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On the central value of Rankin L-functions
for self-dual algebraic representations
of linear groups over totally real fields

Laurent Clozel and Arno Kret

A la mémoire de Joél Bellaiche

We give a new proof of a theorem of Grobner and Raghuram and a generalisation of a theorem of Moeglin
on critical values of L-functions.

Introduction

(1) Let F be a number field. Grothendieck has defined the category of pure motives over F. (See
[Demazure 1969; Manin 1968] for the definitions. In this section, which is aimed at motivating our results,
we assume the optimistic properties of motives, defined using the relation of numerical equivalence of
cycles.)

Assume E is another number field. There is a natural notion of motives with coefficients in E.
If o : E — C is an embedding, one conjectures the existence of an L-function L(o, M, s) attached to M
having analytic continuation, functional equation and no poles for N (s) > w/2, where w is the weight.
See [Deligne 1979, §1].

From a motive M over E we can deduce, for £’ D E, a motive Mg = M ® E’; M is absolutely
irreducible if Mg is irreducible for any E’'/E. For M absolutely irreducible and o : E — C, it is
conjectured that L(o, M, s) is equal to the L-function L(s, ) of a cuspidal (complex) representation
of GL(N, Ar) where N is the dimension of Mg/. This conjecture was formulated in the 1970s; see
[Langlands 1970; Serre 1986].

The class of cuspidal representations so obtained was specified by Borel [1979], and more precisely
in [Clozel 1990] where the correspondence was precisely spelled out [Clozel 1990, chapitre 4].

Now write simply M for an absolutely irreducible (pure) motive with E-coefficients. Deligne [1979]
has specified a set of critical integers and given a conjecture for the value L(M, o, n) for n a critical
integer. It should be, up to an element of E*, a period given by the relation between the Betti and the de
Rham cohomology of M. In particular, under this conjecture,

LM,o,n)=0 < L(M,0',n)=0 (0-1)
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for two embeddings o, o’. (Gross further conjectured that the order of vanishing should be the same; see
[Deligne 1979, Conjecture 2.7(ii)].)

(2) Given the conjectural correspondence, this can be formulated unconditionally for the L-functions
of algebraic cuspidal representations, as defined in [Clozel 1990]. Consider such a representation 7
of GL(N, Ar). From now on we assume 7 self-dual and N even. We also assume 7 algebraic and
regular in the sense of [Clozel 1990]. Then the finite component 7 7 of 7 is defined over a number field E
[Clozel 1990, théoreme 3.3].! In particular, for a € Aut(C), there exists a representation a () with finite
parta(m) s =a(my).

For N even, the correspondence between L(o, M, s) and L(s, w) — where 7 should be associated
/2 in the formation of the L-function inter-
venes (Hecke; see [Tate 1979]). This is detailed in Section 1.4. It follows that the critical values for L(s, )

are contained in Z + % Since 7 (cuspidal, regular, self-dual) is tempered at all primes, the Archimedean

to (M, o) —is not trivial. Indeed, the usual multiplication by q,}

factors Lo (s, ) and Lo (1 — s, ) are holomorphic at s = % Deligne’s conjecture then implies:

Conjecture 1.3. Fora € Aut(C),
L(3.7)=0 < L(3.a(m))=0.

(3) A similar conjecture applies, for the value at s = %, when 7 is cuspidal for GL(r), r even, p is
cuspidal for GL(¢), ¢ odd, and we consider the Rankin L-function L(s, w x p); both 7 and p are assumed
to be cohomological. Without the self-duality assumption on 7 and p, the conjecture follows in many
cases from the work of Harder and Raghuram. See [Harder and Raghuram 2020, Theorem 7.21]. In this
paper we only consider 7, p self-dual. Our purpose is to give a new proof of the conjecture in this case,
which does not rely on period computations of [Harder and Raghuram 2020]. Instead we rely on Zucker’s
conjecture [1990], proved by Looijenga [1988] and Saper and Stern [1990].

However, this method forces us to assume that 7 is superregular (Definition 2.3) and 7, p are disjoint
(Definition 3.2). In this case the result follows from [Harder and Raghuram 2020]. The argument for
this fact is given at the end of Section 3.5.

We think, however, that the (essentially simple) argument given here is of interest; we expect that it
will apply in other cases.

When the field F is totally imaginary, Conjecture 1.3 has been proved by Moeglin [2000]. Here we
assume F totally real. The Rankin L-function L(s, w X 7) can be written

L(s,7 x7)=L(s, 7, A>)L(s, 7, $%)

associated to the representations A and S? of the L-group. We say that 77 is symplectic (resp. orthogonal)
if L(s, w, A?) (resp. L(s, , S?)) has a pole at s = 1. (This applies for N arbitrary.). For N even and 7
algebraic regular, 7 is always symplectic if F is totally real (Proposition 1.1).

We now impose a stronger condition on 7: superregularity (see Definition 2.3).

UIn the statement of [Clozel 1990, théoréme 3.3], 7 should be in Algo (n), the set of cuspidal algebraic representations.
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Our first result is a new proof of a theorem of Grobner and Raghuram [2014]:

Theorem 2.12. Assume N is even and the representation w of GL(N, Ar) is algebraic, self-dual and
superregular. Then, for any a € Aut(C),

L(%, n) =0 <= L(%,a(n)) =0.

Grobner and Raghuram prove much more, since they obtain formulas for the critical values of L(s, i)
at all critical s € % + Z, from which this follows. However, we will now be able to consider Rankin
L-functions.

(4) Assume now r is even, ¢ is odd, and 7 is a superregular, algebraic, self-dual, cuspidal representation
of GL(r, Ar) while p is a regular, algebraic, self-dual, cuspidal of GL(¢, Ar). We must assume 7, p are
disjoint (Definition 3.2), which is a condition of regularity on their Hodge-types (that is, representations
of Wg associated to their Archimedean factors). Recall that 7 is symplectic, while p is orthogonal. The
conjectural representation 7 X p (Langlands tensor product) is then symplectic. As in Section 2, we see
that the relevant (critical) values will be in % + Z. In this case, we prove, for F totally real:

Theorem 3.6. For any a € Aut(C),
L(,mxp)=0 < L(3,a(x) xa(p)) =0.
If F is totally imaginary, this is again due to Moeglin.
Remark. Theorem 2.12 follows from Theorem 3.6, by considering a representation p of GL(1).

(5) The proof relies on Eisenstein cohomology, for the group Sp(n)/F. We summarise the argument for
Theorem 2.12. Write G = Sp(n)/ F, so G has a Levi subgroup isomorphic to GL(n). The L-group of G is

LG =S0@2n+1,C) x Wg.
Because 7 is symplectic, there is an Arthur parameter
Y =nQsp(2) @1, (0-2)

where 1 is the trivial (cuspidal) representation of GL(1, Ar). (We refer to Section 2 for the details of
Arthur’s constructions.)

Associated to v, there is a subspace 7, of LﬁiSC(G(F J\G(AF)). It can be checked that this space
is always nonzero (see the corollary after Theorem 2.5). For = cohomological, self-dual and superregular,
the Archimedean factors of the representations g occurring in %, are cohomological.

There is a natural candidate for a representation 77 in % : consider, for s € C, the induced represen-
tation

I, = ind§y (7 ® |det|*),

(induction for the adelic group) where P = MN is the parabolic subgroup associated to M. The space
of I; is independent of s. For f € I;, we can form the Eisenstein series E( f, s), defined a priori for
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N(s) >n—1(fn > 1). Its constant term with respect to P is

f=f+Ms)f,
where M (s) : I — I_; has a factor, outside a finite set S of ramified primes, equal to

LS(s, m)L5(2s, , A?)
LS(s+1,7)LSQ2s+ 1,7, A2)

Since  is symplectic, we see that the second factors will contribute a residue at s = % It is cancelled if,
and only if, L(%, 71) =0.

Assume L(%, n) # 0. We then obtain a residual representation g C 7, with cohomological factors
at infinity. Therefore we obtain a summand in the L?-cohomology HY(Sk, C), S being the Shimura
variety for some level K. (Recall that in our case, where rk(G,) = rk(K, ) at all real primes v, K, being
a maximal compact subgroup, L2-cohomology is obtained from the complex of square-integrable smooth
g-forms. See [Borel and Casselman 1983].) However, by Zucker’s conjecture,

H7(Sk, C) =IHI(Sk, C),

where the second term is the intersection cohomology of the Baily—Borel compactification St. In
particular H? (Sk, C) inherits a Q-structure. If 77 is the finite factor of 7 and a € Aut(C/Q), we see
that a(rrg, r) occurs in HY(Sk, C): it comes from a representation a(7g), which is easily seen to belong
to %,y where a (i) is defined as in (0-2), w being replaced by a ().

Moreover, by a crucial result of Rohlfs and Speh [2011], a form w € H?(Sg, C) —here ¢ has to be
chosen minimal — restricts nontrivially to the boundary B(SI%S) of the Borel-Serre compactification of Sk.
Since this restriction, seen as IH?(S%, C) — HY(Sk, C) — H4(3SBS, C), is defined over Q, we see that,
for a € Aut(C), a(w) restricts nontrivially, and consequently a(7¢) is residual.

This, however, does not imply that a () arises, by the formation of residues, from a (7). To prove this
we must show (replacing a () by 7) that any residual representation (cohomological) in .7 can only be
obtained by the formation of residues of E(f, s) at s = %, for a function f in the space I (s) associated
to rr. This is Theorem 2.7, which relies on a deep result in [Grbac and Schwermer 2014; Grbac 2018],
Theorem 2.6, and on a computation using fully Arthur’s parametrisation [2013] of the discrete representa-
tions of Sp(m’, Ar) in terms of representations of various GL(r). We refer to the proof of Theorem 2.7.

At this point we know that the residual representation a(7g) can only come from Eisenstein series
constructed from a (;r); the previous computation of the constant term then shows that L (% a(n)) #0.

We apologise to the reader for the length of our Section 2, especially in view of the fact that Theorem 2.12
is not new. However we have found that these arguments were best given first in this simpler case. In
Section 3, we only have to amplify them to treat Rankin L-functions. We now work with the Levi subgroup
M = GL(r) x Sp(n —r) of Sp(n); we are given a cuspidal representation 7 ® o of M (Af), o being asso-
ciated (by Arthur’s theorems) to a cuspidal, self-dual, orthogonal representation p of GL(N’, Ar) where
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N’=2(n—r)+1. All our data are regular algebraic, so p and, therefore, o are tempered. The arguments are

then completely similar, once we have proven the requisite extension of Theorem 2.7 — see Theorem 3.5.

Caveat. Theorems 2.12 and 3.6 both depend on Arthur’s book, for which full proofs have not yet appeared.
We do not know if proofs could be given using the different approach to functoriality between GL(n) and
classical groups (Cogdell, Kim, Piatetski-Shapiro, and Shahidi [Cogdell et al. 2004]).

1. Regular algebraic, self-dual cuspidal representations of GL (V)

1.1. In this section we consider self-dual cuspidal representations = of GL(N, A), where F is a number
field and A = A the adeles of F. Let L(s, ) be the complete standard L-function of r:

L(s,m)=]]Ly(s, ),
v
where v runs over all places of F. We consider also the L-functions
L(s,m xm)=L(s,m, ®? St)
(Rankin L-function), where St is the standard representation of G= GL(N, C); it decomposes as
L(s,m xm)=L(s,m, SZ)L(s, T, A2),

where S? (resp. A?) denotes the symmetric (antisymmetric) tensors in @ St.

Assume now 7 is self-dual: & = 7 (where 7 is the smooth dual of 7). Then L(s, & x 1) is holomorphic
for N(s) > 0, except for a simple pole at s = 1. It has been proved by Shahidi and Grbac [2011] that
L(s, , S?) and L(s, w, A?) are holomorphic for N(s) > 0, except at most for a simple pole at s = 1;
this pole will occur either for the symmetric, or the exterior, square. We say that m is orthogonal
(resp. symplectic) as the case may be. If N is odd, 7 is orthogonal: this follows from [Arthur 2013,
Theorem 1.5.3(a)]; see also Cogdell, Kim, Piatetski-Shapiro, and Shahidi [2001; 2004].

If N is even, 7 can be orthogonal or symplectic, as can be seen by considering the case where 7 is
associated to an Artin representation p of Gal(F/F). The functional equation of L(s, ) can be written,
7 being self-dual, as

L(s,m) = (@)D" L(1 —s,7)

=e¢g(m,s)L(1 —s, ),

where D is the conductor of 7. This implies that 8(7‘[, %) ==1.
If 7 is orthogonal, s(n, %) = 1; see [Arthur 2013, Theorem 1.5.3(b)] — earlier results were proved
by Lapid [2004]. If & is symplectic, then both signs can generally occur. If 8(7‘[, %) =—1,then L (%, 71) =0.

1.2. We now consider regular algebraic representations in the sense of [Clozel 1990]. Recall the definition.
We fix an algebraic closure C of R. We write W = C*, and define Wg =C* [[ jC*, j2=—1, jzj ' =2Z.
(Note that, independently of the choice of C, Wy is defined up to unique isomorphism.)
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Let v be a real prime of F. Then m, defines, by the local Langlands conjecture, a representation
ry - Wg — GL(N, C).

We assume that r,|cx is of the form

()

with p; € Z + %, and the p; are distinct. (Since 7 is self-dual, the weight w of = [Clozel 1990,
lemme 4.9] is 0.) The self-duality further implies that

{p1,...pn}={—p1,...., —pn} (1-2)

If now v is a complex prime, we fix an isomorphism ¢ : F}, = C and the representation i, of GL(N, F)
defines again
ry :C* — GL(n, ©),

which must satisfy the same conditions, in particular 7 is regular algebraic.
In contrast with the case of nonregular representations (e.g., those of Artin type), we now have the
following simple result.

Proposition 1.1. Assume F has a real prime v. Let w be a regular algebraic, self-dual cuspidal represen-
tation of GL(N, A). Then m is orthogonal (resp. symplectic) if, and only if, N is odd (resp. even.)

For a similar result— but under an unnecessary assumption named (b) — see [Chenevier and Renard
2015, Corollary 3.8]. This was, in effect, noticed in [Chenevier and Clozel 2009], but the formal argument
given there can now be made effective. If suffices to consider the case of N even. By Theorem 1.4.1 of
[Arthur 2013], 7 originates from a unique elliptic simple twisted endoscopic group G; then G= SO(N, ©)
or Sp(N/2,C) C GL(N, C). By Theorem 1.5.3 of [Arthur 2013], 7 is symplectic (in our sense) if, and
only if, G = Sp(N/2, C).

If G is orthogonal, G/F is isomorphic to the split group SO(N) or to the quasi-split, nonsplit SO*(N)
split over a quadratic extension F'/F. In the first case there is an obvious morphism *G — GL(N, C).
In the second one, we get a priori (LG)F//F — (LGL(N))F//F (see [Arthur 2013, pp. 10—11]) but this
can be seen as a homomorphism O (N, C) — GL(N, C) by the choice of a suitable element in O(N, C)
of determinant —1.

Assume 7 is orthogonal and consider the Langlands parameter r, : Wy, — GL(N, C) associated to .
This quotients [Arthur 2013, Theorem 1.4.2] through a map Wr, — O (N, C) — GL(N, C). In particular
we get an orthogonal representation of Wr, = Wr. However, by (1-1) and (1-2) the representation
associated to m, is the following. Let x;(z) = (z/2)? and r; = indé@ xi such that r, = @r;. The
representation r; is irreducible and self-dual. Its determinant, a character of Wg, thus of R*, is, by a

well-known formula for “transfer”,

detr; = xilrxec/r»
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where ¢ /R is the sign character of R*. Since p; € % + Z, detr; = 1 and the image of r; is contained
in SL(2, C): r; is symplectic, and the Xiil being distinct, any invariant form on CV is symplectic. This
contradicts the fact that r, is orthogonal.

1.3. Recall now the arithmeticity properties of regular algebraic representations; see [Clozel 1990]. We
assume again that F is a general number field. For regular algebraic representations — not necessarily
self-dual — condition (1-1) is replaced by

Z> (2P L, 2PNV (1-3)

with p; +¢;, = w, and p; € Z—i—NT_l.

Let 75 = @00 Tv- It is then known that 7 is defined over a number field E C C. We can take E
to be Galois over Q; then, for any a € Gal(E/Q), a(rry) = ny g, E is the finite part of a cuspidal,
regular algebraic representation a (7). (The type of a(;r) at infinity can be described; see [Clozel 1990,
théoreme 3.13].)%

(In these arguments, one may also consider a(r ¢) for a € Aut(C/Q), with the same arguments, thus
defining a().)

1.4. Now fix F, and consider absolutely irreducible motives M over F, with coefficients in a number
field E [Deligne 1979, §1-2].

Given an embedding o : E — C, one can form the L-function L (o, M, s) [Deligne 1979, §2.2]. It can
be completed by an Archimedean factor Lo.(M, s), independent of o. Let

Ao, M,s) =Ly (M,s)L(o,M,s).
It is expected that A (o, M, s) extends meromorphically to C, with functional equation
Ao, M,s)=¢(o, M, s)A(o, ]\7, s),
where M is the dual motive. An integer n is critical for M if Loo(M, s) and LOO(M , §) are holomorphic
at n. Deligne then conjectures that L(o, M, n) is given by a period of the motive M. This implies that
foro,0' :E—C, L(o,M,n)=0 < L(c',M,n) =0 if n is critical.

It is also conjectured that L(o, M, s) = L(s, ) for an irreducible cuspidal (complex) representation 7
of GL(N, AFr), where N is the dimension of M. At an Archimedean place v of F, the representation
of C* associated to m, via the local Langlands correspondence is deduced from the Hodge structure on
the Betti realisation Mpey; ® C, where the tensor product is given by ¢ : E — C defining v. In particular,
if N is odd, = is algebraic. If N is even, this is not the case.

Assume N is even, and consider 7’ = n[—l] =7 @ |det| /2 where |- | is the idele norm. It is

2
algebraic and 7’ = 7 [%] One checks easily that

n critical for 1 <= Loo(v, ') and Lo (1 — v, ") holomorphic, v =n + %

2The statement of [Clozel 1990, théoréme 3.13] is incorrect: 7 should be assumed cuspidal.
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In this case, we say that v is critical for 7z”. On the other hand, if a € Aut(C),
Lo, M,s)=L(s,mt)=) cyn "’
with ¢, € o (E) C C. Thus
Lis+3.7)=Ycmn™*
and
L(s+ %, a(r)) =Y alc))n™

by the computation in [Clozel 1990, §4.3.4].> This is L(ac, M, s). Since we expect conversely that 7’
will also originate in a motive M’, we see that:

Conjecture 1.2. Forv € % + Z critical, w algebraic,
L(v,71)=0 < L(v,a(r))=0.

Assume in particular N is even and 7 is algebraic, cuspidal, regular and self-dual. Then % is critical
since 7 is tempered and its L-function is holomorphic for 9i(s) €]0, 1]. Thus:

Conjecture 1.3. For a € Aut(C),

L(3.7)=0 < L(},a(r))=0.

2. The case of symplectic representations

2.1. In this section we assume n = 2m even and consider a regular algebraic, self-dual, cuspidal (RASDC
for short) representation = of GL(n, Ar). We assume F is totally real. We recall that the Ramanujan
conjecture is then known for 7 all factors 7, are tempered; see [Caraiani 2012; Clozel 2013].* Moreover
7 is symplectic.

Let G = Sp(n)/F. Then G =SO(2n + 1, C). We consider an Arthur parameter

Y=m®sp)B1

(see [Arthur 2013, 1.4], where sp(2) is the two-dimensional representation of SL(2, C)). Here 1 is the
trivial (cuspidal) representation of GL(1, Ar). The group .7, associated to v [loc. cit.] is Sp(m) x SO(1) =
Sp(m). There is a natural embedding

Ly xSL2,C) = G, (L,u) > £Qsp,(u) @ 1.

Since £ is symplectic, £ ® sp, () is orthogonal.

3In [Clozel 1990] the translation of s is by % rather than %, but this does not change the argument.
4For all the arguments in this paper, the easier result of [Clozel 2013] suffices.
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This can be extended to a homomorphism of split L-groups. Since m is symplectic, w, defines a Hecke
matrix , € Sp(n/2, C) for all unramified primes. Then

q1/2
lv@( Y _1/2>@1
Qv

is a Hecke matrix (in SO(2n + 1, C)) for G. The parameter i belongs to \AI;z(G) [Arthur 2013, p. 33];
Theorem 1.5.2 of that reference states that it contributes to L% (G(F)\G(A)). Precisely, for each place v,

disc

Y defines a local parameter y,, : Lr, x SL(2,C) — G where
Lp, = Wpg, (v Archimedean),
Lrp, = Wp, xSL(2,C) (v finite)

with W, the Weil group of F); see [Arthur 2013, p. 40].
There is a group ., associated to v, the centraliser of .Z;, x SL(2, C) in G. ltis equal to {£1}. For
each v, there is a finite set 1’:[% of representations-with-multiplicities of G(F,) and a pairing

JT(;I—>(-,JTG) (-Eyl/,, T[(;Eﬁlljv).

See [Arthur 2013, Theorem 1.5.1].
Let 77, C L% (G(F )\G (A)) be the subspace associated to . Then

disc
%w = @ TG,
ﬂcéﬁw(&p)

where ﬁw is the (restricted) tensor product of the representations in ﬁ,/,u —see [Arthur 2013, p.47] for
details — and ﬁl/,(sl/,) is defined by

[Js.ma0) =y (s) (s €,

v

where &y, : .7, — L1 is a character.
To understand %, we must first compute &y,

Proposition 2.1. Let 5o € .7y be the nontrivial element. Then
&y (50) = 8(%, n) (==x1).
The character &, is defined by the adjoint action 7y, of %/ x 2 x SL(2, C) on g = Lie G, s0

TW=@)\'&®MC{®V&’ (2_1)
o

which is a decomposition into irreducibles for .7, £ and SL(2, C). Here .2, = Sp(n/2, C) embeds
in a Levi subgroup M = GL(n, C) in G. We have the triangular decomposition § = h @ A @ ii; as a
representation of M ,A=St, ®AZ it = (St,)* ® (A2)*. The representation St,, of Sp(n/2, C) is self-dual
and so is A2,
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In the decomposition (2-1) the irreducibles p,, representations of Sp(n/2, C), are self-dual; we are only
interested in those that are symplectic; , (with the data L r, — .Z;,) defines a global L-function L(s, (i)
and an e-factor e(% Ia)- See [Arthur 2013, p.48].

Recall that the irreducible representations of Sp(g, C) (with its usual diagonal torus = (C*)$) are
parametrised by their highest weight & € 78, with & > & > --- > &, > 0. The following lemma is
probably well known, but we have not found a reference.

Lemma 2.2. Let V = V¢ be the irreducible representation of Sp(g, C) with highest weight €. Then V is
orthogonal (resp. symplectic) if, and only if, > & =0 [2] (resp. Y_ & =1[2]).

The group Sp(g) naturally contains Sp(1)® = H (associated to the long roots). Assume, for instance,
that V is symplectic. The irreducible representation W of H of highest weight £ is a submodule of V. It
occurs with multiplicity one since & (as a character of the maximal torus Ty = T = (C*)#) does. Thus the
invariant bilinear form B on V is nonzero on W, since W is self-dual and occurs with multiplicity one.

We can write W = W ® - - - ® W,, W; having highest weight &;. Then W; is orthogonal/symplectic
according to whether & = 0/§; = 1, and W is symplectic if, and only if, ) & = 1.

The lemma implies that, in the foregoing decompositions, only St, C f and St = St,, C 1 contribute
symplectic representations. Looking at the triangular decomposition of §, one checks that the action
of .Zy x SL(2, C) is isomorphic to St, ® sp(2). On the other hand, we have

compatibly with the triangular decomposition, with s; = =£1; then the adjoint action of s on the summands
St, and St} is by X — s1X. We deduce that (the only relevant) A ® u ® v is sgn ® St,, @ sp(2); Arthur’s
definition of &y is then
ey (s) =sgn if 8(%, 71) =-—1
=1 ife(fm)=1,

recalling that the factor St,, defines the L-function associated to u = 7.

2.2. The description of the data ﬁ,/,u associated to ¥ is in general (for our nontempered ) difficult. It
can be made more explicit, at the Archimedean primes, in the cohomological case.

A still indirect, but more concrete, description of ﬁ¢u is given by Arthur [2005]. The global “packet” ﬁ./,
is related to the following global representation of GL(N, A), N =2n+1. We write indg, ,,
the unitary induction to GL(a) of a representation of GL(a;) x GL(a;). We write 7 [s] for 7 ® |det|®. First,
indi’fn (JT [%] ®m [— %]) has a unitary irreducible quotient .Z (JT [%], b4 [— %]) (Moeglin and Waldspurger).
Then we consider the adelic representation

(a=ai~+ay) for

n=ind ! (2] x[ -2 @1).

This also defines [T, at any prime; it is a unitary representation.
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The representation I, is 8-stable, for the automorphism of GL(N) realising the duals of representations;
6 has to be chosen suitably (see [Arthur 2013, pp. 7-9]); in particular 6 leaves the Borel subgroup invariant.
There is then a canonical intertwining operator I : [T, — I1, 0 6. (In the tempered case, there is a unique
I : 1, — IT, o @ fixing the Whittaker model that one chooses beforehand; the nontempered case reduces
to the tempered case via Langlands quotients; for more detail, see [Arthur 2013, p. 63].)

For a function ¢ on GL(N, F,) we consider ¢(y) = trace(IT, (¢ ) Iy).

One can define associated functions ( f, ¢) where f is (smooth compactly supported) on G(F,) and ¢
on GL(N, F,). (Associated means that f is obtained from ¢ via the twisted form of Langlands—Shelstad
conjecture [Arthur 2013, §30].) If p is a representation of G (F;) let f(p) =trace p(f). Then, for (¢, f)
associated,

GO = (sy. p)f(p),
pelly
where sy, is the image of (1, (71 _1)) € Ly x SL(2, C) by the local version of ¥ : Lr, x SL(2,C) —
GL(N, C). For details we refer to [loc. cit.].

Since f and ¢ are associated by their (twisted) orbital integrals, this implies at an Archimedean prime
that the infinitesimal characters of IT, and of all representations p € ﬁ¢v are associated. We proceed to
describe this correspondence.

Choose a split maximal torus 7 C G(F,). Then Lie7T ® C = C" and Lie T QC=C".

Similarly if Ty C GL(N) is a maximal split torus, Lie Ty ® C = C" and Lie ?N ®RC=CN,

An infinitesimal character for G(R) is then X = (X1, ..., X,); an infinitesimal character of GL(N, R) is
Y=({1,...,YN).
The representation I1, is self-dual, and this implies ¥ = —Y (modulo the action of the permutation

group Sy ), sO we can write
Y=(,...,Y,,0,=Y,,...,=Y)).

Then X = (Y1, ..., Y,); X is well defined modulo W = (£1)" x &,,. Given the Langlands parameters
of 7 (Section 1.1) we see that (mod Ws) X is equal to

with p; e%—i—Z,p] > > py > 0.
In particular p; £ % is now an integer, and X is a weight of G in the dual of Lie(7T'). It is strictly
dominant if

pi+5>pi—5>>pn—3 thatis, p;>pi+2G@=1,....m—1)and p, > 3.

Definition 2.3. Assume 7 is a regular algebraic, self-dual representation of GL(n, R), n = 2m. Let
p=(p1,..., pp) be its infinitesimal character,

P=(p1,~--’pm’_pm’---’_Pl)a p1L>p2>--->—pj.
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We say that  is superregular if, mod &,,,
pi=pip1+2 (G=1,....m—1),
Pm > 3.
If 7 belongs to the yr-packet associated to v, we see that the infinitesimal character of ¢ is regular

integral. Since 7 is unitary, this implies that 7 is a cohomological representation of G(F,) = G(R)
[Salamanca-Riba 1988]. We record the result:

Proposition 2.4. Assume 1, is superregular at all real primes. Then, for each such prime v, all represen-

tations in ﬁl/,v are cohomological (unitary).

Consider, for given v, the sign s — (s, ng) for ng € ﬁwv. Moeglin and Renard [2020] have studied
these Arthur packets, and their results imply inter alia:

Theorem 2.5. For \ as above, v real and m (RASDC) superregular, the sign s — (s, g) is the trivial
(resp. nontrivial) character of 7y for some g € ﬁwv.

Corollary. The space 7, C L% (G(F )\G(A)) associated to \ is nonzero.

disc

This is clear: we must fulfil the condition

H (S0, TG 0) = €y (S0),

v
where s9 is the generator of .#y,. Assume, for instance, &y (s9) = 1 (see Proposition 2.1). The product
over finite primes takes the value 1 or —1 for a choice of the (7TG.v)vtoo- We then choose the 7, (v | 00)
so as to make the total product equal to 1.

We sketch the proof of the theorem, which was explained to us by David Renard. At a real prime, the
parameter ¥, is equal to

o=@ Vi - @@ @1,
i=1
where V(p;, —p;) is the discrete series representation of GL(2, R) associated to the representation
indgf‘ (z/z)Pi. The corresponding (local) .#-group is ., = (Z/2Z)"; #y, contains .y, embedded
diagonally. We can write

Yy =V(p1,—p1) OV,

¥’ being a parameter for Sp(n—1, R) := G'; obviously .7y = (Z/ 27)"!; we assume that the Arthur packet
ﬁd,r is defined; it is composed of cohomological (unitary) representations. The construction of Moeglin
and Renard [2020] realises ﬁw by cohomological induction from a 6-stable parabolic algebra q whose
Levi component [ C g is associated to a complex subgroup L(C) = GL(2, C) x Sp(n — 1, C) C Sp(n, C).
One considers groups L; that are pure inner forms [Moeglin and Renard 2020] of U (2) x Sp(n — 1, R);
that is,

Li=U@G2-i)xSpn—1,R), i=0,1,2.
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Let &; be the (abelian) character of U (i, 2 — i) of differential ( p1+ %, p1— %) [Moeglin and Renard
2020, p. 1861]. Then ﬁw is composed of the representations of G obtained by cohomological induction:

6 =Rj(E @7,

and d is defined in [Moeglin and Renard 2020, (5.4.4)].
The sign (so, ) associated to 7 is the product of the sign associated to 77’ with (—1)?; see [Moeglin
and Renard 2020, 7.1.2]. (The constant c in this formula is defined on p. 1830 of that article; here ¢ = 1.)

For varying i we get all signs.

2.3. With the parameter v fixed as above, consider an irreducible global representation 7 C 7. It
is automorphic, and therefore obtained from (multi)residues of Eisenstein series formed from parabolic
subgroups of G.

At almost all primes v, the representation 7 is unramified and its Hecke matrix (in G= SO2n+1,C))
is defined by the parameter {. We have T= {diag(t(, ..., 1, 1, tn_l, R tl_l)} C GL(N, C). The element
t =(t1,...,t,) is then uniquely defined mod W5 = (£1)" X &,,.

At an unramified prime v, the Hecke matrix can be taken to be

trgw =ty =trq'/?, 2-2)

where g = ¢q,.

The representation g can be cuspidal or can be obtained from (residues and principal values of)
Eisenstein series induced from a nontrivial parabolic subgroup. A standard Levi subgroup of G is of the
form M = GL(n1) x - - - x GL(n,) x G’, where G’ = Sp(n’) withn'=n—ny —ny, —--- —n,.

We consider a datum (7, ..., 7., 0) where m; (resp. o) is a cuspidal representation of GL(#n;, A)
(resp. G'(A)). We consider the induced representation

ind§)y (T1l51]® - @ e [s5:] @ 0),
which we write 71[s1] D - - - ® 7[s,] ® 0. Its Hecke matrix at v is then
thsl @ e @ trqsr @ tl_]q_sl @ e @ tr_lq_sr @ tO”

where t; =15, and 1, € G’ is seen as before as an element of T . It is defined modulo Ws. We write

7y = (7w;,0). (If G’ is trivial, t, = 1 and the following arguments also apply.)

Theorem 2.6. Assume a representation 7, obtained from multiresidues and principal values of Eisenstein
series from (M, y) at the point s = (s1, ..., S;), is cohomological. Assume ”i|R§r = 1 where [Rifr is
embedded diagonally in GL(n;, Fs). Then s; € % Z.

This was proved for F' = Q by Grbac and Schwermer [2011, Theorem 4.1], see also the exposition
in [Grbac 2018, Theorem 3.2]. (We note that the statement in [Grbac 2018] is imprecise, as it assumes
only the 7r; to be unitary: replacing 7r; by 7;[i¢] would replace s by s —iz. The correct condition on 7; is
stated in [Grbac and Schwermer 2011, Proposition 1.1].). The general case, for F a number field, can be



650 LAURENT CLOZEL AND ARNO KRET

proved along the lines of the proof suggested by Harder in [Grbac and Schwermer 2011, pp. 1660-1661].
The complete proof will be given in a forthcoming paper.

We note that there is an obvious candidate for a representation 7 C 7%;,. Namely, consider M =
GL(n) C G, and the induced representation

6.5 = indfyy ([s])

(adelic induced representation). Its Hecke matrix is given by (2-2) if s = % If it gives rise to a residual
representation, this representation will belong to 7,. We will return to this in the next paragraph.

Theorem 2.7. Assume g C S is not cuspidal, is cohomological and obtained from multiresidues
and principal values of Eisenstein series from (M, 7y) at a point s. Then M = GL(n), my = 7 (up to
1

association) and s = 5.

By Arthur’s results, o is associated to an Arthur parameter of dimension 2n" 41,
v =D o; @spm,).

where o; is a self-dual, cuspidal representation of GL(v;) and ) vjm; =2n'+1.
Fix a finite place v where all data are unramified. The corresponding Hecke matrix, seen as a matrix
of dimension 2n’ 4+ 1, is

@tdj ®Sp(mj)a
where we also write sp(m ;) for diag(g ;=072 qU=m)/2) The Hecke matrix of the representation
ind§y (mi[s11® - - @7, [5,1®0) is then
T=@P (txg" ®tz,4) &P to; @ sp(m))), (2-3)
i J

written again as a matrix of dimension 2n + 1. We compare this with (2-2), in dimension 2n + 1:
T'=t,q"?®tq7*D1. (2-4)

(Recall that 7r is self-dual.) Now 7 is cohomological, self-dual. For any of the representations 7, m;, o
we write t¢ for the diagonal entries of the Hecke matrix. By purity [Clozel 2013] we have, for m,

It =1.
The representations m; are unitary cuspidal, as are the o;. The entries %, in each case, satisfy
—1/248

q <[t%] < ¢'/*7?, (2-5)

where §, 0 < § < % is given by the theorem of Luo, Rudnick and Sarnak [Luo et al. 1999]. Comparing
(2-3) and (2-4), we see in the case of o; that

g% = 19| g~ V72,
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whence by (2-5) m; < 2, or that
1=t%¢"™ VY2 whence mj=1.

Moreover m j = 1 can occur only once. It does occur since 2n" + 1 is odd.

We now consider the eigenvalues t“g%, t=%g %, t* of m;, with s; € %Z. Let A = log, [¢*]. If
t%q% | =q'/?, h+s; = with || <  —8. This implies s; = 1 and A =0. Similarly, 1*¢* = ¢~"/? implies
r=0,s = —%. (We do not have to consider the eigenvalue 1 of (2-4), as it is accounted for by o.)

Finally, we see that 5; = j:% for all i; however by the invariance of the induced representation by
association, we can assume s; = % We also note that the argument implies that the 7r; are tempered (at

all unramified primes). Choosing representatives in T, we see that
@ (tﬂlql/z) @ @ (to'qu/z)v
i J

the second sum ranging over such j’s that m; = 2, is equal (i.e., conjugate in S,,) to tpq'/?. This implies
that the representation

mB-- -BrBoB---Ho;

(induced representation of GL(#n, A)) has the same Hecke matrix as s, at almost all primes v. (Moreover
oj = 1 for the unique j such that m; = 1). By the results of Jacquet and Shalika [1981], this implies that
7 = or T = o (after reindexing). In the second case, o is cuspidal by assumption, G’ = G and 7 is
cuspidal. In the first case, m = w1, M = GL(n) and we obtain the assertion of the theorem.

Note. This is a strengthening of Theorem 3.1 of [Grbac 2011], which describes only the part of 7,
obtained from Eisenstein series from P = MN.

2.4. We now assume that there is a residual representation in 7} ; it is then obtained from Eisenstein
series E(f, s) where f belongs to the space, independent of s,

[ =ind%_,,y([s]) = 1(s)

with M = GL(n). The relevant part of the constant term is (in full), for f =), fv € I, f, unramified
forv ¢ S,

L5(s, m)L5 (25, 70, A?)
®Mv(s)fv CLS(s+1,7)LSQ2s + 1, 7, A2) %fv-

vesS

Here M, (s) is the local intertwining operator; see [Harder and Raghuram 2020]. Since m, is tempered
at all primes, M, (s) is holomorphic for 9 (s) > 0, and not identically 0. We must further know that
LS(s, 7T, /\2) has a pole at s = 1, and that LS(%, 7'[) #£0if L(%, 71) =# 0. However, the local L-functions
L,(s, ) and L, (s, w, A%) are holomorphic (and nonzero) for %(s) > 0. This follows from [Kim 2004,
proof of Theorem 8.2]. The same argument applies to Rankin L-functions in Section 3.8. In particular
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we obtain residues at s = % if, and only if,
L(3.m)#0 (2-6)

(as the factors for v € § are convergent and nonzero). See [Grbac 2011]. In this case, Res;—1/> yields an
intertwining operator
R(3):1(3) = L (G(FO\G(A)).

disc

Its image has been described by Grbac and Schwermer [2014, pp. 14—15 and Theorem 8.2]. Note that
I,(s) is for any s with 91(s) > 0 an induced representation with 7 [s] positive in the Langlands sense. It
has a unique irreducible Langlands quotient J,(s) and the image of R(%) is

&) %.(3):

We write f(nv, %) for this Langlands quotient. For v | co, ¥ (nv, %) is unitary, with regular integral
infinitesimal character, and therefore cohomological. For simplicity of redaction we first assume that it
has cohomology with trivial coefficients. (The additions in the general case will be explained at the end
of this section.) Let g, be the smallest degree i such that

H' (v, Ky: £ (0, 5)) #0

with obvious notation. (The value of g, is irrelevant to us; it has been computed by Grbac and Schwermer
[2014, Theorem 8.3]. Then dim H% (gv, K,, .Z(nv, %)) = 1; see [Vogan and Zuckerman 1984].

We write, for K C G(Ay) compact open, S = G(F)\G(A)/KxK, Gx = G(F)\G(A)/K, with
K+ C G(F«) maximal compact. Consider the cohomology of Sx. We have first the cohomology of the
discrete spectrum:

H*(Sk) = H*(g, Koo; L3 (Gk)); (2-7)

this is the space of L2-harmonic forms on Sk, equal to the L?-cohomology of Sk in the sense of Borel
and Casselman [1983]. We consider also

H*(Sk) = H*(g, Koo; &/(Gk)) (2-8)

the Betti cohomology of Sk; here o7 (G ) is the space of automorphic forms; and we have a natural map
H*(Sx) — H*(Sk), and by definition we set

Hy) (Sk) = Im(H*(Sk) — H*(Sk)). (2-9)

So far all our cohomology spaces were taken with complex coefficients. The spaces H* and H*
have a topological interpretation and are therefore defined over Q. For H*, this follows from the proof
of Zucker’s conjecture: see [Zucker 1990] for an exposition. We have H*(Sx) = IH*(S% ), a natural
isomorphism, where S is the Baily-Borel compactification; the (complex) intersection cohomology IH*®
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(with middle perversity) has a natural Q-structure. We now denote by IHg, Hg, the cohomology spaces
with Q-coefficients; and Hy, the Q-space defined through the isomorphism with IH".
Let s#x = 7 be the Hecke algebra of level K (with Q-coefficients). It acts naturally on H*(Sk).

Proposition 2.8. (i) %k acts naturally on IHg (S%).

(ii) The isomorphism H*(Sg) — IH*(S%) is Hecke-equivariant.

(iii) There is a natural map J : THg (Sg) — Hg§, (Sk) which, tensored with C, induces the natural map
H*(Sk) — H*(Sk).

Proof. Ad(i,ii): See [Looijenga 1988, p. 18]. Note that Looijenga gives his proof for classical Hecke
correspondences associated to double cosets in G (Q) with respect to a congruence subgroup. Since G is
semisimple and simply connected, these coincide with the adelic Hecke correspondences.

Ad(iii): The intersection cohomology is the cohomology of a complex of sheaves ICg: of Q-vector spaces
[Borel 1984]. If j : Sx — Sk then j*IC st is quasi-isomorphic to Qg, . Therefore we obtain a natural
map IHg (Sk) = H*(Sk,ICsz) — H*(Sk, @). On the other hand, Zucker defined a complex of fine
(complex) sheaves ) on Sg.. The basic result is that () and ICs: ® C are quasi-isomorphic. Thus
IH*(Sk) is defined by the complex of global sections of %3, over Sk, and this is the cohomology of the
space of global L?-forms, i.e., H*(Sk). Over C, the natural map H*(Sgx) — H*(Sk) is then defined by
the restriction of differential forms. (I

From (ii) we deduce that J#k preserves H, (Sk). If we define [H]'(g) as lim, H*(Sk) we see that
L(mp )= Qyroo Z(my, 1) is a G(Af)-submodule of H4(S) for g = ¥ g, (v | 00). Probably it occurs
with multiplicity one (see below). Equivalently, if 7, is unramified for v ¢ § and K, (v € S) is a suitable
subgroup having a triangular decomposition, the representation of §),, ¢, (G, K,) occurs in H*(Sk).

The image of .¥ (71 f %) KinHe (Sk) has a further property. Let S 1]35 be the Borel-Serre compactification
of Sk [1973]; see [Clozel 2022] for the adelic formulation. It contains in particular a facet ¢’(P), with
P=MN ande'(P)=Ayu\P(A)/Kp K00, Kp C P(Ay) compact-open, and M C P(R) a Levi subgroup
invariant by the Cartan involution associated to K. See [Clozel 2022].5 Here Ay = S MO(IR)Jr where
My =Resr/oM and Sy, is the split centre of M.

We have H*(Sx) = H '(SI%S), thus we can consider the restriction

Res: H*(Sg) — H*(¢'(P)).
It is of course defined over Q. Now we have [Rohlfs and Speh 2011, Theorem III.1]:

Theorem 2.9 (Rohlfs, Speh). If w is a form in HY (Sk) realised as a residue from (rr, %), ResoJ(w) # 0.

See [Rohlfs and Speh 2011]. Now let a € Aut(C/Q). Then, as recalled in Section 1, a(;r) is naturally
defined. It has the same properties as 7. In particular Theorem 2.7 applies to it, i (Section 2.1) being
now replaced by

a(y) =a(mr) @sp(2) 1.

5In fact ¢’ (P) is a disjoint union of the facets denoted by ¢’(P) in [Borel and Serre 1973].
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Letng r =2 (JT 1 %) C H? (E). We can consider its transform by a. Since HY (§) carries a (-structure
conserved by G(A ), this transform is contained in [I-[Iq(§)_

Lemma 2.10. a(rg,r) = Z(almy), 3).

This follows easily from the methods in [Clozel 1990, §3.2]. For finite v, 7, is the unique irreducible
quotient of ind(m,]| - |'/2). The induction is unitary induction and is not a rational operation. However
ind(?) = Ind(?cS},/ 2) where Ind denotes nonnormalised induction and 811[,/ 2(m) = |detm|®+VD/2 Thus
ind(mr,| - |'/?) = Ind (7, | - |/*11). Since n is even, we see that ind(a ()| - |'/?) = a(ind(,| - |'/?)). Since
Z is the unique irreducible quotient, the same applies to it.

Since H? carries a Q-structure conserved by G (A ¢), we see that .2 (a (p), %) is contained in HY (§);
it comes from a representation a () in the discrete spectrum, associated to a(i). Moreover a(mg) is
not cuspidal: if w belongs to our given copy of .Z (a (7w y), %), Res o J(w) # 0 and, Res o J being defined
over Q, Reso J(a(w)) # 0. Consequently there exists a residual representation in /% y,. By the previous
considerations, this implies that L(%, a(n)) #0.

Note that L(s, a(r), A%) has a pole at s = 1 by Proposition 1.1. However this is in fact implied
by the foregoing argument. We note that the sign 8(%, 71) (see Proposition 2.1) has not figured in the
argument. This is not surprising, because of one of the properties of Arthur’s construction. Indeed we had
a representation g of the form ¥ (JTU, %) at all primes. For this Langlands quotient the sign (-, 7 ,)
(see Section 2.1) is trivial for all v. This follows from [Arthur 2013, Proposition 7.4.1] and the fact that
the L-packet of 7 is reduced to one element — the group being GL(n). Thus . (n, %) does not occur if
8(%, 7'[) = —1. In any case we have

L(},7)#0 <= L(3,a(n)) #0
! J
8(%,71):1 8(%,0(71’)):1
This leads to (but does not prove) this conjecture:
Conjecture 2.11 (;r superregular algebraic, self-dual representation of GL(2n, Ar)). For a € Aut(C/Q),
(4. 7) =2 (3. a(m).
We have now proven (at least when 7 has cohomology with trivial coefficients):
Theorem 2.12. Assume 7w, a representation of GL(2n, Af), is superregular algebraic and self-dual.
Then, for any a € Aut(C/Q), L(%, n) =0 if, and only if, L(%, a(n)) =0.
2.5. We now explain how to extend this argument to the case where 7 has cohomology with nontrivial
coefficients.

(a) Let Go =Resp/qg G. Then Go = Go(R) =[], G(F, ® R) where ¢ runs over the embeddings F — R
and F, = ((F) C Q. We first consider a complex coefficient system, i.e., an irreducible representation V
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of Go(R). Thus V =), V,, where V, is determined by the highest weight m, =m,, for G(C), m, = p’—p,
where

p/:(pl+%’pl_%"",pm+%vpln_%)v

see the formula before Proposition 2.1, and p = (n,n — 1, ..., 1) is the half-sum of roots of G (for the
implicit choice of ordering). Here (p;) is defined of course by v or, equivalently, ¢; V = ) V™ with
obvious notation.

(b) Now Go(Q) = G(F) C []| G(F,). An irreducible representation of G is always defined over Q, see
[Serre 1968], so G(F) operates on V" by endomorphisms defined over «(F) C C. Thus the action
of G(F) on V is defined over [ [ «(F) = Fga1 C C, and the same is true of the local system ¥ defined by V.

(c) We now have an intersection cohomology sheaf ICg+ (7") with coefficients in Fg,. (We simply write S
for Sk.) The maps used in the previous argument,

H(S*, %) — H*(S,¥)— H*('(P), V),

are all maps of Fgy,-vector spaces. Finally, IH*(S*, 7') defines, through Zucker’s isomorphism, an
Fgy-structure on the Lz—cohomology H?(Sk, V).

(d) However, we want to obtain a result concerning a (g, ) for a € Aut(C/Q), not only in Aut(C/Fgy).
The action of Aut(C/Q) on 7 o is determined by the ‘reciprocity law at infinity’; see [Clozel 1990,
théoreme 3.13] in the case of GL(n). In fact, an automorphism a € Aut(C/Q) transforms the representation
V=QV™intoa(V)=Q y™@y The associated representation a (g, r) will therefore come from a
global representation having a type at infinity permuted from that of 7 by the permutation ¢t — at.
Therefore, consider the reducible coefficient system # = @) o (¥), where o € Gal(F/Q). Now # is
defined over Q. The remarks in (c) apply, the local system, and ICs, (#), being defined over Q. We then de-
duce that a(rg, ) will occur in H? (Sg, #). The argument concerning the restriction to ¢’(P) remains cor-
rect, so a(mg, ) will originate from a residual representation. We are now reduced to the foregoing proof.

We recall again that Theorem 2.12 follows from the explicit formula of Grobner and Raghuram. The
present proof (for this special result) is more direct. However, we will now consider other cases.

3. Rankin L-functions

3.1. In this section we extend the method, and the main result, of Section 2, to Rankin L-functions. We
consider RASDC representations 7w and p, respectively, of GL(n1, A) and GL(n;, A), and the Rankin
L-function

L(s, T x p). (3-1

As in Section 1 this is the complete L-function. We can consider a(r), a(p) for a € Aut(C/Q) and are

interested in the “invariance of the zero” at s = %, assuming nn; even.
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We want to consider Eisenstein series (for a maximal parabolic subgroup) in the variable s, such that
the numerator of the constant term is essentially

L(s,m x p)L(2s,m, R),

where L(2s, 7, R) should have a pole at 2s = 1, and R, a representation of the dual group GL(n, C),
will be A2 or Sym?.

Since we are relying on Arthur’s results the “ambient” group G must be split classical. Furthermore
we must use the crucial rationality result (Proposition 2.8) and we need Zucker’s conjecture or its
generalisation by Saper [2005]. In particular, following [Langlands 1971] we see that there are two
possible cases. We refer to [Kim 2004] for a useful exposition of Langlands’ results.

3.2. In the first case we consider, as before, G = Sp(n), but the maximal parabolic subgroup has Levi
subgroup M = GL(r) x Sp(n —r). We are given a cuspidal representation 7 ® o of M (A).
We have G = SO(2n + 1, C), containing

M =GL(r, C) x SO2n + 1 —2r, C).

Setting N’ = 2(n — r) + 1, we will assume that o is (by Arthur’s theorems) associated to a cuspidal,
self-dual representation p of GL(N’, A). The constant term of the Eisenstein series constructed from

indAG,I(Ié() a7 [s1® o
is given, as usual, by a ratio with numerator
L(s, 7w x p)L(2s, 7, A?). (3-2)

See [Kim 2004, p. 143]. (If r = 1, only L(s, w x p) occurs.) In particular the interesting case is that
where 7 is symplectic. Thus we have the data

L(s, 7 x p), (3-3)

where
7 is a RASDC representation of GL(r, A) with r > 2, r even,

p is a RASDC representation of GL(¢, A) with ¢ odd.

(3-4)

3.3. The other interesting case occurs for the split group G = SO(2n + 1). For any real prime v, G X F,
is of equal rank, that is, rkg G = rkg K. The extension of Zucker’s conjecture has been proven by Saper.
Again we take M = GL(r) x SO2(n —r) + 1), and m ® o an irreducible cuspidal representation.

We have G = Sp(n, C), containing M= GL(r, C) x Sp(n — r, C). We assume that ¢ comes from a
cuspidal, self-dual representation p of GL(N’, A), N' =2(n — r). Then p has to be of symplectic type.
The relevant numerator is then, for r < n,

L(s, 7 x p)L(2s, 7, §?). (3-5)
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Thus 7 has to be orthogonal. We see that this will yield no new results compared with (3-4). Also
note that (3-5) is incorrect if » = n, in which case the numerator is

L(2s, 7, S%).

This could be used to show that “zr orthogonal” is invariant by Aut(C/Q), but we have seen that this
is known for regular algebraic representations.

In conclusion, we will only consider Eisenstein series for Sp(n). We have recorded this calculation
since other consequences might follow from this construction.

3.4. From now on our datum will be a pair 7, p satisfying (3-4). We sett =2m+ 1, n=r +m; m is
symplectic, p is orthogonal. Also set r = 2ry.

Before we proceed it will be necessary to review the correspondence between o, a cuspidal representa-
tion of Sp(n—r, A), and p, a cuspidal, self-dual, orthogonal representation of GL(N’, A), N'=2(n—r)+1.
We have assumed p is cuspidal. Thus p € @Sim(G/) where G’ = Sp(n —r). See [Arthur 2013, p.37]. By
[Arthur 2013, Theorem 1.5.2], the parameter /' = p defines a collection of representations o occurring
in L (G'(F)\G'(A)).

Proposition 3.1. Any o in the A-packet defined by p is cuspidal. Moreover this A-packet is nonempty.

Indeed we know that, p being RASCD, it is tempered at all primes. The factors o, of ¢ are therefore
tempered at all primes, by [Arthur 2013, Theorem 1.5.1]. Since o occurs in the discrete spectrum, it is
cuspidal by Proposition 4.10 in [Clozel 1993].

Moreover, in this case, .2y = SO(N’) C GL(N’) [Arthur 2013, 1.4.4], and s = Sy = {1}. This
implies that a tensor product o = ) 0,, with o, any local representation in the y'-packet, occurs
in L3 (G(F)\G(A))y-.
Remark. (1) By construction the first factor of (3-2) (coming from the theory of Eisenstein series)
considered outside a finite set S of primes is equal to L3(s, 7w x p).

(2) The case of G’ = SL(2) shows that the set {o'} is, in general, infinite.
3.5. We are now interested in the {-parameter (for G)
Y =71 Qsp2)®p.

Since 7 is symplectic, as well as sp(2), this is a parameter associated to G.
As in Section 2, it defines (almost everywhere) Hecke matrices (in 6) which coincide with those of
the (adelic) induced representation

ind§yy (r[s]®0) (s =73). (3-6)

We first have to determine when such a representation will be cohomological. We consider a place v | 0o.
The infinitesimal character of m, is of the form p = (py, ..., p,), with

PL>Pp2> > Py > =Py > > P



658 LAURENT CLOZEL AND ARNO KRET

with p; € % + Z. For s = 5, we see that the infinitesimal character of n[l] is

1
2° 2
_ 1 1 1 1
Yl —{pl+§95pr1+§’_pr1+§a5_p1+§}

It contributes a term (Y}, —Y) to the character of the representation (3-6) lifted to GL(N). (See
Section 2.2.)

On the other hand, the infinitesimal character of o can be seen, lifted to G , as the infinitesimal character
of p, of the form

g >q>>qu>0>—qg, > > —q.

Finally, the infinitesimal character of the induced representation (3-6) is obtained as a parameter of
dimension 2n + 1, equal to

{#£pi £3.£q;, 0}, (3-7)
and defined modulo Gy, N =2n + 1. It must be regular, so we must assume

pi >Pi+1+1, Pr Z%’ pli%#qj for all (l’.])

Modulo Gy, we see that the character is (Y, 0, —Y) where

Y=(p1+3.P1— % s Glses Pay+ 52 PayF 502 Q2o Qs Pry 50 Pry— 3
the g; being interspersed so that
Y=m,...,my,)
with m; > --- > m,, > 0. Here, Y is the infinitesimal character of ind(n[%] ®0).

Definition 3.2. Assume m is superregular, and p is regular. We say that (i, p) are disjoint if, for all
i=1,...,rpand j=1,...,m,
pitl#q;.
In this case the infinitesimal character of ind(zr [%] ® 0) is regular.

Remark. We will be considering the Rankin L-function L(s, w x p). Conjecturally this is the standard
L-function L(s, w X p) where = X p is the Langlands tensor product of 7z, p. This representation should
be symplectic. Recalling that the parameters p, g are associated to the representations z +— (z/z)”,
7+ (z/7)9 of W¢, we see that the Langlands parameters (or the infinitesimal parameters) of = X p will
be, with obvious notation,

Py, —p)®(q1, ..., 0,..., —q1).
In particular 7 X p will be regular if
(1) the =p; &g, are distinct,
(i) £p; #£p;i£gq;.
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This is a much stronger condition. For instance, assume m = 1, r; = 2, and we want to ensure the
condition (with g > 0)
pits>pi—5>q>pr+3>pr—5>1
Can the tensor product be singular, e.g., p1 —g = p2 +¢q? We set p; = p» +2q and we must ensure
P42+3> 42 —5>q>p+s>p—5=1
Thus we seek p; > % —q,pr<q— % and pp > % This is satisfied for ¢ large.

We now explain why Theorem 3.6 follows from [Harder and Raghuram 2020]. According to [Harder
and Raghuram 2020, Theorem 7.21], it will be true if —%, % are both critical — with their notation,
% = 1+mo—and 7, p have “disjoint cuspidal parameters” (to be explained below).

To check the first condition, we determine the critical half-integers for L(s, @ x p). Let v be an infinite
prime and L, (s, w x p) be the corresponding Archimedean L-function. For a € %Z, a # 0, denote by r,
the irreducible representation of Wg induced from the character (z/z)* of W = C*. Since L-functions
are inductive [Tate 1979, 3.3.1], the L-function associated to r, is Lc(x, s) where x = (z/z)¢. Fora >0
this is equal [Tate 1979, 3.2.1] to 'c(a +s) ~ I'(a + ), where we write ¢ ~ v if ¢/ is a holomorphic,
never vanishing function of s. Note that (z/z)¢ and (z/z) ¢ define the same L-function.

Now recall our conditions on p;, g, where for symmetry we set t = 2y + 1:

pi = pir1+2 ifi=1,...,r1—land p; € } +Z,
p}’12%7 (3—8)
qj>qj+1+l,q,|>0 ifj=l,...,t1andqj€Z,
pitl#q;.

The Weil group representation associated to p is @j rq; © €, where ¢ is the character sgn®/! of Wg. The
representation associated to 7 X p is

R=@rp @ (Dry, @2) =Drp @B Cprg, ®17,,):
i Jj i i,
Thus

Ly xp,s)~[[T(pi+)[[T(pi+q;i+s) [] T(pi—qj+s) [l T'(gj—pi+s).
i i,j Pi>q; qj>Ppi

Fora € %—|—Zands e%—i—Z,
I"'(a + s) holomorphic at s(sic) <= a+s > 0.
As the I'-function never vanishes, the holomorphy of L,(s), s € % + Z, is then given by
(@ pi+s>0,
(b) pi+q;+s=>0,
© pi—qj+s>0(pi >q;),
(d) gj — pi+s>0(q; > pi).
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Clearly (a) = (b); moreover using (3-8) we see that this is satisfied if

%—i—s >0, thatis, s> —%.

Similarly L, (1 —s) is holomorphic if
() pi+1—5>0,
B) pi—qj+1—s5>0(p;i >q,),
(¥) gj —pi+1=s5s>0(q; > pi).
By the same argument we see that this is satisfied if
s < %4— 1= %

Applying this to the product of the L, (v | co) we conclude that the interval of critical values contains

).

Therefore, our regularity conditions imply that indeed —% and 7 are critical values.

We now check that 7, p have disjoint cuspidal parameters. We first consider w. Again we fix an
infinite prime v, which defines p = (p;). In order to state the condition, we introduce some notation from
[Harder and Raghuram 2020]. Define

NS08}

zn]-3 = -4 4

A=p—(e-D,.... a-n)eT, (3-9)

(T is the diagonal maximal torus in GL(r); A is u in [Harder and Raghuram 2020, Theorem 7.21]).

As in [loc. cit., p. 18] we write
p
h=) (@ —=Dyi+ds = br,....b) (3-10)
i=1
with a;, b;, d € Z, §, is the determinant, and
vi=(,1,...,1,0,...,0)— =5,.
— r
i times

The condition in [loc. cit., p. 29] requires that A be a pure weight. Write Z C T, for the centre of GL(r).

By self-duality A|z = O (the central character of w maps to A|z). Thus 0 = (A|z) = dé;, (as y;|z = 0).
Hence A is a pure weight if, and only if, A is essentially self-dual and 1|z =0, i.e., A is self-dual:

(b1,by,...,by)=(=b,,—b,_1,...,—by).
Asa; —1=b; —b;j+1 (i <r—1), then also

ar—i =br—i —br_iy1+1



CENTRAL VALUE OF RANKIN L-FUNCTIONS FOR REPRESENTATIONS OF LINEAR GROUPS 661

and using b; = —b,41—; we find a,_; = a; (see [loc. cit., Lemma 3.1]). On page 31 of that book the
cuspidal parameter £ = (¢;) of A (given by the coefficient system for ) is defined by

b=a+a+ta3+---+a_1=a1+a+az+---+a,
b=—ai+a+a+ - --+a_1=a+a3+ - -+a o,

Li=—a—ar+az+---+a_1=a3+---+a,_3,

br=—ay—ay—---—ar.

(To obtain the last column, we used that @; = a,_;). From (3-10) we see that a; — 1 = b; — b;;.; when
i <r—1,so0 we get

Li=b—b+(r—1),

€y =by— b1+ (r —3),

€3 =b3—br2+(r —5),

b, =b,—by—(r—1).
We have b; :pi—i—%(Zi—r—l),and o)
G=pi+3Qi—r—1)=p1—i—3Qr+1—)—r—D+ @ —2i+1)=p; — pry1-i.

Now r is self-dual, so we have p; — p,+1—-i =2p; (i =1, ...,r), and £; = 2p;. The same computation
applies to p, yielding E’j =2q; (j =1,...,t). By definition we have disjoint cuspidal parameters if
L # E;. for all 7, j [loc. cit., p. 94]. In terms of the infinitesimal characters this means p; # g; for all i
and j. This is an empty condition, as p; € %Z\Z, while ¢g; € Z. In particular our Theorem 3.6 follows
from [loc. cit., Theorem 7.21].

Remark. In the generality of [loc. cit.] there are 7, p that have nondisjoint cuspidal parameters (such
7, p are not both self-dual).

3.6. In this excursus, we return to the relation between p and o (see Proposition 3.1) and consider
questions of rationality. We first make some general remarks, in the case where (the generalisation of)
Zucker’s conjecture is true. Changing notation, we denote by G a semisimple group over a totally real
field F, such that for each v | oo, rk(G,) = rk(K,) where K, C G(F,) is maximal compact. If G is
Hermitian symmetric, or if G is of type B,, there is an isomorphism

H*(Sx) = IH"(Sk),

where Sk is defined as in (2-7) — K C G(Ay) is a compact subgroup—and IH*(S%) is the middle
perversity intersection cohomology of a suitable compactification of Sgx. See [Saper 2005] for the
non-Hermitian case.
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We deduce from this a natural Q@-structure on H*(Sg) or H*(S) = lim H*(Sx). We have

H*(S) = @D H* (9. Kooi Too) @71,
b

where @ 7 is the discrete spectrum of G. In particular (in all these cases) this direct sum is “defined
over Q. In particular, if a € Aut(C/Q):

7 ¢ representation of G(Ay), Too @y C L% (G(@)\G(A)) for some cohomological 7

disc

= a(ms) has the same property for any a € Aut(C/Q). (3-11)

Here a € Aut(C) acts naturally, as in Section 1. We should point out, however, that if G is not GL(n), the
field of rationality and (a) field of definition may not coincide — for GL(n) see [Clozel 1990, §3.1].
Note too that if 7 = o, @ 7 is cuspidal, this does not imply that 7’ = 7, ® a(rs) is cuspidal.

3.7. We now return to our initial situation and apply this to the representation o of Sp(m, A). We have
seen that it was cuspidal (Proposition 3.1). For a € Aut(C), consider a representation ¢’ = o/, @ a(oy)
so obtained; we can assume

H%(g, Koo; 05,) #0
if H(g, Koo 00c) # 0.
The representation o belongs to the Arthur-packet defined by p. The Arthur packets are disjoint [Arthur
2013, Theorem 1.5.2]° and defined by their Hecke matrices at almost all primes. (This is easily seen by

an adaptation of the proof of Theorem 2.7.)
Let .7, denote, as in Section 2.1, the subspace of L. (G'(F)\G'(A)) contributed by ¥’ = p.

disc
Lemma 3.3. 0 ® o5 C J, (for some o) if, and only if, o), ® a(o ) C H#(,) for some o

Let S be a sufficiently large set of primes containing the infinite and the ramified places. Then
Oso ® 0y C S, if, and only if, for v ¢ §,

lp,v = t{r,v el t&,v (3—12)

with obvious notation. These are the Hecke matrices for the Langlands normalisation.
Here, for instance, #, , € /T\G/ and j:(;/ = G, (C)" has an obvious Q-structure, as does fGL(N).
(1=N"/2 (Tate normalisation; see [Clozel 1990, p. 106 -108]).

Define 1] , =1, gy
We then have 7 = a(t[iv); see [Clozel 1990, lemme 3.5]. Since N’ is odd, this implies that

a(p),v
La(p)v = a(tp,v)-

On the other hand, ¢, , is defined by
Q-ey = @(to,v)a

5The global packets, not their local components!
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where e,, in the space of o, is the unramified vector, ¢ belongs to the local unramified Hecke algebra
for Sp(m), S¢ is the function on T/ (F,) given by

Se(r) =8)/* () f(tn)dn
N(Fy)
and 8Y/2, B = Tz N, is the half-modulus [Cartier 1979, p. 146]. Finally,
B p y

Sp= Y bich(@ Te(0)) and Se(t) = bit".

reXo(Ter)
Since for Sp(m), 8119/ % is a rational character, this implies

S(a(p)) = a(Se),

where a acts on the coefficients; dually we deduce that #,(5),, = a(ts,v).

Finally, (3-9) is preserved by the action of a on both sides, which implies the lemma.

Since p is RASD cuspidal, so is a(p), and a(p) satisfies the Ramanujan conjecture. We deduce from
Proposition 3.1 that a(o) is (tempered) cuspidal.

3.8. Consider now, as in Section 3.4, a pair (7, p) satisfying (3-4), and a representation o of Sp(m, A)
associated to p; o is cuspidal (Proposition 3.1). The representation indAG,,N (Jr [%] ®o), M =GL(r) xSp(m),
adelic induced representation, has Hecke matrices given by w ® sp(2) @ p.

Forming Eisenstein series

E(—,s): indf,IN(n[s] ®0c) = A (G(F)\GA)),

absolutely convergent for 9i(s) > % [Moeglin and Waldspurger 1995, p. 86], we see that for f; € Iy =
ind(7r[s] ® o) the constant term is

EP(fs) = fs + M(s)ffs
with M(s) = @ M, (s), M,(s) given, for f, the unramified vector in I, , by

Ly(s, 7w x p)L,(2s, 1, A?)
Ly(s+1,mxp)L,(2s+1,m, A%’

This applies for v ¢ S, S D co. Assume now that L(%, T X ,o) # 0. Writing M (s) = Mg(s)M5(s),

we see, using the same argument as in Section 2.4, that E(—, s) has a residue at s = %; we obtain an

intertwining operator (see Section 2.3)
R(3): 12 = L (GIPNGA).

The representation I, 12, 7, and o, being tempered at all v, has a unique irreducible quotient .Z (nv, Oy, %),

the representation of G (A) on Ltzlisc being semisimple, we see that
R(3): Z (7.0, 3) = L (GIM\GA)
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with . the global Langlands quotient. For each Archimedean prime, .Z (nv, oy, %) is cohomological;
let ¢, be the minimal degree of its cohomology; withg = ", |00 ¢v We finally have (these cohomology
spaces being one-dimensional)

Zp(n, 0, 1) > HI(g, Koo; L3 (G(F)\G(A)). (3-13)

The latter space is identified by Zucker’s conjecture with TH? (E*). It is naturally defined over Q.
Moreover (see Section 2.4), if we fix a level K C G(A ) and consider (3-10) at a finite level,

R(}): Zp(n. 0, 1) < IHI(SE),

we know that there is a component ¢’(P) of the boundary of the Borel-Serre compactification such that
Res o J(w) # 0 for some w in the image. (The notation is that of Proposition 2.8.)
Now let a € Aut(C/Q).

Lemma 3.4. Zr(a(r), a(o), %) =a(Zy(n, 0, 3))-

Note that a(), a(p) are still (everywhere) tempered, and that the Langlands quotient on the left-hand
side is defined in the same manner. In particular, it suffices to check that, for any finite v,

ind(a(r), a(o), 3) = a(ind(r, 0, 3))
with obvious notation. This would be true for nonnormalised induction (without the factor | - |'/%). We
must check that, for m = (g, h) € GL(r) x Sp(m),

|det gll/z(Sp (m)l/2 takes rational values,

where §p(m) = |det(Ad(m) | n) | We can take m in the maximal torus T C M. We have ng = n-+ny,
where 1y is the unipotent radical of the Lie algebra of the Borel subgroup of G and nj, is maximal
nilpotent (positive) in Lie(M), so

Sp(t) =det(Ad(?) | np) : det(Ad(r) | ny),

teT.Now,fort=(t1,...,t,),

|det(Ad(r) | no)|

1/2 -1)/2 _
|det(Ad() [ na)|'? = (87702 D2 ),

=1t - tul,

Since r is even, multiplying by |det g|'/? = |¢; - - - #,|'/? yields a rational value.

At this point we know that .Z¢ (a (), a(o), %) occurs in THY (§*), and moreover that it restricts nontriv-
ially to the boundary of the Borel-Serre compactification of S; see Section 2.4. (For psychological comfort
consider a finite level!) Furthermore, the representation ,Z(n, o, %) belongs to Arthur’s y-packet with

Y =mQsp2)dp.
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This implies that . (a (), a(o), %) belongs to Arthur’s packet for

a(y) =a(r) ®sp2) da(p).

We know that it is residual since the restriction (in cohomology) to the boundary does not vanish. Renaming
a(y) as ¥, we see that we need only amplify the assertion of Theorem 2.7 in this context:

Theorem 3.5. Assume v = Q@ sp(2) ® p, mg C S is cohomological, not cuspidal, and obtained from
multiresidues and principal values of Eisenstein series from (M, wyr), where M C G is a Levi subgroup

and my cuspidal, at a point s € C!. Then M = GL(r) x Sp(m), my = m x o (Where o, a cuspidal

representation, is associated to p) and s = %

By assumption 77 is obtained from the formation of residues from M =GL(r;) x - - - x GL(r) x Sp(m’),
and representations 7; (I = 1,...,1) and o’. By Arthur’s results o’ is associated to a parameter
Y = EB]. 0j ®sp(mj), o; being cuspidal self-dual. (Moreover ¢ is cuspidal.) The Hecke matrices, at

almost all primes, of 7 are given by
T=T,=t:0"> @17 ®1,, (3-14)

where g = g,. (The Hecke matrices are viewed in GL(N, C)). By Theorem 2.6 (Grbac and Schwermer)
they are also given by

I J
T'=T,=@uq" &t ¢ &P, @spm,). (3-15)
i=1 j=1

Here s; € %Z, and #; = £ (71;); we assume that w,, = 1 on R, so 7; is cuspidal unitary. (If the factor Sp(m”)
is trivial, the second term in the sum is 1, with m; = 1.) Since 7 and p are tempered, we deduce from
T =T’ that m; <2, that |s;| =0, %; if s; = :I:% Wwe can assume §; = % (use an associate datum). Now we
obtain separate equations, using as in Section 2 that the eigenvalues of #;, 7,, are in [—% + 6, % — 8]:

=P n® P 1, (3-16)

S,‘:l/z mj:2
L= uoHhe P, (3-17)

Si =0 m_,-:l

All representations considered are cuspidal. Consider first (3-14). By the results of Jacquet and
Shalika [1981], there must be at most one term on the right-hand side. We deduce that {i : s; =0} = &,
that {j : m; = 1} has cardinality 1, and that p; = p.

Consider now (3-13). The first possibility is that #{i 1S = %} =1, that no p; intervene, and 1, =1; =t,.
In this case, using the previous remark, we see that

T =trq'*®1:q7' @1,

and that 7 is induced from GL(r) x Sp(m) from (rr, o) as sought.
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The second possibility is that / = 0, which implies that m = n and that 7 is cuspidal. In this case
(3-12) yields

T=tz0""®tzqg" > @1, =Py, @sp(m;) =1, &1 Dp(2).

The only p; in (3-13) is equal to ; it can of course occur (and it will occur depending on the behaviour
of the L-functions) that the yr-packet only contains cuspidal representations.

3.9. We can now apply Theorem 3.5, with 7, p replaced by a(r), a(p). Since £ (a (), alo), %) occurs
in IH?($*), with nontrivial restriction to the boundary, it is given by the cohomology of (noncuspidal)
Eisenstein series. Theorem 3.5 shows that these are obtained from Eisenstein series coming from
indfm (a(m)[s] x ¢’) (and their residues) at s = % Here o', a cuspidal representation of Sp(m, A), is
associated to a(p). (It coincides with a(o) at almost all primes.) Since the cohomology in H? is given
by square-integrable forms, this can only occur if these Eisenstein series present a residue at s = % We
deduce, by inverting the argument at the beginning of Section 3.8, that

L(s,a(m) x a(p))L(2s, a(m), A?)

must have a pole at s = %, and therefore that L(%, a(m) x a(,o)) # 0. We have therefore obtained the main
result of this paper. (In Section 3.8, we have implicitly assumed that .¥ (rroo, Ooos %) had cohomology
with trivial coefficients. The corrections in the case of a general coefficient system are dealt with in
Section 2.)

Theorem 3.6. Let

e 1 be a RASDC, superregular representation of GL(r, A) (r even),
e p be a RASDC representation of GL(t, A) (¢t odd)

and assume that (1, p) are disjoint (Definition 3.2). Then, for any a € Aut(C/Q), L(%, T X ,0) =01if, and
only if, L(% a(m) x a(,o)) =0.
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