Xc(x:) coincide. Thus the signatures on the
o[(n —r),(r)] in L(x;) are constant for ¢ in the above interval. At t = (z2j41 — 2;),
Xe(xt) is unitarily induced from triv® X/ on GL(za; + 241 +1) X G(n—x9; — 241 —1)
and we can remove the string corresponding to (zg;2;41). The induction hypothesis
applies to X/.

When A + a = 0, by the above argument, we are reduced to the case

@0(—) (2$0+1,2$1+1,2$2+1), o < A< 1w < 290 (710)

We reduce to (7.10) when A 4+ a > 0 as well. We assume 2m = 2i + 2, since pairs
(w25, T2541) with A < xa; can be removed. Suppose there is a pair (225, Z2j41) such that
la| < ®gj4+1, and j # i. The assumption is that xe; < A < 2,41 80 Toj41 < Ta; < A.

We consider the deformation x; in (7.8) with

0<t<y, a<O,
—v<t<£0, a=0.

In either case Xo(x:) = Xe(X), so the multiplicities of the o[(n — r), ()] do not change
until ¢ reaches v in the first case, —v in the second case. If the signature on some
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o[(n —r), (r)] isotypic component is positive semidefinite on L(), the same has to hold
when t = v or —v respectively. The corresponding nilpotent orbit for this parameter
is strictly larger, but it has two strings with coordinates which are not integers (so the
induction hypothesis does not apply yet). For example, if a < 0, the strings for X.(x,)
are (aside from the ones that were unchanged)

(—zgjt1+v,...,A+v), (a+v,...,x95 +1). (7.11)

We can deform the parameter further by replacing the second string by (a+v—t/, ..., z2;+
v—t") with 0 < ¢’ < v. The strings of the corresponding X, do not change until ¢’ reaches
v. At t' = v the corresponding nilpotent orbit @’ has partition

5.

(...72|a|+1,...,(2x2j+1+1) ..7A+£L'2j+1+1,A+$2j+1+1,...> (712)

which contains @ in its closure. Since Z2j+1 < A, the induction hypothesis applies. The
form is indefinite on a W-type o[(n — ), (r)], so this holds for the original x as well.

We have reduced to case (7.10), i.e. the partition of Oy has just three terms (2z¢ +
1,221 + 1,29 4+ 1). We now reduce further to the case

@0 — (21‘0 + 1), T9 < A, (713)

which is the initial step.
Let I(t) be the induced module corresponding to the strings

(—x2+t,...,21+t)(a+v,...,A+v)(—20,...,—1), (7.14)

i.e. induced from

GL(z1 + x2) X GL(—a+ A+ 1) x G(xp). (7.15)

Consider the irreducible spherical module for the last two strings in (7.14), inside the
induced module from the Levi component GL(—a+A+1) x G(zg) C G(—a+A+1+x0).
By § 7.1, the form is negative on o[(zo—a+A4), (1)] if xo < a, negative on o[(A4), (zo+1—a)]
if a < xg. In the second case the form is positive on all o[(A + r), (2o + 1 — a — r)] for
l<r<zp+1—a.Solet rp := 1 or xg + 1 — a depending on these two cases. The
multiplicity formulae from §6.3 imply that

lol(n = o), (ro)] : I(8)] = [ol(n — 7o), (r0)] : L(x)] for 0 < t < (- 1).

Thus signatures do not change when we deform t to % (x2 — 21), where I(t) is unitarily
induced. We conclude that the form on L(x) is negative on o[(n — rg), (ro)].

Assume x5;_ 1 < A < xg;. In this case we can do the same arguments using X, and
o[(k,n — k), (0)]. We omit the details. O
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7.5. Induction step

The case when the parameter has a single string with coordinates in an A, with
0<71< % was done in §7.4. So we assume there is more than one string. Again we do
the case G of type C, and omit the details for the other ones.

Write the two strings as in (2.6),

(e+m,....,E+m), (f+72... Ft+mn), (7.16)

where 0 < 71 <
and € = 0.

We need to show that if F 4+ f > 0 or F+ f < —2 when F + f iseven, or F + f < —1
when F' + f is odd, then the form is negative on a relevant W-type. Because 71,75 > 0,
and since r-reducibility and r-unitarity are not affected by small deformations, we may
as well assume that (f 4+ 72,..., F + 72) is the only string with coordinates in A.,, and
(e 4+ 71,...,E+ 1) the only one with coordinates in A.,.

The strategy is as follows. Assume that L(x) is r-unitary. We deform (one of the strings
of) x to a x; in such a way that the corresponding induced module is r-irreducible over a
finite interval, but is no longer so at the endpoint, say tg. Because of the continuity in ¢, the
module L(x¢,) is still r-unitary. The deformation is such that L(x:,) belongs to a larger
nilpotent orbit than L(x), so the induction hypothesis applies, and we get a contradiction.
Sometimes we have to repeat the procedure before we arrive at a contradiction.

So replace the first string by

% and 0 < » < % Recall that because we are in type C, e, E, f, F € Z,

(e+1+t,....,E+1+1). (7.17)
If x=(e+71,...E+71;xM), then

Xt:(e+T1 +t73E+Tl+t7XM)a
X(x¢):=Ind$§[L(e+ 71 +t,...,E+71+1)® Lxum)],

where the Lie algebra of M ism=gl(F —e+1)xg(n—FE+e—1) (som=gl(E—e+
1) xgn—E+e—1)).

If E < |e|, we deform ¢ in the negative direction, otherwise in the positive direction. If
t + 7 reaches 0 or %7 before the nilpotent orbit changes, we should rewrite the string to
conform to the conventions (2.42) and (2.43). This means that we rewrite the string as
(¢/+7{,...,E'+7{) with 0 < 7{ < 3, and continue the deformation with a ¢ going in the
direction ¢t < 0 if E' < |¢/|, and ¢ > 0 if E' > |¢/|. This is not essential for the argument.
We may as well assume that the following cases occur.

(1) The nilpotent orbit changes at tg = —7y.

(2) the nilpotent orbit does not change, and at to = —7q, either ¢, E > o, + 1 or
—e,—F > x5, + 1. This is the easy case when ¢ can be deformed to oo without
any r-reducibility occurring.

(3) The nilpotent orbit changes at a to such that 0 < 7 + ¢ < %
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In the first case, the induction hypothesis applies, and since the string (f +72,..., F + 72)
is unaffected, we conclude that the signature is negative on a relevant W-type. In the
second case we can deform the string so that either e+ 7 +t =29, + 1l or E4+ 71 +t =
—Z2m — 1. The induction hypothesis applies, and the form is negative definite on a W-
relevant type. In the third case, the only way the nilpotent orbit can change is if the
string (e + 71 + tg,...,F + 71 + to) can be combined with another string to form a
strictly longer string. If 71 + t9 # 79, the induction hypothesis applies, and since the
string (f 4+ 72, ..., F+72) is unaffected, the form is negative on a relevant W-type. If the
nilpotent does not change at t = 79 — 71, continue the deformation in the same direction.
Eventually either (1) or (2) are satisfied, or else we are in case (3), and the strings in
(7.16) combine to give a larger nilpotent. There are four cases:

(1) e<f<E<Fe<f<E<F

(2) f<e<F<E f<e<F<E, (7.18)
(3) e<E=f-1<F,

(4) f<F=e¢e—-1<E

Assume |e| < E. Then ¢ is deformed in the positive direction so 71 < 72. If e < 0,
we look at the deformation (7.17) for —m; < ¢ < 0. If the nilpotent changes for some
—71 < t < 0, the string (f + 72,...,F + 72) is not involved, the induction hypothesis
applies, so the parameter is not r-unitary. Otherwise at ¢ = —7; there is one less string
with coordinates in an A, with 7 # 0, and again the induction hypothesis applies so the
original parameter is not r-unitary. Thus we are reduced to the case 0 < e < E. Then
consider the nilpotent orbit for the parameter with ¢ = —73 4+ 75. In cases (1), (2) and (3)
of (7.18), the new nilpotent is larger, and one of the strings is

(6+T2,...,F+TQ), (719)

instead of (7.16), and e + F > 0. The induction hypothesis applies, so the parameter is
not r-unitary, nor is the original one.
In case (4) of (7.18), the new nilpotent corresponds to the strings

(f+72,..., E+m). (7.20)

The induction hypothesis applies, so f+FE =0,—2if f+ FEisevenor f+ F = —1ifit is
odd. If this is the case, consider a new deformation in (7.17), this time —1 4+ 72 < ¢t < 0.
We may as well assume that the parameter is r-irreducible in this interval, or else the
argument from before gives the desired conclusion. So we arrive at the case when ¢t =
—1 + 7. The new nilpotent corresponds to the strings

(f—|—7'2,...,E—1+T2), (6—1+’7’1), (F+7-2) (721)
Write the parameter as (x’;e — 14 72, F + 72). Since e — 1 = F, the induced module

I = 1ndS) ) 6n_ny[Lle = L+ 72, F +72) ® L(x')] (7.22)
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is unitarily induced from a module which is hermitian and r-irreducible. But the param-
eter on GL(2) is not unitary unless e — 1 = F = 0. Furthermore, f + E — 1 = 0, -2 if
f+FEisoddor f+E—1=-1if f+ E is even. So the original parameter (7.16) is

(14+71,..., B+ 1), (1—E+79,...,72), f+E=0,
1+7,...,E+1), (—E+712,...,72), f+E=-2, (7.23)
(14+7,...,E+m7), (—E—14m,...,7), f+E=-1

Apply the deformation t + 75 in the second string with —75 < ¢t < 0. We may as well
assume that the parameter stays r-irreducible in this interval. But then the induction
hypothesis applies at ¢ = —79 because there is one less string with coordinates in A,
with 7 # 0. However, the first string does not satisfy the induction hypothesis.

Assume |e| > E. The same argument applies, but this time it is e < E < 0 that
requires extra arguments, and in case (3) instead of case (4) of (7.18) we have to consider
several deformations.

7.6. Proof of the necessary condition for unitarity in Theorem 3.2

We first reduce to the case of Theorem 7.3. The difference is that the coordinates in
Ay may not form a %h for an even nilpotent orbit. However, because of Theorem 2.9,
and properties of petite K-types, r-reducibility and r-unitary are unaffected by small
deformations of the xj,...,x. (notation as in (2.59)). So we can deform the strings
corresponding to x1,...,x,. with coordinates in Ay, so that their coordinates are no
longer in Ag. Then the assumptions in Theorem 7.3 are satisfied.

The argument now proceeds by analysing each size of strings separately. In the deforma-
tions that we will consider, strings of different sizes cannot combine so that the nilpotent
orbit attached to the parameter changes.

Fix a size of strings with coordinates not in Ay. If the strings are not adapted, they
can be written in the form

(-E-147,....,E+7), 0<7,<1i, E=e¢(modZ). (7.24)

So there is nothing to prove. Now consider a size of strings that are adapted. Suppose
there are two strings of the form

(-E-1+7m,....,E—-147), 0<7,<i, E=ec(modZ). (7.25)

Let m := gl(2E+1) x g(n—2F —1) (recall that g(a) means a subalgebra/Levi component
of the same type as g of rank a) and write

x=(-FE-1+7,...,E-147;—-E—-14m7,...,E—14+7);xMm)- (7.26)
The module

md§,[L(-E—-1+7,...., E—147;-E—1+7,...,E—14+7)® L(xu)] (7.27)
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is r-irreducible, and unitarily induced from a hermitian module on M where the module
on GL(2E + 1) is not unitary. Thus L(x) is not unitary either. So L(x) is unitary only
if for each 7; there is at most one string of the form (—E —1+7;,...,E—1+4+7).

Suppose there are two strings as in (7.24) with 7y < 7o. If there is no string (—F +
T3,..., E+73) with 7y < 73 < 79, then when we deform (—E—1+7 +¢,..., E—1+7+1)
for 0 <t < 79— 71, X(x¢) stays r-irreducible. At ¢ = 79 — 77 we are in case (7.25), so the
parameter is not unitary.

On the other hand, suppose that there are two strings of the form

(-E+7i,...,E+7), samerT;. (7.28)
Let m be as before, and write
X=((-E+7..,E+1;—-FE+7,....,E+7);XM)- (7.29)
The module
md$, [L(—E+7i,...,E+7;—E+7,...,E+7) ® L(xum)) (7.30)

is irreducible, and unitarily induced from a hermitian module on M where the module
on GL(2E + 1) is unitary. Thus L(x) is unitary if and only if L(x)s) is unitary.

So we may assume that for each 7; there is at most one string of the form (—F +
Ti,...,E+T7;).

Similarly if there are two strings of the form (—E+7y,..., E+7) and (—E+7o,..., E+
T9), such that there is no string of the form (—F—1+473,...,E—1473) with 7y < 73 < 7
we reduce to the case (7.28).

Let 71 be the largest such that a string of the form (—F + 7,..., F + 7%) occurs,
and 741 the smallest such that a string (—E — 1 + 741,...,E — 1 4+ 7x41) occurs. If
T > Ti41, we can deform (—E 4+ 7, +¢,...,E+ 7, +t) with0 <t < 1— 7, — 7541. No
r-reducibility occurs, and we are again in case (7.25). The module is not unitary. If on
the other hand 75, < Ti41, the deformation (—E — 1+ 7541 +¢,...,E — 14+ 7541 — t) for
0<t<1—7,— Tk brings us to the case (7.28).

Together the above arguments show that conditions (1) and (2) of Theorem 3.2 in
types C and D must be satisfied. It remains to check that for the case of adapted strings,
if there is an odd number of a given size 2E + 1, then there is a d; = 2E + 1. This is
condition (3) in Theorem 3.2.

The arguments above (also the unitarity proof in the case O = (0)) show that an
L(x) is unitary only if it is of the following form. There is a Levi component m =
gl(ay) x -+ x gl(a,) x g(n — > a;), and parameters x1, ..., X, Xo such that,

L() = mdfy [ @ L) & Llxo) . (7.31)
with the following additional properties:
(1) the x; for ¢ > 0 are as in Lemma 3.4, with 0 < v < %, in particular unitary;

(2) xo is such that there is at most one string for every A, with 7 # 0, and the strings
are of different sizes.
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In addition, conditions (1) and (2) of Theorem 3.2 are satisfied for the strings. To complete
the proof we therefore only need to consider the case of L(xp). We can deform the
parameters of the strings in the A, with 7 # 0 to zero without r-reducibility occurring.
If L(x) is unitary, then so is the parameter where we deform all but one 7 # 0 to zero.
But for a parameter with a single string belonging to an A, with 7 # 0, the necessary
conditions for unitarity are given in §7.4.

8. Real nilpotent orbits

In this chapter we review some well-known results for real nilpotent orbits. Some addi-
tional details and references can be found in [21]. The notation in this section differs
from the previous sections, and is spelled out in §8.2.

8.1. To motivate the need for these results we start with a review of properties the
asymptotic associated support/cycle, and wavefront set.

Let 7 be an admissible (g., K) module. We review some facts from [14]. The distri-
bution character @, lifts to an invariant eigendistribution 6, in a neighbourhood of the
identity in the Lie algebra. For f € C°(U), where U C g is a small enough neighbour-
hood of 0, let f;(X) := ¢~ 4imec f(t=1X). Then

Or(fr) =11 Z cifio, @ (f) + >t Dayi(f). (8.1)

>0

The D; are homogeneous invariant distributions (each D; is tempered and the support of
its Fourier transform is contained in the nilpotent cone). The e, are invariant measures
supported on real forms O; of a single complex orbit O, and pe,r) is the Liouville
measure on the nilpotent orbit associated to the symplectic form induced by the Cartan—
Killing form. Furthermore, d = dim¢ O./2, and the number ¢; is called the multiplicity
of O;(R) in the leading term of the expansion. The closure of the union of the supports of
the Fourier transforms of all the terms occurring in (8.1) is called the asymptotic support,
denoted AS(w). The leading term in (8.1) will be called AC(7). We will use the fact that
the nilpotent orbits in the leading term are contained in the wavefront set of 6, at the
origin, denoted WF (7).

Alternatively, [32] attaches to each 7 a combination of @-stable orbits with integer
coefficients

AV(r) =" a;0;, (8.2)

where O; are nilpotent K-orbits in s.. The main result of [28] is that AC(7) in (8.1)
and AV (7) in (8.2) correspond via Theorem 8.6. Precisely, the leading term in formula
(8.7), and (8.2) are the same, when we identify real and 6 stable nilpotent orbits via the
Kostant—Sekiguchi correspondence. We will use this when we need to compare AC(7) and
AV (). The algorithms in § 8 compute the associated variety of an induced representation
as a set, which we also denote by AV(7) when there is no possibility of confusion. The
multiplicities are computed in the real setting in [5, Theorem 5.0.7]. The formula is as
follows. Let p = m + n be a real parabolic subalgebra. Suppose AC(7) =" ¢;O; m, for
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a representation m of M. Let v; € O; n be representatives, and write v;; = v; + X;; for
representatives of the induced orbits O;; from O, ,. Then

Cc(vij)
Cp(vij)

AC(IndE(m)) =) ¢ 0. (8.3)

%]

We will need an analogue of (8.3) for @-stable induction (derived functors construc-
tion or cohomological induction) and AV(w). We present a special case which is well
known, e.g. [31]. Fix a regular dominant integral infinitesimal character . The Beilinson—
Bernstein localization functor A, provides an equivalence of categories between admis-
sible (g, K) modules, and K.-equivariant holonomic D,-modules on the flag variety
P := G./B.. Fix x to be the infinitesimal character of the trivial representation, and
let Ch(m) be the characteristic cycle of A, (). A review of its definition and properties
can be found for example in [1, Chapter 19]. Let p. = [. + u. be a 6-stable parabolic
subalgebra, and & be the generalized flag variety of parabolic subalgebras of type p,
and f : % — 2 the canonical projection map. Then Q := K, - p. C & is closed, and let
Q be the K -orbit which is open in f~1(Q). If .7 is the D-module on & corresponding
to the trivial local system on @, let . be the irreducible module corresponding to the
trivial local system on @, and 7 be the irreducible (g., K') module corresponding to .% by
localization. Then Ch(.¥) = Té,@, the conormal bundle of Q. By Theorem 20.1 of [1],
Ch(¥) = T5%.
Let
w:T*"B — g*

be the moment map. Then u(Té%) = K. - (u. N s.) is a union of finitely many nilpotent
K -orbits in s.. The unique orbit which intersects u(7¢,%) in a dense open set is called
ind; . (0). Similarly write indg®(0) for the unique nilpotent G.-orbit which intersects
U, in an open set.

Proposition 8.1. Assume that p

1% 1 birational. Then

Ad G, indg . (0) = ind2(0),

and
AC(m) = imdffcmﬁc (0).

Proof. The first assertion is a dimension count, recall that for e € s., dim Ad G.e =
2dim Ad K e. The second assertion follow from the results in [20], particularly Corol-
lary 2.5.6. Under the assumptions of the proposition, and the notation in [20] preceding
Corollary 2.5.6, F, is a single point, so ¢, = 1. O

Let £ be a unitary character of the Levi component of a #-stable parabolic subalgebra
gc = [ + u.. Cohomological induction (detailed in, for example, [23]) associates to £ a
family of (g., K) modules R!_(¢). Extending the notion of AC or AV by linearity to the
Grothendieck group, we can talk about AC(Y_(—1)'R;_(§)) or AV(} (—1)"Ry_(€))-
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We first consider the case when ¢ is dominant for A(u.), and the infinitesimal character
is regular integral, in particular equal to the one of the trivial representation. Then all
Ry, (€) = 0 except for i = S := dim(u. N ¢.), and case Ry () is 7 corresponding to .
defined earlier.

Corollary 8.2.
AC (Y (-1 (©) = (-1,
In particular if £ is such that REC(S) =0 fori# S, then

AC(RG,(€)) = indgir,, (0)

(in particular Ry (€) is also non-zero).

Proof. Embed 7 into a coherent family as in [20]. The polynomial c¢g, is a constant
multiple of

Ch() wa) /1] G (8.4

a€A+([ ) €At (I
The result follows from Proposition 8.1 combined with the fact that Ch(.#) = 1 and the
other factor is 1 when evaluated at v = £ + py,. U

We will use such results in the case of highest weight modules as well. Fix a Borel
subgroup B, = H.N,. with Lie algebra b, = b, + n. C p.. The nilradical N, acts on
% and on & with finitely many orbits. All the notions described earlier for (g., K)
orbits have a counterpart in this setting (but simpler: for example, we do not need
to use cohomological induction). For example, again fixing a regular integral dominant
infinitesimal character x, the localization functor provides an equivalence between the
category of highest weight modules and N.-equivariant D,-modules. The orbit @ is a
single point, and @ is the set of Borel subalgebras contained in p.. The analogue of the
representation 7 is U(g.) ®p, Cp(n.)-

Corollary 8.3. For any character £ of [,
AC(U(ge) ®p, C¢) = indpe(0).

8.2. The results in this section are well known, an account with details is given for
example in [21]. Fix a real form g of a complex semisimple Lie algebra g.. Let 0. be the
complexification of the Cartan involution 6 of g, and write ~ for the conjugation. Let G.
be the adjoint group with Lie algebra g., and let

ge =t + 5., g=%t+s (85)

be the Cartan decomposition. Write K. C G, for the subgroup corresponding to €., and
G and K for the real Lie groups corresponding to g and &.

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

328 D. Barbasch

Theorem 8.4 (Jacobson—Morozov).

(1) There is a one-to-one correspondence between G.-orbits O, C g. of nilpotent ele-
ments and G.-orbits of Lie triples {e, h, f}, i.e. elements satisfying

[h, €] = 2e, [h, f] = —2f, le, f] = h.

This correspondence is realized by completing a nilpotent element e € O to a Lie
triple.

(2) Two Lie triples {e, h, f} and {e’, W/, f'} are conjugate if and only if the elements h
and h' are conjugate.

8.3. Suppose e € g is nilpotent. Then one can still complete it to a Lie triple e, h, f € g.
A Lie triple where all the elements are in g is called real and denoted as p-stable. p-stable
is a definition. A Lie triple is called Cayley if in addition 6(h) = —h, 6(e) = —f. Every
real Lie triple is conjugate by G to one which is Cayley.

Theorem 8.5 (Kostant—Rao). Two real Lie triples are conjugate if and only if the
elements e — f and ¢’ — f’ are conjugate under G. Equivalently, two Cayley triples are
conjugate if and only if e — f and €’ — [’ are conjugate under K.

8.4. Suppose e € s, is nilpotent. Then e can be completed to a Lie triple satisfying
0.(e) = —e, 0.(h) = h, 0.(f)=—F. (8.6)

We call such a triple f-stable. To any Cayley triple {e, h, f} one can associate a f-stable
triple {é, h, f} as in (8.6), by the formulae
é:=Le+f+ih), hi=ile—f), f:=3(e+f—ih). (8.7)

A Lie triple is called normal if in addition to (8.6) it satisfies ¢ = f, h = —h.
Theorem 8.6 (Kostant—Sekiguchi).

(1) Any 6-stable triple is conjugate via K. to a normal one.

(2) Let €,& € s. be nilpotent elements, and complete them to normal triples {€, h, f}
and {&¢, 1/, f'}. Then é and & are conjugate by K., if and only if the corresponding
Lie normal triples are conjugate by K., if and only if h and k' are conjugate
under K..

(3) Two 6-stable triples are conjugate under K if and only if the elements h, h' are
conjugate under K..

(4) The correspondence (8.7) is a bijection between G orbits of nilpotent elements in
g and K. orbits of nilpotent elements in s..

Proposition 8.7. The correspondence between real and 0-stable orbits preserves closure
relations.

Proof. This is the main result in [13]. O
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8.5. Let p. = m. + n, be a parabolic subalgebra of g.. Let ¢. := Ad M, - e be the orbit
of a nilpotent element e € m.. According to [25], the induced orbit from ¢, is the unique
G, orbit €, which has the property that €. N [c. + n.] is dense (and open) in ¢, + n,.

Proposition 8.8. Let E =c¢+n €e+n. C ¢c. + ne.
(1) dim Zpy, (e) = dim Zg_(E).
(2) €.NJc. +n] is a single P, orbit.

This is Theorem 1.3 in [25]. In particular, an element E' = ¢’ +n’ € ¢, +n, is in &, if
and only if the map

ad El P — Te’cc + ne, ad El(y) = [E/a y] (88)

is onto.
Another characterization of the induced orbit is the following.

Proposition 8.9. The orbit €, is the unique open orbit in Ad G.(e+n.) = Ad G.(c.+n.),
as well as in the closure Ad G.(e +n.) = AdG.(cc + n.).

We omit the proof, but note that the statements about the closures follow from the
fact that G./P, is compact.

Proposition 8.10. The orbit €. depends on ¢. C m., but not on n..

Proof. This is proved in §2 of [25]. We give a different proof which generalizes to the
real case. Let £ € h. C m, be an element in the centre of m, such that (£, «) # 0 for all
roots a € A(ng, be). Then by a standard argument,

AdP.(§+e) =&+ +n.. (8.9)

Again because G./P, is compact,

J AdGe(t€ +e) \ | AdGe(te + €) = Ad Gl + ne). (8.10)

t>0 t>0

Formula (8.10) is valid for any parabolic subgroup with Levi component M,.. The claim
follows because the left-hand side of (8.10) only depends on M, and the orbit c. 0

We now consider the case of real induction. Let p = m+n be a real parabolic subalgebra,
e € m a nilpotent element, and ¢ := Ad Me.

Definition 8.11. The p-induced set from ¢ to g is the finite union of orbits €; := Ad GE;
such that one of the following equivalent conditions hold.

(1) ¢; is open in AdG(c+n) and |J€; = AdG(e +n).

(2) The intersection €; N [c + n] is open in ¢+ n, and the union of the intersections is
dense in ¢+ n.
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We write
ind$(c) = | J & (8.11)
and we say that each F; is real or p-induced from e. Sometimes we will write indg (e).

We omit the details of the proof of the equivalence of the two statements.

Proposition 8.12. The p-induced set depends on the orbit ¢ of e and the Levi component
m, but not on n.

Proof. The proof is essentially identical to the one in the complex case. We omit the
details. (]

In terms of the #-stable versions € of e, and E; of E;, p-induction is computed in [7].
This is as follows. Let h, C m. be the complexification of a maximally split real Cartan
subalgebra b, and £ € Z(m.) Ns. an element of h such that

a € A(n, ) if and only if «(£) > 0.

Then

JAd K (E) = | JAd K (t6 +¢) \ J AdK (s + ). (8.12)

t>0 t>0

8.6. Let q. = [ + u. be a f-stable parabolic subgroup, and write g, = [. + u. for its
complex conjugate. Let e € [ N5, be a nilpotent element.

Proposition 8.13. There is a unique K.-orbit orbit O (E) so that its intersection
with Or.nk,(€) + (u. Ns.) is open and dense.

Proof. This follows from the fact that e + (u. N s.) is formed of nilpotent orbits, there
are a finite number of nilpotent orbits, and being complex, the K -orbits have even real
dimension. O

Definition 8.14. The orbit Ok, (E) as in the proposition above is called #-induced from
e, and we write

indg* (O, (e)) = Ok, (E),
and say that F is #-induced from e.

Remark. The induced orbit is characterized by the property that it is the (unique)
largest dimensional one which meets e + u.Ns.. It depends on e as well as q., not just e
and ..
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8.7. u(p,q)

Let V be a complex finite dimensional vector space of dimension n. There are two
inner classes of real forms of GL(V'). One is such that 6 is an outer automorphism. It
consists of the real form GL(n,R), and when n is even, also U*(n). The other one is such
that € is inner, and consists of the real forms U(p, ¢) with p + ¢ = n. In §§8.7-8.10, we
investigate p and 6 induction for the forms wu(p,¢q), and then derive the corresponding
results for so(p,q) and sp(n,R) from them in §§8.11-8.12. The corresponding results
for the other real forms are easier, the case of GL(n,R) is well known, and we will not
need u(n)*. The usual description of u(p, q) is that V' is endowed with a hermitian form
(+,-) of signature (p,q), and u(p,q) is the Lie algebra of skew hermitian matrices with
respect to this form. Fix a positive definite hermitian form (-,-). We will identify the
complexification of g := u(p, ¢) with g. := gl(V'), and the complexification of U(p, ¢) with
GL(V). Up to conjugacy by GL(V),

(v, w) = (fv, w), 02 = 1. (8.13)

The eigenspaces of # on V will be denoted V*. The Cartan decomposition is g, = €.+ s,
where €, is the +1 eigenspace, and s. the —1 eigenspace of Ad 6.

The classification of nilpotent orbits of u(p, q) is by signed tableaux as in Theorem 9.3.3
of [21]. The same parametrization applies to 8 stable orbits under K.

8.8. A parabolic subalgebra of gl(V') is the stabilizer of a generalized flag
O)=WoecWi & CWp=V. (8.14)
Fix complementary spaces V;,
Wi=W;,_1+V;, i>0. (8.15)
They determine a Levi component
[ gl(Vh) x -+ x gl(Vi). (8.16)

Conjugacy classes under K. of #-stable parabolic subalgebras are parametrized by
ordered pairs (p1,q1), ..., (Pr, qr) such that the sum of the p; is p, and the sum of the
¢; is q. A realization in terms of flags is as follows. Choose the W; to be stable under 6,
or equivalently that the restriction of the hermitian form to each W; is non-degenerate.
In this case we may assume that the V; are #-stable as well, and let q. = [, + u. be the
corresponding parabolic subalgebra of gl(V'). The signature of the form restricted to V;
is (pi, q:), so that

leNg=u(pr,q1) X -+ X w(pk, gr)- (8.17)

The following algorithm for computing the induced orbit in the case g = u(p, ¢) and a
maximal parabolic subalgebra holds.
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Suppose the signature of Vi is (ax,a—). Then add ay pluses to the beginning of the largest
possible rows of e starting with minus and a_— minuses to the largest possible rows of e
starting with plus. If ay s larger than the number of rows starting with minus, add a
new row of size 1 starting with plus. A similar rule applies to a_.

If e € gl(V7), the analogous procedure applies, but the ay pluses are added at the end
of the largest possible rows finishing in minus and a_ minuses to the end of the largest
possible rows finishing in plus.

Because induction is transitive, the above algorithm can be generalized to compute
the @-induced of any nilpotent orbit. We omit the details. See [17] and [31] for related
results.

8.9. Conjugacy classes under G of real parabolic subalgebras are given by ordered
subsequences n1, . ..,n, and a pair (po, go) such that > n; +po =p and > n; + qo = q.
The complexification of the corresponding real parabolic subalgebra is given as follows.
Start with a partial flag

=TG- & Wi (8.18)

such that the hermitian form is trivial when restricted to W}, and complete it to
0)=Wo G- GWiG Wi GG Wi =V. (8.19)
Choose transverse spaces
W, =W, + Vi, Wr=W", + V7, Wy =W, + V. (8.20)
They determine a Levi component
le = gl(V1) > -+ x gl(Vi) x gl(Vo) x gl(Vy7) x -+ x gl(V]), (8.21)

so that
l.Ng=gl(Vy,C) x -+ x gl(Vi, C) x u(po, qo)- (8.22)

Then n; = dim V;, and (po, go) is the signature of V;.

8.10. Suppose p. = m, + n. is the complexification of a real parabolic subalgebra
corresponding to the flag (0) C Vi C Vi + Vo C Vi + Vo + Vi*, and let e C gl(Vp) be a
real nilpotent element. The rest of the notation is as in §8.5.

Theorem 8.15. The tableau of an orbit Ad G(E;) which is in the p-induced set indg (c),
is obtained from the tableau of e as follows.

Add two boxes to the end of each of dim V; of the largest rows such that the result is
still a signed tableau.

Proof. We use (8.9) and (8.10). Let o € Hom[V;, V{*] ® Hom[V*, V1] be non-degenerate
such that a? = Id @ 1d, and extend it to an endomorphism & € gl(V) so that its restriction
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to Vp is zero. This is an element such that the centralizer of ad ¢ is m, in particular,
[€,e] = 0. Let

P(X)=X"+am 1 X" '+ +ag (8.23)
be any polynomial in X € gl(V'). Suppose t; € R are such that t; — 0, and assume there
are g; € K such that ¢;¢;(£ + e)gi_1 — E. Then

ker t7 P (g; (€ 4+ €)g; ') = ker P(€ + e). (8.24)
On the other hand,

t7'P(gi(§+e)g; ) = [tigi(€+€)g; '™ + am1ti[tigi(§+ €)g; 1" 4+ + 1" 1d — E™,
(8.25)

as t; — 0. Thus
dimker E™|y, > dimker P(€ + €)|v, . (8.26)

Choosing P(X) = (X2—1)X", we conclude that FE must be nilpotent. Choosing P(X) =
X™ (X£1)X™ 1 or P(X) = (X?—1)X™"2, we can bound the dimensions of ker E™ |y,
to conclude that it must be in the closure of one of the nilpotent orbits given by the
algorithm of the theorem. The fact that these nilpotent orbits are in (8.10) follows by a
direct calculation which we omit. O

8.11. sp(V)

Suppose g. = sp(Vy), where (Vp, (-, -)) is a real symplectic vector space of dimension n.
The complexification (V,(-,-)) admits a complex conjugation ~, and we define a non-
degenerate hermitian form

(v, w) == (v, W) (8.27)

which is of signature (n,n). Denote by wu(n,n) the corresponding unitary group. Since
sp(Vp) stabilizes (-, ), it embeds in u(n,n), and the Cartan involutions are compatible.
The results of §§8.2-8.4 together with § 8.7 imply the following classification of nilpotent
orbits of sp(Vp) or equivalently #-stable nilpotent orbits. See Chapter 9 of [21] for a more
detailed explanation.

FEach orbit corresponds to a signed tableau so that every odd part occurs an even number
of times. Odd sized rows occur in pairs, one starting with plus the other with minus.

A real parabolic subalgebra of sp(V) is the stabilizer of a flag of isotropic subspaces
0)=Wp C--- C W, (8.28)
so that the symplectic form restricts to 0 on Wy. As before, complete this to a flag
O)=WoC---CW,CWC---CW;=W. (8.29)
We choose transverse spaces

Wi =W,_1 + Vi, Wi =W+ W, =WV (8.30)
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in order to fix a Levi component. We get
[>gl(Vy) x -+ x gl(Vi) x sp(W). (8.31)

If we assume that V;, W are f-stable, then the corresponding parabolic subalgebra is
f-stable as well, and the real points of the Levi component are

lo Zulpr,q1) X -+ X u(pk, qx) X sp(W), (8.32)

where (p;,¢;) is the signature of V;. The Levi component of the parabolic subalgebra
corresponding to (8.30) in gl(V') satisfies

U= u(pr,q1) x -+ X u(pr, qr) X u(no,n0) X u(qr,pr) X -+ X u(qr,p1). (8.33)

For a maximal 6-stable parabolic subalgebra, the Levi component [ satisfies [ =
u(p1,q1) X spWV). Let e € sp(W) be a 6-stable nilpotent element. The algorithm for
induced nilpotent orbits in § 8.8 implies the following algorithm for indgz (e).

(1) Add p boxes labelled with pluses to the beginning of the longest rows starting with
minuses, and ¢ minuses to the beginning of the longest rows starting with pluses.

(2) Add g pluses to the ending of the longest possible rows starting with minuses, and
p minuses to the beginning of the longest possible rows starting with pluses.

Unlike in the complex case, the result is automatically the signed tableau corresponding
to a nilpotent element in sp(V'). Again see [17] and [31] for related results.

For a maximal real parabolic subalgebra, we must assume that V; = V3, W = W. Let
Vi,0 and Wy be their real points. The Levi component satisfies

[ gl(Vi,0) X sp(Wo). (8.34)
The results in §8.10 imply the following algorithm for real induction.

(1) Add two boxes to the largest dimV; rows of e so that the result is still a signed
tableau for a nilpotent orbit.

(2) Suppose dim V; is odd and the last row that would be increased by 2 is odd size
as well. In this case there is a pair of rows of this size, one starting with plus the
other with minus. In this case increase these two rows by one each.

8.12. so(p, q)

Suppose g = so(Vp), where (Vp,(-,)) is a real non-degenerate quadratic space of
signature (p, ¢). The complexification admits a hermitian form (-, -) with signature (p, q)
as well as a complex non-degenerate quadratic form (-,-), which restrict to (-,-) on
Vo. The form (-,-) gives an embedding of o(p,q) into u(p,q) with compatible Cartan
involutions. The results of §§ 8.2-8.4 together with § 8.7 imply the following classification
of nilpotent orbits of so(Vp) or equivalently #-stable nilpotent orbits. See Chapter 9 of [21]
for more details.
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Orbits correspond to signed tableaus so that every even part occurs an even number of
times. Fven sized rows occur in pairs, one starting with plus the other with minus. When
all the rows have even sizes, there are two nilpotent orbits denoted 1 and II.

A parabolic subalgebra of so(V) is the stabilizer of a flag of isotropic subspaces
(0) =Wy C -+ C Wi, (8.35)
so that the quadratic form restricts to 0 on Wj,. As before, complete this to a flag
O)=WoC---CW,CW;C---CW;=VW. (8.36)
We choose transverse spaces
Wi =W + Vi, Wi =W+ W, =WV (8.37)
in order to fix a Levi component,
[=el(V7) x -+ x gl(Vi) x so(W). (8.38)
To get a #-stable parabolic subalgebra we must assume V;, W are 6-stable. If the signature
of V; with respect to (-,-) is (p;, ¢;), and that of W is (po, qo), then
lo 2 u(pr,q1) X -+ X u(pk, gr) X 80(po, qo)- (8.39)

The parabolic subalgebra corresponding to (8.36) in gl(V') satisfies

U= u(pr,q1) X -+ X w(pr, qx) X w(po, go) X w(pr, qr) X -+ X u(p1,q1). (8.40)

For a maximal #-stable parabolic subalgebra, the Levi component [ satisfies [ 2 u(p1, q1) X
so(W). Let e € so(W) be a #-stable nilpotent element. The algorithm for induced nilpo-
tent orbits in §8.8 implies the following algorithm for indg(e).

(1) Add p; pluses to the beginning of the longest possible rows starting with minuses,
and ¢; minuses to the beginning of the longest possible rows starting with pluses.

(2) Add p; pluses to the ending of the longest possible rows starting with minuses, and
g1 minuses to the beginning of the longest possible rows starting with pluses.

Unlike in the complex case, the result is automatically a signed tableau for a nilpotent
element in so(V).

For a maximal real parabolic subalgebra, we must assume that V; = Vi, W = W. Let
Vio and Wy be their real points. The Levi component satisfies

1= gl(Vh,0) x so(Wp). (8.41)
The results in §8.10 imply the following algorithm for real induction.

Add two bozes to dimVy of the largest possible rows so that the result is still a signed
tableau for a nilpotent orbit. Suppose dimVi is even and the last row that would be
increased by 2 is even size as well. In this case there is a pair of rows of this size, one
starting with plus the other with minus. Increase these two rows by one each so that the
result is still a signed tableau. When there are only even sized rows and dim V7 is even
as well, type I goes to type I and type II goes to type II.
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9. Unitarity

In this section we prove the unitarity of the representations of the form L(x) where
X = %iz. As already mentioned, in the p-adic case this is done in [10]. It amounts to the
observation that the Iwahori—-Matsumoto involution preserves unitarity, and takes such
an L(y) into a tempered representation.

The idea of the proof in the real case is described in [3]. We will do an induction on
rank. We rely heavily on the properties of the wavefront set, asymptotic support and
associated variety, and their relations to primitive ideal cells and Harish-Chandra cells.
The facts about asymptotic support and associated variety are in §8.1, and those about
cells are in §§9.1-9.3. Details are in [14], [16] and [4]. In §§9.4-9.6 we give details of the
proof of the unitarity in the case of SO(2n + 1). The proof is simpler than in [3].

9.1. We will make heavy use of the results in [33]. Fix a regular integral infinitesimal
character Yreg. Let G%(Xreg) be the set of parameters of irreducible admissible (g., K)
modules with infinitesimal character x;es. We will suppress the superscript G whenever
there is no danger of confusion. The explicit description of QG(Xreg) is well known, called
the Langlands or Vogan classification. We will use the description in [33]. Denote by
ZG(Xreg) the corresponding Grothendieck group of characters. Recall from [33] (and
references therein) that there is an action of the Weyl group on ZG(xrcg), called the
coherent continuation action. As a set, G(xreg) decomposes into a disjoint union of blocks
B, and so ZG decomposes into a direct sum

ZG (Xreg) = @ZQB(Xreg)- (9.1)

Each ZGp(Xreg) is preserved by the coherent continuation action. We give the explicit
description of the ZGp in all classical cases. Many of the details, and complementary
explanations can be found in [26].

Type B. In order to conform to the duality between type B and type C in [33], we
only consider the real forms with p > ¢g. The Weyl group acts on the linear space
S ZGSOP9 (y,eq), and the representation is

Z 7G50 Wa) (Xreg) = Z Ind%jwaxw%xst [sgn ® sgn ® o|r, 7] ® triv], (9.2)
p>q a,b,T

where 7 is a partition of s, and a + b + 2s + t = n. The multiplicity of a o7, 7r] in one
of the induced modules in (9.2) is as follows. Choose a 7 that fits inside both 71, and 7y,
and label it with a bullet. Add the number ‘a’ of r and the number ‘b’ of r’ to g, at
most one to each row for inducing from the sign representations of W, and W;. Add ‘t’
¢, at most one to each column, to 71, or 7g for inducing from the trivial representation on
S¢. The multiplicity of ¢ in the induced module for a given (7, a, b) is then the number of
ways that 77, 7r can be filled in this way. This procedure uses induction in stages, and
the well-known formula

Indf™ (triv) = Y o[(k), (1)). (9.3)

k+l=n
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Example. Let g. = so(5). The real forms are so(3,2), so(4,1), so(5). The choices of
(1,a,b,t) are

(1, 17070)’ (170’ 170)7 (170707 1)’ (9 4)
(0,2,0,0), (0,1,1,0), (0,1,0,1), (0,0,2,0), (0,0,1,1), (0,0,0,2). '
Let o = o[(1), (1)]. Then its multiplicity is given by the number of labellings
.’ .)7 ®7 ®’ (9 5)
q)a ®7 (C, T), (Z)a (Ca T/)a (C7 C)' .
For o = ¢[(0), (2)] we get
0, 0, 0, (9.6)
0, (0,77"), 0,re), 0, 0,7¢), (0, cc). '
U

The following formula sorts the representations according to the various real forms
SO(p,q) with p + ¢ = 2n + 1. Each real form gives a single block. A representation
occurring in G, labelled as above, occurs in ZGS°®9) with

0 if 1/ > #r,
p=n-+1+|#r" —#r| —¢, where e = it > 4fr (9.7)
1 otherwise.

In the above example, (e,e), (c,c), (0,77), (0,7¢c) and (0, cc) belong to so(3,2) while
(c,7") and (0,r'c) belong to so(4,1).
To each pair of partitions parametrizing a representation of W,

L = (TOw”aer)v TR = (T17"'7r2m71)7 T <7n7,'+27 (98)

Lusztig attaches a symbol

) ro+1 Tom +m 9.9)
1 r3+1 - Tom—1+m —1 ' .

The symbol is called special if
ro<Tri <2+ 1<r3+1< - <rgp+m. (9.10)

Two representations belong to the same double cell if and only if their symbols have the
same entries. Given a special symbol of the form (9.9), the corresponding nilpotent orbit
O, has partition obtained as follows. Form the set

{2r9; +2i4+1,2r95_1 +2j—2:0<i<m, 1 <j<m}, (9.11)
and order the numbers in increasing order, g < - -+ < Z2,,. The partition of O, is

(xo,x1 — 1,...,@;i —i,...,Tom — 2m). (9.12)
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Type C. The representation G(xreg) is obtained from the one in type B by tensoring
with sign. Thus

ZG(Xreg) = > Idl7 . w, [s80 @ o7, 7] @ triv @ triv], (9.13)

a,b,T

where 7 is a partition of s, and a + b+ 2s + ¢ = n. This takes into account the duality
in [33] of types B and C. We write r for the sign representation of Sy, and ¢ and ¢ for
the trivial representations of W,, W;. A representation of W is parametrized by a pair
of partitions (71,, 7R ), with

TL:(T'o,...,T‘Qm), TR:(T17~-~7T2m—1); Tiéri_,_g. (914)

The associated symbol is

To o+ 1 Tom +m (9.15)
r1 rg+1 - Tom—1+m—1 ’ '

and it is called special if
ro<ri <2+ 1<r3+ 1< <rgy +m. (9.16)

Two representations belong to the same double cell if their symbols have the same entries.
Given a special symbol as in (9.15), the nilpotent orbit O, attached to the double cell
has partition obtained as follows. Order the set

{2r9; +20,2r0j 1 +2j —1:0<i<m, 1<j<m} (9.17)
in increasing order, g < - -+ < Zg,,. Then the partition of O, is
(Tos -y @j — Jy o vy Tom — 2m). (9.18)

The decomposition into blocks is obtained from the one for type B by tensoring with
sgn.

Type D. Since in this case o[r,, 7r] and o[rr, 71,] parametrize the same representation
(except of course when 71, = 7r which corresponds to two non-isomorphic represen-
tations), we assume that the size of 71, is the larger one. The Cartan subgroups are
parametrized by integers (t,u,2s,p,q), p+ g + 2s + t + u = n. There are actually two
Cartan subgroups for each s > 0, related by the outer automorphism of order 2. Then

w! . .
D 2G5O (xreg) = > Indy” X W, x W, x W, (380 @ 580 ® o[, Tl ® triv @ triv],
(9.19)

where a4+ b+ 2s+t+u = n. The sum is also over 7 which is a partition of s. We label the
o by es, trivial representations by ¢ and ¢’ and the sgn representations by 7 and r’. These
are added to 71, when inducing. In this case the sum on the left is over the real forms
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SO(p, q) with all p+ g = 2n. Each real form gives rise to a single block. A representation
labelled as above belongs to the block ZGSC®9) with p = n + #r' — #r.
If

TL:(T07...7T2m_2)7 TRZ(’I”l,...,’I‘Qm_l), (920)

then the associated symbol is

rg mo+1 -+ rogm_o+m-—1 - (9.21)
T1 7"3+1 7’2m,1+m—1
A representation is called special if the symbol satisfies
ro<r <Kre+1<rs+1<---<rgyp_1+m—1. (9.22)

Two representations belong to the same double cell if their symbols have the same entries.
The nilpotent orbit O, attached to the special symbol is given by the same procedure as
for type B.

9.2. We follow §14 of [33]. We say that n’ < 7 if «’ is a factor of 7 ® F with F a
finite-dimensional representation with highest weight equal to an integer sum of roots.
Two irreducible representations 7, 7’ are said to be in the same Harish-Chandra cell if
7 <mand < 7. The, Harish-Chandra cell of 7 is denoted C(m).

Recall the relation < from Definition 14.6 of [33]. The cone above 7 is defined to be

_ LR
C*R(m) = {n": 7' < 7} (9.23)
The subspace in ZG generated by the elements in sC*®(7) is a representation of
W denoted VER(r). The equivalence = is defined by
LR LR LR
TR = < P <. (9.24)
The Harish-Chandra cell C(n) is then

C(m)={n":7 o 7} (9.25)
Define
CER () = ™ (m)\C(T) (9.26)

and V() and V*R(7), in analogy with VYR (7). Thus there is a representation of W on
V(7) by the natural isomorphism

V(r) 2V () VR (7). (9.27)

Let O, C g, be a nilpotent orbit. We say that a Harish-Chandra cell C(7) is attached to
a complex orbit O, if

AdG.(AS(7)) = O...
The sum of the Harish-Chandra cells attached to O, is denoted V(O,).
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Let h, C g. be an abstract Cartan subalgebra and let II, be a set of (abstract)
simple roots. Let v be a Langlands parameter of an irreducible representation L(vy)
with infinitesimal character the same as the trivial representation (or some fixed finite-
dimensional representation). Denote by 7(7) the 7-invariant as defined in [33]. Given a
block B and disjoint orthogonal sets S, Sy C II,, define

B(S1,82) ={yeB|S1 C7(y), Sant(y) =0} (9.28)
If in addition we are given a nilpotent orbit O, C g., we can also define
B(S1,52,0.) = {y € B(S1,52) | AS(L(7)) C Oc}. (9.29)

If an S; is absent from the notation, assume S; = ().
Let W; = W(S;), and define

(9.30)

ms(o) = [0 ndl, .y, (sgn trivﬂ}
mB(O') = [0’ : gB(Xreg)]'

In the case of G, viewed as a real group, the cones defined by (9.23) are parametrized
by nilpotent orbits in g.. In other words, 7/ < = if and only if AS(x") C AS(w). So let
C(O.) be the cone corresponding to O.. Note that in this case W, =2 W x W, and the
representations are of the form o ® o.

Theorem 9.1. Let G be the real points of a connected linear reductive group G.. Then

|B(S1,82,0.)| = Z mg(o)ms(o).
o®c€eC(O,)

Proof. Consider ZB(S1, S2,0.) C ZB(0,0,0.). Then B(),0,O.) is a representation of
W which consists of the representations in V(m) with AS(7) C O.. The fact that the
representation V() is formed of o with 0 ® o € C(O,.) follows from the argument before
Theorem 1 of [26]. This accounts for mp(co) in the sum. The expressions of the action of
W given by Lemma 14.7 in [33] and Frobenius reciprocity imply that the dimension of
ZB(S1,S2,0.) equals the left-hand side of the formula in the theorem, and it equals the
cardinality of B(S7,S2,O.). ]

9.3. Assume that O is even. Then A := 15 is integral, and it defines a set Sy by

%
Sy = S(\) = {a € I, | (a, \) = O} (9.31)

Let O, be the nilpotent orbit attached to @ by the duality in [15]. Then the special
unipotent representations Unip(@) attached to O, are defined to be the representations
7 with infinitesimal character A and AS(7) C O.. The translation principle in Chapter 8
Definition 8.6, and discussed in greater detail in Chapter 16, particularly Lemma 16.2
and Theorem 16.4, of [1], establish a bijection between the irreducible admissible repre-
sentations in |JB(0, S(A)) at regular integral infinitesimal character X', and irreducible
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admissible representations at infinitesimal character . Because this bijection is realized
as tensoring with a finite-dimensional representation and projecting onto the appropriate
infinitesimal character, AS(7) is preserved. Thus there is a bijection

Unip(0) «— | JB(D, S(2), O.). (9.32)
B

So we can use Theorem 9.3 to count the number of unipotent representations. In the
classical groups case, mp(0o) is straightforward to compute. For the special unipotent
case, mg(o) equals 0 except for the representations occurring in a particular left cell
sometimes also called the Lusztig cell, which we denote CL(0,.). The multiplicities of
the representations occurring in C¥(0,) are all 1. These representations are in 1-1 cor-
respondence with the conjugacy classes in Lusztig’s quotient of the component group

A(O). See [16] for details.
Theorem 9.2.

[Unip(O)| = > ms(o).
B

oeCL(0,)

Theorem 9.3 (McGovern [26]). In the classical groups Sp(n), SO(p, q), each Harish-
Chandra cell is of the form C*(O..).

Definition 9.4. We say that a nilpotent orbit O, is smoothly cuspidal if it satisfies
type B, all odd sizes except for the largest one occur an even number of times;
type C, all even sizes occur an even number of times;

type D, all odd sizes occur an even number of times,

For O(R), a real form of O, write A(O(R)) for its (real) component group.

Proposition 9.5. Let O, be a smoothly cuspidal orbit with dual O. Then A(O) = A(O),
and in particular, |C*(O,)| = |A(O)|. Furthermore,

|Unip(0)] = Y JA(OR)),
(R)

where the sum is over all real forms O(R) of O,.

Proof. This is Theorem 5.3 in [3]. The proof consists of a direct calculation of multi-
plicities in the coherent continuation representation using the results developed earlier
in this section. O

Remark. This proposition does not hold for orbits that are not smoothly cuspidal. An
example is when O, is the principal nilpotent orbit. O

We omit the proof of the following proposition. It involves results of Borho, MacPher-
son, Joseph and Kashiwara which say that the AS-set of an irreducible highest weight
module is the closure of a single nilpotent orbit. See references in [15], and also another
proof in [35].
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Proposition 9.6. Assume O is even. Then the AS-set of L(xp) satisfies the property
that Ad G.(AS(L(x))) is the closure of the special orbit O. dual (in the sense of [15])
to O.

9.4. We now return to type G = SO(2n + 1). Consider the spherical irreducible rep-
resentation L(xg) with x5 = %ﬁ corresponding to a nilpotent orbit @ in sp(n). If the
orbit O meets a proper Levi component m, then L(Q) is a subquotient of a representation
which is unitarily induced from a unipotent representation on m (compare with (1.3)).
By induction, L(x) is unitary. Thus we only consider the cases when O does not meet

any proper Levi component. This means
@:(2$0,.‘.,2£L’2m), 0<£L’0<"'<$1‘<x1‘+1<"'<£L'2m, (933)

so these orbits are even.

Proposition 9.7. Let O be as in (9.33). The Harish-Chandra cell of L(xp) corresponds
to O, with partition

(1,...,1,2,...,2,....2m,....2m,2m + 1,...,2m + 1), (9.34)

T1 T2 T2m T2m+1
where
T2i+1 = 2(Tom—2i — Tam—2i—1 + 1),

T2 = 2(T2m—2i+1 — Tam—2i — 1),

Tom+1 = 2Zo + 1.
The columns of O, are (2xom + 1,2x9,—1 — 1,...,2x0 + 1).

Proof. The proof is a calculation involving Lusztig cells and their duals. We omit the
details. 0

Remark. In general if O is distinguished, then O, is smoothly cuspidal. But there are
many more smoothly cuspidal orbits. For example the orbit with partition (2, 2) in sp(4)
is smoothly cuspidal, but its dual is @ with partition (1,1, 3) which is not distinguished.

Definition 9.8. Given an orbit O, with partition (9.34) or more generally a smoothly
cuspidal orbit, we call the split real form Ogp the one which satisfies for each row size,

types C and D, the number of rows starting with plus and minus is equal;

type B, in addition to the condition in types C and D for rows of size less than 2m + 1,
for size 2m + 1, the number of starting with plus is one more than those starting
with minus.

Theorem 9.9. The WF-set of the spherical representation L(xp) with O satisfying
(9.33) is the closure of the split real form Ogp,) of the (complex) orbit O, given by (9.34).
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Proof. The main idea is outlined in [3]. We use the fact that if 7 is a factor of 7, then
WF(7) € WF(7'). We do an induction on m, the number of parts in the partition of O.
The claim amounts to showing that if E occurs in WF(L(x»)), then the signatures of
E,E?,... are greater than the pairs

(Zam + 1, Zom), (T2m + Tam—1, Tom + Tam—1), - - -,

(Tom + -+ + @1, Zom + -+ 21), (T2m + -+ 21+ 20 + 1, 22m + - + 21 + 20).-
(9.35)

The first pair is the signature of E, the second the signature of E2 and so on. The first
pair of numbers is obtained by counting the pluses and minuses in the first column of
the nilpotent orbit, the second pair by counting the same in the first two columns and
SO on.

The statement is clear when m = 0; L(x ) is the trivial representation. Let O be the
nilpotent orbit corresponding to

(2%0, ey 2£C2m,2). (936)

By induction, WF(L(x,)) is the split real form of the nilpotent orbit corresponding to
the partition

(1,...,1,2,...,2,....2m—2,....2m—22m —1,...,2m — 1), (9.37)
—— ——
T 5 Thm—2 Thm—1
where the columns are (2z2,,—2 + 1, 2x2;,—3 — 1,..., 220+ 1). Let p be the real parabolic

subalgebra with Levi component g(n — xo,, — Tom—1) X gl(xam + Tam—1). There is a
character x of gl(w2m+22m—1) such that 7 := L(x ) is a factor of 7’ := Indg[L(xp,) ® X]-
But by §8, WF(x’) is in the closure of nilpotent orbits corresponding to partitions

(2,...,2,...,2m,....2m,2m + 1,...,2m+ 1) if r{ even, (9.38)

r1/2472 T2m T2m+1

or
(1,1, 2,...,2 ,....2m,....2m,2m+1,...,2m+1) if r; odd, (9.39)

(r1—1)/24r2 T2m T2m+41

and the dots refer to sizes as in (9.34). It follows that the signatures for E* in WF(L(x))
are greater than the pairs

(a+, a—)7 (IQM + Toam—1sT2m + x2m—1)7 ey (940)

for some a; +a_ =z, +1, and the dots are pairs as in (9.35). Also, each row size greater
than two and less than 2m + 1 has an equal number that start with plus and minus. For
size 2m + 1 there is one more row starting with plus than minus.

We now do the same argument with O, corresponding to

(21.07 ey 2x2m—33 (2x2m—2)A7 (2x2m—1)A7 2x27n)~
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The WF-set corresponding to L(x,) is the split real form of the nilpotent orbit with
partition

(1,...,1,2,...,2,....2m—2,....2m —22m—1,...,2m — 1), (9.41)
—— ——

1 U 1" 1"
1 T3 T2m—2 Tam—1

with columns (29, + 1, 2x9,,—3 —1,...,220+1). Let p be the real parabolic subalgebra
with Levi component g(n — xo;,—1 — am—2) X gl(2m—1 + Tam—2). There is a character
X of gl(x2m—1 + Zam—2) such that 7 := L(x) is a factor of 7 := Indy[L(xp,) ® x]. But
by §8, WF(n”) is in the closure of nilpotent orbits corresponding to partitions

(1,...,1,3,...,3,...,2m,...,.2m,2m+1,...,2m+ 1) if ry even, (9.42)
—— N —

ri+ra/2 ro/2+4r3 T2m T2m+1
or

(1,...,1 ,2,2, 3,...,3 ....2m,....2m,2m+1,...,2m+1) ifry odd, (9.43)

7'1+(7"2—1)/2 ("”2—1)/24‘7"3 T2m T2m-+1

where the dots refer to pairs as in (9.34). Thus WF(L(x)) is also contained in the
closure of the nilpotent orbits with signatures

($2m + 17$2m)7 (.sz + 1 + G4, T2m + a*)a
(Xom + 1+ Zam—1 + Tam—2, Tam + 1 + Tom—1 + Tam—2), ..., (9.44)

for some ay + a— = zgy,—1, and the dots refer to pairs as in (9.35).
The claim follows. O

9.5. Consider the special case when
xo=x1—1<r2o=23 1< < Tan_2 =Tam-1 — 1 < Top. (9.45)

This makes O, of the form (9.34) with r9; = 0, i.e. the partition of O, has only odd terms.
The (Lusztig) cell C¥(O,) has size 2™ (which is true for any O, with O distinguished, not
just for the particular form (9.45)). We produce 2" distinct irreducible representations
with AC-set equal to Ogp1. So g is so(2p+1,2p). Let h be the compact Cartan subalgebra.
We write the coordinates

(al,...,ap\bh...,bp), (946)

where the first p coordinates before the | are in the Cartan subalgebra of so(2p 4+ 1) and
the last p coordinates are in so(2p). The roots €; £¢;, €; with 1 < 4, j < p are all compact
and so are €p4 £ €p4q With 1 < k,1 < p. The roots €; & €y 41, €p+1 are non-compact. Let
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qc = [, + u. be a #-stable parabolic subalgebra with Levi component

[:=1.Ng
= (@24, 41, T2iy ) X U(T21y, T2iy41) X - X W( L2, 15 T2ip,_y+1) X S0(T2m + 1, T2 )
or
[:=1.Ng
= u(@2i, 41, ¥2i,) X (235, T2i41) X+ X U(D2i,, 141, 823,y ) X 50(T2m + 1, Z2m)
(9.47)
(depending on the parity of m), where the ¢; are the numbers 0,...,m —1 in some order.
The parabolic subalgebra g, corresponds to the weight
5 — (mI2i1+1 et ]_Izz‘m,l +17 0%2m | mZ2i1 See 151?2im,1 , 0$2m)
or (9.48)
g — (m12i1+1 ey 19627‘,,”,1 , 0w2m mwzil e 11?2im,1+1, szm),

depending whether m is odd or even.
The derived functor modules ’Réc(«f) from characters on [, have AC-set contained in
Osp1. To get infinitesimal character x5, these characters can only be

& =%(3--3) (9.49)

on the unitary factors u(wa;; 11, 22:;) or u(xa;;,2i;4+1), and trivial on g(z2.,). We need
to show that there are choices of parabolic subalgebras q. as in (9.47) and characters as
in (9.49) so that we get 2™ non-zero and distinct representations. For this we have to
specify the Langlands parameters.

For each subset A := {k1,...,k.} C {0,...,m — 1}, k; in decreasing order, label the

complement A° := {{y,...,¢;}, A° also labelled in decreasing order, and consider the
f-stable parabolic subalgebra g 4 as in (9.47) and (9.48) corresponding to
{i1, oo yima1} ={k1,. -, kry b1, .o 0} (9.50)

We will consider the representations Ry, , (§a), where {4 is the concatenation of the 555
with plus for the first 7, and minus for the last ¢.
Lemma 9.10.
i 0 if'i # dim(ue 4 N &),
Ry, (8a) = {

non-zero Irreducible if i = dim(u. 4 N &;).

Proof. For the vanishing part we check that the conditions in Proposition 5.93 in [23,
Chapter V, §7] are satisfied. It is sufficient to show that

: K -

ind®" k(22 ) =Ule) @4, Z2 (9.51)

e, A

is irreducible. Here Z;i s the one-dimensional module corresponding to €4 — p(uc 4),

with 1
p(qu) = 5 Z .
a€A(ug )
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The derived functors are normalized so that if W has infinitesimal character x, then so
do the R} (W).

The notions and results about associated cycles in §8.1 apply. The associated cycle of
(9.51) is O,, the dual of O from (9.34), and the multiplicity is 1. Any composition factor
cannot have associated cycle formed of nilpotent orbits of strictly smaller dimension than
O. because the results in [16] apply. So if there is more than one factor, the multiplicity
of O, would be strictly larger than 1. Thus (9.51) is irreducible.

By the same reasoning, Réiﬂ(uc'Amec)(ﬁA) is irreducible if non-zero because the
multlphmty of the corresponding nilpotent orbit in s. in AV is 1. To show that

glcn; o4t ) # 0, we use the bottom layer K-types defined in [23, Chapter V,

§6]. To s1mphfy the notation slightly, we write

a1 = Tog, 11, b1 =7Tog,, ..., GQr = Top,, b, = xoy, 11, 7 even,
(9.52)
a1 = Tog,+1, b1 = Tag,, ..., Qp = Tog, 41, b = Top,, r odd,

and u, for uc 4. Let also a := > a;, b:= 3 b;. Note that |a; —b;| = 1, and also |a—b| = 1.
Then
=&+ 2p(uns) — p(u) = (1,077 | 1°,077") (9.53)

is dominant, therefore bottom layer. The aforementioned results then imply the non-
vanishing. O

We now show that there are 2™ distinct representations. To do this we will compute
Langlands parameters. We rely on the notation and conventions in Chapter 11 of [1].
Many details are in the references to earlier work given there. In [1] a Langlands parame-
ter is a triple A = (A", Ri&, Rﬁf ), where A°" is an irreducible representation of a f-stable
Cartan subgroup Hg (denoted Tk in [1]). Attached to such data is a standard module
X(A), with a canonical irreducible subquotient M(A). We will determine X := dA®" and
the lowest K-types of the derived functor modules constructed earlier. The Lie algebra of
H decomposes according to the +1 eigenvalues of 6 into h = t+a. Then A = (A, v). Recall
from [32, Chapter 5] that the centralizer of a is a quasi-split #-stable Levi component
[, and that M (A) is determined by the fact that it contains a lowest K-type u related
to A by the formula A = u+ 2p. + p + v where v = ) ¢;; is a combination of strongly
orthogonal imaginary roots with coefficients 0 < ¢; < %
To compute A and p, we will need to use the intermediate parabolic subalgebras

Ge,a C e a Cdoa C ge (9.54)
with Levi components

" =u(ay,b1) x -+ x ulay,b.) x gln —a— b),}

" = u(a,b) x g(n —a — b). (9.55)

Apply induction in stages from q. 4 to q 4 first. On the factor g(n — a — b) the K-
type p in (9.53) is trivial, so the Langlands parameter is that of the spherical prin-
cipal series. Similarly on the wu(a;j,b;) assume the infinitesimal character is x; =
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(max(a;,b;),...,min(a;,b;)) with the coordinates going down by 1, and the Langlands
parameter is that of a principal series with the appropriate one-dimensional Langlands
subquotient. Let h4 C [g’ 4 be the the most split Cartan subalgebra. In particular the
real roots are

Qg = €4 + €dtps Zaj <d< Zaj + min(a;,b;), 0<s<r—1. (9.56)
Jss J<s
For each factor u(aj,b;) the Langlands parameter is of the form (\;,v;) where \; €
hbaNt., and v; € h4 Ns.. Then
aj | 1b;
3 13 (9.57)

while

(vj, aq) = max(a;,bj) — <d -3 aj>. (9.58)

Jss

Proposition 9.11. The representations Rgiﬁ(u“"mec)(f A) have Langlands parameters

(A9, v), where \“ is obtained by concatenating the \; in (9.57) and v satisfies (9.58).

Proof. We write [[ = I, , and ' = I, , N g. There is a non-zero map Xy (A9, —v) —
Ly (M, —v) given by the Langlands classification. Thus there is a map

dim €.Nul, dim €.Nu/, o im E.Nu,
Ry ik [Xv (A9, —v)] = RYLAR (L (A, —v)) = RET R4 (€a), (9.59)

which is non-zero on the bottom layer K-type (9.53). On the other hand, because these
are standard modules,

X(A\% ) ifi=dim& Nu,,

] (9.60)
0 otherwise.

Ry(Xv(X,v)) = {
The proof follows. O

9.6.

Theorem 9.12. The spherical unipotent representations L(x ) with O even are unitary.

Proof. We present the details for G = SO(n + 1,n). Write g(n) for the Lie algebra
containing Ogp, the split real form of O, same as the support AC(L(xs)). There is a
(real) parabolic subalgebra p* with Levi component m™ := gl(ny) x - -+ x gl(ng) x g(n)
in gt of rank ny + - - - 4+ ng + n, such that the split form (’)jpl of

Or:=(1,1,3,3,...,2a — 1,2a — 1,2a + 1)

for some a depending on (2z,...,2Ts,,) is induced from O on g(n), trivial on the gl
factors. We will consider the representation

I(r) := Ind?, [triv ® - -+ @ triv @ 7] (9.61)
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We show that the form on I(7) induced from 7 is positive definite; this implies that the
form on 7 is definite. We do this by showing that the possible factors of I(x) have to be
unitary, and the forms on their lowest K-types are positive definite.

By the results in §§8 and 9, more specifically §§8.1 and 9.3, and particularly Propo-
sition §9.5, we conclude that there are 3% - 2% unipotent representations in the block of
the spherical irreducible representation; all the factors of I(m) are in this block. Here
3% is the number of real forms of OF, and 2% is the number of representations in the
corresponding Lusztig cell. We describe how to get 3¢ - 2 distinct representations. For
each real form O;‘ of O} we produce one representation 7 such that AC(w) = (’j;'. Then
Theorem 9.3 implies that there is a Harish-Chandra cell with 2* representations with
this property, since A(O) = A(O) = (Z/2)*. Since these cells must be disjoint, this gives
the required number.

From §8.1, each such form (9;|r is f-stable induced from the trivial nilpotent orbit on
a parabolic subalgebra with Levi component a real form of

gl(1) x gl(3) x -+ x gl(2a — 1) x g.(m).

Using the results in [23], for each such parabolic subalgebra, we can find a derived functor
induced module from an appropriate one-dimensional character, that is non-zero and has
associated variety equal to the closure of the given real form. Actually it is enough to
construct this derived functor module at regular infinitesimal character where the fact
that it is non-zero irreducible is considerably easier.

So in this block, there is a cell for each real form of OF, and each cell has 2% irreducible
representations with infinitesimal character x . In particular for Oy, the Levi compo-
nent is u(1,0) x u(1,2) x u(3,2) x - -- x so(a,a+ 1). For this case, §9.5 produced exactly
2% parameters; their lowest K-types are of the form pe(n — k, k). These are the only
possible constituents of the induced from L(x). Since the constituents of the restriction
of a pe(n — k, k) to a Levi component are again pe(m — [,1)s, the only way L(xp) can
fail to be unitary is if the form is negative on one of the K-types uo(n — k, k). But §§5
and 6.3 show that the form is positive on the K-types pte of L(X). O

10. Irreducibility

10.1. To complete the classification of the unitary dual we also need to prove the
following irreducibility theorem. It is needed to show that the regions in Theorem 3.2 are
indeed unitary in the real case.

Theorem 10.1. Assume O is even, and such that x;_y = x; = x;4+1 for some i. Let
m = gl(x;) x g(n — x;), and Oy C g(n — x;) be the nilpotent orbit obtained from O by
removing two rows of size x;. Then

G(n .
L(xp) = Indgy )wi)XG(n—;Ei)[trlv ® L(xe,)]-

In the p-adic case this follows from the work of Kazhdan—Lusztig [10]. In the real case,
it follows from the following proposition.
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Proposition 10.2. The associated variety of a spherical representation L(x¢) is given
by the sum with multiplicity one of the following real forms of the complex orbit O..

Types B and D. On the odd sized rows, the difference between the number of pluses
and number of minuses is 1, 0 or —1.

Type C. On the even sized rows, the difference between the number of pluses and
number of minuses is 1, 0 or —1.

The proof of the proposition is lengthy, and follows from more general results which
are unpublished. We will give a different proof of Theorem 10.1 in the next sections.

Remark. When O is even, but O is not, and just #; = 241, the proof follows from [10]
in the p-adic case, and the Kazhdan—Lusztig conjectures for non-integral infinitesimal
character in the real case. We have already used these results in the course of the paper.

O

The outline of the proof is as follows. In §10.2, we prove some auxiliary reducibility
results in the case when © is induced from the trivial nilpotent orbit of a maximal Levi
component. In §10.3, we combine these results with intertwining operator techniques to
complete the proof of Theorem 10.1.

10.2. We need to study the p-induced modules from the trivial module on m C g(n)
where m 22 gl(n), or in some cases m = gl(a) x g(b) with a + b = n.
Type B

Assume O corresponds to the partition 2z¢ = 2z; = 2a in sp(n, C). The infinitesimal

character is (—a + %, e, — %) and the nilpotent orbit O, corresponds to

(1,1,2,...,2,3).
——

2a—-2

We are interested in the composition series of

G(2a .
IndGé(Ql) [triv]. (10.1)

There are three real forms of O, in so(2a + 1, 2a):

+ - + + - + - + -

+ - + - + -

- + - + - +

: (10.2)

+ - + - + -

- + - + - +

+ + +

+ - +
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The associated cycle of (10.1) is the middle nilpotent orbit in (10.2) with multiplicity 2.
Section 6 shows that there are at least two factors characterized by the fact that they
contain the petite K-types which are the restrictions to S[O(2a + 1) x O(2a)] of
0% +) ® u(0%; +),
ucf_l )@ u( ' ) (10.3)
#(1,0%7 7 =) @ (0% —).

Thus because of multiplicity 2, there are exactly two factors. One of the factors is spher-

ical. The non-spherical factor has Langlands parameter

N =(L0,...,0]0,...,0),

(1 | ) | } o)

_ 1 1 3 3 1
V—(O,a—§,a—§,...,§,§,§

The Cartan subalgebra for the non-spherical parameter is such that the root €; is non-
compact imaginary, €;,¢; & €; with j > ¢ > 2, are real. The standard module X(\%,v)
which has X (\“,v) as quotient is the one for which v is dominant. Thus we conjugate
the Cartan subalgebra such that ey, is non-compact imaginary, €;,€; £¢€; with ¢ < j < 2a
are real, and the usual positive system AT = {e;,¢; £¢;}ic;.

Type C

Consider @ which corresponds to the partition 2z = 221 =2a+ 1 < 222 =2b+ 1 in
so(n, C). The infinitesimal character is

(—a,...,a)(=b,...,—1). (10.5)
The nilpotent orbit O, is induced from the trivial one on gl(2a+1) x g(b) and corresponds
to
1,...,1,2,2,3,...,3). (10.6)
N—— S——
2b—2a—2 2a

We are interested in the composition series of

G(2a+b+1) .
IndGL(2a+1)xG(b) [triv]. (10.7)

There are three real forms of (10.6):

+ - + + - + + - +
-+ - - + - - 4+ -

+ - + + - + + - +

-+ - - + - - 4+ -

o o -7 (10.8)
+ - - + -+

+ + +

+ + +
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The AC cycle of (10.7) consists of the middle nilpotent orbit in (10.8) with multiplicity 2.
By a similar argument as for type B, we conclude that the composition series consists of
two representations containing the petite K-types

1(0"),
‘u(la+1’0b1,(1)a+1)'} (109)

These are also the lowest K-types of the representations. The non-spherical representa-
tion has parameter

>‘G = (%G,Ob, (_%)a)a
P (10.10)
v = (§ ;0 ) )
Type D
Let O correspond to the partition 2z = 22, = 2a + 1 in so(n, C). The infinitesimal
character is (—a, ..., a). The real forms of the nilpotent orbit O are
+ —
-+
Do (10.11)
+ —
-+

There are two nilpotent orbits with this partition labelled I and II. Each of them is
induced from m 2 gl(2a), there are two such Levi components. We are interested in the
induced modules

Indgy o [riv]. (10.12)

The multiplicity of the nilpotent orbit (10.11) in the AC cycle of (10.12) is 1, so the
representations are irreducible.
We summarize these calculations in a proposition.

Proposition 10.3. The composition factors of the induced module from the trivial
representation on m, where m = gl(2a) for SO(2a+ 1, 2a) and SO(2q, 2a), or gl(2a+ 1) x
g(b) in type Sp(4a + 2b+ 2), all have relevant lowest K-types. In particular, the induced
module is generated by spherically relevant K-types. Precisely,

type B, the representation is generated by the K-types of the form pi;
type C, the representation is generated by the K-types of the form p,;

type D, the representation is generated by the spherical K-type ji.(0) = 1,(0).
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10.3. We now prove the irreducibility result mentioned at the beginning of the sec-
tion in the case of g of type B; the other cases are similar. Recall that we denote
0= (2z9, 221, . .., 22T2y,). Let O, be the nilpotent orbit where we have removed two
entries equal to 2a from O. Let m := gl(2a) x g(n — 2a). Then L(x) is the spherical

subquotient of the induced representation
I(a, L(xp,)) == Ind} [(—a + 1. ,a-w® L(xp,)]- (10.13)

It is enough to show that if a parameter is unipotent, and satisfies ;1 = z; = ;41 = a,
then I(a, L(xp,)) is generated by its K-types j.. This is because by Theorem 5.3, the
K-types of type pe in (10.13) occur with full multiplicity in the spherical irreducible
subquotient, and the module is unitary. We will use various irreducibility results stated
in §2 without mention.

First, we reduce to the case when there are no 0 < z; < a. Let v be the dominant
parameter of L(xs), and assume ¢ is the smallest index so that z;,_1 = a. There is an
intertwining operator

X(V)—)I(%,...,xo—%;...;%,...,azi,g—%;1/), (10.14)

where I is induced from

gl(z0) X -+ x gl(xi_3) X g<n -y x])

j<i—1

with characters on the gl factors corresponding to the strings in (10.14), and the irre-
ducible module L(v') on g(n —3_;, ; ;). The intertwining operator is onto, and thus
the induced module is generated by its spherical vector. By the induction hypothesis,
the induced module from (—a+3,...,a—3)® L(v") on gl(2a) x g(n — Y., x;) is irre-
ducible. The parameter " is such that the induced module has infinitesimal character
v/, and contains L(v') as its spherical subquotient. But

I(%,...,Sﬂofl

This module maps by an intertwining operator onto I(a, L(xp,)), so I(a, L(xp,)) is
generated by its spherical vector.
So we have reduced to the case when

Top—=x1 =T2 =4
or (10.16)

To=0< 21 =29 =23 =a.

Suppose we are in the first case of (10.16) and m = 1. The infinitesimal character is

https://doi.org/10.1017/51474748009000231 Published online by Cambridge University Press


https://doi.org/10.1017/S1474748009000231

The unitary spherical spectrum for split classical groups 353
each coordinate occurring three times. The induced module
I(—a+13,...,a—13) (10.17)

of g(2a) is a direct sum of irreducible factors computed in §10.2; in particular it is
generated by K-types of the form pe(2a — k, k) (with & = 0,1). Consider the module

Ia—3%.. 5 ti—a+i a1, (10.18)

induced from characters on GL(1) x --- x GL(1) x GL(2a). It is a direct sum of induced
modules from the two factors of (10.17). Each such induced module is a homomorphic
image of the corresponding standard module with dominant parameter. So (10.18) is also
generated by its u isotypic components. But then

1. 1. 1 1
I(a—5,...,§,—a—l—§,...,a—§)

Il

I(—a+1%,...,a—3a—%;...;3) (10.19)

so the latter is also generated by its pe isotypic components. Finally, the intertwining
operator
I(a—%;...;%)%I(%,...,a—%) (10.20)

is onto, and the image of the intertwining operator

I(3,...,a=3) = I(-a+3,....,—3) (10.21)
is onto L(—a + 3,...,—3). Thus the module induced from gl(2a) x g(a),
I(—a+1%,...,a— 3 L(—a+3,...,—3)), (10.22)

is generated by its . isotypic components. Since the multiplicity of these K-types in
(10.22) is the same as in the irreducible spherical module, it follows that they must be
equal.

Now suppose that we are in the first case of (10.16) and m > 1, or in the second case,
and m > 2. The parameter has another xs,, 1 < Z2,,. We use an argument similar to
the one above to show that the module

I(_mefl + %a"'ax2m - %vL(X(’jQ))a (1023)

induced from gl(xom—1 + Zom) X g(n — Tam—1 — Tam ), where O, is the nilpotent orbit
with partition obtained from O by removing 2x9,,_1, 2x2,,, is generated by its p, isotypic
components. The claim then follows because the induced module is a homomorphic image
of (10.23). Precisely, X (v) maps onto

1

. L1 1.
X0 T g3y L2m—2 T 33

L(—Zom—1+ 3, —Tom—1+ 3,...,—5,—1)). (10.24)

=
=

1
I(Z’Qm,1+§,...,$2m—

So this module is generated by its spherical vector. Replace L(—zg,;,—1 + %, —Tom—_1 +
% 75, 77) by I(—Tm_1+ % 5 T2m—1 — 2). The ensuing module is a direct sum of
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two induced modules by § 10.2. They are both homomorphic images of standard modules,
so generated by their lowest K-types, which are of type u.. Next observe that the map

1 1.1 1. .
I($2m,1+§,...,$2m—5,5,...71' Ty
1 1. 1 1
§a~~'7x2m72_57_$2m71+§a~~~7x2m71_§)
I(— 1 _ 1.1 1 .1 — 1y (10.25
— ( x2m71+2a---x2m 3135120 33 10y L2m— 2) ( . )

is onto. So the target module is generated by its p, isotypic components. The module
I, xo— L 0t e — ) (10.26)

(the string (—z2m-1 + %, ey Tom — %) has been removed) has L(—zgm—2 + %, ol %) as
its unique irreducible quotient, because it is the homomorphic image of an X (7) with
v dominant. Therefore, it is generated by its spherical vector. Combining this with the
induction assumption, we conclude that

I(*l’gm_l + %, ey Xom — %, —a + %, cee,a— %,L(@g)) (1027)

is generated by its j. isotypic components. Here O3 is obtained from Oy by removing
two entries equal to 2a. It is isomorphic to

I(—a+3,....a— 3 —2om 1+ 3,..., 220 — 3, L(03)). (10.28)

Finally, the multiplicities of the p. isotypic components of I(—xom,—1 + %, ey Tom —
1:L(03)) are the same as for the irreducible subquotient L(O;). This completes the
proof of the claim in this case.

It remains to consider the case when m =2 and xp =0 < 21 =29 =23 =a < x4. In
this case, the module

I(a+%,...,x4—%;—a—k%,...,a—%;—a—&—%,...,a—%) (10.29)

is generated by its e isotypic components because of Proposition 10.3, and arguments
similar to the above. Therefore, the same holds for

I(—a+%,...,x4—%;—a—l—%,...,a—%), (10.30)

which is a homomorphic image via the intertwining operator which interchanges the first
two strings. But this is isomorphic to

I(—a—&—%,...,a—%,—a+%,...,x4—%). (10.31)

Then I(—a+ 3,...,a— 3,L(—z4+ %,...,—%,—1)) is a homomorphic image of (10.31)
so it is generated by its e isotypic components. By §5.3, the multiplicities of the e
isotypic components are the same in I(—a + %, e, a— %,L(—m + %, ceey —%, —%)) as in
L(xo)-

This completes the proof of Theorem 10.1. O
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