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ABSTRACT

In a series of three earlier papers, we considered a family of restriction problems for
classical groups (over local and global fields) and proposed precise answers to these
problems using the local and global Langlands correspondence. These restriction prob-
lems were formulated in terms of a pair W C V of orthogonal, Hermitian, symplectic, or
skew-Hermitian spaces. In this paper, we consider a twisted variant of these conjectures
in one particular case: that of a pair of skew-Hermitian spaces W = V.
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1. Introduction

In [GGP12b], we considered a family of restriction problems for classical groups (over local
and global fields) and proposed precise answers to these problems using the local and global
Langlands correspondence. These restriction problems were formulated in terms of a pair W C V
of orthogonal, Hermitian, symplectic, or skew-Hermitian spaces. In this paper, we consider a
twisted variant of these conjectures in one particular case: that of a pair of skew-Hermitian
spaces W = V.

Let F' be a non-archimedean local field and let E be a separable quadratic algebra over F
with o € Gal(E/F), the non-trivial element of the Galois group. Let V' be a non-degenerate
skew-Hermitian space of dimension n over E, with pairing (v, w). We may choose an orthogonal
basis {v1,ve,...,v,} of V over E and define the determinant

det(V) = H(vi, Vi),

7

in which each term (v;,v;) lies in E, where Ej is the F-subspace of E consisting of elements of
trace 0 and E = Ej ~ {0}. Since the product of two elements in EJ lies in F*, the determinant
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lies in B when n is odd and in F* when n is even. Both E and F* are principal homogeneous
spaces for the group F*, and the orbit spaces EJ /NE* and F*/NE* have cardinality 2 if E
is a field, and have cardinality 1 otherwise. The determinant, as an element of one of these orbit
spaces EJ/NE* or F*/NE*, is independent of the choice of an orthogonal basis, and gives a
complete isomorphism invariant of the skew-Hermitian space V over E.

The isometry group U(V') has associated to it the Weil representation wy,y ,, (see [GGP12b,
pp. 47-50]). If E is a field, then this complex representation of U(V) depends on a non-trivial
additive character ¢ of F' and a conjugate-symplectic character p of E* (i.e. the restriction of u
to I is the quadratic character wg,p associated to E /F by the local class field theory, so that
wg/p : FX/N(E*) = {£1}). For an irreducible representation 7 ® my of U(V) x U(V) with a
generic L-parameter, we had considered the problem of determining

dim HomU(V) (m ® 9, wV,qj),u),

in [GGP12b]. It is known by the work [Sunl2] that this dimension is 0 or 1, and the conjecture
in [GGP12b] (proved in [GI16]) determines precisely when this dimension is equal to 1.

If E=FxF,U(V)=GL,(F), the Weil representation wy,y,, could be taken to be S(F")
with the natural action of GL,,(F) on it, and the resulting Hom space Homgy,, (r) (71 ® w2, S(F™))
is the one which intervenes in the local Rankin-Selberg integral for GLy,(F') x GL,(F).

Here is the simplest twisted variant of the above question that we consider in this paper.
Instead of considering U(V') as a subgroup of U(V)(F x F) =U(V) x U(V), we consider it as
a subgroup of U(V)(E) = GL,(F). For an irreducible generic representation II of GL,(E), we
consider the problem of determining

dim HOH]U(V) (H, wv,w,#).

We conjecture that this dimension is equal to 1 for a unique (up to isomorphism) skew-Hermitian
space V' of dimension n over E, whose determinant is related to a local epsilon factor that we
describe now.

Let M be the Langlands parameter of II, thus M is an n-dimensional representation of the
Weil-Deligne group W Dpg of E. Associated to M, let MY be the conjugate-dual representation
of WDg, so that M ® °M"Y is a conjugate-orthogonal representation of WDg of dimension
n?. Since u|px = wg /Py [ s a conjugate-symplectic character of £, and hence M ® M V®
p~ ! is a conjugate-symplectic representation of WDg. In this paper, we conjecture that the

skew-Hermitian space V' for which Homy(y)(IL, wy,y ) # 0 is determined by the identity
H(Aet(V)) = €(1/2, M & M & u~), ) - det (M)(=1)" - wp (1),

where ¥ is the additive character of E obtained by composing ¥ with the trace from E to F.
For the other skew-Hermitian space V' of rank n over E, we conjecture that

HOIHU(V/)(H, wvl7¢7u) =0.

We note that when n is even so that det(V) € F*, u(det(V)) = wg/p(det(V)) = +1, and
p(det(V)) = +1 if and only if the group U(V') is quasi-split. When n is odd, the group U(V) is
quasi-split for both of the skew-Hermitian spaces, and p(det(V)) is a square root of wg,p(—1).
Likewise, the local root number €(1/2, M ® °M" ® p~!,1g) is equal to £1 when n is even and
is a square root of wg,p(—1) if n is odd.

A related problem that has been studied in the literature is the determination of

dim Homy (11, C).
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The third author has proposed precise conjectures about this dimension [Pra20]. Here, we have
replaced the trivial representation of U(V') by a Weil representation, which lies in a one-parameter
family (indexed by the characters of E') of the next smallest representations of U(V). In retro-
spect, this appears quite natural and is simpler than this related problem considered in [Pra20].
It is also simpler than our original conjecture in the skew-Hermitian case, where we considered
U(V) as a subgroup of U(V)(F x F) = U(V) x U(V), whereas U(V)(E) = GL,(F) is a simpler
group, whose L-packets are singletons. Note also that for Homy (11, Wy, ), We consider e and
L-function at 1/2 of M @ °M" ® p~* whereas for Homyy)(IL, C), one considers the pole at s = 1
of M @MV,

The astute reader can no doubt guess by now the general twisted variant of the GGP con-
jecture we have in mind. Beyond the case of U(V') as a subgroup of U(V)(E) and U(V)(F x F),
we could choose a different quadratic extension K of F' and consider U(V') as a subgroup of
U(V)(K), which is the isometry group of the skew-Hermitian space V ®p L, with L = E ® K.
Indeed, one could consider an arbitrary pair of étale quadratic F-algebras (F, K) and formulate
a corresponding branching problem. The various possibilities are given in the following table.

E\K FxF E Quadratic field K # E
F x F' | Rankin—Selberg | Rankin—Selberg Asai
Field GGP U(V) c GL(V) U(V) c U(Vk)

Remark 1.1. We remark that in the case when = F x F', and K is a separable quadratic
extension of F' (corresponding to the first row of the above table), we would be asserting that for
any irreducible admissible generic representation 7 of GL,,(K), and for w the Weil representation
of GL,,(F') realized on the Schwartz space S(F™), we have

Homgt,, (7 [7 ® w, C] = C.

The assertion on dimension of the Hom space being < 1 is part of Theorem B of [Sun12|, and
that it is non-zero is the conclusion of the Rankin—Selberg theory.

The last case in the table above, when E # K are two distinct quadratic fields, is the most
complex and is discussed in §8. To provide some evidence for our conjectures, we prove them
when n=dimV <2 (see §§3 and 9), as well as for unitary principal series representations
for general n (see §§4, 5, and 10, especially Corollary 5.3 and Theorem 10.7). Indeed, when
E = K, we reduce the conjecture for tempered representations to the case of essentially discrete-
series representations of GL(V') (in Corollary 5.2), and further to the case of supercuspidal
representations under a certain hypothesis (in Theorem 5.4). In particular, this allows us to
prove the conjecture for the Steinberg representation (in Corollary 5.8). As a supplementary
result, we show the vanishing of the corresponding higher Ext groups Ext? (i > 1) for tempered
representations (in Theorem 5.9).

The work which we needed to do in this paper with the Mackey theory allowed us to deal
with certain non-tempered representations too, leading us naturally to the non-tempered analog
of the GGP conjectures [GGP20] in the twisted setting. In considering this twisted case, we
realized that our original conjectures for non-tempered representations, where we introduced the
concept of relevant parameters, needed to be clarified in some cases. This is also done in §7.
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We also consider the twisted period problems over global fields. As in the GGP conjectures,
one expects that the non-vanishing of the global period integral here too is equivalent to the non-
vanishing of a corresponding central L-value, in the absence of local obstructions. For example,
when E = K, the relevant central L-value is L(1/2, M x °M" x p~!). One can also formulate a
refined conjecture in the style of Ichino—-Tkeda, which gives a precise formula relating the global
period integral to the product of the above central L-value and certain canonical local period
integrals. In the global context, it is interesting to note that when F # K, all possible local
scenarios given in the above table will arise. Hence, one of our goals in this paper is to give a
uniform formulation of the local conjectures which can be specialized to all the local scenarios
in the table.

With the twisted GGP problems and conjectures formulated, one can ask if all the previous
work that has been done for the GGP conjectures can be adapted to this twisted setting. These
include Waldspurger’s and Beuzart-Plessis’s integral formulae for the branching multiplicity and
comparison of Jacquet—Rallis relative trace formulae, which in the skew-Hermitian case is due
to Liu [Liul4] and Xue [Xuel4, Xuel6]. To this end, we remark that an integral formula for the
branching multiplicity is being developed in the thesis work of Nhat Hoang Le (a student of the
first author), whereas a relative trace formula approach is being pursued in the thesis work of
Danielle Wang (a student of Wei Zhang at MIT).

2. When F = K is a field

In this section, we consider the simpler case E = K, which was briefly discussed in the
introduction. We formulate our conjectures more formally here, in both the local and global
setting.

2.1 Local case
We assume first that F' is a local field and E/F is a separable quadratic field extension. We
let Ey denote the F-subspace of trace 0 elements in F and let F; C E* denote the subgroup
of norm 1 elements. Fix a non-trivial additive character 1) of F' and let o € Gal(E/F') be the
non-trivial automorphism of E/F.

For a skew-Hermitian space V' over E of dimension n, we recall that

F*/Ng/p(E>), ifnis even;

det(V) € y o
Eg /Ng/p(E>), ifnis odd.

If F' is non-archimedean, there are precisely two skew-Hermitian spaces of dimension n, distin-
guished by their determinants. When F' is archimedean, there are many more skew-Hermitian
spaces, distinguished by their signatures.

Without loss of generality, we may assume that all these skew-Hermitian spaces (of a given
dimension) have the same underlying vector space V over E, equipped with non-isomorphic
skew-Hermitian forms. Thus the unitary groups U(V) C GL(V) = Autg(V) = GL,(F) are all
subgroups of a fixed ambient group GL,,(E).

For each skew-Hermitian space V over E and a conjugate-symplectic character p of E*, we
have the associated Weil representation wy, , of U(V'). Now for an irreducible representation II
of GL(V) = GL,(E), we consider the Hom space

Homy v (IL, wy g )

We now state our main local conjecture in this case.
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CONJECTURE 2.1. (i) For any IT € Irr(GL(V)),
dim HOIHU(V) (vaVﬂ,/J,u) <1.
(i) If IT € Irr(GL(V)) is generic, then

Z dim Homy v (I, wy ) = 1.
v

where the sum is over the equivalence classes of skew-Hermitian structures on V.
(iii) For generic II € Irr(GL(V)), the unique skew-Hermitian space V' which gives a non-zero
contribution to the above sum satisfies

p(det(V)) = e(1/2, 1T x "I xp~ ", ¢) - wnn (—1)" 'WE/F(*l)n(n_l)ﬂ,
where IIV is the conjugate-dual representation of II and wyy is the central character of II.

As noted in the introduction, the ratio of the two sides of condition (iii) is a priori £1. When
F is non-archimedean, condition (iii) in the conjecture uniquely determines the summand with
non-zero contribution to the sum in condition (ii). When F' =R and E = C, one needs to be
more specific about the V' which gives non-zero contribution. We shall consider this archimedean
case in greater detail in §6. Note that if we define the discriminant of V' by

disc(V) = (—1)"=1/2 . det(V),
then the formula in condition (iii) can be expressed more succinctly as
ul(disc(V)) = e(1/2,T x °T x =L, ) - won(—1)",

taking note of the fact that u(—1) = wg,p(—1). We shall provide some evidence for this con-
jecture in the next two sections, verifying it for dimV < 2 and for unitary principal series
representations of GL(V') for V' of arbitrary dimension over E.

In the above formulation, the conjecture does not require the local Langlands correspondence,
as the local root number in condition (iii) can be interpreted as the Rankin-Selberg local root
number defined by Jacquet, Piatetski-Shapiro, and Shalika [JPSS83].

Let M denote the Langlands parameter of II, so that M is an n-dimensional representation
of the Weil-Deligne group W Dpg of E with det(M) corresponding to the central character wry
under the local class field theory. We have noted in the introduction that M ® MY @ u~! is a
conjugate-symplectic representation of W Dpg. Then Conjecture 2.1(iii) can be written as

p(det(V)) = e(1/2, M & MY @ u~, ) - det(M)(—1)" - wpyp(—1)""= /2
Note that, for e € E,
det(M @ °MY)(e) = det(M)(e)"™/ det(M) ()" = det(M)(—1)",
and
wg/p(—1) = wK/F(GQ) = (e%,¢?) (Hilbert symbol).
Hence, the above identity can be expressed as (for £ = K)
pu(det(V) = e(1/2, M @ MY @ =", ¢p) - det (M @ "M ") (e) - wie/p(e”) 172,

and it is this last statement that generalizes well when we deal with the general case (where
E # K) later.
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2.2 Global case

Consider now the case when E/F' is a quadratic extension of global fields with adele rings Ap
and Ap. Fix a non-trivial additive character ¢ of F\Ap. We shall consider all skew-Hermitian
structures on a vector space V of dimension n over E.

Let IT = ), II, be a cuspidal automorphic representation of GL(V)(Ar) = GL(V ®@f Ap) =
GL(V ®p Ag) so that II, are generic representations for each place v of E. For a conjugate-
symplectic Hecke character p of A%, we may consider the automorphic Weil representation
wy,p,u of UV)(AFR) (see [GGP12b]). Now we consider the global period integral

Py : H®W\/,1/;,u — C
defined by

PAf.0)= | flg)-Blg)dg for f € Mand 6 € i
UMW)
where we have written [U(V)] for the automorphic quotient U(V)(F)\U(V)(Ar) with dg the
Tamagawa measure on it.
Globally, we are interested in characterizing the non-vanishing of this period integral. Our
global conjecture is the following.

CONJECTURE 2.2. In the above setting, in particular for V' a skew-Hermitian space over a global
field F, the global period integral Py is non-zero if and only if the following two conditions hold
(denoting V,, =V ® F,):

(a) for all places v of F', Homyy,)(ILy, wv, 4y, ) 7 0
(b) L(1/2,11 x °IIY x p~ 1) # 0.

Further, for a cuspidal automorphic representation IT of GL,,(Ag), if L(1/2,TT x °TIV x u~1) # 0,
then there exists a unique skew-Hermitian space V' of dimension n over E such that the global
period integral Py is non-zero.

Observe that if we are given a collection of local skew-Hermitian spaces {V;} for all places v
of F' (of a fixed dimension n > 1), then the adelic skew-Hermitian space @), V,, is coherent over
F, i.e. the family of local skew-Hermitian spaces V,, comes from a global skew-Hermitian space
V, if and only if

[T ko (det(vi)) = 1.

Therefore, given a cuspidal automorphic representation Il of GL,,(Ag), if the local skew-
Hermitian spaces {V,} are those for which Homyy,)(Ily, wv, 4, u,) 7# 0 for all places v of F,
then part (iii) of our local Conjecture 2.1 implies that this collection of local skew-Hermitian
spaces {V,} is coherent over F' if and only if

€(1/2, I x °T1Y x 1) = 1.

Therefore, given a cuspidal automorphic representation II of GL,(Ag) for which the global
period integral on [U(V')] is non-zero (hence, Homuy vy, (Ily,wv, ¢, ,u,) 7 0 for all places v of
F), then ¢(1/2,11 x °IIY x p~') = 1. Thus, a necessary condition for the non-vanishing of
L(1/2,11 x °IIY x p~1) is satisfied if the global period integral on [U(V')] is non-zero. Conversely,
given a cuspidal automorphic representation IT of GL,, (Ag) for which L(1/2,T1 x °TIY x u~1) # 0
and hence €(1/2,11 x °IIY x p~!) = 1, we have a global skew-Hermitian space V', unique up to
isomorphism, for which Conjecture 2.2 implies non-vanishing of period integral on [U(V)].
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2.3 A refined global conjecture
Not surprisingly, one expects to be able to refine the above global conjecture to a precise formula
relating the global period integral to the central L-value.

For I = @, II,,, a cuspidal automorphic representation of GL(V)(Ar) = GL(V ®p Ap) =
GL(V ®g Ag), and wyy = Q,, wv, 4, . » the Weil representation of U(V)(Ar), fu, f,, € II, and
Gu, By € WV, 4hy 1y s We may consider the following integral of matrix coefficients for each place v
of F:

To(for £l G0, 6)) = / Go - For 1) - g Bor L) g (2.3)
U(V)(Fv)

As in [Xuel6], it is not hard to see that if II, is tempered, this integral is absolutely convergent,
so that it defines a U(V,) x U(V})-equivariant linear functional

IU : H'U ® ﬁ'” ® wVv»wv:Nv ® wVv»wv:Nv - (C
Now one would like to:

e show that Z, is non-zero if and only if Homy () (Ily, wv,, 4, u,) 7 0;
e compute this integral at almost all places v of F' where all data involved are unramified.

Without having done this work, we may nonetheless venture a guess here, in analogy with the
original GGP case [Xuel6].

CONJECTURE 2.4. Suppose that:

e FE,/F,is an unramified quadratic extension of residue characteristic not 2 and v, has conductor
OF,;

® (i, is unramified;

e V, contains a selfdual lattice A, whose stabilizer in U(V,,) is a hyperspecial maximal compact
subgroup K,, contained in K, = GL(A,) C GL(V,);

e dg, is the Haar measure on U(V,) which gives K, volume 1;

e II, is K,-unramified and f, = flisa K ,-spherical vector of norm 1;

® ¢, = ¢, is a K,-spherical vector of norm 1 in the Weil representation wy, 4, ., -
Then
Lo s 8) = )| L/ T < TILE Xty1)
L(l,M{I/(VU)) L(1,1I,,Ad)
where
L(1, Mgy ) HgEU and  L(1, My, HL kwh )
k=1

are the values at s = 1 of the L-functions of the dual motives of GL(V') and U(V), respectively.
(One may observe that the expression for Z,(fy, fl, ¢v, ¢,) given above implies, in particular,
that it is non-zero.)

Given this, it is natural to define a normalized local period integral:
g POMyy)) LA
Y L(L Mgy, L(1/2,T0, x Y X )
We also note that if £, = F, X F,,, the analog of the above conjecture holds, and has already

been considered in the original formulation of the refined GGP conjecture for skew-Hermitian
spaces in [GGP12b].

7,. (2.5)
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Coming back to the global setting, for each of the groups GL(V) or U(V), we will fix a
decomposition of the Tamagawa measures dg = [[, dgv, so that for almost all v, the local Haar
measures dg, give a hyperspecial maximal compact subgroup volume 1. We will also fix a decom-
position of the global Petersson inner product (defined by integrating over GL, (E)\GL,(Ag)*,
where GL,,(Ag)! :={g € GL,(Ag) with |det(g)| = 1}) as a product of local pairings:

<_a_>Pet = H<_’_>”’ (2'6)

v

and use these dg, and (—, —), in the definition of the local period integrals Z,, introduced above.
We can now state the following.

CONJECTURE 2.7. Given a (tempered) cuspidal automorphic representation II of GL(V),

Tz
(I

— L(1/2, T x O x p 1) (L(SvMéL(V))>

PeP= L(1, My ) L(s, 11, Ad)

S=
as linear functionals on II ® II ® WVpp @ Wy ap -

Here, note that L(s, M(\}/L(V)) and L(s,II, Ad) both have a simple pole at s = 1, so that their
ratio is holomorphic and non-zero at s = 1.

2.4 Finite fields

We conclude this section by highlighting the restriction problem for skew-Hermitian spaces over
a finite field F' = ;. In the finite field setting, only the case & = K can occur. In this setting, a
naive first guess is that for any irreducible generic representation IT of GLy,(FF,2),

dim Homy, gy (I, w) = 1,

where w is the Weil representation of Sp,,, (IF;), restricted to the subgroup U, (F,). However, an
examination of the case nm = 1 shows that this cannot literally be the case because dimw = ¢
but U;(F,) has ¢ + 1 characters. Indeed, the unique non-trivial quadratic character of U;(IF,) is
missing from w. Moreover, experience with the usual GGP problem over finite fields shows that
the above branching multiplicity can be larger than 1. Nonetheless, the naive expectation should
be generically true for cuspidal Deligne—Lusztig representations and it is an interesting question
to quantify the extent of its failure.

Over finite fields, we can also consider this restriction problem for symplectic groups. For
any irreducible generic representation IT of Spy,,(IF2), one would thus like to determine

dim Homg, (r,)(IL,w).

It is curious that since the two fold cover of Sp,,, (E) splits over Sp, (F'), there is no analogous
problem for non-archimedean local fields. Perhaps, one could go to four fold cover of Spy, (F)
(if the 4th roots of unity are there in F) to study the analogous branching problem?

A first study of these branching problems over finite fields has been conducted by Nhat
Hoang Le.

3. Evidence in low rank

In this section, we provide some evidence towards Conjecture 2.1 when n =dimV < 2.
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3.1 Rank-one case

We begin by examining the case when dimV =1, so that GL(V) = E* D U(V) = E;, where
E7 denotes the subgroup of norm one elements. Given a character x of E*, we are thus inter-
ested in understanding Hompg, (x,wy,y ). This is addressed by a theorem of Moen [Moe87| and
Rogawski [Rog92].

THEOREM 3.1. If x is a character of E*, then
dim Hompg, (x, wy,p,u) <1
and equality holds if and only if
pu(det(V)) = x(=1) - e(1/2,x7/x - 1" ¥).-

This is precisely what Conjecture 2.1 asserts in the case dimV = 1.

3.2 Rank-two case
Suppose now that dim V' = 2. Skew-Hermitian spaces of rank two can be described using quater-
nion F-algebras, as we have exploited in [GGP12a]. More precisely, for a quaternion F-algebra
B, fix an F-algebra embedding ¢ : £ — B and write B = FE @ F - ¢ where x is an element of B
such that zex~! = €. Thus, B is a two-dimensional E-vector space (by left multiplication), and
we may identify GLg(B) with GLo(FE) with respect to the basis {1, z}.

Now fix a trace 0 element § € E* and set

(b1, ba) = & - (projection of by - by onto E).

Then (—, —) is a skew-Hermitian form on B; we shall denote this skew-Hermitian space by Vp.
The isomorphism class of Vp is independent of x,d, and Vg is split if and only if B is split.

The unitary similitude group GU(Vp) C GL(Vp) = GLa(E) can be described by the
isomorphism

L (B x EX)/AF* = GU(Vg) C GL(Vp)
given by sending (b,e) € B* x E* to the element of GL(Vg) whose action on B is
(be):y—e-y-b L.
The similitude character is
sim(b,e) = Ng/r(e) -Np(b)~t.

Hence, the unitary group is

U(Vg) = {(be) € (B* x EX)/AF* = GU(Vp) : Ng/p(e) = Np(b)}.
This is contained in the subgroup

GU(Vp)* = {(b,e) € (B* x EX)/AF* = GU(Vg) : Ng(b) € Ng/r(E*)},
which has index 2 in GU(Vp). Moreover, if Z = E* denotes the center of GL(Vg), then
GU(Vg)" = Z - U(Vp).

Thus, when working with irreducible representations of U(Vp), there is no difference in working
with GU(Vp)™ instead.
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Let us explicate the Weil representation of U(Vp) in this framework. The Weil representation
wy,u,B 18 reducible but admits a central character decomposition:

Wep,u,B = @ww,u,B[A]a
A

where the sum runs over the characters of Z(U(Vp)) = F; and each summand is irreducible or
0. We can describe wy, ,, p[A] in terms of the description of U(Vp) given above. More precisely,
suppose that A = x|g, for a character x of E*. Consider the L-parameter

N =Indyp(u-x™') of GLy(F),
and let X p y be the associated representation of B*. This gives a representation
EB,N®X OfBXXEX,

which is trivial on AF*, i.e. a representation of GU(Vp). This representation of GU(Vg) decom-
poses into the sum of two irreducible summands when restricted to GU(Vg)™. One of these
summands is the representation wy , [Xx|E;] whereas the other is wy , lx|E,], with ¢’ in a
different N(E*)-orbit as 1.

Now suppose that II is an irreducible generic representation of U(Vp @ E) = GL(Vp) with
L-parameter M. The embedding U(Vp) — U(Vp ®@F E) is the natural embedding U(Vp) C
GL(Vp). Pulling II back via ¢, and with y := wyy, we see that

Homy (v, (I1, wy, . 5) = Homuy vy (I, wy 8[| 2, ])
= Homgxy+ (¢ (1), wy, B[] £:])
= Hompx (" (1), E,N).-

Now it is important to note that the embedding ¢ : B* «— GL(Vp) = GLy(FE) is not the
natural embedding B* — (B ®@p E)* = GLy(F), but rather differs from it by the outer auto-
morphism b +— b~!. Indeed, ¢ is the inverse on the central F*. Taking this into account, we see
that the last Hom space above is the space

HOme (Hv ® EE,N’ C)

of twisted trilinear forms, where B* — (B ®p E)* = GLo(FE), with the last isomorphism
induced by an E-algebra isomorphism B @ E = My (E).
By a result of the third author [Pra92], one has

dim Hompx (ITY ® £} 5,C) < 1
with equality if and only if
e(1/2,AsT(MY) @ N, ¢p) - wgyrp(=1) = u(det(Vp)),

where As™ is the Asai lift of M from E to F. We refer the reader to §8.4 for the definition and
properties of Ast. Now let us explicate the local root number:

e(1/2,As*(MY) @ NV, ¢p) = e(1/2, AsT (M) @ Ind (™" - x), ¥)
e(1/2,Ind5(MY @ MY @ ™ @ x), )
e(1/2,Ind5 (M @ MY @ =), 1)
e(1/2, M @M @ u~', ¢p),
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where in the second last equality, we have noted that y = wy = det M, so that MV @ y = M
(since dim M = 2), and in the last equality, we have used the fact that epsilon factors are inductive
in dimension zero together with the fact that dim(M ® M) = 4.

To conclude, we have shown the following.

PROPOSITION 3.2. For an irreducible generic representation Il of U(Vp ®@p E) = GL(Vp), with
L-parameter M (a two-dimensional representation of W Dp),

Homy v,y (I, wy8) # 0 <= €(1/2,M @ "M @ p~ ", ¢g) - wp/p(—1) = u(det(Vg)).

This is precisely what Conjecture 2.1 says in the case n = 2.

3.3 Global conjecture: rank-one case
Finally, we can also verify the global Conjecture 2.7 when dimg V' = 1. Let x be a Hecke character
of GL(V)(Ag) = A}, so that we are considering the global period integral

P CX®WV,w,u — C
defined by

P(6) = /[E]x<x>~<z><m>dx.

Observe that this is simply the (conjugate of the) global theta lifting of x for the dual pair
Ui x U =U(V) x U(W),

evaluated at the identity element. Here, V' is equipped with its given skew Hermitian structure
and W is the rank-one Hermitian space (1). The non-vanishing of P is thus equivalent to the
non-vanishing of the global theta lift ©y,w ,,(x) of x. Moreover, when this global theta lift is
non-zero, it is isomorphic to the representation x of U(W') = E;. Then we have

P(d1) - P(2) - n([Er]) = (O(d2, x), O(¢1, X)) et

where p([E1]) = 2 is the Tamagawa measure of U(W). Now the Petersson inner product of the
global theta lift on the right-hand side is computed by the Rallis inner product formula. This
was first done by Tonghai Yang [Yan97] and a convenient reference is [Xuel6, Theorem A.4.2].
One has

L(1/2,x7x - h)

(B(¢2,x), O(d1, X))Pet = L(1,wg/r)

: Z*(¢27 ¢1)7

where

*

Z*(¢2, 1) = / (991, $2) - (9X, X)u(v),Pet A9

Ap
is the normalized global doubling zeta integral. Since the Tamagawa measure of U(V') is 2, one
has
(9 X X)u),pet = 2 X(9)
so that

2'(0n62) =2 [ Taor.02) xl)dg = [T (o on,02),

*
A
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where the local factors Zj are as defined in (2.3) and (2.5). Hence, we conclude that

- ox bt
L(1/2,xx )M )'HI#(X’%@’@)' (3.3)

P(on) - Plon) = == —

This is precisely what Conjecture 2.7 says.

For the case when dimg V = 2, Conjecture 2.7 should reduce to Ichino’s formula [Ich08]
relating the (twisted) triple product period integral and the (twisted) triple product L-value. We
leave the verification of this to the interested reader.

4. Mackey theory: restriction of principal series
In this section, we apply Mackey theory to understand the branching of a principal series

representation of GL(V') to the Weil representation of U(V') over a non-archimedean local field.

4.1 Principal series
Let V be a vector space of dimension n over E. For a partition n =a+ b, with 0 < a <b € Z,
let

V=V,oV
with dim V, = a and dim V}, = b. Consider the maximal parabolic subgroup
P=P,,=M-N
of GL(V) stabilizing V,, with Levi factor
M = GL(V,) x GL(W).

Let m=m Xmy be a representation of GL(V,) x GL(V;) and consider the (normalized)
parabolically induced representation

T =T X Ty = IndgL(V) (m1 K a). (4.1)

These are the principal series representations we will consider.

4.2 Skew-Hermitian structures
Recall that there are two inequivalent skew-Hermitian structures on V, distinguished by their
determinants in F*/NE* or Ef /NE* (depending on whether n = dim V' is even or odd). For
such a class §, we let Vs denote the skew-Hermitian structure on V' with determinant 4, so that
U(Vs) € GL(V). We often drop ¢ from Vs when a particular skew-Hermitian structure is fixed on
V. We also let rk(V') denote the dimension of a maximal isotropic subspace of the skew-Hermitian
space V; this is sometimes called the Witt index of V.

On the other hand, V' with a roman subscript, such as V,, will denote either just a vector
space over E or a skew-Hermitian space over E of dimension a.

4.3 Mackey theory
For a fixed skew-Hermitian space V = Vj, the goal of this section is to compute

Homy vy (71 X T2, wyy,u),

where wyy, ,, denotes the Weil representation of U(V') associated to (1, 11). In fact, we will consider
the more general

EXt%(V) (771 X 7T2, wvﬂ/),u) .
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This will be achieved by using Mackey theory, which requires the determination of the orbits
of U(V') on the partial flag variety GL(V')/P. In this analysis, each orbit gives rise to a certain
induced representation of U(V') arising from the restriction of the inducing data to the stabilizer
of a point in the orbit.

Thus, the representation m = 71 X 79 when restricted to U(V') comes equipped with a certain
finite filtration by U(V)-modules in which the open orbits contribute as submodules, and the
non-open orbits contribute as subquotients.

4.4 Orbits
The following lemma, the proof of which is omitted, summarizes the orbit structure of U(V') on
GL(V)/P and is a direct consequence of Witt’s theorem.

LEMMA 4.2. The orbits of U(V') on GL(V)/P, (with 0 < a < b) are represented by the isom-
etry classes of a-dimensional E-subspaces X C V', which are themselves parameterized by the
following two invariants:

(1) the dimension d of the kernel of the skew-Hermitian form on V restricted to X, i.e.
d = dim(X N X*), d < min{a,rk(V)}; and
(2) the non-degenerate skew-Hermitian form on X /(X N X=), which can be arbitrary.

In particular, with ¥ non-archimedean, one has the following.
e For each integer
0 <d < min{a,rk(V)},

there are two orbits [X] of U(V) on GL(V)/P,p, with dim(X N X1) = d, unless d = a (i.e.
when X/(X N X1) =0), in which case there is only one.

e The open orbits correspond to d = 0, i.e. the isomorphism classes of the two non-degenerate
skew-Hermitian subspaces of V' of dimension a.

e There is a unique closed orbit which corresponds to d = min{a,rk(V)} = a, except when
n = 2a and V does not have an isotropic subspace of dimension a, in which case there are two
closed orbits corresponding tod = a — 1.

4.5 Stabilizers
Let [X] be an U(V')-orbit in GL(V')/P,, represented by an E-subspace X C V of dimension a
with dim(X N X*) = d. Let us first determine the stabilizer S = Sy of X in U(V).

Observe that Sx preserves the flag

tcXnNXtcXcXnxhHt=x+xtcyV,
and note that
X/(XnXH) (X +XH/(XNXE) =V, 2

are non-degenerate skew-Hermitian spaces of dimension a — d and n — 2d, respectively. Hence,
Sx is contained in the maximal parabolic subgroup Qg of U(V) stabilizing the isotropic space
X N X*. The parabolic subgroup Q4 = My - N4 can be depicted in matrix form as

GL(X nX%1) *1 *d
Q4= ( 0 U(Vp—2q) *2) :

0 0 *
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with Levi factor
My =GL(X N X1) x U(V,_aq)

and unipotent radical Ny. The center of Ny is the subgroup Z; consisting of matrices with
1 = %o = (.
It follows that, as a subgroup of 04, Sx has the form:

g *12 *13 *4q
gy — 0 Ugyq O *94
X 0 0 Upqg *34
0

0 0 (¢!
where:

e g€ GL(X NX1) = GLy(E);

e the entries %15 and %34 are arbitrary matrices with entries in E of appropriate sizes which
determines o4, *13;

e the entry %4 is an arbitrary skew-Hermitian matrix of size d x d.

Let us highlight certain natural subgroups or quotients of Sx.

e The unipotent radical N(Sx) of Sx consists of those matrices which have the identity matrix
on each diagonal block. Observe that N(Sx) is, in fact, the unipotent radical Ny of the
maximal parabolic subgroup Q.

e The center Z(Sx) of N(Sx) is the subgroup consisting of elements whose only non-zero entry
in the upper triangular blocks is %4, so that Z(Sx) = Z4.

e The Levi factor Sx/N(Sx) is isomorphic to

GL(XNX) x Up_g X Up_g.

4.6 Modules

In what follows, we use Ind for the usual normalized induction, and ind for the usual normalized
induction with compact support, whereas we will use Jnd and ind for the corresponding un-
normalized induction. Thus, for example,

T =171 X Ty = IndgL(v) (m ®@ o) = jndgL(V) (M ®mT® (5113/2).

By Mackey theory, the restriction of the principal series representation m = 71 X 79 to U(V')
has a finite equivariant filtration indexed by the U(V')-orbits given in Lemma 4.2. For each such
U(V)-orbit [X], let mx denote the associated U(V')-subquotient of 7. The following proposition
determines the representation wx.

PROPOSITION 4.3. For a U(V)-orbit [X] on GL(V)/P, with dim X N X+ =d and stabilizer
S = Sx, one has

Tx = indg(v)(m & Ty & 5]1_-,/2)|5 = indg(v)(wl X T X 5113//25)|5,
where we have written dp;g = 5p(5§1.

We note that the representation m ® mo ® 5113//25 is non-trivial on the unipotent radical N(.S)

of S, but it is trivial on the center Z(S) of N(95).
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4.7 Branching for mwx
We are now ready to consider the branching problem

Bty (71 X 72, 0vp,)-
Since, as a U(V)-module, m x mo has a finite filtration with subquotients 7wx as given in
Proposition 4.3, it is natural to first consider
Extyy vy (mx, W )-
The result of this key computation is given by the following proposition.

PROPOSITION 4.4. For an orbit [X] of U(V) on GL(V)/P, with dim(X N X*) = d, correspond-
ing stabilizer S = Sx and associated U(V')-module 7x, one has

EXt%J(V) (”Xv W\/,w,u)

~ ; 1/2 1/2 _
= Extig/n(s) (513//5 (M) dsa—d @ (T2)p—d,as 5 - |detar, |~ 2u - wvnfzd,w7u>

where we note:

L] S/N(S) = GLd(E) X Uafd X Ubfd;'

® (m1)da—a denotes the unnormalized Jacquet module of m; with respect to the (d,a — d)
parabolic subgroup in GL(V,) = GL,(FE), regarded as a representation of GL4(E) x U,_gq C
GL4(E) x GL,—q(E) by restriction;

o likewise, (m2)p—q,q4 is the unnormalized Jacquet module of my with respect to the (b —d,d)-
parabolic subgroup in GL(V;) = GLy(E), regarded as a representation of Uy_q X GLg(E) C
GLy_4q(F) x GLg(FE) by restriction and taking contragredient on the GL4(F) factor;

e the characters 6p;g and dg are trivial on U,_q X Up_q and are given on GL4(E) by

dp/s = |det|? and &g = |det|" .
In particular, for the two open orbits X corresponding to d = 0, we have
Extiy mx, wvp] =Y Ext g [milua) s @vesd © Exti ) [m2luw), @v el
i=j+k
VevLel

where X =V, are the isomorphism classes of non-degenerate subspaces of V' of dimension a with

orthogonal complement X+ = Vj,.

Proof. For analyzing Ext%(v) [7Tx, Wy, we will need the following generalities on Ext groups
and contragredients (cf. [Pral8] for generality (a) below).

(a) For any two smooth representations U, V' of a p-adic group G, we have
ExtL[U, VY] = Exth [V, UV].

(b) For H a closed subgroup of a p-adic group G, and U any smooth representation of H with
smooth dual UV,

[ind%U]Y = ndGUY.

(c) For a non-trivial character v : F' — C*, with the associated Weil representation wy, , of
U(V), we have

\ ~
Wypu = WV ut

where ¥~ (z) = ¥(—x).
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We shall also use the following three lemmas whose proofs are left to the reader.

LEmMA 4.5. Let U C H be p-adic groups with U a normal subgroup of H which is a union
of compact open subgroups. Let 7, T be two smooth representations of H such that U acts
trivially on wo. Then

Extﬁq[m, | = Extj'g/U[m’U, 3.

LEMMA 4.6. Let G be any p-adic group, Z C G a closed central subgroup. If my and w9 are two
smooth representations of G on which Z operates by different characters, then

Extl[my, mo] =0 for all i > 0.

LEMMA 4.7. Let V =V, be a skew-Hermitian space over E of dimension n, and let wy,, , be
a Welil representation of U(V'). Let Qq = MyN4 be the maximal parabolic subgroup of U(V)
stabilizing a d-dimensional isotropic space (see §4.5), so that My = GL4(E) x U(V,,_24). Then
for Z4, the center of Ny, we have

WV Zg = @vg vy = (- | = % o det) ® wy, oy
as M -modules.

With these preliminaries in place, we now compute

Ext{ vy [mx, wvp,,)

= ExtiU(V) [indg(v) (M @ ® 5}3//2),(.«1‘/71/,7#], (by Proposition 4.3)
= Extiyy vy it Indg ™ (m @ m © 67%)"], (by (), (b) and (c))
=~ Exth[dg 1/2 Wy - -1, (M1 ® T2 ® 5113//25)\/], (by Frobenius reciprocity)
= Bxtlyz(s)[05 @y u-1)zs), (m @ m @ 655)"], (by Lemma 4.5)
= Extg/z(s) [5;1/2 e det]Y2  wy g ety (M @ ® 5113//2S)v] (by Lemma 4.7)
= Exts) s @ mo @ 0, 05 1det| 2w, ] (by (a))

1/2 5§/2|det|_1/2

= Extls;n(s)[(m1)da—a ® (m2)p-a.0 ® 65, WY, ]

where (71)4,—q denotes the unnormalized Jacquet module of 7 with respect to the (d,a — d)
parabolic subgroup in GL,(E); similarly for (72)y—q,4. Here we have applied Lemma 4.5 (taking
U= N(S)/Z(9)) for the last isomorphism for which it is important to note that N(S)/Z(S) maps
isomorphically to the product of the unipotent radicals of the (d,a — d)-parabolic subgroup of
GLy(F) and the (b — d, d)-parabolic subgroup of GL;(E).

For the final assertion in the proposition regarding the open orbits corresponding to d = 0, it
suffices to observe that for the direct sum of non-degenerate skew-Hermitian spaces V =V, @ V,
we have the tensor product decomposition of their Weil representations:

wV,"/’y/—L = wVaﬂ/&# ® waﬂﬂ’»lﬂ

as representations of U(V,) x U(V}) € U(V). Thus, the final assertion is a direct consequence of
the Kunneth theorem [Pral8, Theorem 3.1], completing the proof of Proposition 4.4. O
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4.8 Branching for m; X o
We can now assemble the results of Proposition 4.4 for the various U(V)-orbits [X] on GL(V')/P
to understand the branching problem

Ext%(v) (1 X T2, Wy p)-

The result is most definitive when only the open orbits have non-zero contribution. The following
theorem, which is the main result of this section, gives a simple sufficient condition (temperedness
of 71 and m9) for this to happen.

THEOREM 4.8. Suppose that m and e are tempered representations of GL(V,) and GL(V})
(with unitary central characters), so that m = m x my is a tempered principal series representa-
tion of GL(V) for V.=V, + V. If [X] is a non-open orbit of U(V') on GL(V)/P, then for 7x,
the subquotient of m supported on the orbit [X], we have

EXt%(V) [7TX, wvﬂp,M] = 0,

for all 1 > 0.
As a consequence, for all i > 0, one has

EB EXt%(Vg) [, WV 0]

1
~ j k
= GB ( @ EXt{J(Va,(s/) [71, WV, g ,1/,7#]) ® < @ EXtU(Vb,au) [m2, w%ﬁ//,’lﬁ,u]) ) (4.9)

i=j+k &’ 5"

where the sums over 6, ¢', and ¢" run over F*/NE* or EJ /NE* according to the parity of
n, a, b, respectively.
Hence, for i = 0, one has

Homy (yy)[m, wy; ]

= . Homyy, .y[m,wv, ;,w] @ Homyy, o) [m2,wy, 0] (4.10)
(87,6"):V, 51 BV 5=V

a

In particular,

@ HomU(Vé) [7T, wv&dj]
4

=~ <@HomU(Va’a,)[m,wVa’é,,w]> ® <@HomU(beé,,)[ﬂg,w%’a,,7¢]>. (4.11)

5/ 5//

Proof. By Proposition 4.4, Ext%(v) [7x, Wy, is equal to

Extg/n(s) [5113//%9 (T)da-a ® (T2)b-ad, 05 - |det 2w, 0]

Since 71 is tempered, it follows by Casselman’s temperedness criterion that the central exponents
of (71)d,q—d have the form 5531;0_‘)!2 with a > 0. Moreover, for (g,h) € GLg(E) x Ug_q(F),

0Py a(g, B) T2 = |det(g)| 92, with e = - (a —d).
Similarly, the central exponents of (72)p—q,4 have the form

5531;:2/2 with o >0,
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and for (h, (g*)7!) € Uy_q(F) x GL4(E),
0, ga(hy (g%) 7 IFT)2 = [det(g)|C~HT)/2 with ¢ =o' - (b— d).
Summarizing, we have:
(1) the representation
A= 5p//s (1) d,a—d @ (72)b—d,d
has central exponents of the form
|det| (=42 . |det| P4+ 2| det| /2 = |det| Aot/

with € and € non-negative;
(2) the representation

B =67 |det| ™ 2u - wy,_pyip
is the twist of a unitary representation of GL4(E) x U(V;,_o4) by the character
|det|"=D/2 . |det| /2 = |det| (4172
of GL4(E).
Thus, when d > 0, the actions of the center of GL4(FE) in
S/N(S) = GLq(E) x U(Va—q) x U(Vy—a)
on the two representations A and B are different. Therefore, by Lemma 4.6,
Extg/N(S) [A,B] =0,

for all i > 0 (as long as d # 0). This completes the proof that for a non-open U(V)-orbit [X] C
GL(V)/P, the associated subquotient mx of the U(V)-module 7 satisfies

EXt%(V) [WX,wv,qp] =0 foralli>0.
As a consequence of the vanishing of Ext?, i > 0, for all non-open orbits, we deduce that

EXt%( T qu/h @ EXtU 7'1')(7 wvﬂpyu],

where now X runs over the two open orbits of U(V') on GL(V')/P. Since Proposition 4.4 calculates
Ext%(v) [Tx,wy.] for the open orbits, the proof of Theorem 4.8 is complete. O

5. Application to Conjecture 2.1

In this section, we deduce the implications of Theorem 4.8 for Conjecture 2.1. Indeed, we shall
show how Theorem 4.8 allows us to reduce Conjecture 2.1 for tempered representations to the case
of discrete-series representations of GL, (£). This allows us to prove Conjecture 2.1 for unitary
principal series induced from the Borel subgroup. We also investigate whether the Mackey theory
argument allows one to further reduce Conjecture 2.1 to the case of supercuspidal representations.
As we shall see, we fall slightly short of that, but we will at least be able to prove Conjecture 2.1
for the Steinberg representation of GL,,(F).

5.1 Inductive argument
Let us first record the following consequence of Theorem 4.8.
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COROLLARY 5.1. Let V =V, ®V; be a direct sum of non-degenerate skew-Hermitian spaces,
and let m and w2 be irreducible tempered representations of GL(V,) and GL(V;), respectively.
Then we have the following.

(i) If Conjecture 2.1 holds for w1 and sy, then Conjecture 2.1 holds for the unitary principal
series representation m X my of GL(V).
(ii) If
EXt%(Va)(lewVa,w,u) = EXt%(Vb)(WQ,WVb’¢’H) =0 foralli>0,
then
Ext%(v) (7T1 X 7T2,wvy¢7u) =0 foralli>D0.

Proof. The vanishing statement in part (ii) follows from Theorem 4.8, especially (4.9). Likewise,
(4.11) imply that Conjecture 2.1(i) and (ii) for m; x 79 follows from the corresponding statements
for m; and my. Thus, it remains to verify that the unique skew-Hermitian space Vs for which
Homy (v (71 X 72, wy; ) is non-zero is as predicted by Conjecture 2.1(iii).
Assume then that
HomU(V) (7T1 X Wg,wv,qﬁ,#) 75 0.
By (4.10),

HomU(Va)(m,wVaﬂ/,,M) 7é 0 and HomU(Vb)(W%wa,w,u) 7é 0

for a unique pair of skew-Hermitian spaces V, and V}, satisfying V, ® V3 = V. As we have assumed
that Conjecture 2.1(iii) holds for 7; and w9, we have

p(det(Va)) = e(1/2,m x 7wy X p~ ) - wry (=1)* - wpgyp(~1)7 D2,
and

p(det(Vp)) = €(1/2,m2 x Ty x =" 0hm) - wy (=1)" - wpgyp(—1)"07 D2,
This implies that for m = m; X 7o,

p(det(V)) = e(1/2,7 x 7Y x p= hg) - wr(—1)" - wgyp(—1)" D2,
using the facts that u="pu~!, p(—1) = wg/r(=1) and

(Il +°I1Y,4g) = det II(—1)

for any representation IT of GL,,(E). This completes the proof of the corollary. O
5.2 Reduction to the discrete-series case

Corollary 5.1 allows one to reduce Conjecture 2.1 for tempered representations to the case of
discrete-series representations.

COROLLARY 5.2. If Conjecture 2.1 holds for all (unitary) discrete-series representations of all
GL(V), then it holds for all (unitary) tempered representations of all GL(V).

Proof. This follows from Corollary 5.1 and the fact that any tempered non-discrete-series repre-
sentation of GL(V') is irreducibly and unitarily induced from a discrete-series representation of
a proper parabolic subgroup. ]

5.3 Borel-Principal series
In addition, by applying Corollary 5.1 inductively, we deduce the following.
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COROLLARY 5.3. Conjecture 2.1 holds for all irreducible unitary principal series representations
of GL(V) induced from a unitary character of a Borel subgroup.
Proof. Using Corollary 5.1, this follows by induction on dim V. The base case, with dimV =1,
is Theorem 3.1 due to Moen and Rogawski. O

5.4 An alternative proof
We now give another proof of Corollary 5.3 as it brings out an interesting structure of the open
orbits of U(V) on GL(V)/B.
Suppose that
1= IndgL(V) (X1 ® - ®xn) (normalized induction),

so that its L-parameter is
V=D
i

On restriction to U(V'), Theorem 4.8 inductively implies that only the open U(V)-orbits on
the flag variety GL(V')/B will contribute to the Hom space Homy(y)[II, wy,y]. Moreover, using
Lemma 4.2 inductively, the open orbits can be described as follows. Given an ordered collection

L=A{L1,...,L,}
of non-degenerate orthogonal lines in V', the U(V')-orbit of the flag
Se:LiCLli®LyC---
is an open orbit, and the stabilizer of §, in U(V) is the subgroup

U(L) = HU(Li).

Moreover, all open orbits are given by such an ordered collection {L;} of isomorphism classes of
(non-degenerate) skew-Hermitian E-spaces of dimension 1, subject to the condition that @, L; =
V as skew-Hermitian E-spaces; we say that such an £ is V-relevant. There are thus 2"~! open
orbits, indexed by V-relevant £. This can also be gleaned from a Galois cohomological argument:
having fixed an open orbit over F' with stabilizer U(£) in U(V) and noting that there is exactly
one open orbit over F, the number of open U(V)-orbits is given by

Ker(H'(F,U(L)) — H'(F,U(V))) = Ker((F*/N(EX))" — F*/N(E™)).
Hence, by an inductive application of Theorem 4.8, we have
Homyy(yy (IL wyp ) = @ Homy (v (indggg))(ﬁixl-), WV, )s
L
where the sum runs over V-relevant £. By Frobenius reciprocity, and the fact that
wvauluie) = QWL
i

one deduces that

Homy (1) (1L, wyy,) 22 @D () Homuy 1,y (i, WL, o) -
o

Now by Theorem 3.1 (the theorem of Moen and Rogawski),
Homuy 1) (Xi, L) # 0 <= €(1/2,xi/x7 - 1~ ¥E) - xa(—1) = p(det(Ly)).
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Hence, at most one term in the sum over £ has non-zero contribution, and this unique £ exists
if and only if

p(det(V) = [T e(t/2,xi/x7 - ™" vm) - xi(—1).
To prove Conjecture 2.1, we explicate as follows:
€(1/2,M &MY - p~ )
=[1e/2,xi/x7 - vm) - [ e(/2, (/x5 + xi/x7) - 1wt s).
i i<j
For 7 < j, observe that
e(1/2, /x5 +x3/x7) - 1w vm) = €(1/2,x0/x5 -t vm)e(1/2,xF /xi - 1" vp)
= xi(=1) - x;j(=1) - wg/p(-1),
where we have used the following standard properties of the epsilon factor:
(1) €(1/2,W,4bp) - €(1/2, WY, ¢pp) = det(W)(-1);
(2) €(1/2,W,¢p) = €(1/2, W7, ¢g).
It follows that
[T e(t/2, 0a/xg +x3/x3) - " bg) = det(M)(=1)" - wpyp(—1)" D72,
1<j
Putting everything together, we see that HomU(V)(H, wy,p,p) 7 0 if and only if
p(det(V)) = e(1/2, M @ "M - ™" o) - det(M)(=1)" - wpgyp(—1)" "1/,

as desired.

5.5 Reduction to the supercuspidal case
We have seen that Conjecture 2.1 for tempered representations can be reduced to the case
of discrete-series representations by a Mackey theory argument. In the rest of the section, we
investigate whether the same argument can be used to reduce Conjecture 2.1 for discrete-series
representations to the case of supercuspidal representations. It turns out that this can be done
under a certain hypothesis. While we cannot prove this hypothesis in general, it can be shown
in some situations. This will allow us to prove Conjecture 2.1 for the Steinberg representation,
for example.

Let us first set up some notation and formulate the relevant hypothesis. Suppose that =
is a supercuspidal representation (with unitary central character) of GL(V) = GL,,(E). The
parabolically induced representation

7|det| D72 x 7| det|" 32 x ... x |det| (P 1)/2

of GL(V®") = GL,,(E) is a standard module and, thus, has a unique irreducible quotient
Sp(m,n), which is often called a Speh representation and is non-tempered (if n > 1). This
parabolically induced representation also has a unique irreducible submodule St(m,n); this is
the ‘generalized Steinberg’ representation, which is a discrete-series representation. All the irre-
ducible (unitary) discrete-series representations of general linear groups are of the form St(m, n).
The supercuspidal ones are precisely those with n = 1.
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If
¢ Wg — GL,,(C)

is the L-parameter of 7, then the L-parameter of St(m,n) is the representation ¢, ® Sym™!(C?)
of the Weil-Deligne group W Dg = Wg x SLz(C). We also write [n] = Sym™ ! (C?) for the unique
irreducible n-dimensional representation of SLo(C), and write ¢r[n] for the L-parameter of
St(m,n).

To deal with the generalised Steinberg representations, we will need to make an assumption.
In this, V, W are the two isomorphism classes of skew-Hermitian spaces over E of dimension m.
Then we make the following assumption:

(Assumption) Homy(y+)[SP(T, 2), 0 +vu] =0,
Homy (v 4w [Sp(7, 2), wv 4 wiy,u] = 0.

We remark that this assumption is a case of the non-tempered twisted GGP conjecture
formulated in Conjecture 7.2.
With this assumption formulated, our result is as follows.

THEOREM 5.4. Let w be a supercuspidal representation of GL(V') with dim' V' = m. If 7 satisfies
Conjecture 2.1 and the above (Assumption), then Conjecture 2.1 holds for the discrete-series
representations St(m,n) for all n > 1.

We make this more precise as follows.

(a) Suppose that V and W are the two isomorphism classes of skew-Hermitian spaces over E of
dimension m and

HomU(V) (ﬂ', wVM“) = (C,
HOHIU(W) (71',(,(}1/1/71/,““) = U.

Then, under (Assumption), one has

Il

HOIHU(Vn) (St(ﬂ', TZ), an’w”u) (C7
HOInU(W_i_anl) (St(ﬂ', n), WW-I—V"*l,lLV,M) = O,

for the two isomorphism classes of skew-Hermitian spaces V™, W + V"~! of dimension mn
over F,
(b) If
@ o - m m(m—
p(det(V)) = €(1/2,6x x 7oy x =" ) - wr(=1)™ - wgyp(—1)"" D2,
then for the skew-Hermitian space V",
p(det (V")) = p(det(V)")

D €(1/2, 64n] x 76 ] x 1" g) - w1 - wpg e~ 1),

Proof. The first assertion of the theorem (concerning the truth of Conjecture 2.1) is an immediate
consequence of statements (a) and (b). We shall prove these two statements in turn, starting
with the simpler statement (b).
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Proof of Theorem 5.4(b). Recall from [Tat79] that for an irreducible representation A ® [n] of
WDgp = Wg x SLy(C), one has

eA® [n]) = e(N)" - det(—F, A",

where Al denotes the subspace of A fixed by the inertia group I and F' denotes the Frobenius
element of Wg /1.
On the other hand, by the Clebsch—Gordon theorem,

nj@n=2n—-1®2n-3]@® - ®[1].
In particular, only odd integers (2d + 1) appear in this decomposition. It is easy to see that in
the expression

€A ® [2d + 1]) = e(\)24TL - det(—F, \[)2¢,

the factor det(—F, \')?¢ is trivial for A a conjugate selfdual representation of Wg. Hence, we find
that

e(A® [2d + 1]) = e(X)?dH?

for A a conjugate selfdual representation of Wg. These considerations, applied to the conjugate
selfdual representation A of W associated to 7 x °7V x u~!, allow one to prove identity (2)
from identity (1); we leave the simple and pleasant computation to the reader. O

Proof of Theorem 5.4(a). The proof of statement (a) depends on some intermediate results
contained in the following series of lemmas.

LEMMA 5.5. Let w be a unitary supercuspidal representation of GL(V') 2 GL,,(E).
(i) One has a short exact sequence GLyy,,, (E)-representations:
0— K, — v~ D20 5 )1284(7,n — 1) — St(m,n) — 0,

with K, an irreducible representation of GLi,,(E) and we have written v for the
character |det|.

(ii) The irreducible representation K, of GLy,,(FE) arising in the exact sequence above, sits in
the following short exact sequence:

0— Lp_1 — v~ "2/28p(x,2) x vSt(m,n — 2) — K,, — 0.

Proof. (i) The fact that the discrete-series representation St(w,n) of GL,,,(F) appears as a
quotient of the principal series v~ (*=1/27 x v1/2St (7, n — 1) is clear, since St(7,n) is a quotient
of the principal series representation

/2 B2 (D)2

It is well-known from Zelevinski [Zel80] that the principal series v~ ("~1/271 x v1/2St (7, n — 1)
has length 2, so that K, is irreducible and part (i) is proved.

(ii) Since K, is irreducible, it suffices to prove that there is a non-zero GL,,, (FE)-equivariant
homomorphism from the principal series v~ ("=2/28p(x,2) x vSt(m,n — 2) to K,. By the second
adjointness theorem, this boils down to proving that the normalized Jacquet functor of K, for the
opposite parabolic of the maximal standard parabolic with Levi GLom (E) X GL(;,—2) (E) con-
tains the irreducible representation v~ ("=2/28p(r, 2) @ vSt(m, n — 2) of GLay, (F) x GL(n—2)n(E)
as a submodule. We leave this simple calculation to the reader. ]

Next, we apply Proposition 4.4 to the two principal series representations appearing in
Lemma 5.5. We do not perform the explicit calculation here, but simply summarize the results.
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LEMMA 5.6. Let P denote the maximal parabolic subgroup of GL(V™) from which the principal
series representation considered below is induced. Then we have the following.

(i) For any non-open U(V™)-orbit [X]| C GL(V™)/P, the associated subquotient mx of the
U(V"™)-module V_(”_Q)/QSp(W, 2) x vSt(m,n — 2), satisfies

EXt%(Vn) [TI'X, (,UVnﬂ/J] = O,

for all i > 0. If (Assumption) holds for 7, then the above result holds for the open orbits as
well and therefore

HOHlU(Vn)[V_(n_2)/2Sp(7T, 2) x vSt(m,n — 2),wyn y] = 0.

(ii) For any non-open U(V™)-orbit [X]| C GL(V™)/P, the associated subquotient mx of the
U(V™)-module v~=D/27 x y1/2St (7, n — 1), satisfies

EXt%(Vn) [7TX, (.UVTL#;] = 0,

for all 1 > 0.
(iii) For any non-open U(V™)-orbit [X] C GL(V™)/P, the associated subquotient wx of the
U(V™)-module v*/?St(m,n — 1) x v~ (=D/2x  satisfies

EXt%(Vn) [7TX, WVn7¢] = 0,
for all 1 > 0.

With the above two lemmas at hand, let us now return to the proof of Theorem 5.4(a). By
Lemma 5.5(ii), combined with Lemma 5.6(i), we deduce that

Homy(yn)[Kp, wyn p] = 0.
Therefore, by Lemma 5.5(i),
Homyy(yn) (St(m,n), wyn ) = HomU(Vn)(u_("_l)/Qﬂ x V28t (m,n — 1), wyn ).
Furthermore, from Lemma 5.6(ii),
HOmU(V”n)(V—(n_l)/QW x vY28t(m,n — 1), wym )
is contributed by the submodule of the principal series representation
v~ (D20 5 128t (7, — 1)

supported on the open orbits.

Observe that the open orbits of the action of U(V") on GLyun(E)/ Pry, yn(n—1) are parametrized
by the isomorphism classes of the skew-Hermitian subspaces of V" of dimension m = dim(V).
Thus, there are exactly two orbits, represented by the skew-Hermitian spaces V and W, with
stabilizer in U(V") being U(V) x U(V"~1) and U(W) x U(W + V"=2). Therefore,

Homyyny (St(m,m), wyn y) = HOIIlU(Vn)(Vi(nil)/27T x /28t (m,n — 1), wyn )
is the sum A + B of the contributions coming from these two open orbits, with
A = Homy(y)(m, wy,yp) @ Homym-1)(St(m,n — 1), wym-1) ),
B = Homyw)(m, ww,y) © Homy gy pyn—2)(SH(m, n = 1), wyy yyin-2) 4)-

Now as Homy ) (7, ww,y) = 0, we conclude that B = 0. This completes the proof of part (a) of
Theorem 5.4, and hence the proof of Theorem 5.4 is complete. g
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5.6 The Steinberg representation
At the moment, we do not know how to prove the (Assumption) that

HOHIU(VQ) [Sp(ﬂ', 2), (.UV27,¢,] = HomU(V+W) [Sp(ﬂ', 2), u)v+wﬂp] = 0,

except when m =dimV =dimW =1, i.e. when w is a character of E*. In this case, the
(Assumption) is equivalent to saying that the Weil representation of U(2) does not contain
any one-dimensional representation of U(2) where U(2) is either of the two unitary groups in
two variables. The next lemma establishes this.

LEMMA 5.7. For V be a skew-Hermitian space over FE, a non-archimedean local field, of
dimension d > 2, one has

Homy vy [x; wvy,u] = 0
for any one-dimensional character x of U(V').

Proof. If V =V, @ Vs, a direct sum of skew-Hermitian spaces, one knows that as representations
of U(V1) x U(V2) C U(V),

WV = WV ahu @ WV 1,

Therefore, the proof of the lemma reduces to the case of d = 2.

When d = 2, we have seen in the discussion in § 3.2 that wy,y , is a direct sum of irreducible
summands (with different central characters), each of which has dihedral L-parameters. Hence,
Wy, does not contain one-dimensional characters of U(V'). (This uses the requirement for E
to be a non-archimedean local field.) O

As a consequence, we obtain the following.

COROLLARY 5.8. The Steinberg representation St of GL(V') satisfies Conjecture 2.1.

5.7 Ext vanishing
The results of this section also prove the following theorem on the vanishing of Ext groups for
tempered representations.

THEOREM 5.9. Let F be a non-archimedean local field and E a separable quadratic algebra over
F. Let V be a skew-Hermitian space over E, with corresponding unitary group U(V) C GL(V).
For any irreducible tempered representation II of GL(V') and any Weil representation wy,y ,
of U(V),

EXt%(v)(Hawu¢7M) =0 for alli>1.

Proof. ! As any irreducible tempered representation of GL(V) is parabolically induced from
an irreducible discrete-series representation of a Levi subgroup, by Corollary 5.1, it suf-
fices to prove this theorem for the discrete-series representations II = St(w,n) of GLyyn(E)
where 7 is a cuspidal representation of GL,,(E). We prove this by an induction on the
integer n.

The base case n = 1 is clear since a supercuspidal representation m of GL,,(F) is a projective
representation when restricted to any subgroup H C GL,,(FE) for which the intersection of H
with the center of GL,,(F) is compact. In particular, this applies to H = U, (E).

! The authors thank Rui Chen of Zhejiang University for his help with this proof; Rui Chen has used similar
ideas as here (dimension shifting, cf. [Che23]) to prove theorems about vanishing of Ext groups in many situations
involving the GGP branching.
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For the inductive step, let us assume that the theorem holds good for IT = St(mw,n — 1), so
that our goal is to prove it for IT = St(m, n). Recall the exact sequence from Lemma 5.5:

0— K, — v~ D20 5 )1284(r,n — 1) — St(m,n) — 0, (5.10)
with K, an irreducible representation of GLy,,(E). Observe that
Ext%(v)(yf(nfl)/%r x /28t (m,n — 1),wvyu) =0 for alli>1. (5.11)

Indeed, by Lemma 5.6(ii), one knows the vanishing of Ext?,i > 0 for the subquotient of the
principal series representation v~ ("~1/27 x y1/2St(7r,n — 1) of GLy,,(E) supported on a non-
open orbit. For the open orbits, the vanishing of Ext’,i > 1 is consequence of the induction
hypothesis and the Kunneth theorem.

Equipped with this vanishing of Ext%(v)(z/_(”_l)ﬂw X 1/1/28‘5(71, n—1),wyy,) foralli>1,
the usual long exact sequence of Ext groups associated to the short exact sequence of modules
in (5.10) gives us isomorphisms:

Extifiy (St(m,n), wvp) 2 Extyy ) (Kn,wvy,,) for alli> 1. (5.12)

Next, we use the pinned outer automorphism ¢ on GL,,,(F) which is a conjugate of the
automorphism g — fg~! by a (longest) Weyl group element. The outer automorphism ¢ takes
standard parabolic subgroups to standard parabolic subgroups and, in particular, takes the
parabolic Py, 1(n—1) 10 Pry(n—1),m- Moreover, for an element (g1, 92) € GLn(E) X GLyy(n—1)(E)
in the Levi subgroup GL;,(E) X GLyy,(n—1)(E) of Py, 1(n—1), one has

d(g1,92) = (‘97" "91") € GLpy(n—1)(E) X GLyn(E).
Applying ¢ to the exact sequence (5.10) above, we obtain
0— K? — [~ (D25 5 128t (7,n — 1)]? — St(x,n)? — 0.
By transport of structure,

(D20 5 U128t (m,n — 1)]° = W3St (m,n — 1)]? x [ D272,

Now by a well-known theorem of Gelfand—Kazhdan, the action of ¢ on any irreducible
representation of GL,,,(E) is just the contragredient. Thus, we obtain the exact sequence

0— KY — v Y2St(r,n — 1)V x (™ D27V) = St(m,n)¥ — 0.
Taking the contragredient of this exact sequence, we get
0 — St(m,n) — v/2St(m,n — 1) x (v~ V271) = K, — 0. (5.13)
Once again, we have
Extlyy) (v'/2St(m,n — 1) x v= 0Py ) =0 for alli > 1. (5.14)

As for (5.11), this follows by Lemma 5.6(iii), which gives the vanishing of Ext’ (i > 0) for the
subquotient of the principal series v'/2St(m,n — 1) x v~(»=D/21 supported on a non-open orbit,
and the vanishing of Ext’ (2 > 1) for the open orbits is a consequence of the induction hypothesis
and the Kunneth theorem.

Equipped with this vanishing of Ext%(v)(l/l/QSt(w7 n—1)xuv( T, Wy, forall i > 1,
the usual long exact sequence of Ext groups associated to the short exact sequence of modules

n—1)/2
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in (5.13) gives us isomorphisms:
Ext%(v)(St(ﬂ, n),wypu) = Ext’[;"(%/)(Kn,wV’w’M) for all 4 > 1. (5.15)
Using the isomorphisms in (5.12) and (5.15), we get

Ext%(v)(St(ﬂ,n),wvﬂp,u) = Ext%Jr(%/)(St(w,n),meu) for all 4 > 1.

Now for any two smooth representations 7, mo of a reductive p-adic group G(F’), one has
Exté[my, 1] =0 for any i > the F-rank of G.
Hence, we deduce by (5.15) that
Ext%(v)(St(Tr,n),wvwﬁ) =0 foralli>1,
completing the proof of the theorem. O

6. Archimedean case

In this section, we consider the archimedean case, so that GL(V) = GL,(C). As mentioned
before, Conjecture 2.1 in the archimedean case does not determine the unique skew-Hermitian
space V which has non-zero contribution. In this section, we shall explain how the conjecture
can be refined in the archimedean case to give a definitive answer.

Recall that Hermitian forms over C are classified by their signatures (p,q). Since skew-
Hermitian forms can be obtained from Hermitian ones by scaling by ¢, we shall likewise say that
a skew-Hermitian space has signature (p, ¢) if it has p many ¢ and ¢ many (—i) in an orthogonal
basis. We will denote the corresponding space as V), and its isometry group as U(V ) = U, .
In particular, in rank one, the two skew-Hermitian forms are classified by their determinant,
which is ¢ or —i.

An irreducible generic representation II of GL,(C) is an irreducible principal series
representation:

II= Indg%(g)(c) (X1 ®---®xn) (normalized induction)

where the x; are characters of C*. We may write x; as

Xj(z) _ ’Z‘Tj . (?/Z)kj/Q
where k; € Z.

As in the previous section, we may consider the restriction of the representation II of GL,, (C)
to a subgroup U(V, ) = U, C GL,(C) by Mackey theory. The open U(V}, 4)-orbits on the flag
variety GL,(C)/B are associated, as in the p-adic case, to the ordered collection of orthogonal
(non-degenerate) skew-Hermitian lines £ = {L1,..., L,}, with @, L; =V} 4 as skew-Hermitian
spaces. This means that p of the lines L; have determinant ¢ and the rest have determinant —;
we shall call such £ to be V,, ,-relevant. In particular, the number of open U(V,, ,)-orbits is (Z)

If we assume that the analog of Theorem 4.8 holds in the archimedean case, then the proof
of Corollary 5.3 gives

Homy () (T, wy ) = @D ) Homuyr,,) (X, wr; as.) (*)
Lo

where the sum is taken over those £ which are V) ,-relevant. For each i, one may apply
Theorem 3.1 [Moe87, Rog92]:

Homu(r,) (Xj, wr ) # 0 <= €(1/2,X3/%5 - 1", vp) - x5(=1) = p(det(Ly)),
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which shows that at most one £ can have a non-zero contribution to the sum in (x). Now let us
explicate this local root number condition.
The conjugate-symplectic character p of C* has the form

z

u(z) = <z>a with a € %Z\Z.

Observe that
(i) =1

Then writing x in place of x; for simplicity,

3 k—a
x/x-u112H<Z> :

Hence, if ¢ is the additive character of R given by
Y(@) = e,
then by [Tat79, 3.2.5] (see also [GGP12a, Proposition 2.1])
€(1/2,x/x - 1, ¢(Tr)) = sign(k — a) - 272 = sign(k — a) - (—1)% - i 722,

Hence, we conclude that
200

Homuy(r,,) (Xj» wr;pu) # 0 < p(det(L;)) = sign(k; —a) -i7°%,
< det(L;) = sign(k; — ) - .
For this to hold with £ being V), ;-relevant, we need
#{j:kj>at=p and #{j:kj<a}l=q¢=n—p.
Hence, our refinement of Conjecture 2.1 in the archimedean case is as follows.

CONJECTURE 6.1. Assume that E/F = C/R. Let
GL,(C
I =Tnd5 (a1 ® - @ xn)
be an irreducible generic principal series representation of GL,(C) with

i — kj
Xi(2) =27 - (2/2)9, Ky ez,

) = (

HomU(Vp,q) (H’ wVpﬂ;v"/”N) 7& 0

and let

o 1
) with o € 57\ Z.

ISIIRN]

Then for ¢(z) = >

if and only if
#{j:kj>at=p and #{j:kj<a}=qg=n—p.

We have essentially proved this conjecture by our open-orbit analysis above, under the
hypothesis that Theorem 4.8 holds in the archimedean case. We leave the analysis of non-open
orbits and the resulting extension problems to more capable hands.
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7. The conjecture for A-parameters

In this section, we shall extend Conjecture 2.1 beyond the setting of generic representations to the
setting of non-tempered representations of Arthur type, analogous to what we did in [GGP20] for
the classical GGP conjectures. We begin with a brief recollection of this non-tempered conjecture
from [GGP20].

7.1 Non-tempered GGP and relevance
In [GGP20], we considered the problem of determining

dim Homgy,, (r)(7as, 78) = 0 or 1

where m); and 7y are, respectively, irreducible representations of GL,11(F) and GL,(F) of
Arthur type, with associated A-parameters

k !

My = M; ®Sym“ 1(C?) and Ny =EHN; KSym*(C?).
i=1 i=1
Here, M; and N; are irreducible bounded admissible representations of the Weil-Deligne group
WDp and Sym?~1(C?) is the d-dimensional irreducible representation of SLy(C) (the Arthur
SL2(C)), so that M4 and N4 are representations of WD x SLa(C) of dimension n + 1 and n,
respectively. The associated A-packets are singletons, containing the irreducible unitary principal
series representations:

myv = Xj_1Sp(ms, i) and  my = xi_,Sp(m;, €i),
where )y, refers to the irreducible representation of the appropriate GL with L-parameter M;

and Sp(maz,, d;) denotes the associated Speh representation (as introduced in §5.5).

Remark. We take this opportunity to correct a misnomer in [GGP20, §5]. In the first para-
graph of [GGP20, p. 2312], the representation with A-parameter M; ® Sym% (C2) was denoted
by Speh(mys;,d;). Though just a naming convention, it is more customary to denote this
representation by Speh(myy,, d; + 1). We have followed the latter convention here.

Now the main conjecture in [GGP20] (for the general linear groups) is that

dim Homgy,, (py(7ar, 78) = 1

if and only if the pair (Ma, N4) is a relevant pair of A-parameters. This conjecture has now
been proven by Chan [Cha22]. Our goal here is to recall the key notion of ‘relevance’ and make
a couple of remarks about it, especially in the context of classical groups.
DEFINITION 7.1. Given two A-parameters (of arbitrary dimensions) of GL-groups
My =P M;RSym'(C*) and Na = N; K Sym'(C?),
i=0 =0
we say that (Ma,N4) is a relevant pair if we have a decomposition of the respective
representations of W Dp as
M; =M+ M; and N;=N;"+N;
with the property that

M =N

; 7y fori>0 and M; =N;", fori>1.

This combinatorial definition has a more geometric interpretation which was discussed in
[GGP20, §4].
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7.2 Relevance for classical groups
We make a few remarks on the relevance condition for classical groups, clarifying [GGP20).

e The first point is minor but worth noting. The typical GGP conjecture (in the context of
GL,, X GLy41 say) is formulated as the branching problem of determining

dim Homgy,, (pya (T ® v, C),  rather than  dim Homgy, (r) (70, 7).
When formulated in this way, the non-tempered GGP conjecture would then say that
dim Homgy,, (pya(my ® 7, C) =1
if and only if (My4, N)) is relevant, where N is the dual representation of Ny.

e Second, in [GGP20, §6], we formulated the non-tempered GGP conjecture for the classical
groups, asserting that the same ‘relevance’ condition plays a crucial role. We take this opportunity
to explicate the relevance notion here.

For classical groups, the branching problem concerns the determination of

dim Homp (7, v),

where 7 is an irreducible representation of
G=G; xGy=U, xU,, (say),

with n > m,

H=U,xNCG
is a subgroup with unipotent radical N and v is a certain small representation of H. More
precisely, v is a one-dimensional character if n £ m mod 2; this case is referred to as the Bessel
case for Hermitian spaces. On the other hand, the case when n = m mod 2 is referred to as the
Fourier—Jacobi case for skew-Hermitian spaces; in this case, v is a Weil representation.

The A-parameters for classical groups are likewise finite-dimensional representations of

W Dpg x SLa(C), where WDg is the Weil-Deligne group of E, with appropriate (conjugate)-
duality conditions. Suppose we are given A-parameters

d
My =P M; R Sym'(C?),
=0
d .
N4 =P N; R Sym'(C?),
=0

with M; and N; satisfying appropriate (conjugate-)duality conditions. We can now summarize
the relevance conditions required in each case as follows.

(i) Orthogonal and symplectic groups (both Bessel and Fourier-Jacobi models): an
A-parameter M4 X N4 of G x G is relevant if and only if M4 = MX and Ny = NX form
a relevant pair in the sense of Definition 7.1 for GL,, x GL,,.
(ii) Hermitian case (Bessel models): an A-parameter M4 K Ny of G; x G2 is relevant if and
only if MX and N4 form a relevant pair in the sense of Definition 7.1 for GL,, x GL,,.
(iii) Skew-Hermitian case (Fourier-Jacobi model): in this case, the definition of the Weil
representation v requires an extra piece of data, namely a character

IMZEX—>CX Wlth,u’px :wE/F.
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An A-parameter M4 X N4 of G x Gy is relevant if and only if - M) and Ny are relevant
in the sense of Definition 7.1 for GL,,, x GL,,.

7.3 Non-tempered twisted GGP

We shall now formulate the extension of the non-tempered GGP conjecture of [GGP20] to the
twisted setting considered in this paper. Hence, with E/F a quadratic extension, suppose we
have a representation 7y of GL(V') with associated A-parameter M 4. The notion of relevance is
not immediately obvious in this setting, as in contrast to the situations discussed above, we do
not have a pair of A-parameters but only a single one. Nonetheless, we have the following result.

CONJECTURE 7.2. Let V be an n-dimensional E/F-skew-Hermitian space. Let 7 be an irre-
ducible admissible representation of GL(V) with an A-parameter (which is an n-dimensional
representation of WDg x SLa(C)) of the form

MA = @MZ X Symd’ ((Cz),
=1

where M; is an irreducible m;-dimensional tempered representation of W Dpg. If

HomU(V) [7T, wV,IZ},M] ?é 0,

then My is a sum of a tempered A-parameter (i.e. with SLy(C) acting trivially) and summands
of the form

N; K Sym%(C?) @ p - N? K Sym%~1(C?),

where d; > 1, and the N; are tempered representations of W Dg with N/ their conjugate under
the action of Gal(E/F). Equivalently, the parameters M4 and p - Mg should be relevant in the
sense of [GGP20].

Conversely, if the parameters My and p - M are relevant in the sense of [GGP20], then
HomU(V) [7T, wv7w7u] =C
for exactly one skew-Hermitian space V', namely the one determined as in Conjecture 2.1(iii).

We leave it to the reader to verify that when E = F x F is split, so that V = V; x V5, the
relevance condition in Conjecture 7.2 reduces to the one formulated earlier for a representation
my = m @ me of GL(V) = GL(Vy) x GL(V%).

7.4 Degenerate principal series

The reader may wonder how we are led to the above conjecture. In fact, we are led to the
conjecture by considering the branching problem for degenerate principal series representations.
Recall that in the previous three sections, we have appealed to Mackey theory computations to
study the twisted branching problem for tempered principal series representations and gen-
eralized Steinberg representations. As much of the material there is of a general nature, it
is natural to apply them to the analogous restriction problem for degenerate principal series
representations. The result is given in the following proposition. Note that the degenerate prin-
cipal series considered below are of Arthur type. Hence, the proposition serves as a motivation
and check for Conjecture 7.2.

PROPOSITION 7.3. Let:

e n=a+b withO<a<beZ;
e x1,Xx2: EX — C* be two unitary characters;
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e V=V,®V, be an n-dimensional E /F-skew-Hermitian space, with dim V, = a;

e P = P, the maximal parabolic subgroup of GL(V) stabilizing V,, with Levi factor GL(V;) x
GL(V3);

e T =1 X X2 be the degenerate principal series representation of GL(V') induced from the
corresponding one-dimensional character (x1 o dety,) ® (x2 o dety,) of Py p.

If
HomU(V) [W,WV7¢7M] 7é 0,
then the following hold:

(i) b=a+1; and
(ii) x1 = x§ - 1 where o is the Galois involution of E/F.

Conversely, if b=a+ 1 and x1 = X9 - it, then there is exactly one skew-Hermitian structure on
V' such that

Homy vy [m, wyy,ul = C,
and for the other skew-Hermitian space V',
HomU(V’) [7‘(’, wvlﬂp#] =0.

Proof. We shall apply the results from Mackey theory obtained in Proposition 4.4. Recall
that the orbits for the action of U(V) on X = GL,(E)/P,; are given by Lemma 4.2. For an
a-dimensional subspace X C V with dim(X N X l) = d with the corresponding subquotient 7x
of 7, Proposition 4.4 says that

A ~ % 1/2 1/2 _
EXtU(V) [7Tx, wVﬂZ’:H] = EXtQ/N(Q) [(Wl)d,afd & (7r2)b7d,d ® 6P//Q7 (SQ/ . |det’ 1/2/1' . anfzdﬂ/%ML

where Q/N(Q) = GL4(E) x Uy_g X Up_g and the other notation is as given there. Applying this
to m = x1 and mo = Y2, we deduce

Exctiy ) [0, 0y ) = Bxtly vy b - (x8) 7 det| 2, [det| ™D 2|det| T2 - wy, -

We shall now study when this Ext group can be non-zero.

Consider first the case when [X] is an open orbit (so that d = 0) and ¢ = 0. In this case each
of the |det| factors which refers to GLg4(FE), are trivial for d = 0, hence it follows by Lemma 5.7
that

Homy v)[mx, wv,y,u] = Homyv,) (X1, wv,,¢..) © Homyy,) (X2, wijeu) = 0.

On the other hand, when d > 0, it follows by Lemma 4.6 (on matching powers of |det| for the
two arguments) that a necessary condition for the non-vanishing of the above Ext group is

2d+1=n.
Since d < a < b < n = (a+b), this implies that we must have
d=a and b=a+1,

which means that [X] is the unique closed orbit of U(V') on GLy(E)/Pyp. In particular, wx is a
quotient of 7.
With a, b and d related as above, the Ext group in question is

‘ ~ ' -1
Exty o [mx, wvigu] = Extar, gy, a - (X3) ™ 1 wvi gl
where wy, ., is a Weil representation of U(Vj)=U; for the one-dimensional skew-
Hermitian space V; with disc(V;) = disc(V), and we are regarding wy; 4, as a representation
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of GL4(E) x Uy. Thus, we see that

X1=X3 K
is a necessary condition for the non-vanishing of this Ext group. When this condition holds, the

above Ext group becomes Ext%(vl)(l, wy; ) and this vanishes if 4 > 0 (since U(V}) is compact).
We have, thus, shown that

Homy vy (x1 X X2, wvp,u) = Homyy (mx, wveu)

for [X] the unique closed U(V)-orbit on GL(V)/F,s, and a necessary condition for the non-
vanishing of this Hom space is

b=a+1 and x1=x9 u

In other words, we have proved the first assertion of the proposition.
For the converse, since [X] is the closed orbit of U(V) on GL(V)/P,;, we have seen that
when the above conditions hold, one has

Homy vy (X1 X X2, wv,p,u) = Homyy (mx, wyp,.) = Homy ) (1, wvy o)

One is thus reduced to the n = 1 case of Conjecture 2.1 which is known.
The proof of the proposition is now complete. O

Remark 7.4. The proof above also proves that for the degenerate principal series representation

T =x1 X x2 of GL,,(F), with b=a+ 1 and x1 = x§ - i,

Extyy 1) [Tlan,(m) ovul = D Bxt{ g (X1, W) ® Ext ) (2, ov,e)-
i=j+k
8. When FE # K: local case

In this section, we consider the general twisted variant of the GGP problem, where E # K are two
distinct quadratic extensions of a local field F'. In particular, F' is necessarily non-archimedean
and we fix a non-trivial additive character ¢ of F'. This case is considerably more intricate and,
like the GGP problem, we will need to make use of the local Langlands correspondence for
unitary groups to formulate our conjectural answers.

8.1 Biquadratic extension
Let L = E ®p K, so that L is a biquadratic extension of F'. We thus have the following picture.

L=E®K

/ \
K E
\ /
F
In particular, we have set

Gal(E/F) 2 Gal(L/K) = (¢) and Gal(K/F)= Gal(L/E) = (7).

Observe that the biquadratic field L contains a third quadratic subfield E’ which is the fixed
field of o - 7. This field E’ will play a role later on.
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8.2 Skew-Hermitian spaces
We consider the two isomorphism classes of skew-Hermitian spaces V and V' over E of dimension
n, and make the following observation.

LEMMA 8.1. The two skew-Hermitian spaces Vi =V @p K and Vi, = V' @ K are isomorphic
over L. When n is even, Vi = VJ. is the maximally split skew-Hermitian space; whereas when
n is odd, Vi = VJ. is characterized as the unique skew-Hermitian space whose determinant can
be represented by elements of E . In either case, U(Vk) = U(V},) is a quasi-split group.

Proof. Tt suffices to show that detV and detV’ belong to the same Np i (L*)-coset, when
viewed as elements of K* or Lj. Since det V and det V' belong to the same F*-coset, it suffices
to observe that F'* C NL/K(LX). Indeed, since L is a biquadratic extension of F, wr /i = wg/p ©
Nk r. Hence,

wr i (F) = wp/p(Ng/p(FX)) = wgp(F*?) = 1. a

In view of the lemma, we may regard U(V) and U(V’) as subgroups of a fixed U(Vk) =
U(Vk)-

8.3 Local Langlands correspondence

Now we recall the local Langlands correspondence for U(Vk). An L-parameter for U(Vk) is a
conjugate-dual n-dimensional semisimple representation M of the Weil-Deligne group WDy =
Wi, x SLa(C) of sign (—1)"~!. We have studied such conjugate-dual representations in some
detail in [GGP12b] and described their associated component groups Ajs;. More precisely, we
may write

M=PV,eMoP P
i€l
with M; distinct conjugate-dual representations of sign (—1)"~!, V; its multiplicity space and P
contains all the irreducible summands which are either non-conjugate-dual or conjugate-dual of

sign (—1)", with 2PV its conjugate-dual. As we discussed in [GGP12b, § 4], the centralizer group
of the L-parameter is of the form

Cy = H O(V;) x (a connected reductive group).
el
Hence, the component group of C); is an elementary abelian 2-group
Ay =1]2/2Z- i,
icl

equipped with a canonical basis indexed by I. The element —1;; gives rise to the element

Zdlm(vl) ca; € AM,

i€l
which generates a subgroup of order < 2 in Ajs;. Now the local Langlands correspondence for

U(Vk) gives a partition
Ir(U(Vk)) = | [T,
M

of Irr(U(Vk)) into the disjoint union of finite subsets, the L-packets, with the sum running
over L-parameters of U(Vk). Moreover, since we are at the moment concerned only with the
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quasi-split group U(Vf), for each parameter M of U(Vk), one has a bijection
J Uy —— Irr(Anr/(—1p1))-

Here the bijection J is canonical when n is odd and depends on the choice of an equivalence
class of Whittaker datum for U(Vg) when n is even. In that case, we have seen in [GGP12b]
that the equivalence classes of Whittaker data are parameterized by additive characters of K
modulo the translation action of Ny (L*). We shall use the Whittaker datum associated to
Y = oTrgp.

Recall that an L-parameter M is generic if the adjoint L-factor L(s, M, Ad) is holomorphic
at s = 1. In that case, the L-packet II; contains a unique representation which is generic with
respect to the Whittaker datum associated to ¢ o Try, /x. This representation corresponds to the
trivial character of Ap; under the bijection J.

8.4 Asai factors

We recall from [GGP12b] the notion of Asai L-factors and e-factors associated to a representa-
tion M of WDy, relative to the quadratic extension L/E. If 7 denotes the non-trivial element
of Aut(L/E) = Aut(K/F), the representation M ® M7 is 7-invariant and, hence, we have a
decomposition

Indyyp? (M ® M7) = As} (M) ® Asy (M)

of WDg-modules, with Ast[/E(M) =M ®M"™ as WDg-modules. On AsJLr/E(M), an element
s € Wg \ Wy, acts by v ® w — w ® s - v, whereas on AsL/E(M), this action is twisted by the
non-trivial character of Wg /Wy, (see [GGP12b, pp. 26-27]), thus ASZ/E(M) = Asz/E(M) WLE-

We record here some useful properties of the functor AstE /B Later we will deal exclusively

with ASZ/E’ dropping the sign +.
LEMMA 8.2. One has the following.
(a) If M = &, M;, then

AsS p(M) = @D Asy (M) & @D Ind] (M; ® MJ).
i i<j
(b) One has ASE/E(M)V = ASE/E(MV), where M"Y denotes the dual of M.
(c) Ome has Asy p(My @ Mz) = Asy p(M1) ® Asy ) p(Ma).
(d) If dim M =1, in which case M is treated as a character of WD = L*, As} / p(M) is the

restriction of M from L* to E*.
(e) As a character of WD% =~ EX,

det(ASz/E(M)) = AS+(det(M))n . wZ(/%—l)/Q _ det(M)\%x . wz(/%—l)ﬂ’

where n = dim M.
(f) If M is an L-parameter of U(Vi) and, hence, is conjugate-dual (with respect to L/K) of
sign (—1)""!, then As%/E(M) is necessarily conjugate-orthogonal relative to E/F.
8.5 Conjectures
We now come to the restriction problem to be studied. For each of the two skew-Hermitian spaces
V over E, we have the Weil representation wyy, ,, where p is a conjugate-symplectic character
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of E*. Then we are interested in determining
my (7, ) := dim Homy (7, wy,e,,)  for m € Iir(U(Vk)).
Here is our main local conjecture for arbitrary separable quadratic extensions E, K of F,
subsuming the earlier Conjecture 2.1 (for the case E = K).
CONJECTURE 8.3.
(i) For each m € Irr(U(Vk)),
my (m, ) = dim Homy vy (7, wyg,) < 1.
(ii) Let M be a generic L-parameter of U(Vk) with associated L-packet I1y; C Irr(U(Vk)). Then
Z Z my (m,p) =1
V. melly

where the first sum runs over the two skew-Hermitian spaces over E of dimension n and
the second runs over the L-packet IIj,.
(iii) The unique V which has non-zero contribution to the sum in part (ii) is characterized by

p(det(Vo)) = e(1/2, Asp (M) @ p~ ' pg) - det(Asy g (M))(e) - wiyp ()" D/,

where e is any non-zero trace 0 element of £, so that E = F(e).

(iv) The unique 7 € IIp; which has non-zero contribution to the sum in part (ii) corresponds
via the bijection J to the character of the local component group Ay =|[[,c;Z/2Z - a;
given by

i€l

x(a;) = €(1/2,Indf (M7 @ (M/M;)) - 5™, Yp.e)
= e(1/2, [As(M;) + As(M) + As(M/M;)] - ™ ¢pe),
where ¢ . is the additive character of E/F' defined by ¢ ¢(x) = ¥(Tr(ex)).
We make a few remarks on the above conjecture.

(a) In part (iii), the proposed expression for p(det(Vy)) is independent of the choice of the trace
0 element e. Moreover, using property (d) in §8.4 and the fact that wy /p(e) = wg/r(Ng/r(e)) =
wK/F(—eg), the equation in part (iii) can be explicated as

pu(det(Vo)) = e(1/2, Asp/p(M) @ ™", ¢bg) - det(M)(e)" - wy/p(—1)" 172,

Though this may be more compact, our original expression has the advantage that it can be
specialized to all possible situations for the pair (E, K), as we shall explain below.

(b) In part (iii), observe that if E = F'(e) and K = F(k) with k € K* a trace zero element, then
WK/F(62) = (k27 62)F-

In particular, we see that this term only appears when K and E are both fields (as we are
assuming in the conjecture).

(c) The distinguished character x in part (iv) is indeed trivial on the image of —1ps in
Ajpr. Moreover, it is independent of the choice of the trace 0 element e. This follows from
the fact that (As(M;) + As(M) + As(M/M;)) - u~! is an even-dimensional conjugate-symplectic
representation of W Dg and hence its determinant is conjugate-orthogonal.

(d) For the skew-Hermitian case considered in [GGP12b], we had defined a distinguished char-
acter y of the local component group which gives the unique representation in the L-packet
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with non-zero branching multiplicity. This distinguished character automatically picks out the
skew-Hermitian space Vj over E which supports the non-zero multiplicity, so that part (iii) is a
consequence of part (iv) in the original GGP setting. In the case here, the distinguished character
X in part (iv) gives a representation of U(V), but does not specify the E-space Vj. This is why
condition (iii) is needed.

8.6 Specializations

Though we are assuming that E # K are distinct quadratic fields in this section, the formulas
in Conjecture 8.3(iii) and (iv) make sense for general (E, K). For this, we need to explain how
the L-parameter of IT € Irr(U(Vk)) gives rise to a representation of WDy, and how to interpret
the Asai lift relative to L/FE in the various situations.

e I/ = K is a field: this is the setting of §2. In this case, L = F ® K is isomorphic to £ x E =
K x K. Note however that the embeddings of K and E into L are different. The embedding
of K into L is the diagonal embedding = +— (z,x), whereas that of E into L is x — (x,z7),
where Aut(E/F) = (o). We interpret the Weil-Deligne group of L as WD, = WDg x WDk =
WD E X WD E-

Now given an irreducible representation II of U(Vk) = GL(V), its L-parameter M is an
n-dimensional representation of Wx = Wg and this gives rise to the pair (M,M") which
we interpret as a representation of WDy. Now the non-trivial element of Aut(L/E) acts on
L=F x FE via (z,y) — (y?,2%). Thus, its induced action on the representations of WDy is
(M, M) — (°MY, M) (the switch, followed by the action of o). We interpret the Asai lift as
the tensor product representation M ® MY of W Dg. With these interpretations, the formula
in Conjecture 8.3(iii) specializes to that in Conjecture 2.1(iii), in view of remark (a) in § 8.5.

The issue addressed by Conjecture 8.3(iv) is not relevant in this case since the L-packet
of U(Vk) = GL(V) is a singleton. However, we note that with the above interpretations, the
right-hand side of the formula there is equal to 1.

e Fisafieldand K =F x F,sothat L= K® FE=FExFE and WD;, = WDg x WDg: this is
the original GGP situation. Then U(Vk) = U(V) x U(V) and an irreducible representation of
U(Vk) is of the form 7 X w9 with 7; € Irr(U(V')). The L-parameters of m; and 7y are conjugate-
dual representations M; and My of WDpg of sign (—1)"~!, giving a representation (M7, M>)
of WDy. Now since F is embedded diagonally in L = E x E, the non-trivial automorphism
of L/E is the switch of the two factors of F in L. The Asai lift of My X M, from L to E is
interpreted as the internal tensor product M; ® M,. With these interpretations, the formula in
Conjecture 8.3(iii) reads

p(det(Vp)) = e(1/2, M1 @ My @ b, 4g) - det(My @ My)(e).

We leave it to the reader to verify that this reduces to the relevant conjecture in [GGP12b].

e Compared with the other cases, a peculiarity of the original GGP situation is that U(Vk) and
U(V},) are not isomorphic when V' and V' are the two distinct skew-Hermitian spaces over E.
Hence, one needs to choose and fix a quasi-split U(Vk) to formulate the LLC, before one can
consider Conjecture 8.3(iv). When dim V' is even, this choice is unique, but when dim V' is odd,
this amounts to choosing a trace zero element ey € E* (the determinant of the distinguished V).
Moreover, it is no longer the case that the character given in Conjecture 8.3(iv) is independent of
e when dim V' is odd (though it is still the case when dim V' is even). Thus, in Conjecture 8.3(iv),
one needs to use the distinguished ey in the definition of the character y when dim V' is odd.
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With this caveat, we leave it to the reader to verify that the formula for the character x in
part (iv) specializes to the one we had in [GGP12b].

e £ =F x Fand K is a field, so that L = K x K. Here, U(V) = GL(V) and U(Vk) = GL(Vk).
Given an irreducible generic representation IT of GL(Vk), and a conjugate-dual character
p=(v,vt) of EX/F* = (F* x F*)/F*, the multiplicity dim Homgy, (I, wy,y,,) should be
always non-zero. So we expect the proposed identity in Conjecture 8.3(iii) to always hold, after
appropriate interpretations.

Now the L-parameter of II is an n-dimensional representation M of W Dg. This gives rise
to the pair (M, M") which we regard as a representation of WDy, = WDy x W Dg. The non-
trivial automorphism of L/E is the componentwise action of 7 € Aut(K/F) on L = K x K, so
the Asai lift from L to E is the pair (Asg/p(M), Asg/p(MY)), regarded as a representation of
WDg =WDgrp x WDpg. In this case,

6(1/27 ASL/E'(M’ Mv) : qul’ 1/}E)

= 6(1/27ASK/F(M) : V_17¢> ' 6<1/27 ASK/F(M)V v, 1/})

— det(Asge/r(M))(~1) - v(~1)".
Moreover, an element e € E = F x F of trace 0 is of the form (a, —a) for a € F*. Hence,

det(Asp(M, MY))(e) = det(Asg/r(M))(a) - det(As/p(M))(—a) "
= det(Asye/p(M))(—1)
and
wi/p(€?) = wiyp(a®) = 1.

Thus, the right-hand side of the formula in part (iii) is v(—1)", which is equal to the left-hand
side.

There is also the case where F = K = ' x F', which we will leave to the reader. The main
reason for formulating Conjecture 8.3 in a uniform way which allows for specialization to the
various cases is that in the global setting to be considered in § 11, any one of these local scenarios
will arise.

9. Low-rank evidence: F # K

Just as for Conjecture 2.1, we provide here some evidence for Conjecture 8.3 in low-rank cases.
In particular, we shall show the following.

THEOREM 9.1. Conjecture 8.3 holds when dim V' < 2.

The rest of this section is devoted to the verification of the theorem.

9.1 Rank-one case

Assume first that V' is a skew-Hermitian space of dimension 1, so that U(V') = Ey C U(Vk) = Ly,
where Lj denotes the subgroup of elements x € L* with Ny /i (x) = 1. Given a character x of L,
choose an extension ¥ of x to L*. Then the L-parameter of x is the one-dimensional conjugate-
orthogonal representation M = x/x° of Wy,. By the theorem of Moen and Rogawski, we know
that

Homg, (X, wv,p,u) # 0 <= €(1/2, (X/X7)|px ® 0~ ¥p) - x(=1) = p(det(V)).
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The local root number above can be written as
€(1/2,Asp p(M) - n~' p),
whereas
det(As(M))(e) = x(e)/x(e7) = x(=1).

This shows Conjecture 8.3 when n = dimV = 1.

9.2 Rank-two case

Suppose now that dim V' = 2. In this case, we need to verify the independent statements (iii)
and (iv) of Conjecture 8.3. As we have noted before, V' = Vg is associated with a quaternion
F-algebra B, with

GU(Vp) = (B* x EX)/AF*.
The embedding GU(Vg) — GU(Vp k) is the natural embedding
(B* x EX)/AF* — (B®p K)* x L*)/AK™,

with B ©p K = My (K).
A generic L-packet of U(Vi) is thus given by an irreducible representation

IXyx of GLy(K) x L™,

with wyy - x|gx = 1. If P is the L-parameter of II, then the L-parameter of the corresponding
L-packet of U(Vk) is the conjugate-symplectic (relative to L/K) representation

M = Plwp, ® x

of WDrp. On the other hand, the Weil representation wy , g[x|gx] of U(Vg) is an irreducible
summand of the representation

XBN ® X
of B* x E* restricted to (B*)" x E*, where as in §3.2, ¥ y has L-parameter
N = Indj (g x|5x)-

The corresponding L-parameter of U(Vp) is the conjugate-symplectic (relative to E/F)
representation

Nlwpg @ X|px-

Now we consider the sum

Z dim HomU(VB)(ﬂ', Wy, B)- (9.2)

WGHA[

Via the above identifications, one sees that this sum is simply
dim Homgx )+ (I, wy . p) = dim Hompgx (IL, X ).

In other words, we are reduced to a twisted trilinear form problem as in § 3.2. Hence, by a result
of the third author, cf. [Pra92], this dimension is at most 1 and is non-zero if and only if

€(1/2, Asg/p(P) @ Indf (1" - X|px ), %) - wieyp(—1) = p(det(Vp)). (9.3)

1955

https://doi.org/10.1112/S0010437X23007327 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X23007327

W. T. GAN, B. H. GRoss AND D. PRASAD

Now the local root number can be explicated as

€(1/2, Asge/p(P) @ Indfp (™" - x| px ), ¥) = €(1/2, Ind g (As g/ p(P)lwpg - Xlmx - 17 1), %),
1/2,Ind5(Asg/p(Plwp,, - x) - 1~ 1), ),
1/2,Asp p(Plwp, - X) - 1~ ¥E),
= €(1/2,Asp/p(M) - " p).

=€

€

(
(
(
(

In the above, we have used the facts that

Asg/r(P)lwpy = Asp/p(Plwp,)

and

Asp/p(Plwp,) ® X|px = Asp/p(Plwp, ® x) = Asp/p(M).
On the other hand, with n = 2,

det(Asp g(M))(e)" 'CL)K/F(QQ)H(W_U/2 = det(M)(e)? - wr/e(e) 'WK/F(eQ) = wg/r(—-1),

since det(M) is conjugate-orthogonal and, hence, trivial on e € F*, and wr/p(e) = wK/F(—eQ).
Hence, the equality (9.3) is precisely the statement of Conjecture 8.3(iii).

We now come to Conjecture 8.3(iv). Continuing with the analysis above, let us fix V = Vg
such that (9.3) holds, so that the sum in (9.2) is equal to 1, and we need to determine which
element in the L-packet IIj; has non-zero contribution. Now the members of the L-packet are
given by the restriction of IT to GLa(K)™. If this restriction is irreducible, then we leave it to the
readers to convince themselves that Conjecture 8.3(iv) holds. Let us examine the more intricate
case when this restriction is the sum of two irreducible summands, i.e. when II is dihedral with
respect to L/ K. Thus, we see that the problem at hand is a refined version of the twisted trilinear
form problem, relative to the embedding GLs(F) C GLo(K)™.

Since II is dihedral with respect to L/K, P|wp, is reducible and so is M = P|wp, - .
To understand the L-packet, we shall return to the setting of unitary groups, as Il;; can be
constructed via theta lifting from rank-one skew-Hermitian spaces.

9.3 Unitary theta lifts

Let M = M; + M; be an L-parameter of U(Vg)(K) with M; and M conjugate-symplectic char-
acters of Wr. The L-packet Iy, has two representations of U(Vp)(K'), which we may denote
by 7t and 7~ (these are 77", 77~ of [GGP12a]), so that =T is generic with respect to the
Whittaker datum determined by ¢ 5 = 1 o Tr/p. Note that by Lemma 8.1, U(Vp)(K) is always
the quasi-split unitary group in two variables, so the representations on the anisotropic form of
U(VB)(K) does not arise in our considerations. We shall explain how these representations 7+
can be constructed as theta lifts from Uj.

Let W¥ be the two rank-one Hermitian spaces over L with wr, /K (disc(W*)) = £1. In par-
ticular, the Hermitian form on W is (z,y) — z - y”, with Gal(L/K) = (7). Then for € = +1,
U(W€) x U(Vk) is a reductive dual pair where Vg = Vp ®p K. Likewise, we may consider the
rank-two Hermitian space

Wi = Resp/p(W¢) with Hermitian form Trp g (—, —)we.
This rank-two Hermitian space over E has discriminant

disc(Wg) = Ng/p(k - disc(W*)) € F*/N(E™),
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where k € K* is any trace 0 element; we leave the verification of this to the reader. Then
U(W§,) x U(V) is a reductive dual pair, and we have the following seesaw diagram.

U(Wg) U(Vk)

>

Uwe) uv)

To consider the theta correspondences for these two dual pairs, we need to select splitting char-
acters in each case, and to obtain a seesaw identity from the seesaw diagram, we need to select
these two sets of splitting characters compatibly. With the goal of obtaining the L-packet Il
of U(Vk) as theta lifts from U(W¥), we shall select these splitting characters as follows.

e Recall that M; is a conjugate symplectic character of L* relative to L/K. Then its restriction
M;|gx is a conjugate-orthogonal character of E* relative to E/F (because F'* C Ny, (L)).

e For the equal rank dual pair U(V) x U(Wg) over F', we use the pair of splitting characters
(M;i|gx, Mi|gx), and the additive character ¢ of F.

e For the almost equal rank dual pair U(Vk) x U(W€) over K, we use the pair (M, Mo
Np/p) = (My, My - M) and the character ¢k of K.

With these splitting characters and additive characters fixed, one can consider the associated
theta correspondences for the two dual pairs. Moreover, one has the seesaw identity associated
to the above seesaw diagram. For this, one needs to specify the irreducible representations one
starts with on U(W*€) and U(V).

(i) For the dual pair U(W€) x U(Vk), if one starts with the character x 7, of U(W*) with
L-parameter M7 - My, then its theta lift to U(Vk) has L-parameter M = M; + M. As €
varies over =+, the two representations so obtained are the elements 7€ of the L-packet IIj,.

(ii) For the dual pair U(V) x U(WE), we start with the Weil representation wy, , v [Xnr ms] of
U(V') whose central character is the character xara, of F1 with L-parameter MMy and
whose L-parameter is N = p + p~ ' My Mo. Its theta lift to U(Wg), if non-zero, has the same
L-parameter.

From the seesaw identity, we see that

Homy vy (7, wy ,v) = Homyye) (O(wy v [Xan a]) s X7 M)
so that

Homy(v) (7, wy.p,v) # 0 = ©(wy v [Xm,015]) # 0.
By the theta dichotomy theorem [HKS96, GI16], the latter holds if and only if

wi/p(—k?) € = wgyp(disc(WE)) = €(1/2, N - Mi| g ¥p.e) - p(det(V)).

The local root number on the right-hand side is equal to
€(1/2,Asp/p(M1) ™" - poppe) - €(1/2, Asp p(Ma) - =t g e)
= e(1/2,Asp p(My) - = pe) - €(1/2, Aspyp(Ma) - = dpe) - wiyp(—1).

On the other hand, by Conjecture 8.3(iii), which we have demonstrated above, we know that
p(det(V)) = 6(1/2,ASL/E(M) -,ufl,sz) -wK/F(—l)
= e(1/2,Asp p(M) - ™ ¥me) - wiyp(e?).
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Assembling these together, we see that
e =e(1/2,[Asp /My + Asp p(Ms) + Asp p(M)] - 17 ¥ge) - wpr(k?) - wie/r(e®),
= e(1/2,[Asp g My + Asp p(Ma) + Asp p(M)] - =Yg ),
as predicted by Conjecture 8.3(iv), where for the second equality, we have used
wip(€?) = (K, €*)r = wg/p(k?).
Note that by Lemma 8.2(a), the last epsilon factor can be simplified as
e=e(1/2,Ind? (M7 - M) - p= 4 m.).

We have thus completed the proof of Theorem 9.1. For concreteness, we highlight the results
obtained for the rank-two case.

PROPOSITION 9.4. Suppose we are given:

a quadratic extension E/F of non-archimedean local fields;

a quaternion F-algebra B with associated skew-Hermitian space Vg of dimension 2 over E;
a quadratic field extension K # E with associated biquadratic field L = E ® K;

an L-parameter M = My + M, of U(Vp)(K), with My and Ms conjugate-symplectic characters
of Wy, whose L-packet Iy has two representations 7+ and m~ of U(Vg)(K), so that nt is
generic with respect to the Whittaker datum determined by ¢k = ¢ o Trg/p.

Then one has

HOIHU(VB)(TFe, w¢,M,VB) 75 0

pu(det(Vg)) = €(1/2, Aspyp(M) - =1, ¢g) - wi/p(=1),
e =e(1/2,Ind¥ (M - M) - = 9m.e),

where e € Ej.

10. Unitary principal series: E # K

In this section, we shall study the restriction problem for unitary principal series representations
and show the analog of Corollary 5.3 in the F # K setting. Recall that we have the following
diagram of fields and Galois automorphisms.

L=FE®K

PN
K E
\ /
F
The biquadratic field L contains a third quadratic subfield £’ which is the fixed field of o - 7.
Let V' be a skew-Hermitian space (relative to E/F') of dimension n over E and Vx =V ®p K,

the corresponding skew-Hermitian space (relative to L/K) over L = KE. We also let 7 denote
the Galois automorphism acting on Vi and U(Vk) with fixed points V' and U(V'), respectively.

10.1 Mackey theory
We shall consider the restriction to U(V) of a parabolically induced representation from a
maximal parabolic subgroup of U(Vk ). The following theorem is an analog of Theorem 4.8.
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THEOREM 10.1. Let Vi be the n-dimensional skew-Hermitian space relative to L/K which is
the base change of any n-dimensional skew-Hermitian space relative to E/F'.

e Let P=MN be a maximal parabolic subgroup of U(Vk) which is the stabilizer of an
a-dimensional isotropic subspace of Vi, with Levi factor

M = GLo(L) % Up_gq(K).

o Let m=m X7y = Indg(VK )(7r1 ® m9) be a tempered principal series representation of U(Vi),
with w1 € Irr(GL4 (L)) and mp € Irr(Uy,_g0(K)).

For any skew-Hermitian V relative to E/F such that V ®@p K = Vi, let wy,, be a Weil
representation of U(V).
Then for all © > 0,

Z EXt%(V) [, WVJ/LM}
|4

(1) j
S D O RETRIIN) Y (D DR A A—_)

Z:]“l‘k‘ Va{ Vn72a
where:

e the sum over V runs over the two skew-Hermitian spaces relative to E/F of dimension n;

e the sum over V) runs over the two skew-Hermitian spaces relative to L/E’ of dimension a;

e the sum over V,,_o, runs over the two skew-Hermitian spaces relative to E/F of dimension
n — 2a;

® Wy ypuoNy,; and wy, o,y denote the corresponding Weil representations of U(V;) and
U(Vn—2zz)~

In particular, for i = 0,

> Homyv)[m, wyy,,]
\%4

(2
= (ZHomU(Va/)[Wl?wvé:d’:#ONL/E}) ®< Z HomU(Vn_Qa)[W27wvnQa,w,u])-
Vé Vn—2a

The isomorphisms in both of the above equations (1) and (2) come from the open orbits. More
precisely, if [X] is a non-open orbit of U(V') on U(Vk)/P, contributing (by the Mackey theory)
a certain representation wx of U(V') as a subquotient of m, then

Ext%(v) [7Tx, wVﬂp,u] =0,
for all 1 > 0.

Proof. The proof of this theorem is almost identical to the corresponding theorem for the £ = K
case, i.e. Theorem 4.8, so we will be brief. It again depends on using the Mackey theory to
calculate the representation wx of U(V) as a subquotient of 7 supported on each orbit [X] of
U(V) on the partial flag variety U(Vx)/P. Hence, we first investigate the orbits of U(V') on
U(Vk)/P, and their associated stabilizers in U(V).

The partial flag variety U(Vk)/P parameterizes a-dimensional isotropic L-subspaces X of
Vi . Since 7 acts on Vi, we have an action X +— X7 of 7 on U(Vk)/P. For each isotropic X,
let Px C U(Vk) be the stabilizer of X in U(Vk), so that Px = Mx Nx is a maximal parabolic
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subgroup with Levi factor
My = GL(X) x U(X1/X).
Let
Qx =U(V)N Px
be the stabilizer of X in U(V'), with Ng, its unipotent radical. Therefore, Q x preserves the flag:
0CXNX"cXcXtc(XnX")tcvg,
and there is a natural map
Qx — Px — My = GL(X) x U(X1/X).

Hence, a representation 71 K my of My = GL(X) x U(X+/X) gives rise by pullback to a repre-
sentation of Qx, which can then be induced to U(V') to obtain the representation wx of U(V)
supported on the U(V)-orbit of X.

After the above generalities, we now consider different cases according to the types of X.

Case 1: X N X7 # 0. Set d = dimy(X N X7). The space X N X7 is defined over F,solet Y C V
be such that Y7, :=Y ®g L = X N X7. The space Y is isotropic, and it is easy to see that QQx
has the following properties.

(1) Qx is a subgroup of the parabolic subgroup
Py = (GL(Y) x U(Vp)) x Ny C U(V)
stabilizing Y, with V; a nondegenerate subspace such that Y+ =Y @ V;. Indeed, one has
QX = (GL(Y) X H) X Ny
for some subgroup H C U(Vp). To see this, note that elements of GL(Y') - Ny preserve Y
and act as identity on Y*/Y. Since
Y, C X C Y,
we see that GL(Y') - Ny preserves X and hence lies in Py NU(V) = Qx.
(2) For the natural map
Qx — GL(X) x U(X*/X),
the center Zy of Ny lies in the kernel, since elements of Zy act as identity on y-L.
(3) For the composite map

mx : Qx — GL(X) x U(X1/X) — GL(X),
the image of GL(Y') - Ny under mx is contained in the parabolic subgroup
Pd,a—d = (GLd(L) X GLa—d(L)) X Nd,a—d

stabilizing the subspace Y7, = X N X7 C X. Indeed, GL(Y) is mapped isomorphically to the
subgroup GL(Y') € GL(Y7) = GL4(L) and Ny is mapped surjectively onto the unipotent
radical Nd,afd of Pd,afd-

To see the assertion on surjectivity, suppose we are given an element g € Ny 44, so that
g € GL(X) acts as identity on Y = X N X" and on X/Y7. Then g extends to a map on
X + X7, still denoted by g. Moreover, this extended map g preserves the skew-Hermitian
structure on X + X7; this is because the image of g — 1 lies in Y7, which is orthogonal to
X + X7. Now note that the space X + X7 and the map g € GL(X + X7) are both defined
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over E. By Witt’s theorem, we can thus find an element g € U(V') such that g induces g on
X + X7 and hence stabilizes X. Such a ¢ thus belongs to Qx and is sent to g under the
composite map here.

(4) The composite map

Qx — GL(X) x U(X1/X) - UX1/X)
is trivial on GL(Y).
As in the proof of Theorem 4.8, these properties and Lemma 4.7 imply that

Exti 1) (71X Wvp,p)

~ i - LUV 1/2
& EXtU(V) [1nng{ )(TF1 ® T2 & 513@/@)()7"‘1\/,1#,#]

~ ; 1/2 1/2

= Eth?X/ZY[(w‘ﬂlﬂTM*l)ZY’ 5Q/X (M @™ 5Péc/QX)v]

~ ; 1/2 —-1/2

= Extl ny [(M)da-a © 72 @ 617, 00y -+ 1det] 5 wnsa s

= Ext’QX/Ny(A, B),
where (71)4,4—q denotes the un-normalized Jacquet module of 71 with respect to the parabolic
subgroup Py ,_q of GL(X) = GL,(L) stabilizing Y7, = X N X".

Now we examine the central characters occurring in A and B as GL(Y)-modules. A simple

computation gives

Spy = |det[7™%,  dg, = |det|m? and dp,, , = |det|} %

Since m; is tempered, one sees by Casselman’s criterion that the central exponents of

A= (M) damd ® ™ © 617,

regarded as a representation of GL(Y'), have the form

for € > 0. On the other hand, the only central exponent occurring in B is

—-1/2

n—d—2
S - det /2 = Jdet 2.

Since the central exponents of A and B (regarded as GL(Y)-modules) are different, we have
shown that

Ext%(v) [Tx,wvy,] =0 foralli>0.
Case 2: XNX" =0, but Zyp=XNX"" #0. In this case, X + X7 is a degenerate skew-
Hermitian space defined over 2 whose nullspace is Zy + Z, i.e.
Zo+ 75 = (X +XT)Nn(X + X)L

Let Z be the subspace of V' such that Z ® L = Zy + Z{, so that Z is an isotropic subspace of
V. In this case, it is easy to see that the subgroup @Qx of U(V) preserving X has the following
properties.

(1) The subgroup Qx contains the unipotent radical of the parabolic subgroup of U(V)
stabilizing the isotropic subspace Z C V.
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(2) The image of the natural map from Qx to GL(X) given as the composite
Qx — GL(X) x U(X*/X) — GL(X)

lands inside the parabolic subgroup defined by the subspace Zp = X N X" C X, containing
the unipotent radical of this parabolic subgroup of GL(X), as well as GL(X N X7+).

A similar analysis as in Case 1 (based on appropriate central character analysis) allows us to
conclude that

EXt%(V) [mx, wvp] =0,
for all 7 > 0.
Case 3: both X N X7 =0, and X N X7 = 0. In this case, the U(V)-orbit of X is open. Such
isotropic spaces X C Vi, up to U(V)-conjugacy, are in bijective correspondence with U(V)-
conjugacy classes of non-degenerate subspaces W C V of dimension 2a, since such a subspace W
has, up to U(W) conjugacy, a unique subspace X C Wx such that X N X™ =0and X N X"+ =0
(the proof of this is given in Lemma 10.2).

Now let Qx be the stabilizer of X in U(V'). The following lemma allows us to determine this
stabilizer.

LEMMA 10.2. Let W be a 2a-dimensional non-degenerate skew-Hermitian space over E and let
X C W ®p K = Wk be an isotropic subspace of Wy such that

XNX"=0and X + X" = Wk,
where we recall that Gal(K/F') = (r). Then we have the following.

(i) The isotropic subspace X C Wy with the above properties is unique up to the action of
U(W) on Wi;

(ii) The stabilizer of X in U(W) is isomorphic to U(Wx), where Wx is the skew-Hermitian
space on the underlying vector space X relative to L/E' (for E' the third quadratic field
contained in the biquadratic extension L = E ® K ), defined by

(z1,22) = (w1, TT2).

(iii) The determinant of the 2a-dimensional skew-Hermitian space W for E/F and the
a-dimensional skew-Hermitian space Wx for L/E' are related by (as elements of

FX/Ngp(EX)):
det(W) = Ny, p[k® det(Wx)] = (—k*)* N /g det(Wy),
where k is any non-zero element of K whose trace to F' is zero.

Further, the restriction of the Weil representation wy,y , of U(W) to U(Wx) is the Weil

representation of wyy, poTr s ) popioNL -

Proof. (i) Let X and X’ be two L-vector subspaces of Wy satisfying the properties in the lemma.
Let

b X — X'

be a L-linear isomorphism of vector spaces. Then ¢ extends uniquely to a L-linear automorphism
(still denoted by ¢) of X + X7 = Wi defined by

o(x7) = ¢(x)", foraxe X.
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Since this satisfies ¢ o7 = 7 0 ¢, it follows by Galois descent that ¢ is defined over F, i.e. ¢ is
obtained by base change from an E-linear isomorphism

¢0:W—>W

Moreover, one checks by a direct computation that ¢g preserves the given skew-Hermitian struc-
ture on W if and only if ¢ is compatible with the L/FE’-skew-Hermitian structure on X and X’
defined in part (ii), i.e. ¢ is an isomorphism of L/FE’-skew-Hermitian spaces:

¢2WX—>WX/.

Hence, to show that there is an element of U(W) which carries X to X', it remains to show that
Wx and W are necessarily isomorphic as L/E’-skew-Hermitian spaces. We shall show this and
hence complete the proof of part (i) only after we demonstrate part (iii), using Lemma 10.3.

(ii) Taking X’ = X in part (i) above, one deduces that the stabilizer of X in U(W) is precisely
U(Wx).

(iii) For the L/E’-skew-Hermitian space Wy defined in part (ii), there is a natural E/F skew-
Hermitian structure on Wx obtained by taking the same vector space as W, now treated as an
E-vector space and denoted by Rg(Wyx), with the skew-Hermitian form which is the L/E-trace
of the skew-Hermitian form on Wy. Define a map ¢ : X — W by

p(z)=x+2" e W forzelX.

It is easy to check that ¢ induces an isomorphism of the E/F skew-Hermitian spaces Rg(Wx)
and W. Now we appeal to the Lemma 10.3 below to complete the proof of part (iii).

LEMMA 10.3. With the quadratic extensions E, K, E' of F' as before, let W be an L/E’-skew-
Hermitian space with a skew-Hermitian form (—, —). Let Rg(W) be the same space W regarded
as a vector space over E, which comes equipped with a natural E/F skew-Hermitian structure

(= —):
(w1, we) = (w1, ws) + (wy,ws)7.
Fix an element k € K* with Trgp(k) = 0. Then, with a = dim )V, one has
k*det W € E'*,
and
Np/p(k*det W) = Ngi/p(k® det W) = det Rp(W),

as elements of F* /[Ngp(E™).
Moreover, if W 2 W is the other L/E'-skew-Hermitian space of the same dimension, then
Rg(W') 2 Rg(W').

Proof. By writing W as an orthogonal sum of lines over L, we are reduced to proving the lemma
for a one-dimensional skew-Hermitian space for L/E’ which we take to be the vector space L
with the skew-Hermitian structure:

(0q,02) = Ozl

for x € L™ with z +2°7 = 0.
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This gives rise to an F/F skew-Hermitian structure on L by
(617 62) = <£1,62> + <€1, €2>T = flﬁﬂfczn— + EISCng
For this F/F-skew-Hermitian space L, {1, k} is a basis, for which the Gram matrix is given by

A= (k?xtxx) —_152((3261277)))’

so that
det A = —4k%za”.

Now since (kx)?" = kz, we see that kx belongs to E'*, as desired.
For the final statement, it suffices to show that

det(Rp(W')) # det(Rp(W)) € F* /Ny (E¥),
or, equivalently, that
wE/F(det(RE(W')) ~det(Rg(W))) = —1.
By the identity proved above, this is equivalent to showing that
(wp/p o Npiyp)(det(W') - det(W)) = —1.
However, this desired identity holds since

wE/F o NE’/F = wL/E"
This completes the proof of Lemma 10.3. U

As we mentioned, Lemma 10.3 completes the proof of part (iii). The last assertion in
Lemma 10.3 also allows us to complete the proof of part (i). Indeed, in the proof of part (iii),
we have shown that Rp(Wyx) = W as E/F-skew-Hermitian spaces. Hence, with X and X’ as
in the proof of part (i), we deduce that Rp(Wx) = Rg(Wx/). In view of the last assertion in
Lemma 10.3, one thus deduces that Wy = Wx/ as L/E’-skew-Hermitian spaces.

Finally, we observe that the restriction of the Weil representations made in Lemma 10.2
is the precise version of the well-known assertion that the restriction of a Weil representation
of Sp(4n, F') to Sp(2n, E’) takes a Weil representation of Sp(4n, F') to a Weil representation of
Sp(2n, E’). This completes the proof of Lemma 10.2. O

Applying Lemma 10.2, we find
Qx = U(Wx) x U(Wyx) c U(V)

with dim Wx = 2a and dim W)% =n — 2a. We can now conclude the proof as in Theorem 4.8.
The proof of Theorem 10.1 is now complete. O

The following proposition is obtained as a corollary to Theorem 10.1.

PROPOSITION 10.4. Let V be an n-dimensional skew-Hermitian space relative to E/F, and

Vk =V ®r K =V ®g L its base change to an n-dimensional skew-Hermitian space relative to
L/K.

o Let Vg = X + X7 + W) with X an isotropic subspace of Vi such that X N X7 = 0. Assume
that both (X + X7) and Wj, = W' ®@g L are defined over E, are non-degenerate skew-
Hermitian spaces over E, and are perpendicular to each other. Let P = M N be a maximal
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parabolic subgroup of U(Vy) which is the stabilizer of X, with Levi factor
M = GL(X) x U(W}).
o et

(VK)(

U
T =7 X7 =Ind, T ® T2)

be a tempered principal series representation of U(Vy), with m € Irr(GL(X)) and my €
Lrr(U(W)).

By Lemma 10.2, the vector space X over L carries a natural L/FE’'-skew-Hermitian structure
(where E' is the quadratic extension of F' inside L different from E, K ), that we denote by W
(so W as a vector space over L is the same as X ). If Conjecture 8.3(i)—(iii) holds for:

(1) the representation m; of GL(X) containing the unitary subgroup U(W), of size a for the
extension L/E’;
(2) mp € Ir(U(W));
then it holds also for the representation m = 71 x mo of U(V).
Proof. That Conjecture 8.3(i) holds for the representation m = m; x mo of U(Vf) if and only if
it does for both the representations 7w and 7y is the content of our previous theorem.
We will next prove the analogous assertion on Conjecture 8.3(ii). For this, let the represen-
tations of the Weil-Deligne group of L associated to w1, mo be M7, My. Then the parameter of

the representation 7 of U(Vk) is M = M; + 7 M;" + M,. We need to prove that if equations (1)
and (2) below hold, then so does equation (3). Here is equation (1):

p(det(W"))
= €(1/2,Asp p(Ms) @ =t 9p) - det(Asy g (Ma))(e) - wyeyp(e?) 20 (n—20=1)/2
= e(1/2, Asp/p(Ma) @ p b, bp) - det(Ma)(e)" 20 - wyg p(—1) "~ 20)(n=20=1)/2

1 _ n n(n— a
(:) €(1/2, ASL/E(MQ) gy 1a YE) - det(Mz)(e) 'WK/F(—l) (n=1)/2 'WK/F(—l) )
2

where we have used the observation that det Ms is a character of L* /K>, hence is trivial on e=.
Here is equation (2):
p(Np g det(Wx))
=€(1/2,M; @ MY ® plo Npyg, 1) - det(Mp)(—1)* - wL/E,(_l)a(a—l)ﬂ,

2 — a
@ €(1/2, My ® MY @ =" o Npyp,r) - det(My)(—1)*,

where =1 o Ny, sk denotes the character of L™ obtained from the character p~! of EX by com-

posing with the norm map N /g : L* — EX. and 1y, is the character of L obtained from the
character ¢ g of E obtained by composing with the trace map from L to E. Equation (3) is
u(det(V))
=¢(1/2, ASL/E(M) & ,u—l’ VE) - det(ASL/E(M))(e) . wK/F(62)n(n—1)/2
= ¢(1/2,Asy (M) @ p~t vp) - det(M)(e)"wp,/p(e)" " D/? ,WK/F(62)n(n_1)/2
= €(1/2, Asp (M) @ ™" o) - det(M)(e)" - wie/p(—1)"" 1/

D €(1/2, Aspyp(M) @ 1", ) - det(My) (—1)" - det (Ma)(e)" - wie/m(—1)"" V72,

—~
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The proof that equations (1) and (2) imply equation (3) depends essentially on relat-
ing e(1/2, Asgp(M) @ =, ¥) t0 €(1/2, Aspyp(Ma) @ 1, ) and e(1/2, My @ "My @ o
Np/g,v¥L), given that M = M + M) 4+ My with My = M,. We begin with the following
calculation:

Asp/p(M) = Asp p(My) + Asp p(“My) + Asp /(M)
+ Ind¥ (M; ® M3) 4 Ind¥ (MY @ M3) + Ind¥ (M, @ ™M)

4
Y Aspy (M) + Aspyp("MY) + Indf(My © M5) + IndP (CMy @ M)

+ Aspp(Ms) + Indf (7MY ® My).
Now, for any representation N of Wg, one has
(N +°NY,¢yg) = det(N)(-1).

Hence, we find (using a calculation on the determinant of the Asai representation Asy, /g (M1) ®
-1
u~ ) that

2

e([Asp p(M1) + Aspp("MY)] ® ' vop) = det[Asy p(M)](—1)u® (~1)
= det (M) (— 1wy, p(—1)2@ D729 (1)

D det (M) (—1)pu"(~1),

where in the last equality, we have used that wp/p(—1)=1 since wy/p=wg/po Ng/p.
Similarly, using that My = My, and a calculation on the determinant of the induced repre-
sentation Ind¥ (M; ® MJ), we find that

e([Ind? (My @ M3) +Indf "My ® M3)] @ =", ¢g) = det[Indf (My @ M3) @ p~'](—1)
= det(M; ® MJ)(—1),

© get (M) (~1)",

where, in the second equality, we have used the facts that wy p(—1) = 1, and det Ma(—1) = 1.
By the inductive nature of the epsilon factors for representations of dimension 0, we have

E(Ind%‘(o—TMlv @ Ml) ® /-L_lv wE) = E(JTMl\/ ® Ml 02y ,u_l © NL/EﬂJ)L) ' e(wL/EVwE)an
="My @My @ pu o Np/g,¥r) - wr/e(e)?

M or . .
= (MY @ My ®@ o Npyp,br) - wiyr(—€”)?,

From equations (4), (5), (6), and (7), we see that
e(Aspyp(M) ® u ' yp) = e([Aspp(Ma) + Indf (MY @ M1)] @ ™', 4p)
- det(My)*(— 1) (~1) - det(My)(—1)",
= e(Aspyp(M2) @ p~ ', p)e(MY @ My @y~ o Npyp, 1)

2

et (M) (1) (~1) - det(My) (—1)"wic/p(—€)™,

—
N

= e(Aspp(Ma) @ p= ' ¢p)e(TMY @ My @ =" o Ny, vr)
-det(My)" (= 1) (—Dwgp(—€*)?,
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By equation (8), one sees that equations (1) and (2) imply equation (3), using the following
identity from Lemma 10.2 of elements of F'* /Ng, p(E™),

(—k*)*det W’ - Ny, det(W) = det V,
as well as the relation of the characters wi, p and wg,p to the (quadratic) Hilbert symbol of F:
wi/r(z) = (K, ),
wi/r(r) = (€%, x),
which implies
wK/F(62) = (k?27 62) = WE/F(k?2)~

Finally, under the standard identification of the character of component groups under
parabolic induction, it is easy to see that the recipe in Conjecture 8.3(iii) holds. This amounts
to the identity (for M; = 7M.):

e(Mmd?(M] @ [My 4+ MY @ Y vpe) =1,

which is easy to see.
We have thus finished the proof of Proposition 10.4. O

Remark 10.5. The arguments given here also prove that for any tempered representation m of
U(Vk) which is a direct summand of a representation of U(Vk) parabolically induced from a
unitary cuspidal representation of a Levi subgroup of U(Vk),

Ext%(v) [T,wyp] =0, foralli>1.
This vanishing of higher Ext is as proposed in [Pral8], but is not as precise as Theorem 5.9.
10.2 U(V)-orbits on the full flag variety
Using Theorem 10.1, and its corollary, Proposition 10.4, one can inductively deduce
Conjecture 8.3(i)—(iii) for irreducible unitary principal series representations of U(Vk) induced
from a Borel subgroup. However, we shall give an alternative treatment involving the analysis

of the U(V')-orbits on the full flag variety of U(V), which has a rather nice structure that may
be of independent interest.

ProrosIiTION 10.6. Let:

e L = E® K be a biquadratic extension and let E' be the third quadratic subfield of L;
e V be a skew-Hermitian space relative to E/F of dimension n.

For a skew-Hermitian space W relative to L/ E', let Resy, p(W) be the same space W regarded as
a vector space over E (of twice the dimension) together with the associated E | F-skew-Hermitian
structure (obtained by taking the trace), so that

U(W) C U(Resz, g(W)).

Then we have the following.
(i) If dim V = n = 2d is even, there are 2¢=' open U(V)-orbits on the flag variety of U(V).
The open orbits are parameterized by ordered collection of lines

L={Ly,Ly,...,Lg},
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where each L; is a rank-one skew-Hermitian space relative to L/E’, subject to the condition of
V -relevance:

det(V) = Hdet(ResL/E(Li)).

The stabilizer group for the orbit corresponding to L is

U(e) = [JU(L:) € [JUResy (L) € UV).

(ii) Suppose that dimV =n = 2d+ 1 is odd. There are 2% open U(V)-orbits on the flag
variety of U(Vk). The open orbits are parameterized by ordered collection

L= {L13L27"'7Ld;‘/0}7

where each L; is a rank-one skew-Hermitian space relative to L/E’, and Vj is a rank-one skew-
Hermitian space relative to E/F', subject to the condition of V -relevance:

det(V) = Hdet(ResL/E(Li)) - det(Vp).

In particular, Vy is determined by {L1, ..., Lq}. The stabilizer group associated to L is

U(£) = [TU(L) x U) € [T UResrm(Li) x U(Vo) < U(V).

10.3 Unitary principal series
Using Proposition 10.6 and Theorem 10.1, we can study the restriction of a unitary principal
series

II= Indg(vK )X
to U(V') and show the following.

THEOREM 10.7. Conjecture 8.3(i)—(iii) hold for the tempered L-packet consisting of the
constituents of the unitary principal series representation II.

Proof. The argument is similar to that of Corollary 5.3 and it will be convenient to treat the
cases of even or odd dim V separately. We shall only write down the details for the case of even
dim V', leaving the odd case as an exercise for the interested reader.

Assume thus that dimV = n = 2d is even, so that

1 =Ind}" (1 @ ® xa)

for some unitary characters x; of L*. By Theorem 10.1, we see that

Homy (v (I, wy,,v) 2= €D @) Homy 1) (Xis wys .17, (10.8)
Lo

where the sum runs over V-relevant £ and we have written L¥ for Res;, /B(Li).

We thus need to analyze the non-vanishing of Homyz,)(xi, w¢7u,Lf‘). As in the F = K case,
this comes down to an application of the theorem of Moen and Rogawski, i.e. Theorem 3.1.
Indeed, by the functorial property of the Weil representation, the restriction of W, LF of U(L;)
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is simply the Weil representation wy uon, 5,1, Of U(L;). Hence,

Homuyp,) (Xi» wy pu,.8) # 0
if and only if

u(Npyp(det(Li))) = xi(—1) - e(1/2, xi/x7" - (o Npyg) ' 1), (10.9)

where the local root number is considered over L.
Hence, we see that at most one £ in (10.8) has non-zero contribution, and this £ = {L;} is
characterized by having (10.9) holding for all i. By Lemma 10.3,

det(Ly’) = Np/p(k - det(L:)) € F* /N p(E¥)
where k € Ky Thus, if Homyy) (I, wy, ,.,v) # 0, then
pu(det(V)) = ] m(det(L))

= HU(NL/E(k -det(L;))

= wpg/r(— HXz ) T e(t/2,x:/x77 - (o Npyg) ™' ), (10.10)

i

with the last equality following by (10.9).
On the other hand, according to Conjecture 8.3(iii), one should expect that

,u(det(V)) - 6(1/27ASL/E<J\4’) ' M_lv wE) . det<AS(M))(e) . wK/F(€2)n(n—1)/2,

where
M = @M @ +(x)h

is the L-parameter of II. Let us explicate this and compare it with the expression for p(det(V))
n (10.10).
By Lemma 8.2(a),

ASL/E @ASL/E @@IHdE MT®M)

i<j
with M; = x; + (x7)~!. Likewise, by Lemma 8.2(a) and (c),
Asp p(M;) = Xilgx + (X7) M ex + IndExi /X7,
and it follows that
€(1/2,Asp p(M;) - M/JE)

= xi(—1) - wg/p(—1) - €(1/2,IndF xi /X7 - 1" ¥E)

=xi(—-1) - WE/F(_l) : WK/F(—G ) - e(1/2,x:/X77 - (o Npyp) ™' ).
In the above computation, we have repeatedly used the facts:

(1) €(1/2,N 4 (N°)¥,¢g) = det(N)(—1); |

(2) €(1/2,IndfN,vp) = €(1/2, N, 1) - €(1/2,wr 5, )™V

3) €(1/2,wr/p,VE) = wr/p(e) = wk/p(—€?), since wy /g is a conjugate-orthogonal character
v / / / /
o .
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For i < j, a similar computation using the above facts shows that
6(1/27 Indg(MzT ® Mj)7 wE) =1
Hence, we have

e(1/2,As(M) - =", ¢p) = HXi(—l) cwp/p(—1)? - wiyp(—€®)?

: H €(1/2,xi/X]7 - (mo Nyyg) ™' 1)
On the other hand, using Lemma 8.2(d),
det(As(M))(e) - wie/p(€?)" "D = wiep(~1)7.

Hence, Conjecture 8.3(iii) predicts that

p(det(V)) = sz'(—l) cwgyp(=1)? - wie/p(e?)?- H e(1/2,xi/x77 - (o Niyp) ™" L)

Comparing this with (10.10) and noting that
wp/r(k*) = (2, k%) = wrr(e?),

we see that Conjecture 8.3(iii) holds for the L-packet defined by unitary principal series
representations of U(V). O

The reader will notice that we have not shown Conjecture 8.3(iv). For this, one would need
to explicate which irreducible summand of the unitary principal series representation II has non-
zero contribution to Homy v (IT, wy, .4 ). The different summands of IT can be distinguished from
each other by the effects on the normalized standard intertwining operators (i.e. the so-called
local intertwining relations). We do not know how to exploit this to establish Conjecture 8.3(iv).
However, in a paper [CG22] of Rui Chen and the first author, this remaining issue is taken care
of by means of theta correspondence.

11. When E # K; global case

In this final section, we will formulate the global conjecture in the general case where F # K
are two distinct quadratic extensions of a global field F'. We will use the notation of §2.2 in this
global setting.

Let II be a cuspidal automorphic representation of U(Vy) with a generic global L-parameter
M1, so that

is a sum of conjugate-dual cuspidal representations M; of GL,,(L ® Ag) of sign (—1)"~1 where
L =F ®p K. Now we have the global period integral

P:lI®@wyy, — C
defined as in §2.2. The global conjecture is as follows.
CONJECTURE 11.1. The global period integral P is non-zero if and only if

(a) for all places v of F', Homyvy,)(Ily, wy, 4 4,) 7 0;
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(b) the twisted Asai automorphic L-function [F1i88] satisfies
L(1/2,11, Asp g x p~ ') #0.
(denoting V,, =V @p Fy).

Further, if L(1/2,11, Asy /i x p~1) # 0, then there exists a skew-Hermitian space V of dimension
n over F such that the global period integral P is non-zero.

As in § 2.3, after fixing decompositions of Tamagawa measures and Petersson inner products,
one expects a refined conjecture of the following form:
1 LMy L(1/2,1L Aspyp > p') HI#
S| L(1, MV( )) L(1,11, Ad)

PRP=

Here:
. I# is a normalized local period integral

o L My,) L(1,11,, Ad)

. T
UL, My, ) L(1/2,T, Asp, g, X ')

with
I’U : H’U ® E ® w'lpvvl‘v:vu ® wwvvl‘vzvlf - C

defined by the integral of matrix coefficients as in (2.3);

. MU(V) and MU(V ) are the dual of the motives of U(V) and U(Vk), respectively;

o |Su| =27, with My = @, M;.

Observe that for this global conjecture, all the local possibilities for (E,, K,) will occur. It is
conceivable that one can develop a relative trace formula, as in the case of GGP, to address the
global conjectures here. This is being pursued by Danielle Wang, a PhD student of Wei Zhang
at MIT.

Just as for Conjecture 2.7, we can verify the refined conjecture above when dimg V' = 1. More
precisely, suppose one starts with a Hecke character x of Ajx, so that x| Al is an automorphic
character of U(Vk). Then, as in the verification of Conjecture 2.7 in §3.3, the period P is the
(conjugate of) a global theta lift of X|A}3 from U(V) to U(W), where W = (1) is a rank-one
Hermitian space for £/F. Hence, for ¢1,¢2 € wy,y ,, one has

P(¢1) - Pd2) - T(UW)) = (O(d2, x|E1 ), O(¢1, X| 1)) u(w),Pet-
The right-hand side is computed by the Rallis inner product formula, which gives

. |
P P = 3 LEOZ OO )

taking note that the Tamagawa number 7(U(W)) is equal to 2. This is precisely what the refined

conjecture says in this case, since |5y, | =2 here and

.HI#(X7X)¢1)¢2% (112)

Aspe(Xx D =" xNle

by Lemma 8.2(d).

It is interesting to note that, as a sesquilinear form on wy,y ,,, the left-hand side of (11.2) is
exactly the same as the left-hand side of (3.3) (assuming that the character x restricts to the
same character on AlE in the two cases). Moreover, the two ratio of L-values appearing on the
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right-hand side of (3.3) and (11.2) are exactly the same. Hence, the reader may wonder why
there is a factor of 1/2 on the right-hand side of (11.2) but there is none on the right-hand
side of (3.3). The reason is that the adelic periods Z# = [, Z7 on the right-hand side of both
equations are different. Indeed, in view of (2.6), the adelic period Z# in (3.3) is defined relative
to the Petersson inner product (—, —)arv)per of GL(V') whereas that in (11.2) is defined using
the Petersson inner product (—, —)u(vy),pet of U(Vk). As inner products on the one-dimensional
vector space defined by y, the latter is twice the former, so that (3.3) and (11.2) are consistent
with each other.
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