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1. INTRODUCTION
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The goal of this paper is to present some recent progress on the classification
of the unitary genuine irreducible representations of the metapectic group. The
focus is on Langlands quotients of genuine minimal principal series of Mp(2n); our
main result is an embedding of the set of unitary parameters of such representa-
tions into the union of spherical unitary parameters for certain split orthogonal
groups. The latter are known from [Bal], hence we obtain the non-unitarity of a
large (conjecturally complete) set of parameters for Langlands quotients of genuine
principal series of Mp(2n). For the pseudospherical case, this result already ap-
pears in [ABPTV]. The authors of [ABPTV] prove that a similar embedding holds
for all nontrivial coverings of simple split groups, but they restrict their attention
to the pseudospherical case. In this paper, the emphasis is exclusively on Mp(2n),
but the pseudospherical restriction is removed. In the specific example of the pseu-
dospherical principal series of Mp(2n), the embedding in [ABPTV] turns out to be
a bijection. We conjecture that this result holds for all genuine principal series of
Mp(2n), and provide some evidence for this claim.

Let G = Mp(2n) be the (unique) nontrivial two-fold cover of the symplectic
group Sp(2n,R). Choose a minimal parabolic subgroup of Sp(2n,R), and let M A
be the inverse image of its Levi factor in Mp(2n). Then M is a finite abelian group
of order 2" and A is a vector group. For every irreducible representation & of
M and every character v of A, we choose a nilpotent group N such that M AN is
the inverse image of a minimal parabolic subgroup of Sp(2n,R), and v is weakly
dominant for the positive root system determined by N. The representation § ® v
of M A can be regarded as a representation of M AN, with N acting trivially. The
corresponding induced representation is a principal series representation of Mp(2n),
denoted

(1.0.1) 1(6,v) := Ind}PC" (5 @ ).

Note that I(0,r) is independent of the choice of N, and is unitary if the character
v of A is unitary (because we use normalized induction).

We restrict our attention to representations of Mp(2n) that are genuine, in the sense
that they do not factor to Sp(2n,R). It is easy to check that I(d,v) is genuine if
and only if the M-type 6 does not factor to the appropriate subgroup of Sp(2n,R);
i. e., if 6 is a genuine M-type. Every genuine representation § of M is contained in a
unique fine K-type ps (see Definition 5). The distinguished irreducible composition
factor of I(d,v) containing s is a Langlands quotient of Mp(2n), denoted J (4, v).
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We are interested in the set of parameters v for which the irreducible representa-
tion J(4,v) is unitary. Note that v is real if and only if J(, ) has real infinitesimal
character. By a result of Vogan (see [Kn], Theorem 16.10), any unitary repre-
sentation with nonreal infinitesimal character is unitarily induced from a unitary
representation with real infinitesimal character on a proper Levi subgroup. Hence
we will (as we may) assume that v is real.

We call the set

(1.0.2) CS(Mp(2n),0) :={v € ag | J(J,v) is unitary}

the J-complementary series of Mp(2n). By work of Knapp and Zuckerman, every
genuine Langlands quotient J(d,r) admits a Hermitian form which is invariant
under the action of the group; the d-complementary series of Mp(2n) consists of all
the parameters v which make this form (positive) definite.

To better describe the results we need to introduce some notation. The Weyl group
W of Mp(2n) acts on the set M of genuine irreducible representations of M, and
on the set ap of real characters of A. Because

(1.0.3) w-CS(Mp(2n),6) = CS(Mp(2n),w - d) VweW,
the d-complementary series of Mp(2n) is invariant under the action of the stabi-
lizer W of § in W. Equation (1.0.3) also shows that it is sufficient to compute the

complementary series associated to a single M-type in each orbit of M under the ac-
tion of the Weyl group. W-orbits of genuine M-types of Mp(2n) are parameterized
by pairs of non-negative integers (p,q) with p + ¢ = n; the selected representa-
tive in the (p, ¢)-orbit will be denoted 6, 4. We prove that the ¢, ,-complementary
series of Mp(2n) embeds into the product of the spherical complementary series
CS(SO(p+1,p)0,00) of SO(p + 1,p), with the spherical complementary series of
SO(q+1,q),. Here is a more precise statement of the result:

Theorem 1. Let G = Mp(2n) and let v = (v1,...,vy) be a real character of A.
For each pair of non-negative integers p, q such that p+ q = n, write v = (v,|vg)
with

(1.0.4) vp = (11,...,1p) and vy := (Vpg1, ..., Un).

If the spherical Langlands quotient J(do,vp) of SO(p + 1,p)o and/or the spherical

Langlands quotient J(do,vq) of SO(q + 1,q)0 are not unitary, then the genuine
Langlands quotient J (6, q,v) of Mp(2n) is also not unitary.

Because the spherical unitary dual of real split orthogonal groups is known (by
work of Barbasch), we obtain explicit non-unitarity certificates for genuine principal
series for Mp(2n). Here is an equivalent formulation of Theorem 1.

Theorem 2. Let G = Mp(2n) and let v = (v1,...,vy) be a real character of A.
Write v = (vp|vg), as in (7.2.1). There is a well defined injection

(1.0.5) CS(Mp(2n),0p.4) — CS(SO(p+ 1,p)o, o) x CS(SO(q + 1, q)o, do)

taking
v = (vp, ).

Conjecture 1. The map (1.0.5) is a bijection.

As an example, we give the picture of the spherical unitary duals of SO(2,1)
and SO(3,2)o, and of the 0z 1-complementary series of Mp(6).
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We briefly discuss the relation between Conjecture 1 and the “omega-regular con-
jecture” introduced in [PPS1]. In [PPS1], we defined the notion of an omega-regular
representation for the metaplectic group. Roughly, a representation of Mp(2n) is
omega-regular if its infinitesimal character is at least as regular as that of the os-
cillator representation. Generalizing the idea of an admissible Aq4(\)-module of
[Sa], we displayed a family of unitary omega-regular representations called A4 (€2)-
modules, and conjectured that these modules exhaust the genuine omega-regular
unitary dual of Mp(2n).

If 7 is an irreducible principal series representation of the metaplectic group, then
7 is an Aq(€2)-module if and only if it is an even oscillator representation. Then,
for principal series representations, the “omega-regular conjecture” states that a
genuine omega-regular irreducible principal series representation of Mp(2n) is uni-
tary if and only if it is an even oscillator representation. This result follows from
Theorem 2. Hence, we obtain the following corollary.

Corollary 1. The “omega-reqular conjecture” is true for all principal series rep-
resentations.
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In addition, for genuine non-unitary omega-regular principal series representa-
tions, we obtain non-unitarity certificates on specific petite U (n)-types, which pro-
vide an important ingredient for proving the general conjecture. A complete proof
of the “omega-regular conjecture” will appear in a separate paper [PPS2].

The technique used in the proof of Theorem 1 follows Barbasch’s idea to use
calculations on petite K-types to compare unitary parameters for different groups.
For each genuine M-type 6, let As be the system of good roots for d, as in Section
3.4, and let G°® be the connected real split group whose root-system is dual to Aj.
If § = 6p,q, then

(1.0.6) As is a root system of type Cp x Cy,

and G? = SO(p + 1,p)o x SO(q + 1,q)o. Theorem 2 asserts that the set of uni-
tary parameters for a (Hermitian) genuine Langlands quotient J(d,v) of Mp(2n)
embeds into the set of unitary parameters for a (Hermitian) spherical Langlands
quotient of G°. Associated to d, there is a family of Hermitian intertwining oper-
ators T'(wo, i1, 9, v), one for each K-type u, with the property that the Langlands
quotient J(d,v) is unitary if and only if

T (wo, i, 0, v) is positive semi-definite, for all u € K.

The domain of the operator T'(wo, i, d,v), i.e., the space V,[d] := Homps(u, d),
carries a representation of the stabilizer W° of § in W. If the K-type p is petite
(see Definition 5), the operator T'(wy, t, 6, ) depends only on the W-structure of
V,,[0], and behaves like a spherical operator for the group G°. Note that for all §
genuine, W7 coincides with the Weyl group of the system of good roots, hence with
the Weyl group of G°. Therefore, this matching of intertwining operators ties the
unitarity of a genuine Langlands quotient J(d,v) of Mp(2n) to the unitarity of a
spherical representation of G°.
Proving Conjecture 1 amounts to showing that for each pair of parameters

v, € CS(SO(p+1,p)o, do) and v, € CS(SO(q+1,¢)0, o),

the Langlands quotient J (0,4, (vp|vg)) of Mp(2(p + ¢)) is unitary. We do this
completely for p + ¢ < 3. For the general case, we produce two large families of
spherical unitary parameters for SO(p + 1,p)o x SO(¢q + 1,¢)o which give rise to
dp,q-complementary series of Mp(2(p+¢)). One can construct many more examples;
we plan to pursue this in a future paper.

Some comments are in order. Barbasch’s method of computing some intertwin-
ing operators purely in terms of Weyl group representations is central to this paper.
The same technique has proven successful in the past: it was used in [Ba2] to prove
that the spherical unitary dual of a real split group embeds into the spherical uni-
tary dual of the corresponding p-adic split group, and in [ABPTV] to prove that the
pseudospherical unitary dual of nontrivial coverings of split simple groups embeds
into the spherical unitary dual of certain linear groups. Generalizing these ideas to
genuine non-pseudospherical representations is nontrivial, because the intertwining
operators are harder to compute, due to the presence of bad roots.

We give an outline of the paper. Since understanding the techniques used in the
determination of the spherical unitary dual of split real classical groups is crucial
for our argument, we summarize the main results of [Ba2] in Section 2. Section 3 is
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devoted to the structure of the group Mp(2n). The genuine complementary series
of Mp(2n) are introduced in Section 4. In Section 5, we discuss the structure of the
space Hom s (11, §) and the corresponding W-representation. Next, in Section 6, we
review the theory of intertwining operators for minimal principal series of Mp(2n)
and we prove some preliminary results. In Section 7, we explain the role of petite
K-types for producing non-unitarity certificates; and we state the main theorem.
The actual proof of the main theorem is contained in Section 10. In Section 8, we
present some evidence for Conjecture 1. The irreducible representations of Weyl
groups of type C are described in Section 9. Finally, in the appendix, we give an
explicit description of the spherical unitary dual of split groups of type B as in
[Bal].

Sections 5, 6 and 7 are based on unpublished work of D. Barbasch and the
first author on non-unitarity certificates for non-spherical principal series (for more
general cases than Mp(2n)), ¢f. [BP]. We thank D. Barbasch for generously sharing
his ideas. In addition, we would like to thank D. Vogan, P. Trapa and D. Ciubotaru
for offering valuable suggestions along the way, and the authors of [ABPTV] for
providing such an interesting inspiration.

2. SPHERICAL UNITARY DUAL OF REAL CLASSICAL SPLIT GROUPS.

The purpose of this section is to summarize some of the results we need about
the spherical unitary dual of real split groups. For a more detailed description, the
interested reader can consult [BCP].

Let G be the set of real points of a connected linear reductive group defined over
R. Let K be a maximal compact subgroup of G, let M A be the Levi factor of a
minimal parabolic subgroup of G (with compact part M) and let W be the Weyl
group of G. Assume that G is a split group of rank n, so that M A is isomorphic
to (R*)™ and M is isomorphic to (Z/2Z)".

Theorem 3. (cf. [Vo]) Let dy be the trivial M-type, and let v be a character of A.
Choose a minimal parabolic subgroup P = M AN of G making v dominant, and let

I(8,v) :=Ind$, 4y (60 @ v @ 1)
be the spherical principal series representation of G induced from v. Then:

e 1(0p,v) has a unique irreducible spherical subquotient, denoted J(dg, V).
o J(0g,v) is equivalent to J(V') if and only if v = wv/', for some w € W.
o J(80,v) is Hermitian if and only if wv = 0=, for some w € W.

Remark 1. Because A is a vector group, we can interpret the character v of A as a
complex linear functional on the Lie algebra of A. For the purpose of unitarity, we
can also assume that v is real (see [Kn], Theorem 16.10, or [BM]). The Hermitian
condition becomes: wv = —v, for some w € W. (The element w can be assumed to
be the long Weyl group element wy.)

Suppose that v € ap is dominant and satisfies the condition wq - v = —v, with
wo the long element in the Weyl group. Then the Langlands quotient J(dg,v) is
an irreducible Hermitian spherical representation of G. The unitarity of J(dy, )
depends on the signature of certain intertwining operators. Precisely, there is one
operator

T(wo, i, 0, v): Homg (E,,,I(d0,v)) — Homg (E,, I(d9, —v))
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for every irreducible quasi-spherical representation (u, E,) of K. (A K-type p is
called quasi-spherical if its restriction to M contains the trivial M-type.) The spher-
ical Langlands quotient .J(dg, ») is unitary if and only if each operator T'(wo, p, dg, v/)
is positive semi-definite.

By Frobenius reciprocity, we can interpret T'(wo, ft, dp, ) as an operator on the
space V,[00] := Homas (1, 6o) =~ (E;‘L)M When p is the trivial K-type, i. e., the fine
K-type ps,, the space V,[0o] is one-dimensional, hence the operator T'(wo, , do, /)
acts on it by a scalar. We normalize the operators so that this scalar is 1. Let

(2.0.7) W0 = Sur Ser L e

be a minimal decomposition of wy as a product of simple reflections. The operator
T (wo, i, 0o, v) inherits a similar factorization:

(208) T(w07M7607V) = HT(Sajuua(SOuVj—l)

j=1
with vg = v and v; = s4,84,_, " 8a, v = x; - v for all j > 1. Every factor
—_———
(209) T(Sa, H, 50, ’7) : VvH [60] — VvH [60]
is an endomorphism of the space V,[do]. To construct T'(sq, i1, d0,7y), we look at
the SL(2,R)-subgroup G, associated to «, and we pick a generator Z,, for the Lie

algebra of G, NK ~ SO(2). Then, we decompose E,, as a direct sum of generalized
eigenspaces for du(Z,), and let

(2.0.10) = P Hom,y (V,,(£2k), do)
keN

be the corresponding decomposition of V,,[dg]. Here we use N to denote the set of
non-negative integers, and we set V,,(s) := {v € E,, | dpu(iZy)v = sv}, for all s € Z.
The a-factor T'(sq, it, 0o, y) acts on the space Homps (V,,(£2k), dp) by the scalar:

1 ifk=0

Hiih B kA0,

(2.0.11) ck(Sasy) =

Remark 2. Let p be any quasi-spherical K-type. The eigenvalues of the operator
T (wo, i1, 80, V) can vanish only on the reducibility hyperplanes:

(2.0.12) Bvy=2n+1 pBeAT nel

In the open regions in the complement of this hyperplane arrangement, the principal
series I(8o, v) is irreducible (hence equal to J(dg,v)) and the operators T (wo, p, 0o, V)
have constant signature. In particular, if v belongs to the fundamental alcove

(2.0.13) Co={vea:0<(Bv)<1,VB3ec At}
then all the operators T (wo, i, 0, V) are positive definite and J(dg, V) is unitary.

The following picture shows the spherical unitary dual of SO(3,2),, along with
the reducibility hyperplanes.
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FIGURE 1. The spherical unitary dual of SO(3,2)o.

2.0.1. Quasi-spherical petite K -types. Let u be a quasi-spherical K-type. The Weyl
group W acts on the space

Viu[00] := Homps (p, dg) =~ (EZ)M
by:
(2.0.14) w-Tw) =T(u(c™ ) YveE, T eV, weW.
(Here o denotes a representative for w in the normalizer of A in K.)

Definition 1. A quasi-spherical K-type is called petite if it is level less than or
equal to 2.

(The definition of level is recalled in Section 5.) If p is petite, the intertwining
operator T'(wy, i1, 8, V) can be computed by means of Weyl group calculations, and
depends only on the W-representation on V,[do]. To make this precise, we need to
introduce some notation.

Notation. Let
(2.0.15) Wo = S8, 58,58

be a minimal decomposition of wq into simple reflections in W. For each W -type
¥, and each (real) character v of A, set:

(2.0.16) A(wo, ¥,v) = [ [ Alsp, b, v5-1)

j=1
with vo = v, vj = 83,83,_, ***8p, *V for j > 1, and

Id+ (B;,v;_ ,
(2.0.17) Alsg, 0, vj-1) = +1<f7<;g Vl‘>1f§SB]).
VRN

Theorem 4. [Ba2| Let u be a quasi-spherical K-type, and let 1, be the represen-

tation of W on the space

(2.0.18) V. [00] := Homas (s, 6) = (E

)M
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If w is petite, the intertwining operator T (wo, p,do,v) depends only on the W-
structure of V,,[0o]. Precisely:

(2019) T(’(U(),,U,(S(),V) :A(w()vw,uvy)a
for all v € ag.

Remark 3. Let G(F) be the split p-adic group corresponding to the root system of
G. For each v € ag, let I (v) be the principal series of G(F) induced from v and

let Jom)(v) be its unique irreducible subquotient. Assume that wo -v = —v, so that
Jam)(v) is Hermitian. The operators
(2.0.20) {A(wo, ¢, v) | € W}

are exactly the intertwining operators needed to determine the unitarity of Jor(v):
the spherical Langlands quotient Jgr)(v) is unitary if and only if

(2.0.21) A(wo, ¥, v) is positive semi-definite V¢ € w.

(To be precise, we should mention that the operators A(wyg,,v) are actually
operators for the Hecke algebra associated to G(F). See [BCP] for details.)

2.0.2. Relevant W -types. The set of relevant W -types is a minimal set of W-types
which is sufficient to detect unitarity for p-adic spherical Langlands quotients.

Definition 2. [ABPTV] 4 set ¥ C W detects spherical unitarity if each Hermitian
spherical Langlands quotient Jgry(v) is unitary if and only if

(2.0.22) A(wo, ¥, v) is positive semi-definite V1 € 3.

Theorem 5. [Bal], [Ba2] For split groups G of type B, or C,, the following sets
of W-types are relevant:

(2.0.23) {(n—m,m)x(0): 0<m < [n/2]}U{(n—m)x (m):0<m<n}.

The labeling of W is the standard labeling by partitions and pairs of partitions (see
Section 9).

Theorem 6. [Ba2] Let G be a real split group, with Weyl group W. For every
relevant W -type 1, there exists a quasi-spherical petite K-type i such that

(2.0.24) T(wo, pt, b0, v) = A(wo, ), v)
forall v € ag.

This matching of operators allows us to compare spherical unitary parameters
for G and G(F).

2.0.3. An embedding of spherical unitary duals. Suppose that J(dg,v) is a Hermit-
ian spherical Langlands quotient for a real split group G. If J(dp,v) is unitary,
then the operator T'(wo, i, dp, v) is positive semi-definite for every quasi-spherical
K-type p. In particular

(2.0.25) T (wo, , 0o, V) is positive semi-definite for all u € K petite.
Theorem 6 implies that
(2.0.26) A(wg, 1, v) is positive semi-definite for all ¢ € W relevant.

Because relevant W-types detect spherical unitarity for p-adic split groups, we de-
duce that the Hermitian spherical Langlands quotient Jr(v) (of G(F)) is unitary.
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Hence the set of spherical unitary parameters for the real group G embeds in the
corresponding set for the p-adic group G(F). (Barbasch has proved that this em-
bedding of spherical unitary duals is actually an equality for classical split groups.)

Theorem 7. [Ba2]| The spherical unitary dual of a classical split group is indepen-
dent of the field.

Corollary 2. Let G be a real split classical group, with Weyl group W and long
Weyl group element wy. A Hermitian spherical Langlands quotient J(do,v) of G is
unitary if and only if

(2.0.27) A(wo, ¥, v) is positive semi-definite for all ¢ € W relevant.
Corollary 3. Quasi-spherical petite K-types detect unitarity for spherical Lang-
lands quotients of real split classical groups.

3. THE STRUCTURE OF Mp(2n)

Let G = Mp(2n) be the connected double cover of the real split group

(3.0.28) Sp(2n,R) = {geGL(2n,R):gt< _OIn Ig )g: < _Ojn Ig >}

with I, the n x n identity matrix. We denote by go the Lie algebra of G:
A B .
(3.0.29) go = sp(2n,R) = C AT | B and C are symmetric ;,

and by g its complexification. Let & be the maximal compact Cartan subalgebra
of go corresponding to the Cartan involution (X ) = —X*:

(3.0.30) €= { ( —AB lj ) : A is skew-symmetric, and B is symmetric} ,

and let K be the corresponding maximal compact subgroup of G. Notice that £, is
isomorphic to u(n) via

(3.0.31) ( _AB ﬁ ) — A+iB,

and that K is isomorphic to U(n) (the connected double cover of U (n)). We
identify K with a subgroup of U(n) x U(1):

(3.0.32) K ={[g,2] € U(n) x U(1): det(g) = 2°},
and €y with a subalgebra of u(n) ® u(1) :
(3.0.33) b = {[X.z] eu(n) ®u(l): tr(X) =2z} ~u(n).

Let ag be the diagonal Cartan subalgebra of gg, and let A = exp(ag). Here exp
denotes the exponential map in Mp(2n). The restricted roots

(3.0.34) A(go, ap) = {:I:Ek + 61}1671:1”,” U {:|:2€;§}1€:1,,,n

form a root system of type C,,, which will be denoted A. The Weyl group W =
W(A) can be realized as Ng(A)/Zk(A). It is isomorphic to S, x (Z/2Z)", and
consists of all permutations and sign changes on n coordinates.
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3.1. The Groups G,. For each root « € A we choose a Lie algebra homomor-
phism

(3.1.1) ba: sI(2,R) — go = sp(2n, R)

as in (4.3.6) of [Vo]. The image of ¢, is a subalgebra of gy isomorphic to s[(2,R).
The corresponding connected subgroups of Sp(2n,R) and Mp(2n) will be denoted
by GL and G, respectively. Notice that G is always isomorphic to SL(2,R). The
group G, is the identity component of the inverse image of G£ under the projection
map

(3.1.2) pr: Mp(2n) — Sp(2n,R),
hence G, is isomorphic to either SL(2,R) or Mp(2). The root « is called “meta-
plectic” if G, ~ Mp(2), and “non-metaplectic” if G, ~ SL(2,R). Note that « is
metaplectic if and only if is long (see [Ad], Theorem 1.6).

For all a € A, we define:

0 1
(3.1.3) Zo = b (_1 0)

7r
(3.1.4) Oq 1= €xp (§Za) , and
(3.1.5) My := exp (1Z,) = 02

The properties of these elements are described in [ABPTV], Section 4. Here we
only recall that:

e 7, € b, and generates a subalgebra isomorphic to s0(2);

e 0, € Ni(a), and is a representative in K for the root reflection s,;

e m, € M = Zk(a); it has order at most two if « is non-metaplectic, and
order four if « is metaplectic.

Remark 4. The homomorphism ¢, is unique up to conjugation of s{(2,R) by the
diagonal matriz with entries i and —i. Hence the element Z, is defined only up to
a sign; the elements o, and me, are defined up to inverse. Qur choice is as follows:

a || Za | Ta | Ma

ey, [iBrk, 5] {ZEkk + 2k Eis e%w {_Ekyk + 2k Eis 4
en—e | [Brs— B 0] [Ek,l — B+ Y, B 1} Bk — Bua+ X, 00 Eigs 1]
ex+e || [i(Eri+ Eig), 0] [i(Ek,l + Eg) + X i B 1} ik — B+ X, 00 Ergs 1]

Here E; i, is the matriz with all entries 0, except for the (j, k) entry, which is 1.
3.2. M-types. The centralizer of A in K is denoted M, and consists of all pairs
(3.2.1) {[g9,2] € K: g is diagonal with entries +1, and det(g) = 2*}.

It is an abelian group of order 2"+, isomorphic to Z/4Z x (Z/2Z)""". We make
the following identifications:

7/47 = ([diag(—1,1,1,...,1),7]) = (mae,)
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and
(z)27); = <[diag(—1,1,...,1,—_1,1,...,1),1}> = (Me,—c,), for j=2,...,n.
J

It is more convenient to describe M in terms of the generators:
(3.2.2) My = Mae,, = [diaug(l,...,1,—1,1,...,1)7 z] k=1,....n
k

and the relations
(3.2.3) mi = [I,—1], mgmy = mymy VEl=1,...,n.

Definition 3. A representation of M is called nongenuine if [I, —1] acts trivially,
and genuine otherwise.

It is easy to see that the group M admits 2" nongenuine one-dimensional repre-
sentations, in which [I, —1] acts trivially and each my, acts by +1, and 2™ genuine
one-dimensional representations, in which [I,—1] acts by —1 and each m;, acts by
+i. For every subset S C {1,2,...,n}, we denote by d% the nongenuine represen-
tation satisfying

-1 ifkesS
3.24 Ry =
(324 st {+1 ifhes
for all k =1,...,n, and by ds the genuine representation satisfying
—i ifkeS
3.2.5 ) =
(3.25) s{mi) {+z’ itk S.
Note that
(3.2.6) 8 @ 8 = S5 0s @ o = 5ESAT)C 85 @ 0 = Osar-

(The symbol (S A T') denotes the symmetric difference of two subsets.)

Definition 4. A genuine irreducible representation 6 of M is called pseudospher-
ical if —1 is not an eigenvalue of §(my,) for any root o € A.

Remark 5. Because
(3.2.7) 55 (Mey—e,) = 0s(mae,myt) = =1 VEk€S, 1¢S,
there are only two pseudospherical (genuine) M-types: 6y and 0g1,.. ny-

The emphasis of this paper is on genuine representations of Mp(2n). Therefore,
we will restrict our attention to genuine M-types.

3.3. The stabilizer of a genuine M-type. The Weyl group W acts on the set
of genuine irreducible representations of M by:
(3.3.1) (8 - 6)(m) := 6(0, 'm0y Vme M,Va e A.

If so - 6 =~ §, we say that « stabilizes §. (This condition is equivalent to s, -0 = 0
because 0 is one-dimensional.) The stabilizer of § in W is the subgroup

(3.3.2) We={weW:w-d§~d}
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of W. Note that, for all 1 <k < <n,

s if k,1e S or k,l eS¢

(3.3.3) S2¢y, -55 = 55 and Serte -55 = .
dsa{k,} Otherwise.

Therefore, the stabilizer of dg is the subgroup of W generated by the reflections
across the long roots, together with the reflections across the short roots of the
form €}, + ¢ with k,1 € S, ork,l € S¢. If p = #S and ¢ = #S5¢, this is the Weyl
group of a root system of type Cp, x Cj.

Also note that the orbit of ds under the Weyl group consists of all characters o
with #S5 = #T.

3.4. Good roots. Let § be a genuine irreducible representation of M. A root
a € A is called “good” for § if §(mg) # —1. Otherwise, we say that « is a “bad”
root for 6. The set of good roots for § will be denoted As.

Recall that:

. _ i
(3.4.1) Mizer TR and dg(my) =40 JEs
Mey—e, = MEM; —i ifjes.
Therefore:
(3.4.2) Ass ={xep+e:kleSorkleSYu{4+2e:1<k<n}

If p=#S and ¢ = #S5¢, this is a root system of type Cp x Cy.

Remark 6. For every genuine M -type 6, the Weyl group of the root system As
coincides with the stabilizer of §, which we have denoted W?°.

3.5. K-types. The equivalence classes of irreducible representations of K are pa-
rameterized by highest weights. We will abuse notation and identify each K-type
with its highest weight. If u = (a1,...,a,) is a K-type , the coordinates a; are
non-increasing; they belong to Z if u is non-genuine, and to Z + % if u is genuine.

Definition 5 ([ABPTV], Section 4). An irreducible representation p of K is

pseudospherical 1/2
fine if <41
petite 2

respectively, for every root and every eigenvalue v of du(iZy). More generally, we
say that a K -type is level k if |y| < k for every a and every eigenvalue vy of du(iZ,,).

The level of a K-type is determined by its highest weight, as follows.

Remark 7 ([ABPTV], Section 4). Let i be a K-type with highest weight . Then
w is level k if and only if

(3.5.1) (v, B) < k
for every imaginary root B which is either noncompact long, or compact short.
We deduce that a K-type (a1,...,a,) is petite if and only if
a1 <2, ap>-2 and a; —a, <2,
and is fine if and only if
a <1, a,>-1 and a; —a, <1.
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3.6. Genuine fine K-types. We list the genuine fine K-types of Mp(2n) and
their restriction to M.

an explicit the restriction an explicit

the fine K-type p realization of 1 to M realization
of u " of the M-types

CIE)) det'/? 3 gy < Cl1

(—%,...,—%) det™1/? 5{1).”@} 5{17“.)71} — C1
(1/2,...,1/2,-1/2,...,—1/2) | AP(C") ® det™*/? P s 5s = C A e

1<p<n—1 o= 1ot

<p<n— q

A9(C™)* @ det'/? P s bs = C A fj

#5=q jes

Remark 8. The fine K-types :I:(%, cee %) are pseudospherical.

We have denoted {ey,...,e,} the standard basis of C™, and by {f1,..., fn} its
dual basis. The symbol '/\se‘j denotes the wedge product of the vectors e;, with
JE€

j € S, in, say, increasing order. Setting p = 0 or p = n in the last row of the table
provides an alternative description of the pseudospherical fine K-types.

Remark 9. Note that:

e The restriction of a genuine fine K-type to M consists of the W-orbit
of a single M-type. If the K-type is pseudospherical, this orbit is one-
dimensional.

e FEuvery genuine M -type is contained in the restriction to M of a (genuine)
fine K-type. This K-type is unique, and will be denoted us. Note that

(3.6.1) pse = (1/2,...,1/2,-1/2,...,—1/2)

p q

for all S of cardinality q.

3.7. Genuine petite K-types. For all indices a, b, ¢ such that a + b+ ¢ = n, the
genuine K-type

(3/2,....3/2,1/2,...,1/2, =1/2,...,-1/2)

a b c

is petite. We obtain another family of genuine petite K-types by dualization.

4. GENUINE COMPLEMENTARY SERIES OF Mp(2n)

Let M A be the Levi factor of a minimal parabolic subgroup of G = Mp(2n), as
in section 3. Choose a genuine representation § of M, a real character v of A and
a minimal parabolic subgroup P = M AN C G making v weakly dominant. The
induced representation

Ip(6,v) :=IndS @v®1)

is a minimal principal series of G.



14 ALESSANDRA PANTANO, ANNEGRET PAUL, AND SUSANA A. SALAMANCA-RIBA

Remark 10. The representation Ip(d,v) is independent of the choice of P (see,
e.g., [SV] Section 2), and will be denoted 1(0,v).

Let ps be the unique fine K-type containing ¢ (as in section 3.6). The repre-
sentation I(d,v) has a distinguished composition factor containing the fine K-type
s, which we denote J(d,r). We are interested in determining all the parameters
v that make J(d, ) unitary.

Notation. Following [ABPTV], we write
(4.0.1) CS(G,9) :={veag| J(0,v) is unitary}
for the d-complementary series of G = Mp(2n).
This is a closed set, because unitarity is a closed condition.
Remark 11. The §-complementary series of G is a W°-invariant set.

Proof. Recall that J(6,v) ~ J(w - §,w - v) for all w € W. If w stabilizes 0, then
J(0,v) is unitary if and only if J(J,w - v) is unitary. O

As an example, we consider the non-pseudospherical genuine principal series of

Mp(6). For Mp(6), the group M has six inequivalent non-pseudospherical genuine
representations; these M-types fall into two Weyl group orbits, each consisting of
three representations. Note that it is sufficient to consider a single orbit, for the
M-types in the other orbit are obtained by duality.
The picture below shows the d-complementary series for three non-pseudospherical
genuine M-types in the same W-orbit. Each set is invariant under the action of the
appropriate stabilizer, but none of them is invariant under the action of the full Weyl
group. Conjugation by an element of W\W?® permutes the three complementaty
series.

el
15 15 Te— T 15 / /

. | | ; ]

i o B ieg -
4 4 —_— A / /

FIGURE 2. The three non-pseudospherical complementary series of Mp(6)

If § is pseudospherical, then the stabilizer of § is the entire Weyl group, and
the complementary series C'S(G,0) is a W-invariant set. In this case, C'S(G,J) is
completely determined by its restriction to any closed fundamental Weyl chamber:
it suffices to fix any minimal parabolic subgroup P = M AN, study the unitarity
of L(6,v) for v weakly dominant for N and then conjugate this set of (weakly
dominant) unitary parameters by W to determine the entire complementary series.
The advantage of this construction is that one can use the same choice of N (hence
the same intertwining operator) for all v of interest.

If § is not spherical or pseudospherical, then the stabilizer of § is a proper sub-
group of W, and a fundamental domain for the action of W° extends beyond a
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single closed Weyl chamber. Hence, if we fix a minimal parabolic P = M AN,
determine the set of unitary parameters that are weakly dominant for N, and then
conjugate this set by W, we will not find the entire complementary series. All the
different Weyl chambers in a fundamental domain for the action of W should be
considered. Note that each requires a different parabolic, hence a different inter-
twining operator. (If we insist on fixing a parabolic, then all the M-types in the
W-orbit of § should be be taken into account.)

4.1. Intertwining operators for genuine principal series. For every element
w of the Weyl group, there is a formal intertwining operator

(4.1.1) T(w,0,v): Ip(6,v) — Ip(wd, wv).

(If v is weakly dominant, the operator T'(w, §, v/) is analytic in v, hence well defined.)
For each K-type (i, E,), we obtain an operator

(4.1.2) T(w, u,6,v): Homg (, Ip(d,v)) — Homg (@, Ip(wd, wr))
which, by Frobenius reciprocity, can be interpreted as an operator
(4.1.3) T(w, i, 6,v): Homps(u,d) — Hompys(p, wé).

Set V,[0] := Homps(p,0), and define V,,[wd] similarly. Because the fine K-type fis
contains every M-type in the W-orbit of § with multiplicity one, the operator

(4.1.4) T(w, p5,0,v): Vs [6] = Vi [wd]

acts by a scalar. We normalize T (w, d,v) by requiring that this scalar is 1.

The structure of the space Homps (p4, 0) is described in details in Section 5. The
action of the operator T'(w, u,d, ) on Homps(u,0) is presented in Section 6. Here
we only recall the following result.

Proposition. Let d be a genuine M -type and let v be a real character of A. Suppose
that v satisfies:

(4.1.5) (v,8) €27+ 1  for all roots 3 that are good for §
o (v, B) € 2Z\ {0}  for all roots (8 that are bad for d.

Then the operator T (w, u,d,v) has no zero eigenvalues, for every K-type u con-
taining 9, and for all w € W.

Remark 12. If ¢ is a pseudospherical irreducible representation of M, then every
root is good for §. Condition (4.1.5) becomes:

(4.1.6) ,B) 22 +1,YB € A.

Note that this condition guarantees the invertibility of the spherical intertwining
operator with parameter v for the real split group SO(n + 1,n)¢ corresponding to
the dual root system A (see Remark 2). This is to be expected because, if & is
pseudospherical, results of [ABPTV] tie the unitarity of a pseudospherical Langlands
quotient J(8,v) of Mp(2n) with the unitarity of the spherical Langlands quotient
J(0,v) of SO(n+1,n)0.
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4.2. Unitarity of genuine Langlands quotients. By work of Knapp and Zuck-
erman, the principal series (9, v) (with v real) is Hermitian if and only if the long
Weyl group element wq satisfies

(4.2.1) wed ~ 6 and wov = —.

Because wy = —Id for type C),, these conditions are always met. Then the princi-
pal series I(4,v) is always Hermitian. The Langlands quotient J(d,v) inherits an
invariant Hermitian form, hence is Hermitian as well.

Assume that v is weakly dominant for the positive root system determined by
N. Then the (formal) operator T'(w,d,v) is analytic in v, hence well defined, for
all w € W. When w = wy, the image of T'(w, §, ) is the distinguished composition
factor of I(d,v) containing the fine K-type ps, which we have denoted J(d,v).
The long intertwining operator T (wo, d,v) is self-adjoint, and defines an invariant
Hermitian form on the principal series 1(4, v):

(422) <f7 g> = (T(w0757 V)f7g)L2(K) Vf?.g € 1(57 V)'

Every space V), [0] inherits an invariant Hermitian form, via the self-adjoint operator
T(wo, it, 0, ). Note that the form on V), [d] is positive definite, because the operator
T (wo, ps, 0, V) is trivial.

The (possibly degenerate) invariant form (-,-) on I(d,r) descends to a nonde-
generate invariant form on the quotient of I(d,r) by the kernel of the operator
T (wy, 6, v), which is isomorphic to J(d,v). The form on J(d,v) is positive definite
if and only if (-, -) is positive semi-definite. The following theorem asserts that the
signature can be computed K-type by K-type.

Theorem 8. [ABPTV] J(4,v) is unitary if and only if the operator T (wy, i, 6,v)
is positive semi-definite, for all K-types .

Remark 13. In the open regions in the complement of the hyperplane arrangement
defined by (4.1.5), the principal series I(8,v) is irreducible (hence equal to the Lang-
lands quotient J(0,v)), and the operators T (wy, i1, 8,v) have constant signature.

Corollary 4. The Langlands quotient J(6,v) is unitary for all v in the unit cube:
(4.2.3) {(z1,...,zn) €ap | 0<|z;| <1/2,Vj=1,...,n}.

Proof. Let P = M AN be a minimal parabolic subgroup of G containing our Levi
subgroup M A and let T' be the closed fundamental Weyl chamber determined by N.
Every v € T is weakly dominant with respect to the positive root system determined
by N, hence all the Langlands quotients J (4, v) with v € T can be constructed using
the same parabolic P (and the same intertwining operator T'(wy, 6, v)).

Write T” for the intersection of T' with the interior of the cube. We begin by
proving that the Langlands quotient J(d, v) is unitary for all v € T”. Because

[(v,a)l <1 VYaeA VveT,

every operator T'(wo, p,0,v) with p € K is invertible on T’, and has constant
signature. When v = 0, the principal series is unitarily induced, hence unitary. We
conclude that T'(wp, i, d,v) is positive semidefinite for all pu € K and all v € T".
This proves the unitarity of J(d,v) for all v € T'. By varying the choice of N,
we obtain unitarity for all points in the interior of the cube. The unitarity on the
boundary of the cube is automatic, because unitarity is a closed condition. O
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In Section 7, we provide a set of strong necessary conditions for the unitarity of
genuine Langlands quotients of Mp(2n). A synopsis of the technical background is
presented in sections 5 and 6. Many of the concepts introduced in the next three
sections originated in a joint effort (yet unpublished) by D. Barbasch and the first
author, ¢f. [BP|. The overarching goal of that program was the development of a
broad class of non-unitarity certificates for non-spherical principal series of double
covers of real split groups. The present paper extends those ideas to Mp(2n).

5. THE SPACE Homj/(p, 9)

5.1. An action of the stabilizer of § on the space Homs(u,d). Let (6,V°)
be an M-type, and let ps be a fixed fine K-type containing 0. (The choice of
s is unique for § genuine.) For every K-type (p, E,) containing §, we define a
representation 1, of the stabilizer W of § on the space V,,[§] := Homp(u, 6), as
follows.

Because ¢ appears in pgs with multiplicity one, we can identify the representation
§ with its copy inside j5]ar, and the space V' with the isotypic component E,,, (0)
of § in ps. Let M} be the preimage of W? in the normalizer M’ of A in K, so that
W% = M}/M. The group M} acts on both E,(§) and E,(5) by restriction of the
appropriate action of K, hence it acts on

(511)  V,[5) = Homay (s, 8) = Homay (B, By (6)) = Homag (B (8), By (6))
by
(5.1.2) o-T(w) = ps(o)T(u(o)'v)  VYveE, oe M.

Since M acts trivially, this action of M} factors to a representation of W° = M} /M
on V,,[6], which we denote 1,,.

We are interested in the representations that arise from genuine petite K-types.
It is sufficient to consider only one representative for each W-orbit of M-types. For
each pair of non-negative integers (p, ¢) such that p + ¢ = n, let §, , be the unique
genuine representation of M satisfying:

+i ifk<p
—i if k> p.

513) b~

(In the notation of Section 3.2, 6, ¢ = dfp41,...,n}-) Following [ABPTV], we call

(5.1.4) Yk(G,0pq) ={p e K | s petite, and | O Op.q}

the set of irreducible petite representations of K containing ¢, 4, and

(5.15)  Sw(G,dpq) i= {1 € (W) | ) C Vu[8,.] for some p € S (G, 0p.q)}

the set of irreducible representations of W ~ W(C,) x W(C,) that can be
realized on the space Homas (u, 6, 4) for some petite K-type p.
Recall the notion of relevant representation from Theorem 5.

Proposition 1. The set Xy (G, dp,q) contains every irreducible relevant represen-
tation of W(Cyp) and every irreducible relevant representation of W (Cy).
The precise matching is as follows:
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the relevant W -type b || a petite K -type u such that V,,[6, ] = ¥
1 1 1 1 3 3
- tri P
((p S) >< (S))® v 27 727 2’ ) 2’ 27 b) 2
——
p—s q 5
( )@ tri 3 31 1 1 1
— 8,8 riv R —=
p ) 27 72727 727 27 3 2
—_— —— —, ——
(516) s p—2s q+s
3 31 1 1 1
t’l’il}@((q—?"))((?")) 5?"'75557"'757_57 5_5
—_— —— —, ——
r p q—r
triv @ ( ) 1 1 1 1 3 3
v q T"T‘ 27"'727 2" ) 2’ 27 ) 2
—_——
p+r q—2r r

The proof of Proposition 1 is given in Section 10.

5.2. The structure of the space Hom;(u,d). For each root a € A, we define
an action of (Z,)? on E, via (du(Z,))?. The decomposition of E, into (Z4)*-
generalized eigenspaces induces a decomposition of the space

(5.2.1) V,.[0] :== Homps (i, 0).

If 14 is petite and « is good for §, this decomposition coincides with the decomposi-
tion of V,,[0] into (+1)-eigenspaces for the action of 9,,(s4), with ,, the represen-
tation of W° on V,,[0] introduced in Section 5.1.

5.2.1. An action of (Z,)? on E,. Let § be a genuine irreducible representation of
M and let (1, E,) be a K-type containing 6. For each root o, we choose an element
Z € tasin Section 3.1. Recall that:

(1) Z, generates a subalgebra isomorphic to s0(2)

(2) 04 :=exp(§ Za) is a representative in K for the root reflection s,

(3) My = exp(r Z,) belongs to M, and satisfies m? = [I, —1] if « is metaplec-

tic and m?2 = [I,1] otherwise.
Because
exp (4 dp(Za)) = p(my) = Id,

the element (iZ,) acts on E,, with half-integer eigenvalues. (The eigenvalues lie in
Z+ % if o is metaplectic, and in Z otherwise.) For all k € Z/2, let V,,(k) be the
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generalized eigenspace of du(iZ,) with eigenvalue k:

(5.2.2) Vi(k) :=={ve E, | du(iZs)v = kv}.
The space
(5.2.3) Vi (k) = V() + Vi (—h)

is stable under the action of M (because Ad(m)Z, = £Z,, Vm € M), and coincides
with the generalized eigenspace of eigenvalue (—k?) for the action of Z2 on E,, via
(du(Z4))?. Therefore, we can write:

@ Homu(V,(£k),d) if a is metaplectic

5.2.4) V,[6] = Homy (E,,0) = { *N+3
( ) M[] m(E, ) @ Homp(V,(£k),5) otherwise.
keN

In case the index k is an integer, its parity is dictated by the following remark.
Remark 14. Let E,(6) be the isotypic component of § inside p. If o is non-

metaplectic, the eigenvalues of (du(Zy))? on E,(3) are all even integers if 6(mq) =
1, and all odd integers if §(mey) = —1.

For further applications, it is convenient to have an explicit description of the
action of oo = exp (5 Za) and mq = exp(7Z,) on the space V,,(+k) N E,(0).

v € Vu(£k)NEL ) du(Z)*v wlog)v d(ma)v
k=0 0 +v +v
k=2n —(2n)%v (=)™ +v

k=2n+1 -2n+ 1) | st (=1)"dp(Za)v | —v
k=2n+3 —(2n+%)2v {6(2’”%)%1}1} +iv
{e_(%”'%)%z} v —iv
k=2n+3 —(2n+%)2v {e_(z’”r%)%z}v +iv
[8(2’”%)%1} v —iv
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To prove these formulas, we observe that if v is a nonzero vector in V,,(£k) N E,(9)
and k # 0, then

plexp(tZa))v = exp(tdu(Za))o = 32 At [du(Za)]" v
- n;() ﬁt% [d:“(Za)]Qn v/"' ngo mﬁmﬂ [dlu(Za)]%Jrl v

(—k2)my (—=k2)"dp(Za)v
(D o+ | 5 o (17| dutZae

cos(kt)v + 7 sin(kt)du(Za)v

[
12

n

for all t € R. For t = 7/2 and ¢t = 7, we obtain:

p(oa)v = cos (g k) v+ %sin (g k:) dp(Za)v

(5.2.5) X
p(me)v = cos(mk)v + z sin(m k)dp(Za )v.

If k = 0, the same calculation shows that p(exp(tZy))v = v + tdu(Zy)v.

Remark 15. Two different eigenvalues for Z, in V,, must differ by an even integral
multiple of i; therefore, if k € Z + %, then at most one of V,,(+k) N E,(8) can be
non-zero. Consequently, we have that if a is a good root for §, i.e., if 6(my) # —1,
then oo acts on each space V,,(£k) N E, () by a scalar.

5.3. Genuine petite K-types. Let (u, E,,) be a petite K-type containing ¢ and
let a be a good root for 6. The action of (Z,)* on E, induces a decomposition of
the space V,,[d], as in equation 5.2.4. We claim that this is also the decomposition
of V,,[d] as a direct sum of (£1)-eigenspaces for ¢, (s). Precisely:

V,.[8] = Homas(V,(£1/2),6) & Homay (V, (£3/2), 8)

(+1)-eigenspace of 9, (so)  (-1)-eigenspace of 1, (sa)
if « is metaplectic, and
Vu[0] =  Homp(V,(0),0) @ Homas(Vu(£2),0)
—_———

(+1)-eigenspace of ¥, (sa)  (-1)-eigenspace of 1, (sq)

if a is non-metaplectic.
We give a proof by direct computation. Identify V,[d] with the space

Hom s (B, (6), Eps (6))
and define
(u(s) 1)) = ps(oa)T (uloz ")) VT € Vuldl, v € E,(0),

as in Section 5.1. Then

E, () = [EL(6) NV, (£1/2)] @ [EL(6) NV,u(£3/2)]  if a is metaplectic

T EL0) NVL(0)] @ [EL(8) NV, (£2)] otherwise
because p has level at most two, and
B, (5) = E,.;(0)NV,,(£1/2) if a is metaplectic
FO T By (8) NV, (0) otherwise
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because ps is fine. The action of o, on these spaces is by:

| uloa) |
E.(8) NV, (£0) || +1 | #s(oa) |
E,)nV,(+2) | -1 E,.,(8) NV, (+0) 1
Bu0)NVa(t1/2) | €35 | Bu(9)nVu (1) | et
E,(6) NV, (£3/2) || 35

for e = +1 (depending on §(my)). The claim follows.

6. INTERTWINING OPERATORS FOR GENUINE PRINCIPAL SERIES OF Mp(2n)

We describe the formal intertwining operator T'(w, , i, d, ) introduced in Section
4. The reader can consult [PPS1] for more details.

Remark 16. We can identify every M -type in the W-orbit of § with its unique
copy inside the fine K-type us, and think of the operator

(6.0.1) T(w,p,0,v): V,,[8] — V,[wd]
as an endomorphism of the space Homps (1, 115).

Let
(6.0.2) W= Sa,8a,_1 " So

be a minimal decomposition of w as a product of simple reflections. The operator
T(w, p, 6,v) factors as a product of operators of the form

(6.0.3) T(Sas b T,7): Vul1] = Vi[saT]
with 7 an M-type in the W-orbit of §, and v an element of aj. Precisely:

(6.0.4) T(w,p,6,v) = HT(Saj,M,5j—1,Vj—1)

Jj=1
with dp = 6, g = v, and

0j = Sa;8a;_1 """ Say 0 =T -6, Vj = Sa;8a;_1 " Say 'V =1Tj VU
—_———— —_————
z; z;
for 7 > 1.

We show how to compute a factor T'(sq, 11, 7,7y) of this decomposition. Recall from
Section 5.2.1 that the action of (du(Z4))? on E,, induces a decomposition of the
Hom/-spaces. Write:

kggN Hom (Vi (£k),7) if o is non-metaplectic and good for 7
V.[r] = @D Homp (V*(+k),T) if « is non-metaplectic and bad for 7
wl? kE€2N+1 .
@© Homu(V(£k),7) if o is metaplectic
kEN+1/2

and decompose V), [s7] similarly. The operator

T(sas s 7,7): Vulr] = VilsaT]
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maps
Hom (V7' (£k), 7) — Homay (Vi (£k), 547)
for all k € N/2, via
F i di (0, ) ps(0a) (F o plog ).

The constant dg(«,v) depends on the half-integer k& and on the inner product
A = (v, &). Precisely, we have:

(6.0.5) do(r,7) = dyf,7) = di(a,7) =1
and
B s B =NE =N +2m— )
d pom(a,y) = (=1)"* éJFA)éJFA) (L +2m+ )
, B s G = NE =N -G +2m -
(6.0.6) ran(0) = O™ S G am
o 2= NE =N 2m - )
domr(0s7) = (=" G aTn (2m+ N
i (=B =N 2m -1 =N
dom(0:7) = (D" TN BTN @m =TT
for all m > 0.

If the root « is good for 7, the operator T(sq, , 7,) has a simpler form.

Proposition 2. If a is a good root for T, then the reflection s, stabilizes T and
T(Sas b 7,7) : Viu[1] = Vou[7]

is an endomorphism of V,[r]. It acts on each subspace Homp (V¥ (+k),T) by a
scalar:

1 if k=0 or1/2
(6.0.7) br(v,y) == I (r1220)—008) g s 1 /2.,

o<i<i(h-1y/z) FTITEITO

Proof. By assumption, 7 is an M-type in the W-orbit of §. Hence we can identify
7 with its copy inside the fine K-type us, and write:

(6.0.8) 1s(0a)E,, (r) = {;Zi i :Ezzi ; ;
with € = +1. Recall from Section 5.2.1 that
(=™ if k=2n and 7(my) =1
M(O—a)h/“(:tk)ﬂEu(‘r) = (2n+é)£i ifk::Zn—l—% and 7(my) = €i

2
75(2’”%)%1' if k=2n+ 2 and 7(ma) = ci.
The action of T'(Sa, i, 7,7y) on an element T € Homs(V,(£k), 7) is then given by:

T (50, 0,7 7) - T = di(,7) ps(00)(T 0 p(o, )

(=1)"dy (e, )T if k= 2n
= et )it igy(a, )T = (—1)"dy(a, )T itk =2n+1
ote(2nt3)5i s idg(a, )T = (=1)"Pdy(a,y)T itk =2n+ 3.
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This proves the claim because
(=D z2dk(,7) if k€ 2N
k+1/2 .
de(a,y) ifked+2N

2
(1) = di(a,y) ifke$+2N.

1/2

O

Remark 17. Suppose that for every positive root 3, (3,v) is not a non-negative
integer. Then the (formal) operator T'(w,d,v) is analytic in v, hence well defined.

We now discuss the invertibility of the operator T'(w, u, 0, V).

Proposition 3. Choose a minimal decomposition of w in W:
(6.0.9) W= Sa, Saup_y ** Say

and write Tj := Sa,;Sa;_, ***Say for all j =1...7, and xo = 1. Suppose that

(v, x;ll caj) €2N+ 1 4f :10;11 - 1s good for &

(v, x;jl coj) €2N+ 2 4f Ij_jl -«  is bad for o

(6.0.10) {

forall j =1...r. Then the operator T (w, u, d,v) has no zero eigenvalues, for every
K-type pu containing 9.

Proof. Decompose T'(w, j1,0,v) in factors corresponding to simple reflection, as in
equation (6.0.4). Because the map

F o pi5(0a,)(F o (o))
is invertible, the operator T'(sq;, it,0;—1,vj—1) is invertible if and only if
di(aj,vj—1) # 0

for all k € N/2 such that the subspace Hom s (V,;” (£k),d;-1) # {0}. This condition
is certainly met if we require that:

di(aj,vj—1) #0,VEk € 2N+2  if a; is non-metaplectic and good for 6;_;
di(oy,vj—1) #0,Vk € 2N +3  if o is non-metaplectic and bad for 6;_4
di(oj,vj—1) #0,Vk € N+ 2 if a; is metaplectic.

The constants dj are given in equations (6.0.5) and (6.0.6). It is clear that the
above condition is equivalent to:

(vj—1,d;) €2N+1  if o  is non-metaplectic and good for §,_;
(6.0.11) (vj—1,0;) €2N+2  if a; is non-metaplectic and bad for &;_4
(vj_1,0;) €N+ 1 if a; is metaplectic.
It is convenient to rephrase (6.0.11) in terms of ¢ and v. Assume j > 1, then
<I/j—17 dj) = <‘Tj—1'1/7 dj) = <804j—1 T Santl, dj> = <I/7 Saq Saj—l.ozj> = <V7 x;—lld]>

Moreover, «; is good for §;_; if and only if :10;11 -« is good for §:

J e

so,-dj,l = 5j71 =4 saj-(xj,1-5) = ijl'(s =4 (a:j__llsajxj,l)ﬁ =& Sz_—l1 0 =0.
J— J
These conditions hold trivially for j = 1, because zo = Id. Finally, observe that

o is metaplectic < oy is long < xj__ll - is long < xj__ll - aj is metaplectic
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We conclude that the intertwining operator is invertible if

(v, x;_ll ~aj) ¢2N+1 if x;_ll -5 is non-metaplectic and good for §

(6.0.12) < (v, x;}l ) €2N+2 if :10;11 - vj is non-metaplectic and bad for &
(v, x;ll ca;) €N+ 4 if x;ll - vj is metaplectic

for all j =1...r. There is a more compact form to state this condition. Recall that

every metaplectic root is good for § and that

5= {6 if 8 is non-metaplectic (. e., short)

%ﬁ if 8 is metaplectic (i. e., long)

for all B € A. Hence condition (6.0.12) is equivalent to:

(6.0.13) (v, :E;ll caj) €2N+ 1 if x;ll - ayj is good for §
o vt ca) €2N+2 if 27! -« is bad for &
J—1 J 7j—1 J
for all j =1...r. (Note that this condition is independent of 1.) O

Corollary 5. Suppose that

{(1/, B) €27 +1  for all roots (B that are good for &

(6.0.14) (v, B) & 2Z.\ {0}  for all roots 3 that are bad for d.

Then the operator T (w, u,d,v) has no zero eigenvalues, for every K-type pn con-
taining &, and for all w € W.

7. NON-UNITARITY CERTIFICATES FOR GENUINE LANGLANDS QUOTIENTS

In this section, we discuss the role of petite K-type in the determination of
non-unitarity certificates for genuine Langlands quotients of Mp(2n).

7.1. Operators on genuine petite K-types. Let  be a genuine M-type. For
every K-type p containing ¢, let v, be the representation of W9 on the space
V,.[0] :== Homys (g, 0) introduced in Section 5.1. If p is petite, i. e., is level at most
two, the intertwining operator T'(wo, pt, 0, ) can be computed by means of Weyl
group calculations, and depends only on the W-representation V,,[§]. To make
this precise, we need to introduce some notation. Recall that the long Weyl group
element wy stabilizes every M-type. In particular, wy € W?.

Notation. Let
(7.1.1) Wo = S8, - 58,58

be a minimal decomposition of wy in W® = W (As). For each W-representation 1
on a space Vi, and each (real) character v of A, define the following operators on

Vi

(7.1.2) Afwo, v, v) =[] Alsg;, v v5-1)

j=1
with vo = v, vj = 83,83,_, ***8p, *V for j > 1, and

Id+ (Bj,vi—1)(sp;)
1+ (85, vj-1)

(7.1.3) A(sg; b, vj—1) =
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Theorem 9. Let p be a genuine K-type containing §, and let 1, be the represen-
tation of W° on the space V,,[8] := Homas(u1,8). If p is petite, the intertwining
operator T(wo, 1, 8,v) depends only on the W-structure of V,,[8]. Precisely:

(714) T(w07,u557 V) = A(wan/}}LvV)a
for all v € ag.

Proof. Both operators in (7.1.4) can be decomposed as a product of operators corre-
sponding to simple reflections. The factorization of T (wo, p, d, ¥) mimics a minimal
factorization of the long Weyl group element wq in W, the one of A(wy, Yy, V) mim-
ics a minimal factorization of wg in W?. We need to choose these two factorizations
of wy in a “compatible” fashion. Assume that

(7.1.5) Wo = 88, - 58,58,

is a minimal decomposition of wgy in W?. For each root 3 which is simple in W?,
but not simple in W, we choose a minimal decomposition of sg in W of the form:

(7.1.6) s = (SpuSn -+ S )Se(Sny -+ SmySmy)
with
o ¢ good for (sy, -+ sp,8p, )0, and
e 1; bad for both (s;,_, -~ 5y,8,,)6 and (sy, ., - -~ Sy, 8¢5y, =+ Sy, ).

(Such a decomposition always exists, as the following example illustrates.) We re-
quire that, after replacing every non-simple reflection sg in (7.1.5) by its expression
in (7.1.6), we obtain a minimal decomposition

(7.1.7)

Wo = 8@, "+ (S<1S<2 © 86, 8¢Se, 'S§2S<1)Sﬁi71 o (57715772 Cr Sy S¢Sy '57725771) 8B

SBJ Sﬁi

of wy in W. We will prove that:
(a) If 8 is a good root for &, and 3 is simple in both W? and W, then the j-
factor of A(wy, ., v) matches the corresponding S-factor of T'(wo, i, 6, ).
(b) If 8 is a good root for &, and 3 is simple in W? but not in W, then
the [-factor of A(wo,wu, v) matches the product of the all the factors of
T (wo, p, 0, v) coming from the minimal decomposition (7.1.6) of sg in W.

Here is an example. Refer to Section 3.2 for notation. Let G be Mp(10), and let
d be the genuine M-type 034 5y. Note that W and W9 are Weyl groups of type
Cs and C5y x Cs, respectively. We choose

{eite; |1<i<j<B}U{2|k=1,...,5}

to be the positive roots in A (with €1 — €2, €3 — €3, €3 — €4, €4 — €5 and 2¢5 simple),
and

{e1 £ €9, 261, 269} U {€3 T €4, €3 T €5, €4 €5, 2€3, 2€4, 265}
to be the positive roots in As (with €1 — €3, 263, €3 — €4, €4 — €5 and 2e; simple).
The long Weyl group element wg = —Id has length 13 in W? and length 25 in W.
In W9, we decompose it as:

wo = (561762 S2¢q 561762)8262 (563764 Ses—e552e55es—e5 863764)(564765 S2e5 564765)8265 .
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Note that 2e; is the only good root which is simple in As but not in A. We claim
that
(7.1.8) S52e; = Sea—e3Se3—€aSea—€552e55es—e55e3—€1Sea—es

is a minimal decomposition of sg., in W that satisfies all the required properties.
For all v € ap, the matching of operators is as follows:

o If B =2¢5, €1 —€3, €3 — €4 Or f = €4 — €5, then

A(sg, b, ) = T(sp, 11,0,7).
o If 3 = 2¢s, then

A(SQEz ; 1/% 7) = T(5627€37 Hy 517 Sez—eaSes—e552e25es—e€55¢e3—eq 562*637) o
0T (Seq—ess 1y 025 Seq—e5 826 Ses—es Ses—eq Sea—es V) O
© T(SE4*€57 122 537 52ex5e4—e5 563*64562*637) © T(SQEzv 122 537 Seq—es 563*64562*637) ©

0 T(SE4*€57 s 527 563*64562*637) © T(Sésféu Hs 51, 562*637) © T(562*€37 s 57 7)'
We now give the proof of the theorem.
For part (a), we assume that the root g is good for 4. Recall from Section 5.3
that for every genuine petite K-type p, the space V,,[0] decomposes as:

V,u[8] = Homas (V,(£1/2),8) @ Homys (V,,(£3/2), 6)

(+1)-eigenspace of ¥, (sg)  (-1)-eigenspace of 1, (sg)
if § is metaplectic, and

V.[0] = Homp(V,(0),0) @ Homps(V,(£2),0)

(+1)-eigenspace of 9, (sg)  (-1)-eigenspace of ¥, (sg)

if B is non-metaplectic. Because (3 is good for 4, the operator T'(sg, i, d,) acts on
each subspace Homys(V,(£k),0) by the scalar by(3,7) (see Proposition 2). Recall
that

1 ifk=0o0rk=1/2
2—(v.B) e
(719) bk(ﬂ,’y) = 1/2_’_7(;@ 1fk—3/2
1-(v.8 e
T 0r.5) if k=2.

Because
5= I6) if £ is non-metaplectic
B % £ if § is metaplectic,

we can rewrite these constants as:

1 ifk=0,2%or1
(7.1.10) br(B,7) = {1< B) 5
o fk=gor2

Then for every good root § (metaplectic or not), the operator T'(sg, i, d,7y) acts on
V,.[6] by:

(+1)-eigensp. of ¥, (sg) (—1)-eigensp. of ¥, (sg)

T(SﬁaU75a’Y) : ll lilg,gg

(+1)-eigensp. of ¥, (sg) (—1)-eigensp. of ¥, (sg).
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This is exactly the action of the S-factor /1(35, U, 7)-

For part (b), we assume that the root (3 is simple in W but not in W, and prove
that A(sﬁ, 1y, 7y) matches the product of the all the factors of T'(wy, i, d, ) coming
from the minimal decomposition

g = (S S+ 5 )S¢ (S, Sy Sy

of sg in W. For brevity of notation, set:

0j = 8p; -+ Sy, 0 Vi=1,...,1

Vi = Sny S Vi=1,...,1

V= SeSyy - S Y and
”yj/-::snjﬂ...smsfsm...smﬂy Vi=1,...,01—1.

Then the claim is that
(7111> A(Sﬁa 1/}#7,7) = T(ST]NIUH 5177]/.) © T(Snwluﬂ 5277&) ©--+0 T(va,ua 5[,’}/;)0

OT(va Hy 5l7 Fﬂ) © T(va,ua 5l*15 ’Ylfl> ©t 0 T(Snzhuv 515 ’Yl) © T(thvluﬂ 57 7)
On the left, we have the operator

(7.1.12) A5, ) Id + (v, B)¢u(sp)

L+ (v, B)

of V,,[6]. On the right, we have a composition of the operators. We point out that
although the product acts on V,,[d], the single factors do not:

T(sn;s 1 05-1,%-1): Valbja] = Valds] G =1,...,1
T(se, y 61,7) : Viuldi] — Vuldl]
T(sn;s 115 05575): Vuldj]l = Vo] j=1,...,1L

(Here dp = 9§, and 7 = ~.) Let us look more closely at these factors. The root n; is
bad for both §;_; and J;, and is necessarily non-metaplectic (because metaplectic
roots are good for every genuine M-type). By our hypothesis, u is level two, so
the only possible eigenvalue of (du(Z,,))? on the isotypic components of both 6,4
and ¢; inside p is (—1). It follows that the operators T'(sy,,p,d;-1,7;-1) and
T(sy,,1,05,7;) act by:
(7.1.13) T —1-ps(oy,) T ploy,) "
This holds true for all j = 1,...,l. We are left with the central factor, T'(s¢, i, 07, 71)-

The root £ is good for §; hence (by essentially the same argument used in part a)
the operator T'(s¢, i, 01,71) acts on V,[d;] by:

T T -1
(7.1.14) o T8 pslo) T plog)
1+ <7l7 §>
Composing all these operators, we obtain the map:

(7.1.15) 7o I <”n,§i /—fgzlﬁ)g?,u(aﬁ)ll
Note that
(6 = (s -8, €) = (Vosmy - sm ) = (1, ),
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and that
ps(op) T p(og) ™" = u(ss)T
(because 3 is a good root for §). Hence we can rewrite (7.1.15) as

T+ (7,8 ¥ (s5)T

T +—
1+ (v,8)
This shows that the composition of operators in (7.1.11) matches the operator
A(sp,¥u,7), and concludes the proof of the theorem. O

Notation. Let As be the system of good roots for §. Define G° to be the (classical)
real connected split group corresponding to the root system which is dual to As.

E. g, if 6 =d,, and As = C, x Cy, define G° ~ SO(p+ 1,p)o x SO(q + 1, q)o.

Proposition 4. If the W?°-type ), is relevant, then there is a petite quasi-spherical
K-type 7y, of G® such that

(7.1.16) TMPC) (o, 1, 8, v) = 7" (wo, Ty, , 00, V).
The operator on the left is a genuine intertwining operator for Mp(2n), the one on

the right is a spherical intertwining operator for G°.

Proof. This fqllows from Theorems 4, 6 and 9, and from the fact that the §-factor of
the operator A(wg, v, d) for Mp(2n) matches the S-factor of the operator A(wy, v, d)
for G° (compare (7.1.3) and (2.0.17)).

O

7.2. Non-unitarity certificates for genuine Langlands quotients. Because
J(0,v) ~ J(wd,wr) Ywe W,
it suffices to consider a single M-type in each W-orbit for the action of the Weyl
group on M. (If 7 =w -4, then CS(G,7) =w - CS(G,9).)
Orbits of M-types are parameterized by pairs of non-negative integers (p, ¢) such

that p+¢ = n. In each orbit, we choose the representative §, 4 introduced in Section
5.1. This is the unique genuine irreducible representation of M satisfying

+i if k=1,...,
Bmae) =4 b
—i if k=p+1,..., n.
The corresponding fine K-type is:
ps,, = (1/2,...,1/2,-1/2,...,-1/2).

p q

For all v € af, there is a Langlands quotient J(d,4,v) (the distinguished com-
position factor of the principal series I(d,4,) containing us, ). We know that
J(0p,q, V) is Hermitian for all values of v, and is unitary if and only if v satisfies the
condition:

T (wo, , 0p,q, V) is positive semi-definite, for all p € K.

Definition 6. [ABPTV] Let & C K be a set of K-types. We say that J(0p.q,7)
is unitary on X if its invariant form is positive semi-definite on the p-isotypic
component of J(6p.q,v) for all p € . Equivalently, J(0p.q,v) is unitary on ¥ if and
only if the operator T (wo, i, Op.q,V) is positive semi-definite for all 1 € X.



UNITARY GENUINE PRINCIPAL SERIES OF THE METAPLECTIC GROUP 29

Note that J(d,,q, ) is unitary if and only if it is unitary on K. Because K is an
infinite set, this condition is hard to check. We will restrict our attention to the
(finite) set X (G, 0p,q) of petite K-types containing d, 4.

By Theorem 9, the intertwining operator on a petite K-type matches a spherical
operator for the p-adic split group G‘;P"I(F) whose root system is dual to the set
A;, , of good roots for d, ,. Because As,  is a root system of type Cp, x C, (see
Section 3.4), the corresponding real split group is

G%(R) := SO(p + 1,p)o x SO(q + 1,q)o.

Suppose that the Langlands quotient J(d, 4,7) of G is unitary. Then J(d,4,v) is
unitary on X (G, dp ). By Theorem 9, the Langlands quotient Jg(v) of G4 (F)
is unitary on the set Yy (G, d,4) of W a-types that can be realized on the space
Viu[6p.q] for some p € L (G, 0p.q). (The notation is as in Section 5.1.)

By Proposition 1, the set Yy (G, 8,,,) of Wi a-types detects spherical unitarity
for G%(F) (see Definition 2), hence the spherical quotient .Jg(v) is unitary. By
Theorem 7, the spherical module for the real split group G% ¢ (R) is also unitary.
The result is an embedding of unitary duals: the d, 4-complementary series of G is
embedded into the spherical unitary dual of SO(p + 1,p)g x SO(q + 1, q)o-

Notation. Let CS(SO(p+1,p)o,d0) and CS(SO(q+1,q)o, o) denote the spherical
complementary series of SO(p+ 1,p)o and SO(q+ 1,q)o, respectively.

Theorem 10. Let G = Mp(2n) and let v = (v1,...,vy,) be a real character of
A. For each pair of non-negative integers p, q such that p+q =n, let 6,4 be the
genuine representation of M introduced in Section 5.1. Set

(7.2.1) vp = (11,...,1p) Vg:= Vpt1,---+Vn)
and write v = (vp|vy). The map
CS(Mp(2n),d,.4) — CS(SO(p + 1,p)o, do) x CS(SO(q + 1, q)o, %)
v (Vp, 1)
is a well defined injection.

Corollary 6. Let G = Mp(2n) and let v = (v1,...,v,) be a real character of A.
Write v = (vplvg), as in (7.2.1). If the spherical Langlands quotient J(do,vp) of
SO(p+1,p)o and/or the spherical Langlands quotient J(do,vq) of SO(g+1,q)o are
not unitary, then the genuine Langlands quotient J(dpq,v) of Mp(2n) is also not
unitary.

Remark 18. The same result holds if we replace the identily component of each
special orthogonal group by the full special orthogonal group, or even by the full
orthogonal group, because the spherical complementary series are the same.

The unitary spherical spectrum of split groups of type B is known, by work
of D. Barbasch (see [Bal]). Hence Theorem 10 and Corollary 6 provide a set of
non-unitarity certificates for genuine irreducible representations of Mp(2n). The
following proposition shows the strength of these certificates.

Proposition 5. Let G be Mp(2n) and let v = (v1,...,vy) be a real character of A.
The complementary series C'S(Mp(2n),d,,4) is invariant under conjugation by the
stabilizer of 6, 4 (which is of the form W (Cp) x W(Cy)), so we may assume that

v 221,20 and Vpp1 = =+ = vp 2> 0.
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Suppose that any of the following conditions holds:

(1) vp >1/2
2) vp > 1/2
(3) Vo — Vat1 > 1, for some a with1 <a <p-1, or
(4) vg — Vay1 > 1, for some a withp+1<a<n-—1.

Then the genuine Langlands quotient J(0p q,v) of Mp(2n) is not unitary.

Proof. This is an immediate consequence of the analogous non-unitarity certificates
for spherical Langlands quotient of O(p+1, p) and O(¢+1, ¢) (see [ABPTV], Lemma
14.6). O

We conclude by stating our main conjecture. (The notation is as in Theorem
10.)

Conjecture 2. Let G be Mp(2n). For each pair of non-negative integers p, q such
that p + q = n, the map

CS(Mp(2n),0,.4) — CS(SO(p + 1,p)o, 60) x CS(SO(q + 1,q)o, o)

v = (vp, )
is a bijection.

Some evidence for this conjecture is given in Section 8.

8. SOME EVIDENCE FOR CONJECTURE 2

In light of Theorem 10, proving Conjecture 2 is equivalent to the following.

Conjecture 3. Let G be Mp(2n). For each pair of non-negative integers p, q such
that p+q=mn, let

(8.0.2) v, € CS(SO(p+1,p)o,00) and v, € CS(SO(q+1,q)0,d0)

be spherical unitary parameters for SO(p + 1,p)o and SO(q + 1,q)o, respectively.
Then the Langlands quotient J(0p.q, (Vplvg)) of Mp(2n) is unitary.

(The notation is as in Theorem 10.)

Remark 19. We may assume p > q, because

(8.0.3) I (0pq; (Vplvg)) = [T (0qp, (vglvp))]*
and duality preserves unitarity.

In this section we give some evidence for Conjecture 3, including the pseudo-
spherical case, two families of special examples, as well as some low rank cases.

Some of the arguments use Howe’s dual pair correspondence for pairs of the form
(O(p,q), Sp(2n,R)), with p+ g odd. We start by reviewing some of the results on
dual pair correspondence; the basic references are [Ho|, [Prz] and [AB]. See also
Section 14 of [ABPTV].
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8.1. The dual pairs (O(p,q), Sp(2n,R)). Let (G,G’) be a reductive dual pair
in Sp(2N,R); i.e., let G and G’ be reductive subgroups of Sp(2N,R) which are
mutual centralizers. The preimages G and G’ of G and G’ , respectively, under the
covering map Mp(2N) — Sp(2N,R) form a dual pair inside the metaplectic group.
If w is one of the oscillator representations of Mp(2NN), then the restriction of w to

g LG gives rise to a correspondence between irreducible representations of G and
G’, by defining

(8.1.1) T <= Homg, g (w,m@7") #0.

Here the modules and maps are assumed to be in the category of (g, K') modules.
The correspondence satisfies the following properties.

Theorem 11 (Howe). (1) Condition 8.1.1 defines a bijection between subsets
of the sets of genuine irreducible representations of the groups G and G'.
(2) The correspondence gives rise to a well-defined correspondence of infinites-
imal characters.

We will restrict our attention to dual pairs of the form (O(p, ¢), Sp(2n,R)) with
p+q odd. In this situation, the double cover of Sp(2n, R) is metaplectic; the double
cover of the orthogonal group is linear. Recall that 5(]9, q) has a genuine character
& such that the map 7 < 7 ® £ gives a bijection between irreducible representa-
tions of O(p,q) and genuine irreducible representations of 6(p, q). Consequently,
we can regard the theta correspondence for this dual pair as a correspondence be-
tween irreducible representations of O(p, ¢) and irreducible genuine representations
of Mp(2n).

In general, the theta correspondence does not preserve unitarity. However, we
have preservation of unitarity in the stable range, which we define here only for
dual paris of the form under consideration.

Definition 7. The dual pair (O(p,q), Sp(2n,R)) is said to be in the stable range
with O(p, q) the smaller member if n > p+q. It is in the stable range with Sp(2n,R)
the smaller member if min{p, q} > 2n.

Theorem 12 (Li [Li]). Suppose (G,G") is a dual pair in the stable range with G
the smaller member. If w is an irreducible genuine unitary representation of (N?,
then m occurs in the dual pair correspondence. Moreover, if m corresponds to @' in
the dual pair correspondence, then ' is a unitary representation of G

We will apply this theorem to dual pairs of the form (O(m + 1,m), Sp(2n,R))
which are in the stable range with the orthogonal group the smaller member, i. e., to
dual pairs (O(m + 1,m), Sp(2n,R)) satisfying n > 2m + 1.

Given a dual pair (G, G’), write K and K’ for the maximal compact subgroups
of G and G , respectively. Howe associates to each K- and K'-type a degree, and
defines a subspace H of the representation space for w, called the space of joint
harmonics, on which there is a one-one correspondence between K- and K'-types.
The following result is a valuable tool in determining the dual pair correspondence
explicitly.

Theorem 13 (Howe [Ho]). Suppose that w corresponds to ' in the correspondence
for the dual pair (G,G"), and that p is a K-type of minimal degree occurring in .
Then p occurs in H. Let ' be the K'-type corresponding to p in H; then u' occurs
in 7, and is of minimal degree.
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Recall that the orthogonal group O(p,q) has four one-dimensional characters,
which we will denote triv, det, x4—, and x_4. Here x4_ represents the character
which restricts to triv ® det on O(p) x O(q); x—+ is defined analogously. For dual
pairs of the form (O(n + 1,n), Sp(2m,R)), the correspondence of K-types on the
space of joint harmonics is such that

(8.1.2) triv < ps,, ,
(8.1.3) triv @ det < 15

m—n,n"

The trivial (O(n+ 1) x O(n))-type occurs for all dual pairs, while ¢riv @ det occurs
whenever m > n.

8.2. Pseudospherical unitary representations of Mp(2n). Recall that a pseu-
dospherical representation of Mp(2n) is a representation containing a U (n)-type of
the form det*2. Adams and Barbasch [AB] have determined the theta correspon-
dence explicitly, in terms of Langlands parameters, for all dual pairs of the form
(O(p,q), Sp(2n,R)) with p+ g =2n+1. If ¢ = p — 1 = n, they show that spheri-
cal representations of O(n + 1,n) correspond to pseudospherical representations of
Mp(2n) with lowest U(n)-type v/det:

(821) JO(n—i—l,n)((SOaV) — ']Mp(2n)(5n,07]/)

for all choices of v allowed. The main result of [ABPTV] implies that the corre-
spondence (8.2.1) preserves unitarity from right to left. (Note that this result also
follows from our Theorem 10, since O(n + 1,n) and SO(n + 1,n)p have the same
spherical unitary parameters.)

Computations on petite K-types show that unitarity is preserved in the reverse
direction, as well. This implies the truth of our conjecture in the pseudospherical
case.

Theorem 14. [ABPTV] The correspondence (8.2.1) preserves unitarity both ways;
hence, it gives a parametrization of the pseudospherical unitary dual of Mp(2n) in
terms of the spherical unitary dual of O(n + 1,n).

8.3. A family of non-pseudospherical examples. For each non-negative inte-
ger m, let p,, be the the m-tuple
1 3 31
8.3.1 m = ——m— =, .., == |,
(8:3.1) r (m ™M Ty 2)
i. €., the infinitesimal character of the trivial representation of O(m + 1,m), and

of the oscillator representation of Mp(2m). If n is an n-tuple of numbers, then we
denote (pm|n) the (n 4+ m)-tuple obtained by adding the entries of 1 to py,.

Theorem 15. The representation Jarp2(p+q)) (9p,q, (PplV)) ds unitary, for all v €
CS(SO(qg+1,9)o,00) and all p > q.

Proof. The main theorem of [AB] implies that, in the dual pair correspondence for
(O(g +1,9),5p(2¢,R)),

(8.3.2) Jo(g+1,0) (00, V) ® X4— < Jarp(29) (G0,q, V)

for all choices of the parameter v allowed. Because tensoring by a unitary character,
and taking duals, does not change whether a representation is unitary or not, this is

again a unitarity preserving bijection. Then, if v is in the spherical complementary
series of O(q+1, q) (or SO(g+1, q)o), the representation Jyrp(2q) (90,4, V) of Mp(2q) is
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unitary. We want to prove that, if p > ¢, the representation Jasp(2(p+q)) (0p.q5 (Pp|V))
of Mp(2(p+ q)) is also unitary.

Consider the dual pair correspondence for the pair (O(q + 1,q), Sp(2(p + ¢),R));
set ™ = Jo(g+1,9)(00,7) ® x4 - and let 7’ be the representation of Mp(2(p + ¢q))
which corresponds to 7. Since p > ¢, we are in the stable range with the orthogonal
group the smallest member; therefore, by Theorem 12, #’ is unitary (and nonzero).
We will show that 7" = Jarp2(p+q)) (9p.> (Pp|v)). The induction principle (see §8 of
[AB]) implies that 7 is a constituent of Insp(2(p+q))(0p,q; (Pp|V)). Since triv @ det
is of minimal degree in 7, the K-type triv ® det occurs in H. By (8.1.3), the
corresponding K'-type is y5, ,. By Theorem 13, ps, , occurs in 7', and is of minimal
degree. Hence 7' must be the Langlands quotient Jasp2(p+q)) (9p.q> (PplV))- O

8.4. Some small rank examples. In this section, we prove our conjecture for
metaplectic groups of rank up to three.

8.4.1. Mp(2). For Mp(2), we only need to consider the case p =1, ¢ = 0. It is well
known that

11
and each of these parameters is unitary for the Langlands quotient J(d1,0,v) of
Mp(2). (Note that this result also follows from Corollary 4 or Theorem 14.) Hence
the conjecture holds.

8.4.2. Mp(4). For Mp(4), we have to consider two cases: p = 2, ¢ = 0 and p =
1, ¢ = 1. For the pseudospherical case, the claim follows from Theorem 14. A
picture of the unitary parameters is given in Figure 3, Section 2.

For the case p = 1, ¢ = 1, note that the product of the two spherical comple-
mentary series

(8.4.2) CS(SO(2, 1), 5) x CS(SO(2, )0, 6) = {—%ﬂ « [—%%]

is just the unit square, so the claim follows from Corollary 4.

8.4.3. Mp(6). For Mp(6), we have two cases: p = 3,¢g =0 and p = 2,9 = 1.
For the pseudospherical case, the claim follows from Theorem 14. The unitary
parameters in the fundamental Weyl chamber (FWC) are:

e The intersection of the FWC with the unit cube: 0 < v3 <y <1 < %
The line segment from (1 1 1) to (1, %,0): (% +t, %, % — t), for0 <t <

° 555, 5 L
e The line segment from (21,2%,?)) to (%, %, %) (1 +t, %,t), for0<t < % ’
e The line segment from (1,1,0) to (3,2,3): (1+¢,1—1¢,¢), for 0 <t < 1.
e The line segment from (%, %,O) to (%, %, %) (%, %,t), for 0 <t < %
e The isolated point: (g, %, %)

For the case p = 2, ¢ = 1, the product of the two spherical complementary series

(843) 05(50(3,2)0,60) X 05(50(2,1)0,50)

looks as follows.
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FIGURE 3. CS(S0(3,2)g,00) x CS(SO(2,1)p,d0)

We need to prove that each of these points is unitary for Mp(6). The unitarity
of the unit cube follows from Corollary 4. It remains to prove the unitarity of the
line segments. Note that every point in a line segment is conjugate to a parameter
of the form

31 1
4.4 —, =t <t< -
(844 (3.50) osi=,

under the stabilizer of d 1. Because (2, 3) is equal to po (see (8.3.1)), the claim

follows immediately from Theorem 15. Another proof will be given in the next
section.

8.5. Another family of non-pseudospherical examples. Let P = M AN be
a minimal parabolic subgroup of Mp(2n), and let P, = M;A; Ny be a parabolic
subgroup containing P. Then

is a minimal parabolic subgroup of M;. For each pair of (real) characters vy, € AR
vy € aj g write v = (var|v1) for the corresponding character of A = AjrAq. Let §
be a genuine character of M, and let J(d, vys) be the Langlands subquotient of the
principal series

(8.5.2) Ind}jYy, v, (6 @ var @ 1).

Note that J(d,vys) is always irreducible.

Proposition 6. Consider the induced representation

(8.5.3) I(v1) == Indy S (J(8,va0) @ 1 @ 1).
Set v = (va|v1), and assume that vy satisfies:

(v,B8) ¢2N+1 for all § € A(nq) that are good for &
(8.5.4)
(v, 8) 2N+ 2 for all § € A(ny) that are bad for o.

Then I(v1) is irreducible.

Proof. This follows from Corollary 5, (the proof of) Theorem 8 in [KZ] and Corol-
lary 3.9 in [SV]. O
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Corollary 7. In the setting of Proposition 6, let J(v1) be the (irreducible) Lang-
lands subquotient of I(v1). (In our standard notation, J(vi) = J(6,v) with v =
(var|v1).) Let R C aj g be any connected region in the complement of the hyper-
plane arrangement defined in (8.5.4). If J(v1) is unitary for some value of vy in
R, then J(v1) is unitary throughout the closure of R.

Theorem 16. Let G = Mp(2n). Choose a genuine representation 6 = 6, 4 of M,
and let v = (vp|vy), with v, = (a1,...,ap) and vy = (apt1,...,ay), be a character
of A such that

(8.5.5) vp € CS(SO(p+1,p)o,00) and vy e CS(SO(q+1,q)o,0d).

Suppose that

e Forallj=1,...,p, either 0 < |a;| <3/2 ora; € Z+ %

e Forallj=p+1,...,n,0<la;| <3 (ie, v, belongs to the unit cube).
Then the Langlands subquotient J(6,v) is unitary.

Proof. Let P = MAN be a minimal parabolic subgroup of G. and let P, =
M7 A1 Ny be a parabolic subgroup of G containing P, with Levi factor

(8.5.6) My Ay = Mp(2p) % (51?(1,1&{))‘1.

The Langlands subquotient of Ind%iﬂp(5®yp® 1) is isomorphic to J(dp.0, Vp) ®d0,q.
where J(dp.0,7p) is a pseudospherical irreducible representation of Mp(2p). Given
the assumptions on v, and Theorem 14, J(d,,0,7,) is unitary.

Consider the induced representation

(8.5.7) I(vg) = Indy P20 (T (0p,0, 1) ® Go,0) © g @ 1),

and let J(v,) be its Langlands subquotient. (Note that J(v,) is isomorphic to
J(6,v).) Up to sign, the roots of Ny are:

2¢; forp+1<i<n
(8.5.8) ete forp+1<i<j<n
eife forl<i<pandp+1<j<n.

The roots in the first two rows are good for ¢, the remaining ones are bad. Under our
assumptions on v, if v, is in the interior of the unit cube, then the conditions (8.5.4)
are satisfied. Hence by Proposition 6, I(v,) is irreducible. Moreover, J(0) = I(0)
is unitarily induced, hence unitary. By Corollary 7, J(v,) = J(d,v) is unitary for
all v, in the (closed) unit cube. O

We list some applications. First, Theorem 16 provides a second proof of the fact
that the Langlands quotient

(8.5.9) T (021, (3, 3:1))

of Mp(6) is unitary, for all 0 < ¢ < 3.

Second, by inspection, all the parameters v5 in C'S(SO(4, 3)g, o) (listed in Section
8.4.3) satisfy the conditions on v, in Theorem 16. Hence Conjecture 3 holds for the
d3,1-complementary series of Mp(8). For the s o-complementary series of Mp(8),
Theorem 16 implies unitarity for all expected parameters, except the isolated rep-
resentation J(dz 2, (%, %, %, %)) This proves our conjecture for Mp(8), with the
possible exception of a single unipotent representation.
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Finally, observe that all parameters vy € CS(SO(5,4)0, o) also satisfy the condi-
tions on v, in Theorem 16 (see Section 11). Therefore, our conjecture holds for the
d41-complementary series of Mp(10) as well.

9. REPRESENTATIONS OF WEYL GROUPS OF TYPE C

The stabilizers of genuine M-types are subgroups of W(C,,) of the form W (C)) x
W(Cy), for some pair (p,¢q) of non-negative integers such that p + ¢ = n. In this
section, we describe the irreducible representations of Weyl groups of type C.

Let k be a non-negative integer. The Weyl group W (C%) is the semidirect
product of the symmetric group Sy by the abelian normal subgroup (Z/27)*:

(9.0.10) W(Cy) ~ Sy, x (Z/2Z)F.

Using the method of “little groups” of Wigner and Mackey (see [Si], Chapter 7 or
[Se], Chapter 8), one can show that all irreducible representations of W (C}) can be
obtained as follows.

For non-negative integers a and b such that a + b = k, let y = triv® ® sign®
be the character of (Z/27)* which is trivial on the first a Z/27Z factors, and is the
sign character on the last b. The stabilizer of y in Si is isomorphic to S, x Sp.
Irreducible representations of a symmetric group are parameterized by partitions,
hence irreducible representations of S, x S} are parameterized by pairs of partitions
(A, 7), with A a and 7 F b. We write A ® 7 for the corresponding representation
of S, x Sp. Then

A ® 7] [(triv)® @ (sign)®]
is a well defined representation of (S, x Sy) x (Z/2Z)*. The induced representation

k
(9.0.11) Axori=Inds5ER0 @ T [(triv)® @ (sign)’]

is an irreducible representation of W (Cy) = Sy x (Z/2Z)*, and all irreducible
representations of W(C}) are obtained this way.

Recall from Theorem 5 the relevant representations of W(C}); they are those of
the form (a,b) x (0) or (a) x (b).
The representation (a,b), which we will denote simply (a, b) for brevity of notation,
is the pull-back to W(C}) of the irreducible representation of Sy corresponding to
the partition (a,b) of k. It is an irreducible representation of W (C}) of dimension

k
( )(k —2a+1)/(k —a+1) in which (Z/2Z)* acts trivially.
a

k
The symbol (a) x (b) denotes the representation of W (C}) of dimension ( ) that
a

is induced from the unique representation of (S, x Sy) x (Z/2Z)* in which S,, Sy
and (Z/27)% act trivially, and (Z/27)" acts by (sign)®. In particular, (k — 1) x (1)
denotes the natural k-dimensional reflection representation of W.

10. CALCULATIONS

In this section, we prove Proposition 1 of Section 5.1. Refer to Section 5.1 for
notation.

Proposition. The set Xw (G, dp,q) contains every irreducible relevant representa-
tion of W(Cp) and every irreducible relevant representation of W(Cy).
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The proof is by direct computation. For every irreducible relevant representation
T of W(Cp) or W(C,), we display a petite K-type p such that the representation
of Wira = W(C,) x W(C,) on the space

Viul0p.q) = Homas (1, 6p.4)

is equal to the W a-type 7 & triv or triv @ T, respectively. The precise matching
is given in (5.1.6).

10.1. The W(C,)-type (p — s) x (s). We prove that the W a-type ((p — s) x
(s)) @ triv can be realized on the space V[0, 4], for

1 1 3
10.1.1 = e T T Ty Ty T, —
( ) 1% ) 727 27 ) 27 ’ ) )

It is convenient to realize i inside the tensor product:

(10.1.2) p:=AC" @ A"°C" ® det™%/2,
Note that

pP—s
(10.1.3) AP=SC™ @ AP SC" = @ 2,...,2,1,...,1,0,...,0 | ,

aso —— —— ——

p—s—a q+2a s—a
hence
p—s
1 1 1 1 3 3

10.1.4 = - — ==, =, == ——
( ) p ) ) 27 27 9 ) 27 ) 2

IS]
Il
o
{w

As an M-module,

(10.1.5) p=| P el P Hleohw= B  dras.

|T|=p—s [S|=n—s |T| =p—=s
|S|=n-—s
where TAS denotes, as usual, the symmetric difference of the two sets. (The
notation for M-types is as in Section 3.2.)
Note that p contains every M-type oy with ¢ < |U| < ¢+2(p—s) and, in particular,
it contains 0, 4. For all T = {i1,142,...,9p—s} C {1,2,...,p}, set
(10.1.6)
vz = [ei Neiy Ao Neiy ] @ (e Neig Ao Nei,  Neppa Aepra A Aey]

and define
(10.1.7) V :=Span{vr: Z C {1,2,...,p}, |Z]| =p — s}.

It is easy to check that the (p) -dimensional space V' is contained in the 6, 4-isotypic
s

component inside p. We claim that V' is actually contained in p: for all Z, vz is a
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weight vector of weight

3 31 3 3 1 3 3 1 1
(1018) oYttty T 9 ottty T 8 g v a0t P N O Y 3
2 2°2° 2 2° 2 2 2° 2 2
1 —
i ip_s q

11
10.1.9 = chers S mms e R ey —
( ) w ) 727 27 ) 27 ) )

p—s q s
by the compact Weyl group, hence vz must belong to p.

We study the representation ¢ of the stabilizer of §, , on the subspace Hom;(V, 6, 4)
of V,,[0p,4], and prove that it equals (p — s) X (s) @ triv.

Recall that Wi ~ W(C),) x W(C,). Let 0., ¢, and o, be representatives in
K for the root-reflections s, —, and sa,, as in Section 3.1. Identify J, , with its
isotypic component inside the fine K-type

1 1 1 1
(10110) /,L(;p,q = 5,...,5,—5,...,—5 :Apcn®det_1/2,
—_— —.——

P q
and write Vo = C(w), with w = e; Aea A--- Ae,. The elements vz with
IT={i1<ig---<ip_s} C{1,2,...,p} form a basis of V. Let
(10.1.11) {T7: vz o, 7w}
be the corresponding basis of Hom s (V, Vo).
fa=¢—¢,withl <k<lI<porp+1<Ek<I <n, the element o,

acts trivially on both V and V%, therefore the root-reflection s, acts trivially on
Homjy (V, Vora). If a = 2¢y, then

—e Trwr kel
(10.1.12) ploa)vz =< +e 1 vz ifke{l,2,...,p} -7

ie~ vy ifke{p+1l,p+2,...,n}

and

ieTw ifke{l,2,...,p}

10.1.13 Q)W = i
( ) #3(0a) {eTw iftke{p+1l,p+2,...,n}

Hence

~T; ifke{l,2,....pt—JT

10.1.14 Sa)T7 =
( ) ¥(sa)Ts {“FTJ ifkeJu{p+1,p+2,...,n}.

Let Sp—s and (Z/2Z)P~* be the (appropriate) subgroups of W(C,) acting on the
first p — s coordinates, and let Sg, (Z/2Z)P~° be the ones acting on the last s
coordinates. Note that:
e The restriction of ¢ to W(Cy) is trivial, hence ¢ is of the form ¢’ ® triv
for some representation ¢’ of W (Cp).
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e The groups S, s, S and (Z/2Z)P~* act trivially on the vector Ty ,—s,
and (Z/27)*° acts on it by sign. Hence the restriction of ¢’ to the group
(Sp—s X Ss) X (Z/2Z)P contains the one-dimensional representation

(10.1.15) [(p—3s) @ (s)] - [(triv)P~* @ (sign)?].
By Frobenius reciprocity,
(10.1.16) P D (p—s)x(s).

Actually, ¥’ = (p — s) x (s), for dimensional reasons.

We conclude that ¥ = ((p — s) X (s)) ® triv, as claimed.

10.2. The W(C,)-type (p —s,s). Forall s € {0,1,..., [g]}, let ps be the tensor
product

(10.2.1) ps i= A°C" @ AT (C™)* @ det/2.
Note that
(10.2.2) ASC" @ AT (CM)* = 1,...,1,0,...,0,—1,...,—1],
a0 N—— N N——
a p—2a qt+a

hence

~ |3 31 1 1 1
10.2.3 s = S s m e ——
( ) ps =D 2 22 2° "2 2

a=0 | N—_——— —— ——

a p—2a q+a

As an M-module,

(10.2.4) ps = @5% ® @ 0s| ® dp = @ dTAS-

T|=s |S|=q-+s T = s
IS|=q+s

Then ps contains every M-type oy with ¢ < |U| < ¢ 4+ 2s and, in particular, it
contains the M-type 9, ,. The §, 4-isotypic in p, is spanned by the vectors:

(10.2.5) vz :==[es, Neig Avo N J@[fiy Afig Ao A fig A fprr A fpra Aeo A fin

with Z = {i1,42,...,is} C {1,2,...,p} (of cardinality s), and can be identified with
the weight space in ps corresponding to the weight

(102:6) e 11 1
2. w = 3y Ty Ty
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Note that the weight w occurs in each ps with multiplicity (p>, and in py =
s

AY(C™)* @ det'/? with multiplicity 1. Because
(10.2.7)

(10.2.8) [hg =

contains 4, , with multiplicity

(10.2.9) ms = <§> - (S r 1)

for all s € {1,..., [B]}. Note that the multiplicity of &, 4 in o is 1, so the previous

p

formula holds also for s = 0 if we let =0.

The purpose of this section is to compute the representation 15 of the stabilizer
of 6,4 in W (the group W ~ W (C,) x W(C,)) on the space V,,,[d,,4], and prove
that it equals (p — s, 8) ® triv.

It is convenient to first look at the representation of W% on the larger space
V5. [0p,q), which we denote ¥s. We identify dp,q With its isotypic component inside
the fine K-type us, , = APC" ® detfl/z, and choose the bases

(10.2.10) w=eNeaA---Nep

of V.4 and

(10.2.11) {vr:Z C{1,2,...,p}, |Z| = s}
of VPs. The maps

(10.2.12) Ty:vr —d1,5w

form a basis of V,_[0p,q]. If o = 2¢, then

E if ke{1,2,...
(10.2.13) poayr = 460z TREL2 . p)
e~ tvur ifke{p+1L,p+2,....,n}

and
£ if ke {1,2,...
(10.2.14) ps(oayw =€ W €{L,2,...,p}
e~tw ifke{p+1l,p+2,...,n}
Hence
(10.2.15) &s(sa)Tj:Tj V7.

This proves that the representation 1, of W(C,) x W(C,) on V,_[6,,] is actually
a representation of S, X S;. Now set a =€, —¢. If p+1 <k <1 <n, then

(10.2.16) plog)vr =vz VI
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and
(10.2.17) s (0 )w = w.

Again, we find that ¢, (sq)T7 = Tz, ¥.J. So the symmetric group Sy acts trivially,
and we are really dealing with a representation of S,. If 1 <k <1 < p, then

(10.2.18) woa)or = 4% if {k,1} CTor {k,1} CI°
B " VIA{k,y Otherwise

and ps, , (0a)w = w. It is easy to check that the symmetric group S, permutes the
subspaces

(10.2.19) Uz := Cuz ICH{l,....,p}, |Z|=s

transitively, and that the space V,,. [0, ,] (on which the representation v, is defined)
decomposes as the direct sum of the Uz’s:

(10.2.20) V. 6p4) = D Ur.

IC{1,...p} |Z|=s
Set Zp = {1,2,...,s} and U = Ug,, and let H be the stabilizer of U in S, (i.e. the
set of all n in S}, such that nU = U). Then

e U is stable under H, and
e the Sp-module V,_[d), 4] is induced from the H-module U

(see [Se|, Proposition 19). Because U is isomorphic to the trivial representation of
H, and H is isomorphic to S,_s x S5, we find that:

10.2.21 bols = Ind>r triv = M®=s5)
P Sp—sXSs

The permutation module M ®=%%) of Sp decomposes as a direct sum of Specht
modules:

(10.2.22) M(P—s.s) — @ SH— @S(p,a_,a)
AD>(p—s,s) a=0

(with abuse of notation we let (p — 0,0) denote the trivial partition). Then

S

(10.2.23) balwic,) = Plp - a,a)
a=0
and
(10.2.24) s = é(p —a,a) @ triv.
a=0
We can also write:
(10.2.25) 1/35 =V, [0p,q) = Vé " [0p,q] = éé VialOp.q) = é)‘/’a-
=0 a= a=

In order to prove that 1, = (p — a,a) ® triv for all a, it is sufficient to show that
the result holds for a = 0:

(10.2.26) o = (p) & triv = triv @ triv;
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the rest of the claim will follow by induction. This is easy to do: the K-type o is
the unique fine K-type ys, , containing 6, 4, hence the representation g = V,,, [0p,4]
is trivial. We conclude that

(10.2.27) s =(p—s,8) @triv

foralls:(),l,...,[%}.

10.3. Relevant W (C,)-types. Similar arguments prove that the W a-types triv®
((g —7) x (7)) and triv ® (¢ — r,r) can be realized on the space V,,[d, ¢, for

3 31 1 1 1
10.3.1 (3 3t 1 1 1
( ) u 27 7272, 727 2, ) 2
r p q—r
and
1 1 1 1 3 3
10.3.2 e
( ) ILL 2’ ,2, 27 ) 2 27 ) 2
——
p+r q—2r T

respectively. The details are left to the reader.

11. APPENDIX: THE SPHERICAL UNITARY DUAL OF SO(n + 1,n)o.

In this section, we give an explicit description of the spherical unitary dual of
split groups of type B. All the results are known, and due to D. Barbasch (see
[Bal] or [BCP]); we include them here for convenience.

Let G = SO(n + 1,n)o be the real split connected group of type B, and let
g = sp(2n,C) be the complex dual Lie algebra. The spherical unitary dual of G
is a disjoint union of sets, called “complementary series”, each parameterized by a
nilpotent orbit in g. Recall that nilpotent orbits in sp(2n, C) are parameterized by
partitions of 2n in which every odd part occurs with even multiplicity.

Definition 8. Let x be a real parameter in b, and let O be a nilpotent orbit in §.
We say that “x is attached to O7 if

(1) x = h/2+ v, for some semisimple element v € 35(O) and
(2) whenever O is another nilpotent orbit in § such that x = B2+, for
some ' € 35(0') semisimple, then O’ C O.
If y is a real parameter in b, we can identify y with an element of ag, and
consider the irreducible spherical representation J(d, x) of G.

Definition 9. A representation J(8, x) is in the “complementary series for O if
(1) x is a parameter attached to O, and
(2) J(do,x) is unitary; i.e., x € CS(G,dy).

The zero complementary series, i. e., the complementary series attached to the
trivial nilpotent orbit, plays a special role.

Theorem 17. (Barbasch) For every nilpotent orbit O in §, let G°(O) be the con-
nected real split group whose complex dual Lie algebra is 35(0). Let x = %h + v be
a parameter attached to the nilpotent orbit O. Then x is in the O-complementary
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for the group G if and only if v is in the zero-complementary series for the group

GO(0).

(Note that v € 35(0), so we can think of v as a spherical parameter for G°(O).)
The zero complementary series of all real split groups is known, thanks to the work
of D. Barbasch. If G = SO(n + 1,n)o, the group G°(O) can only involve factors of
type By, Cr and Dj. We recall the 0-complementary series for these groups.

Theorem 18. (Barbasch) The 0-complementary series for split groups of type By,
Cr and Dy, consists of the following dominant parameters:

By,. the set of all x = (v1,...,vk) such that 0 < v <wvp < - <y < %
Cy. the set of all x = (v1,...,vk) such that there exists an index i = 2,...,k
with the property that

0< < <y <l—v 1 <vgp < <<l

and, for every i < j <k, there is an odd number of v; with 1 <1 < i such
that v; <1 — v < vjq1.

Dy.. similar to type Cy. If k is even, replace every occurrence of vy by |v1|. If k
is odd, replace every occurrence of vi by 0.

Note that the choice of simple roots (and dominant parameters) is not the stan-
dard one. This theorem shows that the 0-complementary series for a split group of
type B reduces to the fundamental alcove, the ones for types C' and D are a bit
more complicated. Here are some low rank examples.

Ci. 0< 1y < 1.

Dl. vy = 0.

Co. 0<<iry<l—ur<l.

Ds. 0§|I/1|§I/2<1—|V1|<1.
C3.0<1<m<l—-r<ry<lor0<y<wr<ry<l-—u<l.

Ds. v =0and 0< 1y, <wr3<1l—uvy<l.

Ci. 0€n<mm<yy<l-m<my<l-n<lood<iy<rm<ryy<iy<
1—v3 <1.

Dy 0< || < <m3<l-m<uy<l-|n<lord<|n <<

vy <1l—wvg<l1.

Let us go back to the problem of determining the spherical unitary dual of
SO(n+1,n)o. In order to describe the complementary series attached to an orbit
O in g, we need to:

(1) Find the group G°(O).
(2) Find all the parameters x = 2 + v attached to O.
(3) Tmpose that v belongs to the zero complementary series of G°(O).

Let X be the partition corresponding to the nilpotent orbit ©; denote the parts
of A by a;, and their multiplicity by r;:
A=(Q1,. A1,y Qe v ey )
—— ~———
1 Tm
(r; is even if a; is odd). The centralizer 35(O) of O in § is a product of symplectic
and orthogonal Lie algebras. Precisely, there is a factor sp(r;) coming from each
odd part, and a factor so(r;) coming from each even part.
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Example. If A\ = (61231%), then 35(O) is of type Da x By x Cy :
35(0) = s0(4) @ 50(3) ® sp(8).
Hence G°(O) is of type Dy x Cy x By:
G%(0) = 50(2,2)0 x Sp(2) x SO(5,4).

%ﬁ + v, and show how to

We describe the contribution of each part of A to x =
determine the restrictions on v that make y unitary.

If a is an odd part of A, its multiplicity is necessarily even. If r, = 2n,, the
partition \ contains n, pairs of the form (a,a). The j** pair (a,a) contributes a
string

—1 -3 -3 —1
—(45) = (55 s L0 L+ (550) 4 (55
(of length a) to $h, and a string
(vi,vi, ... vf)

(also of length a) to v. Moreover, the part a contributes a factor sp(2n,) to the
stabilizer of the orbit, and a factor SO(n, + 1,7n4)0 to the group G°(O). To find
the possible values of the v{’s, we impose the condition that the parameter

Wi vm,)

belongs to the zero-complementary series for SO(n, + 1,n4)0 (see Theorem 18).

If @ is an even part of A, its multiplicity r, can be even or odd. We discuss the
two cases separately. If r, = 2n,, the partition A\ contains n, pairs of the form
(a,a). The j** pair (a,a) contributes a string

() (55 e (2) ()
(of length a) to %ﬁ, and a string

Wi vi, . vf)
(also of length a) to v. Moreover, the part a contributes a factor so(2n,) to the
stabilizer of the orbit, and a factor SO(n,,n4)o to the group G°(O). To find the

possible values of the v/§’s, we require that the parameter

(V1)

belongs to the zero-complementary series for SO(ng, nq)o-

If r, = 2n,+1, the partition A contains n, pairs of the form (a, a) and a “singleton” a.
The contributions of each pair (a,a) to %ﬁ and to v are the same as before. The
singleton contributes a string

13 a—1

(5’ 20 T)
(of length a/2) to h, and a string of zeros to v (also of length a/2). The part a also
contributes a factor so(2n, + 1) to the stabilizer of the orbit, and a factor Sp(2n,)
to the group G°(0). To find the range for the vj’s, we impose the condition that

the parameter

1 vm,)

belongs to the zero-complementary series for Sp(2n,,).
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Example. (continued) For our example, A = (6*2318). The complementary series
of G = 50(20,19)¢ attached to this orbit is

5 3 1 1 3 5
{(__+V1,__+V1,__+V1,_+V1,_+V1,_+V1,
5 3 1 1 3 5
2 V2, 2 V2, 2 V2, 2 V2, 2 V2, 2 V2,

1 1 1
277 3 +V3a§ +V37V47V55V67V7)}5

with

O§|U1|§V2<1—|V1|<1,
0<wv3<l1, and
0<w<ws<ws<vr <y
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