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ABSTRACT. Let X be an even dimensional symmetric bilinear space defined over a totally
real number field F' with adeles A, and let ¢ = ®,0, be an irreducible tempered cuspidal
automorphic representation of O(X, A). We give a sufficient condition for the nonvanishing of
the theta lift ©,,(0) of o to the symplectic group Sp(n, &) (2n by 2n matrices) for 2n > dim X
for a large class of X. As a corollary, we show that if 2n = dim X and all the local theta lifts
©n(0y) are nonzero, then ©,, (o) is nonzero if the standard L-function L(s, o) is nonzero at
1, and ©,,_1(0) is nonzero if L (s, o) has a pole at 1. The proof uses only essential structural
features of the theta correspondence, along with a new result in the theory of doubling zeta
integrals.

Let H and G be reductive linear algebraic groups defined over a number field F' with ring
of adeles A. A fundamental problem in the theory of automorphic forms is to investigate
the existence of liftings of irreducible automorphic representations of H(A) to irreducible
automorphic representations of G(A). Here, by a lifting we mean a map from a subset
of the set of irreducible automorphic representations of H(A) to the set of irreducible
automorphic representations of G(A) such that if o maps to 7, then the local unramified
components of ¢ and 7w are related by the functorality principle of Langlands, or by a
natural extension of this principle in the nonconnected case. The existences of such liftings
have important consequences in number theory.

Several programs exist for constructing and investigating liftings, and in this paper we
shall be concerned with one such method, the theta correspondence. The theta corre-
spondence provides liftings in the case that H and G form a reductive dual pair. While
the theta correspondence thus applies only to a limited number of pairs H and G, liftings
constructed via the theta correspondence are part of a rich structure with roots in the
classical theory of automorphic forms. Examples of structures related to theta lifts include
the Siegel-Weil formula and its consequences, period integrals, Fourier coefficients, and the
behavior of L-functions at special points. In this work we consider the case when H is the
orthogonal group of an even dimensional quadratic space and G is a symplectic group. If
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o is an irreducible cuspidal automorphic representation of H(A), then the theta lift O (o)
of o is defined and is either zero or an automorphic representation of G(A). In this paper
we provide conditions under which (o) # 0.

To state the main theorem we require some notation. Let X be an even dimensional
nondegenerate symmetric bilinear space defined over a number field F', with orthogonal
group O(X). For n a nonnegative integer, let Sp(n) be the symplectic group of rank
n (2n by 2n matrices). Fix a nontrivial additive character ¢ of A/F, and let w be the
corresponding Weil representation of Sp(n, A) x O(X, A) realized on the Schrédinger model
L2(X(A)"), and let 8§(X(A)") € L*(X(A)™) be the subspace of functions defined in the
notation section. Let xx = (-, disc X (F'))r be the character of A* /F* associated to X (F),
where (-, ) is the Hilbert symbol of F. If ¢ € §(X(A)™), we set

0(g,hip) = Y wlg,h)g()

zeX(F)™

for g € Sp(n,A) and h € O(X,A). This series converges absolutely. If ¢ is an irreducible
cuspidal automorphic representation of O(X,A) and V, is a realization of ¢ in the space
of cusp forms, let

0(f,0)(g) = / 0(g.h; 0) £ (h) dh

O(X, )\ O(X (4))

for f e V,, p € S(X(A)") and g € Sp(n,A). This integral converges absolutely, and each
0(f, ) is an automorphic form on Sp(n, A). The C vector space of all the functions 0(f, ¢)
will be denoted by ©,,(V,,), and is either zero or an automorphic representation of Sp(n, A);
note that ©,,(V,) depends on the realization V. For further exposition of these global
definitions see [HPS]. Also, for S a finite set of places including the archimedean primes
and places where o, is ramified, let L°(s, ) be the partial standard L-function of o (see
[KR1], section 2). Locally, suppose that v is a place of F', w, is the Weil representation of
Sp(n, F,) x O(X, F,) on L*(X(F,)") corresponding to 9, and o € Irr(O(X, F,)). Again,
we have a character xx(p,) = (-, disc X (F})), of F)* associated to X (F,), where (-,-), is
the Hilbert symbol of F;,. We say that ¢ occurs in the theta correspondence for O(X, F,)
and Sp(n, F},) if there exists 7 € Irr(Sp(n, F,)) such that

Homsp(n’Fv)Xo(X,Fv)«wv,S(X(Fv)n)),ﬂ' (%9 0'\/) 7é 0.

The contragredient is introduced for compatibility with the global lifting [KR2], and we
say that m and o correspond. Here, S(X(F,)™) is again as defined in the notation section,
and if v is infinite, then (w,,S8(X(F,)")), m and o are actually Harish-Chandra modules
and the homomorphism space consists of homomorphisms of Harish-Chandra modules.
If v does not lie over 2, then the local Howe duality conjecture is known to hold [H],
[Wal], such a 7 is uniquely determined, and we write 7 = 6,,(¢). Let k be the smallest
nonnegative integer such that ¢ occurs in the theta correspondence with Sp(k, F},); then
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we call any corresponding 7 € Irr(Sp(k, F},)) a first occurrence of o, and it is known that
k < 2dim X. Again, if v does not lie over 2, then the first occurrence of ¢ is uniquely
determined. Now suppose additionally that v is finite. We say that o is tempered if
the irreducible components of the restriction of o to the connected group SO(X, F,) are
tempered. Suppose ¢ and a first occurrence of o are tempered; by [R3], Theorem 4.4,
if 7 € Irr(Sp(n, F,)) corresponds to ¢ and 2n > dim X, then 7 is uniquely determined,
and we may also write m = 6,,(0) even if v lies over 2. Throughout this paper, we do not
assume the local Howe duality conjecture for primes lying over 2. Finally, we define

B 2n — dim X

sx(n) 5

Theorem 1.2 (Main Theorem). Let F' be a totally real number field, and let X be an
even dimensional nondegenerate symmetric bilinear space defined over F'. Suppose that
at each infinite place of F' the signature of X is of the form (2p,2q) with p > 0, ¢ > 0
and p — q even (the signature is allowed to be different for different infinite places). Let o
be an irreducible cuspidal automorphic representation of O(X,A) with 0 = ®,0,, and let
V, be a realization of o in the space of cusp forms. Let n be a positive integer such that
2n > dim X. Assume:

(1) o, occurs in the theta correspondence for O(X, F,) and Sp(n, F,,) for all v;

(2) for all v, o, is tempered and if o, first occurs in the theta correspondence with
Sp(n/, F,) with 2n’ > dim X, then the first occurrence of o, is tempered;

(3) in the case 2n = dim X, L°(s,o) does not vanish at sx(n + 1) = 1 (a pole is
permitted).

Then ©,,(V,,) # 0.

We note that the nonvanishing of ©,,(V, ) is independent of the realization V, of o.

The proof of this theorem was inspired by the work of Bocherer and Schulze-Pillot in the
case dim X = 4 in the context of classical modular forms. The works [BSP1] and [BSP2]
solved the Yoshida nonvanishing problem.

We have the following simple corollary.

Corollary 1.3. Let F' and X be as in the main theorem, and let 2n = dim X. Let o be
an irreducible cuspidal automorphic representation of O(X, A) with o = ®,0,, and let V,
be a realization of o in the space of cusp forms. Assume o, is tempered and occurs in the
theta correspondence for O(X, F,) and Sp(n, F,,) for all places v.

(1) If L%(s,0) does not vanish at sx(n+1) =1 then ©,,(V,) # 0;
(2) If L%(s,0) has a pole at sx(n+1) = 1 then ©,,_1(V,) # 0.

This corollary applies to a large class of nonhyperbolic spaces X and nongeneric o,
and guarantees that a given o has a nonzero theta lift under manageable and expected
conditions. Since tempered cuspidal automorphic representations occur naturally in num-
ber theory (any automorphic representation associated to a Galois representation will be
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tempered, for example), we expect the corollary to have some interesting number theo-
retic applications. Indeed, in a subsequent work we will use the corollary of the main
theorem along with other results ([R1], [R2]) to construct the L-packets of representations
of GSp(2,A) associated to many of the imprimitive four dimensional representations of
Gal(F/F) into ' GSp(2) = GSp(2,C) C GI(4,C) which do not factor through a proper
parabolic subgroup of ¥ GSp(2), and show that those representations in the L-packets
which are predicted to be cuspidal automorphic by the conjectural multiplicity formula of
Arthur [A] are in fact cuspidal automorphic.

Besides [BSP1] and [BSP2], some recent works about the nonvanishing of global theta
lifts include [GRS] and [M2]. The paper [GRS] is, in part, concerned with theta lifts
of generic representations from even dimensional special orthogonal groups. It contains
results for generic representations which are quite analogous to Corollary 1.3. If one
assumes the weak Ramanujan conjecture that generic cuspidal automorphic representations
are tempered, then Corollary 1.3 might be regarded as a generalization of the corresponding
results of [GRS]. In [M2], the existence of a twist (by a one dimensional character) having
a nonzero theta lift is related to poles of certain Eisenstein series.

The main theorem and its corollary are consistent with the expected general result for
the nonvanishing of theta lifts from O(X, A) to Sp(n,A) when 2n > dim X as proposed by
Rallis. If the notation is as in our introductory remarks, the Rallis inner product formula
asserts that for n in the stable range 2n > 2 dim X, the inner product of the theta lift 0( f, ¢)
with itself is the nonzero number L (sx(n+1), ) times the product over the places in S of
certain local factors [Ra2], [Ra3]; here, S is a finite set of places including the archimedean
places and the places where ¢ is ramified, and L°(s, o) is the standard partial L-function
of 0. By [L], these local factors for v € S are related to the local theta correspondence
at v, and are nonzero. Thus, for 2n > 2dim X, the theta lift ©,(c) is nonzero. Because
the classical Siegel-Weil formula is for the stable range 2n > 2dim X, the Rallis inner
product formula does not extend apriori into the range 2dim X > 2n > dim X, though
one might investigate the existence of a regularized inner product formula, as has been
done for lifts from the symplectic group to even orthogonal groups. However, even for this
case a nonvanishing result still needs to be deduced, and in particular the local factors of
the formula still need to be related to the local theta correspondences ([KR2], section 8).

Still, one might expect a result similar to the one deduced from the Rallis inner product
formula in the stable range. That is, if L°(s, o) does not vanish at certain points (a global
condition) and the local components of o occur in the local theta correspondences with
Sp(n) (alocal condition), then the theta lift ©,,(¢) is nonzero. Our criterion for nonvanish-
ing includes such local and global conditions. Assumption (1) of the main theorem is the
expected local condition, while (3) and the assumption in (2) that o, be tempered at the
finite places together give the global condition. Because of the temperedness assumption,
L3 (s,0) does not vanish at sx (k) for k > n + 1; thus, by (2) and (3), L°(s, o) does not
vanish at sx (k) for k > n + 1. This is used in the proof of the main theorem. Of course,
for the purposes of our proof, in (2) we are assuming more than that L°(s,o) does not
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vanish at sx (k) for k > n + 1.

As we have mentioned, the proof of the main theorem is based on a clever idea from
[BSP1], and the main ingredients are the local and global behavior of theta lifts in Witt
towers, the local and global theory of zeta integrals for the symplectic group introduced by
Piatetski-Shapiro and Rallis, and a deep result of Kudla and Rallis about the simplicity of
the poles of certain Eisenstein series. A detailed description of the proof appears below.
The key point is that, locally, after a first occurrence of o, in the theta correspondence,
the theta lifts of o, further up the Witt tower of symplectic groups have Langlands data
obtained from that of the previous theta lift one step down the tower by the addition of
a known one dimensional quasi-character. Now if ©,(¢) = 0, then for some | > n, 6,(0)
is nonzero and cuspidal. The key point, along with a new result in the theory of zeta
integrals, then implies that order of vanishing at sx () of the twisted partial standard L-
function of ©;(0) exceeds the order allowed by functorality of the theta correspondence at
the unramified places. The proof is thus based on essential structural features of the theta
correspondence, along with the theory of zeta integrals. It does not use the Siegel-Weil
formula nor an inner product identity.

Here is a sketch of the proof. As our basic setup we regard the orthogonal group from
the main theorem as being fixed, and consider the various theta lifts O (o) as we go up
the Witt tower of symplectic groups Sp(k,A) for 2k > dim X. As general background,
we know by [Ral] that in the stable range 2k > 2dim X we have O(c) # 0, and for all
k, if (o) # 0, then the theta lifts further up the Witt tower will also be nonzero, i.e.,
O/ (o) # 0 for k' > k. Now our goal is to show that if n is as in the statement of the
main theorem, then ©,,(c) # 0. As we have just mentioned, initially all we know is that
some theta lift, possibly far up the Witt tower, is nonzero; let Oxy1(0) # 0 be such a
nonzero theta lift. The main step of the proof is to show that the theta lift one step down
the Witt tower is also nonzero, i.e., O (o) # 0, provided that k& > n. The theorem then
follows by induction. To prove the implication ©11(0) # 0 = O(o) # 0 we argue
by contradiction: suppose ©(c) = 0. Let 7w be an irreducible constituent of the cuspidal
representation O 1(0) (note that Oy41(0) is cuspidal by [Ral]); we obtain a contradiction
by computing the order of vanishing of L°(s, 7, x) at sx(k + 1) in two different ways and
obtaining conflicting answers (here xy = xx). On the one hand, L (s, 7, x) can be written
in terms of L°(s,0) and certain abelian factors using the result of Rallis [KR2] about the
theta correspondence at the unramified places. Using that L°(s,o) does not vanish at
sx(k+ 1), we find easily that L%(s,,x) has a zero of order at most |S| — 2 at sx(k +1).
This uses only information at the unramified places.

On the other hand, we can also bring the ramified places into the argument. Thanks to
the work of Piatetski-Shapiro and Rallis, we can also write L (s, 7, ) as a certain global
x-zeta integral associated to m, divided by a product of certain local y,-zeta integrals
associated to the local components 7,, for v € S. The key now is to show that each of
the local x,-zeta integrals for v € S can be chosen to have a pole at sx(k + 1); assume
this for the moment. Then since the global y-zeta integral can have at most a simple pole
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at sx(k+1) by an important theorem of Rallis and Kudla, we find that L°(s, 7, x) has a
zero at sx(k + 1) of order at least |S| — 1. This is a contradiction, and the main theorem
is thus proven under the assumption of the claim about the local x,-zeta integrals.

This claim is proven in Lemma 1.1, the main lemma, which can be described as follows.
Fix a place v € S. We are given o, € Irr(O(X, F})), and know that o, occurs in the
theta correspondence with Sp(n, F,). Further up the Witt tower, we also know that
7y € Irr(Sp(k + 1, F,)) corresponds to o,, and the assertion of the main lemma is that
there exists a x,-zeta integral for m, (see the main lemma for a precise statement) which
has a pole at sx (k+1). The proof of the main lemma has two components. The first is the
description of the structure of 7, as a Langlands quotient. This was described in [R3] for
nonarchimedean v and in [M1] for real v. Though these two references assert more about
the Langlands data of m,, the essential point is that the “first”element of the Langlands
data for 7, is the quasi-character y,| - [*X**1D. The second result used in the proof of
the main lemma is the main technical lemma, Lemma 1.4. The main technical lemma
shows that for any element of Irr(Sp(n, F,)) whose Langlands data has as first element a
quasi-character § = y,| - |°° for some sy € C, there exists a x,-zeta integral for m, which
has a pole at sp. The main lemma clearly follows from these two results.

The proof of the main theorem is thus reduced to the proof of the main technical
lemma, and the majority of this paper is devoted to proving this lemma. We will limit
our comments about the main technical lemma in this introduction since at various points
in the paper we give guiding comments; see in particular Section 4, which describes the
idea of the proof of the main technical lemma. One point which we will describe here is
the place of the main technical lemma in the conjectural basic theory of zeta integrals for
Sp(n) analogous to theory of Godement-Jacquet zeta integrals for Gl(n) [GJ]. In summary,
it appears that the main technical lemma is asserting a bit more than would follow from
the conjectural basic theory. To be precise, let us use the notation of the main technical
lemma, and assume F' is nonarchimedean. Let Z, (m) be the C vector space generated by
the Z(s, f,®) for f a coefficient of 7 and ¢ a good x-section as mentioned at the end of
Section 2; define Z, (61), ..., Zy(6¢), Zy () similarly. By analogy to the case of Gl(n), one
might conjecture that

Zx(61) -+ - Zx(60) Z (1) = Z ().

What does this conjectural equality say about the main technical lemma? It is not too
difficult to see that L(s + 1/2,x6; ") € Z,(61); if the above quality holds, then L(s +
1/2,x67") € Z, (). From this one can deduce that there exists a coefficient f of 7 and a
good x-section ® for G such that Z(s—1/2, f, ®) has a pole at sq if §; = x| -|*°. However,
it is not evident that one can arrange ® to be standard, as claimed by the main technical
lemma. Thus, the main technical lemma appears to be asserting more than what would
follow from the conjectural general theory.

While the main technical lemma does not follow from the conjectural theory of zeta
integrals for Sp(n), our proof of the main technical lemma does provide some elements
which may be useful for developing the general theory. Examples include the explicit
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description in Section 5 of the groups and embeddings needed to relate zeta integrals of
parabolically induced representations to the inducing data, as first mentioned in [PSR1];
the introduction of auxiliary zeta integrals in the real case and the important estimate
of Lemma 6.6, which builds on a result of [KR1]; the identification of a product of zeta
integrals of Langlands quotient data as a zeta integral of the quotient under certain con-
ditions in Theorems 6.7 and 6.10, in analogy to results from [GJ]; and the construction of
x-sections in section 7. Also, at various points in the sections 2-8 we make some comments
on the development of the general theory. One point that is perhaps worth repeating here
is that the conjectural theory of zeta integrals for Sp(n) over nonarchimedean local fields
may require further progress in representation theory. If F' is nonarchimedean, then for
Gl(n) the equality analogous to the last displayed equality above is proven by an indirect
argument using the classification of the tempered dual of Gl(n, F'); the argument for Sp(n)
may also require knowledge of the tempered dual of Sp(n, F'), which has yet to appear.

Finally, it is likely that the main theorem can be generalized, and in particular some
of its hypotheses may be unnecessary. The main theorem makes two assumptions on the
signature of X at each of the infinite places v. The first is that signature is of the form
(2p,2q); the second is that p — ¢ is even, i.e., X, = Xx(r,) = 1. The first assumption
is required to apply the results of [M1], and we are not sure if they may be omitted.
However, at the finite places, the analogous results of [R3] apply to any even dimensional
symmetric bilinear space, so the assumption that the signature be of the form (2p,2q) at
the real places might be superfluous. We use y, = 1 in the proof of the main technical
lemma in the real case. This assumption is needed to apply the results of [KR1], stated in
Lemma 6.5 and Theorem 6.8 below. Given the conjectural general theory of zeta integrals,
and since the analogous assumption is not needed at the finite places, is likely that the
assumption y, = 1 can be dropped when v is real. This would require that the results of
[KR1] be generalized.

Perhaps the most interesting assumption of the main theorem is (2). As we have men-
tioned, the temperedness of o, at the finite places implies that L°(s, ) does not vanish at
sx (k) for k > n + 1, which is used in the proof of the main theorem. Instead of assuming
that o, is tempered at the finite places, one could assume that L°(s, o) does not vanish at
these points. However, the temperedness assumptions are also required for the application
of [R3] and [M1]. One might wonder when these assumptions can be dropped. That is,
suppose o, € Irr(O(X, F,)) occurs in the theta correspondence with Sp(k, F,) for some
2k > dim X. Let 7, € Irr(Sp(k + 1, F,)) correspond to o, in the theta correspondence for
O(X, F,) and Sp(k + 1, F,)). Is it true that the first element in the Langlands data for m,
is the quasi-character y,| - [****1? One could also ask if a weaker, but still adequate,
result holds: Is it true that there exist a standard section ®, and a matrix coefficient f,
for 7, such that Z(s — 1/2, f,,®,) has a pole at sx(k + 1)? It would be very interesting
to know when these statements hold.

We also expect that there is a result analogous to the main theorem and its corollary
if one begins instead with an irreducible cuspidal automorphic representation of the sym-
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plectic group, and lifts to an even dimensional orthogonal group. For this, a generalization
of [R3] to this case would be required, along with a strengthening of [M1]. The arguments
of this paper probably generalize in a straightforward way to this case. Note in particular
that the results of [KR1] would also apply without generalization.

The paper is organized in the following way. In Section 1 we prove the main theorem,
assuming the main technical lemma. In the remainder of the paper we prove the main
technical lemma. We begin by recalling in Sections 2 and 3 some definitions and results
about zeta integrals of symplectic and general linear groups. Given this background, in
Section 4 we outline the proof of the main technical lemma, which has two steps. Before
carrying out these two steps we first define some required groups and embeddings in Section
5. Then in Sections 6 and 7 we carry out the two steps required for the proof of the technical
lemma. Finally, in Section 8 we sum up and prove the main technical lemma.

Acknowledgments. I would like to thank S.S. Kudla for some useful conversations con-
cerning doubling zeta integrals.

Notation. Suppose F' is a number field; besides the notation introduced above, we will
use the following definitions. Let A; be the finite adeles of F', and set Fi.y = F ®g R.
The space §(X(A)™) used in the definition of global theta lifts is the restricted direct
product of the spaces S(X(F;)") for v a place of F. If v is finite, then 8§( X (F,)™) is the
space of locally constant, compactly supported functions on X (F,)™. If v is infinite, then
S(X(F,)™) is the space of K finite vectors for the Weil representation (Schrédinger model)
of the metaplectic group Mp(X ®Y, F,)) on L?(X (F,)™); here, Y is the symplectic I space
of dimension 2n and K is the usual maximal compact subgroup of the metaplectic group.
Let G be a semi-simple linear algebraic group defined over F', let g be the Lie algebra of
G(F), and let K be a maximal compact subgroup of G(F ). For the purposes of this
paper, an automorphic representation will be a (g, K) x G(A ) submodule of the space of
automorphic forms on G(F)\G(A).

Next, suppose that F' is a local field of characteristic zero, and G is a reductive linear
algebraic group defined over F', with F© = R if F' is archimedean. Suppose first F is
nonarchimedean with integers 9, prime ideal p = 7p9O C O, Hilbert symbol (-,)r, and
valuation | - | such that if x4 is an additive Haar measure on F', then pu(xA) = |x|u(A)
for v € F and A C F. Let ¢ = |[9/p|. The compactly supported, smooth (i.e., locally
constant) functions on G(F') will be denoted by C°(G(F)) or S(G(F)). Let Irr(G(F))
be the set of equivalence classes of smooth admissible irreducible representations of G(F).
Let 7 be a smooth representation of G(F'). The smooth contragredient representation of 7
is 7V, and if 7 admits a central character, we denote it by w,. A coefficient of 7 is a finite
C linear combination of matrix coefficients of 7. In the case G is connected, we say that 7
is tempered if w, is unitary and every matrix coefficient of 7 lies in L2T¢(G(F)/ Z(G(F)))
for all e > 0. If 7 € Irr(Gl(n, F')), then e(r) is the unique real number such that the central
character of 7 @ |det |~¢(™) is unitary, and = is essentially tempered if 7 @ | det |~¢(™) is
tempered. Suppose M and N are closed subgroups of G(F') such that M normalizes N,
MNN =1, P=MN is closed in G(F), N is unimodular and P\G(F') is compact. Fix a
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Haar measure dn on N, and for m € M, let §p(m) be the positive number such that all

fes(N),
/fm7m /f

Suppose that ¢ is a smooth representation of M. Then Indg(F) o is the representation
of G(F) by right translation on the C vector space of smooth functions f on G(F) with
values in o such that f(mng) = §(m)*/20(m)f(g) form € M, n € N and g € G(F). If x
is a quasi-character of F'*| then ¢(x) is the conductor of x;, i.e., ¢(x) = 0 if x is unramified
and otherwise ¢(x) is the smallest positive integer such that y(1 + RB¢X)) = 1.

Suppose F' = R. We will use definitions and results from [W]. Let K be a maximal
compact subgroup of G(R), and let g be the Lie algebra of the real Lie group G(R).
A Hilbert representation ¢ of G(R) is a continuous representation of G' on a separable
Hilbert space such that the restriction o|x of ¢ to K is unitary. Let Irr(G(R)) be the
set of equivalence classes of irreducible (g, K)-modules (which we will also call Harish-
Chandra modules). If p is a Hilbert representation of G(R), then the space px of smooth,
K-finite vectors in p is a Harish-Chandra module. Let m € Irr(G(R)). The contragredient
of m will be denoted by 7¥. A matrix coefficient of 7 is a function from G(R) to C
defined by g — (o(g)v,w) for some v,w € 7 and p an irreducible Hilbert representation
of G(R) with inner product (-,-) such that px = 7 (such a p exists). The C vector space
generated by the matrix coefficients of 7 is independent of the choice of p. A coefficient
of 7 is a finite C linear combination of matrix coefficients of m. There is the concept of
7 being tempered ([W], 5.1.1). If 7 is tempered than there exists a unique irreducible
unitary representation o of G(R) such that o = m. We say that an irreducible unitary
representation ¢ of G(R) is tempered if px € Irr(G(R)) is tempered. If g is an irreducible
Hilbert representation of Gl(n,R) we define e(p), etc., as in the nonarchimedean case. Let
M, N, P and ép be as in the nonarchimedean case. Assume additionally G(R) = PK. Let
o be a Hilbert representation of M with respect to K N M. There is the concept of the
Hilbert representation of G(R) unitarily induced from o, with a definition similar to the
nonarchimedean case ([W], 1.5.2); the (g, K) module of K-finite, smooth vectors in this
representation will be denoted by Indg(R) 0. The compactly supported, smooth functions
on G(R) will be denoted by C°(G(R)).

Finally, we shall need the Langlands classification for Sp(n, F'). This can be stated as
follows. Let n = ny + - -+ 4+ ny + ng, where nq,...,ns,ng are nonnegative integers, with
ni,...,ns positive if £ > 0. For 1 <17 <t let §; be essentially tempered representations
of Gl(n;, F') such that e(61) > --- > e(é:) > 0, and let 7 be a tempered representation of
Sp(no, F). Let Py, ... n, be the standard parabolic subgroup of Sp(n, F') (as defined in [R3],
for example) with Levi subgroup isomorphic to Gl(ny, F') x - - - x Gl(n, F') x Sp(ng, F).
Then Ind%i(ln’i)t (61 ® -+ - ® 6y ® 7) has a unique nonzero quotient L(d; ® - - - ® 6y ® T) in
Irr(Sp(n, F)), which we call the Langlands quotient of the Langlands data (61,...,0, 7).
Moreover, every element of Irr(Sp(n, F')) is of the form L(6; ®---®6; ® 7) for some unique
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Langlands data (61, ...,0 7). For information about Langlands quotients see for example
(W], [BW] and [T].

1. Proof of the main theorem

In this section we prove the main theorem and its corollary. For a sketch of the proof,
see the introduction to this paper. We begin by proving the main lemma, which in turn
depends on [R3], [M1] and the main technical lemma, Lemma 1.4. In the following lemma
we write 0y (o) for the element of Irr(Sp(k+1, F,)) corresponding to 0. As we mentioned
before the statement of the main theorem, this is justified even if F' is nonarchimedean of
even residual characteristic by Theorem 4.4 of [R3]. The notation and definitions for zeta
integrals appear in Section 2. The proof of the main theorem can be understood without
a detailed knowledge of zeta integrals outside the statement of the main lemma.

Lemma 1.1 (Main Lemma). Let F' be a local field of characteristic zero, with ' = R if
F' is archimedean. Let X be an even dimensional nondegenerate symmetric bilinear space
defined over F', and let k be a positive integer such that 2k > dim X. Let o € Irr(O(X, F))
and assume o occurs in the theta correspondence with Sp(k, F'). Assume o is tempered
and if o first occurs in the theta correspondence with Sp(n’, F') with 2n’ > dim X, then
the first occurrence of o is tempered. If F = R, assume the signature of X is of the
form (2p,2q) with p > 0, ¢ > 0 and p — q even. Then there exists a standard K'-finite
xx-section ® for Sp(k + 1, F) and a matrix coefficient f of 0y11(c) € Irr(Sp(k + 1, F))
such that Z(s — 1/2, f, ®) has a pole at sx(k +1).

Proof. We claim first that 0y (0) has Langlands quotient form (see the notation section)
Ors1(0) = Lixx| [R5 @ @6 ®7)

where x x |-|*X **1) is the quasi-character of GI(1, F) = F* such that 2 — yx (z)|z|*x*+1),
If F' is nonarchimedean this follows from (1) of Theorem 4.2 and Theorem 4.4 of [R3].
Suppose F' = R. Assume o first occurs in the theta correspondence with Sp(n’, F') with
2n/ < dim X. Then in the terminology of [M1], by Théoreme IV.3 of [M1], o satisfies (})’ of
[M1]. As o is tempered, by (ii) of Théoreme III1.13 of [M1], 6541 (o) has the claimed form.
Next, assume o first occurs in the theta correspondence with Sp(n/, F') with 2n’ > dim X.
Then 6,/ (0) is tempered by assumption; by Corollaire IV.5 (ii) of [M], 0;+1(0) again has
the claimed form. Since p — ¢ is even if ' = R, yx = sign’"? =1 if F = R. The lemma
now follows from the Lemma 1.4, the main technical lemma. O

We can now give the proof of the main theorem.

Proof of Theorem 1.2, the main theorem. To begin, we observe that the hypotheses of
the theorem hold if n is replaced by k a positive integer, for £ > n. The only hypothesis
that needs to be checked is (1); this hypothesis holds for n replaced by k, k > n, by the
persistence property of local theta lifts, which asserts that if an element of Irr(O(X, F},))
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occurs in the theta correspondence with Sp(t, F},), then it occurs in the theta correspon-
dence with Sp(t + 1, F,)); if v is finite see, for example, a) of the Remarque on p. 67 of
[MVW] (note that if v is finite, even if v lies over 2, our definition of a representation
occurring in the theta correspondence from the introduction is equivalent to the represen-
tation being a quotient of the Weil representation by 2) a) of Théoréme principal, p. 69
of [MVW]). Thus, if the theorem is true, then O (V,) # 0 for k¥ > n; this is consistent
with the persistence property of global theta lifts [Ral]. Now it is well known that if & is
large enough, then ©(V,) # 0; in fact, by [Ral], ©;(V,) # 0 for k in the stable range
k > dim X. We may thus assume that dim X > n. We will prove the theorem by showing
inductively that Ogim x (V) # 0,040im x-1(Ve) # 0,...,0,11(Vy) # 0,0,(V,) # 0. We
already noted that Ogim x (V) # 0. Assume ©Op41(V,) # 0 for some dim X > k > n; we
must show O(V,) # 0. Assume O(V,) = 0; we will obtain a contradiction.

Now O11(V,) is cuspidal since O (V,) = 0; see Remark 1.2.1, p. 351 of [Ral] or the
remark on p. 78 after Corollary 5.4 of [HPS]. By [M3], m = ©y11(V,) is irreducible. Let
T 2 ®,7y. Then 7, = Ox11(0,) for all v by the proof of Theorem 1.2.2 on p. 355 of [Ral].
Let S be the union of the set of archimedean places and the set of places where o, m and
X = xx are ramified; then S is a finite set. We will derive a contradiction by computing
the order of vanishing of L°(s, 7, x) at s(k + 1) = sx(k + 1) in two ways and obtaining
conflicting results. Here, L°(s,,Y) is the partial standard L-function of 7 twisted by ;
see Section 7 of [KR2] or section 2 of [KR1].

First, by the functorality of the theta correspondence at the unramified places, i.e.,
those places not in S, we have

L5(s,m,x) = ()L (s, | - [PFHTI)LS (s, | - |5 FHD) LS (s, | - [PFHD=H) LS (s, | - |~ (D =D)
e LS(Sa | : |)LS<87 | : |71)LS(870—>'

See Corollary 7.1.4 of [KR2]. Here, ((s) is the zeta function of F', and the superscript
S means the product of all Euler factors whose corresponding places are not in S. Since
o is tempered at the finite places, L°(s,o) does not vanish at s(k + 1) if s(k + 1) > 1,
i.e., 2k > dim X; if 2k = dim X, then L(s,0) does not vanish at s(k + 1) by hypothesis.
Let us consider the behavior of the other factors at s(k + 1). Suppose first s(k + 1) > 1.
Then (see for example [E] 450D), L5(s, |- |~5(*+1) has a zero of order |S| — 1 at s(k + 1),
L3(s,| - |~ ((k+1D=1)) has a simple pole at s(k + 1), and the remaining factors other than
L®(s,0) have neither a pole nor a zero at s(k + 1). Thus, if s(k 4+ 1) > 1, L%(s, 7, x) has
a zero of order at most |S| — 2 at s(k + 1). Suppose s(k + 1) = 1. Then L(s, 7, x) =
CS(S)LS (s, |- VL (s, |- |7Y)L(s,0), L¥(s,|-|~!) has a zero of order |S| —1 at s(k+1) = 1,
¢%(s) has a simple pole at s(k+1) = 1, and the remaining factor L°(s,|-|) besides L (s, o)
has neither a pole nor a zero at s(k+1). Thus, in the case s(k+ 1) = 1 we again find that
L3(s,m,%) has a zero of order at most |S| — 2 at s(k + 1). Thus, altogether, L (s, 7, x)
has a zero of order at most |S| —2 at s(k + 1).

On the other hand, we can bring the places in S into the argument. We may assume
that each 7, is endowed with an inner product such that if w = ®,w,, W' = ®,w., € T,
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then

<w’ w/> = H<wv7 w;>’

v

where (w,w’) is the Petersson inner product with respect to our fixed invariant measure
on Sp(k + 1, F)\Sp(k+ 1,A). For v ¢ S, let w, be the K,-invariant vector in m, used to
define the restricted tensor product ®,m,; we may assume that (w,,w,) =1 for v ¢ S.
Also, for v ¢ S let ®, be the unramified x,-section for Sp(k + 1, F,). If v ¢ S and f, is
the matrix coefficient of m, defined by f,(g) = (7(g)wy, w,), then it is known that (see for
example [KR2])

Z(S - 1/27fv7 (I)v> = L(Saﬂ-vaXv)-

Let v € S. By the main lemma, there exist w,,w! € m, and a K|-finite standard y,,-
section @, for Sp(k + 1, F,) such that if f, is the matrix coefficient of 7, defined by
fo(g) = (mu(g)wy, wl), then Z(s —1/2, f,, ®,) has a pole at s(k +1). Let

W= RyWy, W = ®pgsWy @ Quesw,
and ® = [[®,. Then by, for example, (7.2.8) of [KR2],

Z*(s —1/2,w,w, ®)
Hveg Z(S - 1/27fvaq)v)

where Z*(s,w,w’, ®) = bf(k+1)(s,x)Z(s,w,w’, ), and bg(k+1)(s,x) and Z(s,w,w’, ®) are

L5(s,m,x) =

defined as in [KR2]; bg(kﬂ)(s,x) is a certain normalizing factor and Z(s,w,w’, ®) is a
global zeta integral. By Theorem 1.1 of [KR2] (see the comment before Corollary 7.2.3
of [KR2]), Z*(s — 1/2,w,w’, ®) has at most a simple pole at s(k + 1). It follows that
L3 (s, 7, %) has a zero at s(k + 1) of order at least |S| — 1. This is a contradiction. [

Corollary 1.3 follows from the main theorem and some other results.

Proof of Corollary 1.3. As in the statement of the corollary, let 2n = dim X. Assume that
0, is tempered for all finite places v, o, occurs in the theta correspondence for O(X, F,,) and
Sp(n, F,) for all places v, and L°(s, o) does not vanish at 1. Let v be a finite place. Since
0, occurs in the theta correspondence with Sp(n, F,), 2n = dim X, and o, is tempered,
by Theorem 4.2 of [R3], the first occurrence of o, is tempered. The main theorem now
implies that ©,,(V,) # 0. Now assume additionally that L°(s, o) has a pole at 1. Suppose
©,,-1(Vy) = 0. Then, as in the proof of the main theorem, = = ©,,(V,) is irreducible and
cuspidal. By corollary 7.1.4 of [KR2],

LS(S, T, X) = CS(S)LS(S, o).

Since ¢¥(s) and L°(s, o) have poles at 1, L%(s, 7, x) has at least a double pole at s = 1.
This contradicts Theorem 7.2.5 of [KR2] which asserts that L(s,7,x) has at most a
simple pole at s =1. O
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Lemma 1.4 (Main Technical Lemma). Let n be a positive integer, and let F' be a local
field of characteristic zero, with F' = R if F' is archimedean. Let x be a quasi-character of
F*, with x =1if F =R. Let m € Irr(Sp(n, F')), and write 7 as a Langlands quotient (see
the notation section) m = L(61 ® - -+ ® 6; ® T), where n = ny + - - - + ny + ng Iis an ordered
partition of n with ny,...,n; positive if t > 0, 6, are essentially tempered irreducible
representations of Gl(n;, F') for 1 <1i <t withe(61) > --- > e(6;) > 0, and 7 is a tempered
irreducible representation of Sp(ng, F'). Assume that t > 0 and ny = 1, so that 6; is a
quasi-character, and suppose 61 = x| - |*° for some sy € C. Then there exists a coefficient
f of m and a standard K'-finite x-section ® for G such that Z(s —1/2, f, ®) has a pole at
S0-

After preparations in sections 2—7, the proof of the main technical lemma appears in
Section 8.

Remark 1.5. In the nonarchimedean case we will actually show the stronger statement
that for any quasi-character 81, not just those of the form x| - [%°, there exist a coefficient
f of m, a standard K’-finite y-section ® for G and constants A and B, A # 0, such that

Z(s —1/2, @) = AgP*L(s, xo7").

2. Zeta integrals for the symplectic group

The remainder of this paper is devoted to the proof of the main technical lemma. In
this section and the next, we give definitions and recall results concerning zeta integrals.
In Section 4 we then describe the idea of the proof of the main technical lemma.

We follow [PSR1,2,3]. The following notation will be fixed for the remainder of the
paper. Let F' be a local field of characteristic zero, with F' = R if F' is archimedean.
Let (V,(-,-)) be a nondegenerate symplectic bilinear space of dimension 2n over F. Let
G = Sp(V). Define a nondegenerate symplectic bilinear space (V/, (-,-)) over F by letting
VI =V xV and ((v1,v2), (v],v5)) = (v1,v]) — (va,v}). Let H = Sp(V’). We have an
embedding

1:GxG—H

defined by i(g,¢')(v,v") = (gv,g'v"). Let V¢ be the subspace of pairs (v,v) for v € V.
Then V¢ is a Lagrangian of V. Let P’ be the parabolic subgroup of H stabilizing V.
Note that G embedded in H on the diagonal is contained in P’. Also, the set P'i(G x 1)
is dense in H. Fix a symplectic basis B = {z1,...,2n,91,...,yn} of V, and identify G
with Sp(n, F') via this basis. Let K be the usual maximal compact subgroup of G, so that
K = Sp(n,O) if F is nonarchimedean, and K is the stabilizer of the point 7 in the Siegel
upper half space of degree n if F' = R. The elements

(1,0),...,(2,,0),(0,y1),-- -, (0,yn), (¥1,0), ..., (Yn,0),(0,21),...,(0,z,)
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form a symplectic basis for V’. Identifying H with Sp(2n, F') via this basis, we let K’ be
the usual maximal compact subgroup of H. Since with this choice of basis

a 0 b O
la b ad Vi, |0 d 0 ¢
Z({c d}’{c’ d’])_ c 0 d 0}’

0 v 0 d

it follows that i(K x K) C K'. This choice of basis for V'’ has the advantage that i takes
on a simple form; however, the elements of P’ are not so easily described. We will instead
use the symplectic basis B’ = {e1,...,en, f1,.--, fn, €y €l, fioooo, [l } for V' where
ei = (i, xi), fi = (Wi, i), € = (v:,0) and f/ = (0,z;) for 1 < i < n. This choice of basis
will be fixed for the remainder of the paper. With respect to B’, the elements of the Siegel
parabolic P’ have the usual form, and

a b b 0 1 0 0
la b 0 1 0O 0 ) a b c d 0 ¢
Z({c d]’l)_ c d—1 d 0}’ Z(l’{c d})_ —c 1—-d 1 -—c

1—a —-b -b 1 a—1 b 0 a

Note that K’ = Sp(2n,9) if F is nonarchimedean, and K’ is conjugate to the usual
maximal compact subgroup of H = Sp(2n,R) if F = R.

Next, we define the test functions for the zeta integrals. Suppose first that F' is nonar-
chimedean. Fix a quasi-character y of F*. For s € C, let I5(s, x) be the C vector space
of functions ® : H — C that are right invariant under a compact open subgroup of H and
satisfy ®(ph) = a, (p, s)®(h) for h € H and p € P’; here,

=0 ] s = xaealdeapren,

where p2, = (2n+1)/2. Under right translation, I (s, x) is a smooth representation of H.
A x-section for G, or simply a x-section, is a continuous function ® : H x C — C such
that ®(-,s) € Iy (s, x) for all s € C, ®(h,-) is holomorphic for all h € H, and there exists a
compact open subgroup L of H such that ®(hk,s) = ®(h,s) forallh € H, k € Land s € C.
Let I (x) be the C vector space of all y-sections. Then Iy (x) is a smooth representation
of H under right translation. A x-section ® is standard if the restriction of ® to K is
independent of s, i.e., ®(k,s) = ®(k,s’) for k € K’ and s,s' € C. Let I3!*"(x) be the C
subspace of I () consisting of all standard x-sections. Clearly, 13¢2%() is closed under
the right translation action of K’, and restriction to K’ defines a K’ isomorphism from
I3 (x) to Indg,/m % X- If x is unramified, we define the unramified section ¢ € Iy (x)
by ®(pk,s) = ay(p,s) for p e P/, k € K’ and s € C. Clearly, this is well-defined.

Now suppose that F' = R. Fix a quasi-character x of R*. For now x will be arbitrary;
beginning in Section 6 we will assume x = 1. For s € R, let I5(s, x) be the C vector space
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of functions ® : H — C such that ® is smooth and ®(ph) = a, (p, s)®(h) for p € P' and
h € H; here a, is defined as in the nonarchimedean case. Let D(H) be the C vector space
of differential operators on H. For D € D(H) and C a compact subset of H, define a
semi-norm || - ||p,c on Iy (s, x) by

1[|p,c = sup{[(D®)(h)| : h € C}.

With the topology defined by this family of semi-norms, I (s, x) is a Frechet space. More-
over, I (s, x) is a differentiable representation of H under right translation in the sense
of [War|, p. 259. A x-section for G is a smooth function ® : H x C — C such that
®(-,s) € Iy(s,x) for all s € C and ®(h,-) is holomorphic for all h € H. Let Iy(x) be the
C vector space of all y-sections. If D € D(H), C is a compact subset of H, and C’ is a
compact subset of C, define a semi-norm || - ||p,c.c’ on Ig(x) by

||(I)||D,C,C’ = Sup{|(D(I))(h, S)| the C, S € Cl}

With the topology defined by this family of semi-norms, I () is a Frechet space, and Iz (x)
is a differentiable representation of H under right translation. As in the nonarchimedean
case, we have the concept of a standard section.

We can now define the zeta integrals. Fix a Haar measure on G. Let 7 € Irr(G). It is
known that there exists a real number og such that for all & € Iy (x), coefficients f of m,
and s € C with Re(s) > oy,

(s, , @) = /G D(i(g.1),5)f(g) dg

converges absolutely. Let ® € Iy(x) and let f be a coefficient of 7. It is known that
Z(s, f,®) has an analytic continuation to a meromorphic function on C, and if F' is nonar-
chimedean, then there is a rational function p(X) € C(X) such that Z(s, f,®) = p(¢~*).

In addition, there is the concept of a good x-section. See [PSR3|, p. 110, and [HKS],
p- 970. Good sections consist of the standard sections, the image of the standard sections
under a certain operator, and, if y is unramified, translates of a normalization of the
unramified section. Since we shall only work with standard sections we omit the precise
definition.

3. Zeta integrals for the general linear group

There is a similar development for the general linear group. Again, F' is a local field
of characteristic zero, with F' = R if F' is archimedean. Let X be a vector space over F
of dimension k. In Section 5, X will be a subspace of the space V from the last section,
and the groups we define will be subgroups of H. Let G; = GI(X), X’ = X x X, and
H, = GI(X’). We again have an embedding

i11G1XG1‘"—>Hl
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given by i1(g,¢')(z,2') = (gz,¢'z"). Let X< be the subspace of pairs (z, ) for x € X. Let
P] be the maximal parabolic subgroup of G stabilizing X¢; again, G; embedded on the
diagonal is contained in P{. Let By = {x1,..., 2%} be an ordered basis for X, and identify
G1 with Gl(k, F) via this basis. Let K; be the usual compact subgroup of Gy, so that
K, = Gl(k,9) if F is nonarchimedean, and K7 = O(k,R) if ' = R. The elements

(21,0),...,(xx,0),(0,21),...,(0, k)

form a basis for X7. Identifying H; with Gl(2k, F') via this basis, we let K{ be the usual
maximal compact subgroup of H;. Since with this choice of basis,

. h 0
“(h’h’):[o h’]’

we have i1 (K7 x K1) C K{. However, again we will instead use a different ordered basis for
X', namely B} = {e1,...,ex, f1,..., fi.}, where e; = (z;,2;) and f; = (0,2;) for 1 <i < k.
Then the elements of P| have the usual upper triangular form of the k + k standard
parabolic of GI(2k, F'), and

il(h,n:[lfh ﬂ il(l,h):[hil 2}

Note that K| = Gl(2k,9) if F' is nonarchimedean, and K/ is conjugate to the usual
maximal compact subgroup of H{ = GI1(2k,R) if F' =R.

Test functions are defined analogously to the case of Sp(n). Fix quasi-characters pu; and
po of F*. For now, py and po will be arbitrary, but just before Proposition 5.3 we will
make a fixed choice. For s € C, we define the inducing quasi-character o, ,,(:,s) of P
by
a b

s iz (P 8) = | det a/ det |4/ (det a) o (det o), p={o Jepf'

Again, we have the spaces I, (1, pi2, 5), 1, (1, p2) and 1§22 (pq, piz). The zeta integrals
associated to an element of Irr(G;) are defined analogously and the same results hold.

4. Idea of the proof

Having introduced zeta integrals, we now discuss the idea of the proof of the main
technical lemma. Let the notation and assumptions be as in the main technical lemma.
Let 6 = 61, let 7’ be the Langlands quotient of the Langlands data (é2,...,8;,7), and let
P Dbe the standard maximal parabolic of G = Sp(n, F') with Levi factor M = G; x Gy =
GI(1, F') x Sp(n — 1, F') as defined in Section 5. The basic idea of the proof, which has two
steps, is as follows: In the first step, we investigate when a product of zeta integrals for ¢
and 7’ can be identified with a zeta integral for . Precisely, we show that if fi and fo are
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coefficients for 6 and 7', respectively, ®; is a 1, uo-section for Gy, @5 is a y-section for
Go, and @ is a K x K-finite y-section for G such that

(41) q)l(i1<gl, 1), S)q)g (12 (gg, 1), S) = /UXU q)(i(ﬂ_lum(gl, gg), 1), S) d(uﬂ)

for g1 € G1, g2 € G2 and s in some right half plane, then there exists a coefficient f of 7
such that

(4.2) Z(s, f1 @ 652, ®1)Z (s, fo, ®2) = Z(s, f, ®).

Here, U is the unipotent radical of P, U = *U, and the factor 6;1/ 2, regarded as a quasi-
character on G, naturally appears because we must take pu; = Xéllg/ % and Lo = X_léllg/ 2;
see the comment before Proposition 5.3. In the second step, we show that there exist
f1, fa, 1, P2 and a y-section ® for G such that (4.1) holds, Z(s —1/2, f1 ® 6;1/2, ®;) has
a pole at s, and Z(s, fa,P2) = 1. Steps one and two clearly imply the main technical
lemma, if the y-section ® for G from the second step can also be shown to be K x K-finite
and standard.

In the nonarchimedean case, this is indeed exactly how we prove the main technical
lemma: the ® from the second step is K x K-finite and standard. However, a complication
arises in the real case: While one can always find f1, fao, ®1, P> and ® as in the second
step, in the real case ® may not be K x K-finite; hence, we cannot directly apply the
first step. To get around this, we use a density argument. The key insight is to view the
products Z(s, f1 ® 6;1/2, ®1)Z(s, fa, o) for which there exists a (not necessarily K x K-
finite) ® satisfying (4.1) as belonging to an intermediate class of auxiliary zeta integrals
which behave like ordinary zeta integrals for 7. Namely, suppose f1, fo, P1, P2 and & are
given and (4.1) holds. Then

(4.3) Z(s, f1 @ 6p "%, ®1)Z (5, fa, ®s) = Z(s, f1, f2, ®)

where
Z(3, f1, f2,®) :/G .. vq’(i(ﬂ_luma1)>S)fl(gl)f2(92)5P(m)_1/2d(g1gzuﬂ)-

Here, m is the element of M determined by ¢g; and go. We thus consider the class of
auxiliary zeta integrals Z(s, f1, fo, ®) for fi and fy coefficients of § and 7', respectively,
and ® a x-section for G. Now [KR1] establishes two fundamental properties for ordinary
zeta integrals. First, if f is a coefficient for m, then for every nonnegative integer M, there
exist differential operators D1,..., D, on H such that

Z(s, f, ®)| < /G [@(i(g,1),5)f(9)l dg < |®(, 8)l|x'.Dy +- - + 2 ). Dy
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for s in a half plane Re(s) > og+b—cM and ® in the set Iy (x) s of x-sections which vanish
to order M on the boundary of P\ H. Here, 0y and ¢ are constants depending only on G,
and b is a constant depending on 7. See the comment before Lemma 6.5 for more precise
definitions. Second, for every nonnegative integer M, there exists an element X,/(s) of
C[s] ® Z(g) which has a nonzero action on 7 and maps Iz (x) into Iy (x)a; here, Z(g) is
the center of the universal enveloping algebra of the Lie algebra g of G =2 G x1 C H. From
these two properties, it follows that for every half plane Re(s) > o¢ + b — ¢M there exists
a polynomial p(s) depending on 7 such that for ® € Ig(x), Z(s, f, Xa(s)P) converges
absolutely in Re(s) > o9 + b — cM, and

p(S)Z(S, f7 (I)) - Z(Sa fv XM(S)q))

for Re(s) > o¢ + b. Thus, Z(s, f,®) has an analytic continuation to Re(s) > oo + b — cM
with poles among the zeros of p(s). We prove analogous properties for the Z(s, f1, f2, ).
We estimate |Z(s, f1, f2, ®)| by decomposing the domain of integration, and bounding
|Z (s, f1, f2, ®)| by a sum of two integrals: one integral reduces to the case of an ordinary
zeta integral, while the other requires a new argument. Using this estimate, we next show
that if ® is K x K-finite, then there is a coefficient f of 7w such that

Z(s, f1, f2,®) = Z(s, [, ®).

In particular, this allows us to deduce that the analogue of the above second property also
holds for auxiliary zeta integrals.

These results in the real case amount to an enhancement of the first step mentioned
above. The second step in the real case is similar to the nonarchimedean situation. In the
real case, we now prove the main technical lemma as follows. We pick fi, fo, @1, P and ¢
such that Z(s, f1 ® 6;1/2, ®,) and Z(s, fo, P3) are as desired and (4.1) holds; then (4.3)
also holds. Then we choose a sequence (®,,) in Ig(x) of K’'-finite elements converging to
®. Using that Z(s — 1/2, f1, f2, ®) has pole at sg by construction, an argument shows
that some Z(s — 1/2, f1, f2, ®,) has a pole at so. Since Z(s, f1, fo, Prn) = Z(s, f, ®,) for
some coefficient f of 7, and since every K’-finite y-section is a finite linear combination of
standard K’-finite y-sections, the proof is complete.

5. An auxiliary parabolic

As we mentioned in the last section, to prove the main technical lemma we will need
to relate zeta integrals for § and 7’ to zeta integrals for 7. To do so we need to introduce
some more groups and embeddings. We will use the notation of Sections 2 and 3.

Though the main technical lemma only requires the standard maximal parabolic P
with Levi isomorphic to GI(1) x Sp(n — 1), in this section we will consider the case of a
general standard maximal parabolic. In the next section we will assume that P has Levi
isomorphic to GI(1) x Sp(n — 1). Fix an integer k such that 1 < k < n, and let X be the
subspace of V with ordered basis {x1,...,x;}, let Y be the subspace with ordered basis
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{y1,...,yx}, and let Z be the subspace with ordered basis {Tx11,...,Tn,Yk+1s--->Yn}-
As in section 3, let G1 = GI(X). Also, let Gy = Sp(Z). The definitions of sections 2 and
3 apply to GG1 and Gs. Let P be the maximal parabolic subgroup of G stabilizing X. The
elements of the Levi component M and unipotent radical U of P have the form

g1 O 0 0 1 z vy =z

0 a 0 b 0 1 t2 0
m<gl792) = 0 0 tgl—l 0 ) U(fL’,’y, Z) = 0 0 1 0 9

0 ¢ 0 d 0 0 —tz 1

respectively. Here, g1 € G1, g2 € G5 has form

_la b
g2 = |:C d:| )
T € Myy(n_p)(F), y € Myxi(F) and z € Myy(n_p)(F) with *(y — 2'2) = y — 2z, We
have U = U; x Uy, with U; the subgroup of elements of the form «(0,y, z) and Uy the
subgroup of elements of the form u(x,0,0). Clearly, Uy = Symy, ;. (F') X My (n—k)(F) and
Uz = M (n—r)(F'). The groups Uy, Uz and U are all unimodular. Using the formula for

Haar measures on semi-direct products, if Haar measures on Symy, ., (F') and My (—p) (F)
are fixed, then a Haar measure on U is given by

/U F(u) du = /A Flu(z,y — 'z, 2)) d(zyz)

for F' € C.(U), where A = My (—1)(F) X Symy, . (F) X Mpy (n—g)(F), and we use the
product measure on A. We will also need to use the parabolic subgroup P opposite to P.
In matrices, this is the group of ‘p with p € P. The Levi component of P is of course
M, and we let U = 'U denote the unipotent radical of P. Fixing Haar measures on
Mjox (n—k) (F) and Symy,, , (F) determines a Haar measure on U.

Next, we introduce an auxiliary parabolic of H that will be the key to relating zeta
integrals on GG to zeta integrals on G; and G,. In doing so, we were inspired by the
comments in section 1 of [PSR1]. Let P; 2 be the maximal parabolic of H stabilizing the
totally isotropic subspace X’ = X x X of V/. We have the decomposition V' = X'@Z' @Y,
where X' = X x X, Y' =Y xY and Z/ = Z x Z. Evidently, X’ and Y’ are totally isotropic
and dually paired, and the orthogonal complement of X’ @Y’ is Z’. The Levi component
M 5 of Pj 5 is isomorphic to GI(X’) x Sp(Z’). Letting Hy = GI(X') and Hy = Sp(Z’), we
obtain embeddings

Z'/12H1‘—>M172CP1,2CH, Z'IQZHg%MlgchQCH.
Note that by sections 2 and 3 we also have embeddings

i11G1XG1‘—>H1, iQZGQXGQ;)HQ.
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We use {e1,...,ex, f1,--, fr} and {epy1, o en, frovts o5 frs€hprs s €y frgrs -5 S}
as ordered bases for X’ and Z’, respectively. These choices of bases are consistent with
the definitions of section 2 and 3 applied to G; and G5. Explicitly, suppose h; € H; and
hs € Hy with

a; ao b1 bQ

_la b t-1 |d YV las as by by
h‘l - |: :| 9 h]_ - |: / I h2 - Cl C2 dl d2
C3 Cq d3 d4

Then
e 0 0 0 0 0 b 0 10 0 0 0 0 0 07
01 0 0 0 00 0 0 ap 0 ay 0 by 0 by
00 d 0 — 0 0 0 00 1 0 0 0 0 0
oo 0 1 0 000 |0 a3z 0 as 0 by O by

nh)=10 0 » 0 o« 00 o/°2™=|g 0 0 0 1 0 0 0
00 0 0 0 10 0 0 ¢; 0 ¢ 0 dy 0 dy
c 0 0 0 0 0d o0 00 0 0 0 0 1 0
000 0 0 0 0 0 1l (0 3 0 ¢ 0 ds O dyl

One can verify that ¢} (K]) C K’ and i5(K5) C K'. Moreover, the embeddings ¢} and
are compatible with 71 and i, in the sense of the following lemma. We will use this lemma
in the second step (Section 7) of the proof of the main technical lemma.

Lemma 5.1. If g1 € Gy and g2 € Ga, then i(m(g1,92),1) = #}i1(g1,1)i5i2(g2,1).
Proof. This follows by a direct computation. O

In the yet to be completed theory of zeta integrals for the symplectic group, an important
role will be played by integrals of good x-sections for G over i(U x 1). The operator defined
by this integration should send the space of good y-sections for H onto the tensor product
of the corresponding spaces for H; and Hs. Such a result should suffice to show that the
zeta integral ideal of a representation of G parabolically induced from P is the product
of the zeta integral ideals of the inducing data. By an involved argument, we can prove
this when F'is nonarchimedean and y = 1. While interesting from the standpoint of the
general theory, this result is tangental to our proof of the main technical lemma. We will
thus prove only what we need, namely that formally the operator takes sections for H to
the tensor product of sections for H; and Hs.

Lemma 5.2. Let u(z,y,2) € U, p1 € P| and ps € Py, with

~Ja b _las as by by
pl_ 0 I p2_ 0 O / /
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a/ b/ a// b//
Then there exist p' = { . ,_1} p! = 0 ta”_l} in P’ with deta’ = detad” =1 and

0 ‘a

)i (p1) =i (p)pli(u(c o, c Tyt e l2), 1),

@(u(m, Y, Z)? 1)2'/2(])2) =1

~—

i(u(z,y, 2
(p2)p"i(u(x’,y + 2tz + o — 2/t ), 1)
where ' = xaj + zas, 2’ = was + zay, and y' = (wby + 2b3)'x’ + (xby + 2by)'2’.

Proof. The lemma follows by a direct computation, with

1 dxr dwic™! dz (@™t +a tbe)ytd + dwlc™ dz 0 0
o1t 0 o t(dz) 0 0 0
““lo o 1 of "7 0 0 0 0}’
0 0 0 1 0 0 0 O
where d =a=! —c ' +a7tbe™! and w =y + 2tz — 2'2, and
1 0 0 0 0 e 0 f
a// _ 0 1 t(x(bl - CLQ) + Z(aa - a4 + b3>) O b// te O 0 O
{0 0 1 0}’ |0 0 0 0}’
0 0 (o + 2(ab + b4)) 1 f 0 0 0

where e = 2(b; — as) + z(a] — ag + b3) and f = xby + z(ah + by). O

As the next proposition shows, in integrating a x-section for GG over U we obtain es-
sentially a product of a pui,po-section for G; with a y-section for GGo. However, con-
trary to what one might first guess, we do not have u; = y and s = x~!; instead,
w1 and po are x and x !, respectively, twisted by the same factor | - |(2"’*k+1)/2. Since
5p(m(g1,92)) = |det g1|*"~**! for gy € G; and g» € G, from now on ép(x) for x € F*

shall mean |z|?"~*+1, For the remainder of the paper, let
1/2 _1¢1/2
M1 = Xép/ ) M2 =X 1613/ .

Proposition 5.3. Fix Haar measures on Symy, ., (F) and My, (,—k)(F) so that a Haar
measure on U is determined. Fix s € C, and let ® : H — C be such that ®(ph) =
ay(p,s)®(h) forp € P' and h € H. Assume that ®(-h)|y € L'(U) for h € H, and define
@1722H1 XH2—>(C by

By o (hrs ha) = /U<I>(i(u,1)i’1(h1)i’2(h2))du.

Then @1 2(p1hi,p2ha) = oy u, (D1, 8)y (D2, 8)P12(h1, he) for p1 € Pj,p2 € Py,hy € Hy
and hy € Hs.

Proof. The proof follows by a straightforward computation using Lemma 5.2. [
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6. Step one: identification of zeta integrals

In this section we carry out the first step in the proof of the main technical lemma. For
the remainder of this paper m will be as in the statement of the main technical lemma.
Write

b=b1=x|"1" 7'=L6® -@6®T),

where 7’ is the Langlands quotient of the Langlands data (82, ...,6;, 7). If FF' =R, so that
by hypothesis x = 1, we will write

a =e(6) = Re(sg)-

In this case, when F = R, |§(z)| = |2|*®) = |z|%; by definition, a is positive. We will use
the notation of Section 5 with £ = 1, so that P from Section 5 is the parabolic subgroup
with Levi factor M = G x G2 2 GI(1, F') x Sp(n — 1, F).

As we mentioned in Section 4, the first step of the proof of the main technical lemma, is
to show that if ®4 is a pq, pe-section for Gy, @5 is a x-section for Go and ® is a K x K-finite
x-section for G, and ®1, 5 and P are related by equation (4.1), then the product of a zeta
integral Z(s, f1 ® 6];1/2, ®,) for 6 with a zeta integral Z(s, fa, ®2) for 7’ is a zeta integral
Z(s, f,®) for 7. When F' is nonarchimedean we prove this in Theorem 6.10 at the end
of this section. A similar result holds if ' = R (see Theorem 6.7), but as we mentioned
in Section 4, this is not quite sufficient for our purposes because for the ®;, &5 and ¢
that we find in Section 7 such that (4.1) holds and Z(s, fi ® 61;1/2, @) and Z(s, fa, P2)
have the right form, ® will not generally be K x K-finite. However, the K x K-finite
vectors are dense in Iy (x), and so it is natural to try a limit argument. When F = R,

this necessitates that we view the products Z(s, fi ® 5;1/2, ®1)Z(s, f2, P2) as belonging
to a larger class of auxiliary zeta integrals Z(s, f1, f2, ®) for which one has good estimates
along with analytic continuation. The first, and most essential, result of this section is an
estimate of these auxiliary integrals in terms of the semi-norms on I (x, s). After this, we
show that if ® is K x K-finite, then an auxiliary zeta integral Z(s, f1, f2, ®) is equal to a
zeta integral Z(s, f, ®) for m; using results of [KR1]| about zeta integrals for 7, this result
allows us to analytically continue Z(s, f1, f2, ®) for K x K-finite ®. Until the final result
of this section, Theorem 6.10, we let F' = R; when F' = R, as in the statement of the main
technical lemma, we assume xy = 1. As a reference for the representation theory of real
reductive groups we use [W].

We will need to measure the size of elements of G = Sp(n,R), and more generally, of
elements of My ;(R). For x € Mgy;(R), define

lzll = (Dl )72,
%]
If N is a positive integer, then ||gh|| < ||g||||k| for g, h € GI(N,R), and || gk| = ||kg|l = ||g]|

for g € GI(N, F') and k € O(N,R). We begin with two technical results which will be used
in the proof of Lemma 6.6.
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Lemma 6.1. For @ € U, let
u = u(u)m(u)k(u) = u(u)m(g(u), g2())k(w),

where u(ii) € U, g1(u) € G1, g2(t) € G2 and k(u) € K. Let 4 € U, and write

1 0 0 O
_ btz 1 0 0
u =

y 2z 1 —=x

20 0 1

with € M (n—1)(R), y € R and z € My (n—1)(R). Then

1
VI [l? + Tyl? + 1212

|91 (w)]

Proof. Let k(u) = (k;;) with 1 <4,j < 4 and k;; of the same size as the corresponding
entry of 4. The equality 4 = u(i)m(gy(u), g2(#))k(u) implies that y = g1 (@) tks1, 2z =
g1 (’L_L)_lk/‘gg, 1= gl(’L_L)_lk’g,g, —T =0 (ﬂ)k34. Hence,

Lzl + lyll* + 1207 = 1ga (@) 72 (ks ll® + ka2l + a3 ]l* + [[kaall®).-
Since K C O(2n,R), |[ks1[|” + [[ks2ll® + [|k3s]1* + [[ksal* = 1. O
Lemma 6.2. For g € G, let

i(9,1) = p'(9)K'(g) = [a/ég) ¢ Ifl((gg))_l] k' (g)

a

where p'(g) € P’ and k'(g) € K'. Then |deta’(g)| < 1 for all g € G, and there exist a
positive constant E > 1 such that

|deta’(g)| < Ellg|~"

for all g € G.
Proof. This is as in [KR1], Lemma 3.1.2. Let g € G. Write g = kak’ with k, k' € K and
a = diag(ay,...,an,a;’,...,a; ") with a; > --- > a, > 1. Then a computation shows
that
" 2
| det a’(g)| = — —1-
11;[1 a; + a; !

This implies |deta’(g)| < 1 and 2"v/2n/||g|| =t > |detad/(g)]. O

Next, we describe two needed results about matrix coefficients. The first is the well
known result that matrix coefficients are at most exponential in growth.
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Lemma 6.3. Let II € Irr(G). There exists a nonnegative integer r, depending only on 11,
such that if f is any coefficient of 7, then for some C' > 0,

f@l<Clgll"s,  geG.

Proof. See, for example, Lemma 2.A.2.2 of [W]. Note that in section 2.A.2 of [W] the norm
9]lop of an element g of G = Sp(n,R) is defined to be the operator norm of

For g € G, we have (1/v2n)|lg]l < llgllop < llg]l. O

The next result about matrix coefficients is more technical and essentially amounts to
the convergence of the integral defining the intertwining operator used to define Langlands
quotients. In the following lemma, the exponent e(82) is defined in the notation section.

Lemma 6.4. Let fo be a coefficient of «’. Then there exist positive constants C' and r
and a continuous function h : G — [0, 00) such that

|f2(92(w)g2)| < Cligz||"h(g2(w))

for u € U and g3 € Go, and for a’ > e(2),

[ v @1 s tim(a))2hga () da < o

Here, g1(u), g2(u) and m(u) are as in Lemma 6.1. If in the statement of the main technical
lemma t = 1, then a’ > e(62) is taken to mean a’ > 0.

Proof. Suppose first 7’ is tempered. Denote by o the irreducible unitary tempered repre-
sentation of G such that o = 7’ (see the notation section). Since 7’ is tempered, g satisfies
the weak inequality, i.e., there exists a nonnegative constant d such that for v, w € 7’ and
g € Go,

[{e(g)v, w)] < s(v)(1 +log |lg])*=(g),

where s is a continuous semi-norm on 9> depending only on w, and = is the zonal spherical
function of Harish-Chandra; see 5.1.1 and 5.1.2 of [W]. We may assume that there exist
v,w € 7’ such that f2(g) = (o(g)v,w) for g € G3. Then

| f2(g2(2)9)| < s(e(9)v)(1 + log |lg2(a) ) *=(g2(a)

for w € U and g € G5. Now there exist positive constants C' and 7 such that

s(e(g)v)| < Cligll”



NONVANISHING OF GLOBAL THETA LIFTS FROM ORTHOGONAL GROUPS 25

for g € G3. We thus have
|f2(g2(@)g)| < Cllgll"h(g2(w))

for u € U and g € Go, where h : Gy — [0,00) is defined by h(g) = (1 + log||g|)¢Z(g).
Clearly, h is continuous. As for the convergence of the integral from the statement of the
lemma, this essentially amounts to the convergence of the integral defining the intertwining
operator used to write m as a Langlands quotient. See the proof of Lemma 5.3.1 of [W].

The proof when 7" is not tempered is similar, though more complicated since we are
taking an intermediate Langlands quotient. We omit the argument; besides Lemma 5.3.1
of [W], three ingredients are the proof of Theorem 4.5.6, 5.2.7 and the proof of Lemma
5.2.8, all of [W]. O

Finally, we need a fundamental result from [KR1] which estimates ordinary zeta integrals
in terms of the semi-norms on I (s, x) defined in Section 2. To state this result, we need
a concept from [KR1], section 3.1. Let ® € Iy (x). Let s € C. Since x = 1, we can regard
(-, s) as a function on (K’ N P )\K’'. Now (K’ N P")\K’ is diffeomorphic to the smooth
manifold Q of all Lagrangians in the symplectic space V' from Section 2, which is also
diffeomorphic to P’\H (we let H act on Q by h- L =h~'(L) for h € H and L € ). The
G x G orbit Q of the Lagrangian V¢ from Section 2 is open. Now let M be a nonnegative
integer, and let I () be the C subspace of all ® € I () such that for all s € C, ®(, s)
and all its partial derivatives of order less than Mn vanish on the negligible set 2 — €.
Also, as in Section 2, let D(H) be the C vector space of all differential operators on H.

Lemma 6.5 (Kudla-Rallis). Let b > 0. There exist real constants og > 0 and ¢ > 0
depending only on G such that if M is a nonnegative integer, then there exist D1, ..., Dy €
D(H) such that

/G@(i(g, 1), )llgll® dg < ¢, 8)llpy.x + - -+ [12(,8) | Dy -

for ® € Iy (x)m and Re(s) > o9 +b— cM.

Proof. This is essentially proven in section 3.1 of [KR1]. Note that [KR1] considers the
case b= 0. By Lemma 6.2, ||g||® < E®|deta’(g)|~°. This translates the right half plane of
convergence Re(s) > o9 — c¢M in [KR1] to Re(s) > o9 +b—cM. O

The next lemma, which is the key technical result of this section, gives a version of the
above estimate of [KR1] for auxiliary zeta integrals. The proof uses the result of [KR1],
along with a new idea. In the following lemma, ||®(-, s)||x’ for ® € Iy (x) and s € C means
the supremum of |®(-,s)| on K'.

Lemma 6.6. Fix coefficients f; and fy of § and 7', respectively. For ® € 1y (x), let

Z(s, f1, f2,®) :/G . U‘I’(i(ﬂ_lum,1),S)fl(gl)f2(92)5P(m)_1/2d(g1g2m—b)
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and let |Z|(s, f1, f2, ®) be the integral over G; x Gy x U x U of the absolute value of
the integrand of Z(s, f1, fo, ®). Here, m = m(g1,g2). There exist C > 0 and o > 0
depending only on f1, fo and w such that if M is a nonnegative integer, then there exist
Dy,...,Dy € D(H) so that

1Z1(s5 15 f2, @) < CI1®(, 8)[xr + 19(, 8) Dy &7 + - - + 125 8) [ Dy k)

for ® € Iy (x)m, Re(s) > —papn, and Re(s) > og + o, — cM.

Proof. The proof is based on the following idea. To start, let ® € I () and s € C; then
we want to estimate

/ |@(i(a um, 1), 5) f1(g1) fo(g2)[6p (m) "2 d(gr gou).
G1XxXGaoxUxU

Given the form of this integral, one natural approach is to use the Gelfand-Naimark inte-
gration formula, which in one form asserts that if ¢ € C.(G), (writing m = m(g1, g2)),

/ (@ um) d(gygout) = / $(9) dg.
G1xGaxUxU G

See [W], Lemma 2.4.5. To use this, we would bound | f1(g1) f2(g2)|6p(m)~/2 by a positive
power b of ||z~ um/||; then by the Gelfand-Naimark formula our integral would be less than

[ 1269, 1).9)lg] ds
G

and finally by Lemma 6.5 we would obtain the desired estimate. This approach has a
flaw: unless the exponent a = e(6) is large in comparison to the exponent in the bound for
| f2(g2)| obtained via Lemma 6.3, | f1(g1) f2(g2)|6p(m) ™/ cannot be bounded by a positive
power of [|a~tum]|.

However, this idea can be rescued. The first step is to rewrite our integral in what will
turn out to be a more manageable form. As in the proof of Lemma 6.1, for @ € U, let

u = u(u)m(u)k(u) = u(a)m(g:(a), g2(u))k(u),

where u(u) € U, ¢1(u) € G1, g2(u) € Gy and k(u) € K. Let|f1]| = C1|-|* for some Cy > 0.
We have

/ @ (i@ um, 1), ) fi(g1) f2(92)|6p(m) ~V/? d(gr goua)
G1XG2xUxU

= / _[@(i(k(@) " m(@) " u(@) " um, 1), 5) f1(91) f2(g2) |60 (m) T2 d(g1g2utt)
G1XG2xUxU
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|®(i(k(@) " m(@) " tum, 1), 5) f1(91) fo(g2) 6P (m) =12 d(g1g2ut)

I
S

G1XGaxUxU

@ E(k(@) " um(@) " m, 1), 5) f1(g1) f2(92) |62 (m) 266 (m(@)) d(g1g2utt)
G1XG2xUxU

/ _|@(i(k(@) " um, 1), ) [g1(@)g1|* 7" fo(g2(@) g2)[6p (m(@)) d(g1 g2ua)
G1xG2xUxU

I
0

Here we have used 6p(m) = |g1|*". Again, there is a Gelfand-Naimark type integration
formula which might be applied to this integral for an argument as proposed above. This

formula asserts that

/  $(k(@) " um)8p (m(@)) d(gygoutt) = / o(9) dg
G1xXGoxUxU G

for ¢ € C.(G); this follows from the second identity of Lemma 2.4.5 of [W] combined
with the integration formula corresponding to G = KP. Again, though, in general
|91 (%) 9117 ™| f2(g2(@)g2)| cannot be bounded by a positive power of k(@) tum| = ||lum)|.
We come now to the main insight of the proof which saves this approach: Split the domain
of integration into two parts so that on the good part |g1(@)g1|* ™| f2(g2(@)g2)| is bounded
by a positive power of ||k(%)~*um/||, and on the bad part one can still estimate the result-
ing integral. As it turns out, to bound |gi(@)g1|*~"™|f2(g2(w)g2)| by a positive power of
|k(@) " tum]|| it suffices to bound |g;(@)g1|~* by a positive power of ||k(#)tum|. We thus
now let B be the set of bad points, i.e., we let [ be a positive constant, to be chosen more
precisely later, and we let B be the set of (g1, g2, u, %) € G1 x Go x U x U such that

k(@) um(ga, g2) [ = lum(gr, g2) I < [g1(@)ga| ™"
We let B¢ be the set of good points, i.e., the complement of B in G; x Go x U x U.

Let |Z|g(s, f1, f2,®) be the integrand of |Z|(s, f1, f2®) integrated over B, and define
|Z| ge (s, f1, f2, ®) similarly. Then

|Z|(Sa f17f27q)) = |Z|B(57f17f27(1)) + |Z

BC(57f17f27(I))'

We first investigate | Z|g(s, f1, f2, ®); this will result in a fixed choice of I depending only
on f1, fo and 7. To estimate this term we will assume, as we need to, that Re(s) > —pay,.
The key ingredient will be Lemma 6.4. Now using the notation of Lemma 6.2 we have

| Z| (s, f1, f2, ®)
e / a(p! (k(@) " um), s)|| (K (k(a) " um), s)|
g1 (w)g1|“" " f2(g2(w)g2)|6 p (m(u)) d(g1g2un)
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< ClHq’(',S)HKf/B!a(p’(k(_)_lum),S)||g1(ﬂ)91|“_"|f2(92(ﬂ)92)!5P(m(ﬂ))d(91gzuﬂ)
< Cl||‘1>(',S)HKf/B191(5)91|“_”!fz(gz(ﬂ)gz)wp(m(ﬁ))d(glgzml),

since |a(p’(k(@)~tum), s)| <1 by Lemma 6.2; recall that we are assuming Re(s) + pa,, > 0.

Rewriting |¢1(@)g1|*"™6p(m(u)) and applying the first part of Lemma 6.4, we find that
the last integral is less than

0102/B|91\“_"5P(m(ﬂ))l/2lgl(ﬂ)I“ngH’“h(gz(ﬂ))d(glgzuﬂ)a

where Cy and r depend on f5. Let (g1, g2, u, @) € B. Write

1 z vy =z
e |01 2 0
0O 0 1 0
0 0 -tz 1

Then
|—1

g1l 1g1l ™ Nlgall, Nl =l llgr "l gy 2l < lluml],

where as usual m = m(g1,g2). The defining condition |Juml|’ < |g1(@)g1|~! of the set B
implies that

|gl(ﬂ)|1/(l—1) <lgi| < |gl(ﬂ)|_1/(l+1),

lg2ll < lga (@)~ ]gn| 7",
Izl 1yl 121 < lgn @)~ |go |

For the first inequality we need [ > 1, which we now assume. Let B’ be the set of
(91,92, u,u) € G1 x Ga x U x U that satisfy these three lines of inequalities. Then B C B/,
so that the last integral is less than

/B Jgu 6 (@) 2 s ()]s | g2(®) di{gr g
- / ( / ( / lgalI” dga)
U g1 (@] =D < g1|<|g1 (@) |~/ D) | ga||<|gr (@)~ 1/t|g1|~1/E

- ( / du)|g1|*"" dg1) lg1(@)|*6p (m(a))*h(g2()) du.

Izl Izl <lg1 (@) =1/ g | =1/
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Now there exist positive constants 7’ and C’ depending on r, and hence on fo, such that
for T'> 0,

/ lgsll” dgs < C'T".
llg2||<T

Hence, the last multiple integral is less than

C3 /( / \91|a_n_r//l+(l_l/l)(2n_l) dg)

T lgi(@)|/ =D <]ga|<]ga(w)|~1/E+D)

gr (@)@ @D s b (m(@)) 2 h(ga (@) di,

where C3 depends on fo. Let a =a—n—1r"/l+(1—-1/1)(2n—1). Thena —a+n—1>0
as [ — oco. Let [ be large enough so that [ > 1 and o > 0; [ and « depend on f;, fo and
7. Since in general

27 d*z < (1/8)b5

0<by <x<by

for 8 > 0, where d*x is multiplicative Haar measure on R*, the last multiple integral is
less than

(1/04)/|91(ﬂ)\“‘T'”‘(Q"_””_“/”“)5P(m(ﬂ))1/2h(gz(ﬂ))dﬂ
T

Nowad' =a—r"/l—(2n—1)/l—a/(l+1) — a as | — co. Let [ be large enough so that the
previous conditions on [ are satisfied and such that a’ > e(82) (recall that by the definition
of Langlands data for the symplectic group, a = e(61) > e(d2)); if in the statement of the
main technical lemma ¢ = 1, so that 7’ is tempered, then we require ¢’ > 0. Then [ and a’
depend on f1, fo and m. The last integral is

Cy = / @] 8p (m(@))/?h(g2(@)) da
U

which is finite by Lemma 6.4. Altogether, we have
|Z|B (s, f1, f2, @) < C1C2C3Cy(1/a)|| (-, 5)| k-

Hence, there exists a choice of [ > 0 and C5 > 0, both depending on f;, fs, and 7, such
that

|Z|B(S7f17f27(p) < C5H®(7£)HK’
for Re(s) > —pan.
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Having now fixed our choice of I, we consider |Z|gc(s, f1, f2,®). We again assume
s € C is arbitrary. As we mentioned above, for the good points B¢ we can carry out
the original idea for the proof. The first step is to bound |g1(@)g1|*~"|f2(g2(@)g2)| by
a positive power of ||k(u) " tum||. Let (g1,92,u,u) € B¢. As above, let m = m(g1, g2).
First we consider |g1()g1|*~"™. Suppose a —n > 0. Since |g1(@)| < 1 by Lemma 6.1, and
91| < [lum|| = ||k(@)"tuml], we have |g1(@)g1|*™" < [g1|*™" < [[k(u) ™ uml[|*~". Suppose
a—mn < 0. Since (g1,g2,u,u) € B, |g1(@)g1|~t < ||k(@)um|'. Hence, |gi(u)g]*™™ <
|k (@)um|'»=2). Thus, in both cases there exists ¢; > 0 depending on I and 7 such that
lg1(@)g1|*™™ < ||k(@)um]||®. Next, by Lemma 6.3, there exist Cs > 0 depending on f
and co depending on 7’ such that |f2(g2(2)g2)| < Csllg2(@)gz||2. Hence, |f2(g2(u)g2)| <
Collga (@) lg2 2. Now |lgall < k(@) tum]l. As for |lga(@)l, we have @ = u(@)m(u)k(a),
so that [|lg2(a)]| < flu(@)m(@)| = |la]. By Lemma 6.1, [|al| < v2n|gi(@)|~". Also, as
(91,92, u, ) € B, |gi(a)] " < [lk(@)” tum|'|g1| < [[k(@)~ uml||"™". Hence, |f2(g2(@)g2)| <
C6(\/%)62Hk(ﬁ)_lumHC?(lH). Summing up, there exist C; > 0 and b > 0 depending on
f1, f2 and 7 such that

|91(@) 911" " fa(g2(@)g2)| < Crllk(@) ™ uml|®

for (g1,g2,u,u) € B°. Now using the second form of the Gelfand-Naimark integration
formula mentioned at the beginning of the proof, we have

| Z|Be(s, f1, f2, ®)
< 0107/C | (i(k(@) " um, 1), s)|[| k(@) um||*sp(m(a)) d(g1goun)

sa@/ 10 (i(k(@) " um, 1), 8) ||k (@) um |P6p (m(@)) d(g1g2ui)
G1XGoxUxU
—a&/@ (i(g, 1), 9)lllgll’ d.

To now complete the proof, let o) = b and C = max(C1C7,C5). Then o and C
depend only on fi, fy and 7. Let M be a nonnegative integer. By Lemma 6.5, there exist
Dy, ...,Dy € D(H) such that

/ |(i(g,1),5)lllg]l” dg < | @(8) Dy rr + -+ @ 8) [ Dy
for ® € Iy (x)nm and Re(s) > o¢ + o, — cM. Thus, by the last paragraph,

1Z|Be (s, f1, f2, @) < C([@( 8)l[py o + - + [|R(; 8) || Dy 1)
for ® € Iy7(x)nm and Re(s) > o9 + oy — cM. From above,

1Z] (s, f1, f2, ®) < C||@(:, 5) || -
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for Re(s) > —pay, and ® € Iy (x). Adding, we get
1Z|(s, f1, f2, @) S C(|R(, 8) s + [|R( 8) |y + - -+ (19, 8) [ Dy 17)

for ® € Iz (x)m, Re(s) > o9 + o — cM, and Re(s) > —pa,. O

Using Lemma 6.6 and the method of argument from Theorem 3.4 of [GJ], we can now
prove step one for auxiliary zeta integrals. For the proof we shall need the following fact.
Suppose H : G x G — C is a function such that H(umg, umg) = H(g,g") foru € U, u € U,
m € M, and g,¢" € G, for k, k' € K, the function on M defined by m +— H(mk,k’) is a
coefficient of § ® 7’; and H is smooth and K x K finite on the right. Then the integral

flg)= [ _ H(ukg, k)d(ku)
KxU
is absolutely convergent for g € G, and the function f is a coefficient of 7. See (5.5) of

GJ].

Theorem 6.7. Let fi and fy be coefficients of 6 and 7', respectively, and let ® € 1y (x) be
K x K-finite. Then there exists a coefficient f of w such that for Re(s) > max(co+0(,, —pan)

Z(s, f1, 2, ®) = Z(s, f, ®).

Proof. Let Re(s) > max(oo+0(,, —p2n ), so that by Lemma 6.6 Z(s, fi1, fo, ) converges ab-
solutely. To simplify the notation, we will write F (g1, g2) = f1(g1)f2(g2)6p(m(g1, g2)) /2
for g1 € Gy and g2 € G2, and ®(g,1) = ®(i(g, 1), s) for g € G.

To begin, we use the K x K-finiteness of ® to introduce an extra integration over K x K.
Since ® is K x K-finite, there exist irreducible unitary representations 71, ..., 7 of K x K
such that if n: K x K — C is defined by n = dim(71)X,, + - - - + dim(7)Xr,, then

d(h) = / O(h(K' k))n(k, k") d(kk")
KxK

for h € H. Here, x,, is the character of ;. Hence, Z(s, f1, f2, ®) is

/ [ / O((a~ um(gr, g2), 1)(K',k))n(k, k') d(kk)] F (g1, g2) d(g192u).

G1XGaxUxU KxXK

Now by Lemma 6.6,
[ [ e umlan, g ) 1) Flor. )] dlgrgeud)nth, )| (k)
KXK Gy xGyxUxU

<c / B K)o + -+ (B k). )k, K] kR,
KxK
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which is finite. Hence, we can apply Fubini’s theorem and conclude that Z(s, f1, fo, ®) is

/[ / B((ak) " um(gr, ga)K 1) F (g1, g2) d(grgout)ly (b, &) d(RE'),

KXK Gy xGaxUxU

where the inner integral converges absolutely for all k, k' € K.

Next, we decompose the outer integral to obtain a function H as mentioned in the
remark before the statement of the theorem. Let L = KNP = KNP = m(K; x K3).
There exists a unique right K invariant quotient measure on L\ K of total measure 1 such
that Z(s, f1, fa, @) is

] e e g K DF G, g2) dlgageun)
LNKXI\K LXL Gy xGaxUxU
n(hk, W'E') d(hh')] d(kk').

We consider the inner integral, which converges absolutely for all k,k’,h and h'. Fix
k., k" € K and h,h’ € L. Write h = m(hy,h2) and h' = m(h}, h}) for hy, b} € K; and
ho,hly € K5. Then

/ B((ahk)~"um(gr, g2)h'K 1) F (g1, g2) d(g1g2ut)

G1xGoxUxU
- / 8 (m(g1, g2))B (k) m(g1, ga)uk’, 1) F(hagih, =L, hagahly ") d(grgoua),
G1XGaxUXU

where both integrals converge absolutely. Thus,

Z(s, f1, f2,®) = / [/[ / 6p(m(g1,92))

INKXI\K LXL G xGyxUxU
O((ak)~'m(gr, g2)uk’, 1) F(higihy =, hagahty™") d(g1g2ut)ln(hk, h'k') d(hh')] d(kK').

Since for any k, k' € K the inner double integral converges absolutely, Z(s, f1, fo, ®) is

[ / Hy(m(g1, g2). k, K)®((@k) " m(g1, g2k, 1) d{gr goum)] d(kK'),

L\NKXI\K Gy xGaxUxU
where

Hi(m(g1,92), k. k') = é6p(m(g1,92)) / F(higihy ™", hagaht, ™ )n(hk, B'K") d(hR').

LxL’
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Define H : G x G — C by H(umk,um’k’) = Hy(m'~tm,k' k) foru e U, u € U, m,m’ €
M, and k, k' € K. Then computations show that H is well-defined and H satisfies the
conditions in the remark preceding the statement of the theorem. This is similar to (5.5.9)
of [GJ]. We will apply the conclusion of the remark at the end of the proof.

Now Z(S, f17 fg, (I)) is

[ / H(m(gn, g2)k', k)@ ((ak) " gy, g2)uk’, 1) d(grgsu)] d(kK')
L\KXL\K G1><G2><U><U

/ [ / H(m(gr, g2k, K)®((ak)~"m(gy, g)uk’, 1) d(gr gou)] d(kK)
KXK GixGaxUxU
= [ 1 [ Henong R)@(@h)  mlar, gyuk 1) digrgew)] (i 0

KxKxU G1xGaxU

/ / / m(g1,g2)) " H(um(gy1, g2)k', k)

KxKxU Gi1xG2
O ((uk)tum(gr, g2)k', 1) du] d(g1g2)] d(kk')
[ 1] HoR w1 dpl dena),
KxKxU P

where d;p is the left Haar measure on P determined by the Haar measures on M and U.
By the same computations with absolute values, we have

/ /|H (pk’, k)®((uk)'pk’,1)| dip] d(kk'n) < oo
KxKxU P
Hence,
Z(s,fl,f2,<1>)= / H(pk', k)®((uk) 'pk', 1) d(kk'up)

/ H(pk', k)®((ak) *pk’, 1) d;p] dk'] d(ka)

k)®((ak)~"g,1) dg] d(ku)

N

—

I
ST QI\
Qe N\ q|
=
)

H(ukg, k)®(g,1) dg] d(ku),

=
X
]
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where dg is the Haar measure on GG determined by the Haar measures on P and K via the
Iwasawa decomposition G = PK. Again, by the same computations with absolute values,
we obtain

/ [/ |H (ukg, k)®(g,1)| dg] d(ku) < oo.
KxU G
So,

Z(s, f1, fo, ®) = / H(akg, k)®(g, 1) d(kig)

KxUxG
- / (g, 1) / H(akg, k) d(ku)] dg.
G KxU

The theorem now follows from the remark preceding the statement of the theorem. 0O

As we mentioned at the beginning of this section and in Section 4, to prove the main
technical lemma when F' = R we will need to use a density argument. To do so we will
need the following result of [KR1], which has as corollary the analytic continuation of the
auxiliary zeta integrals.

Theorem 6.8 (Kudla-Rallis). Let g be the Lie algebra of G = G x 1 C H, let Z(g) be
the center of the universal enveloping algebra of g, and let M a nonnegative integer. Then
there exists X (s) € Z(g) ® C[s] such that the polynomial p(s) € C[s] by which X (s) acts
on 7 is nonzero, and X (s)Ig(x) C Ig(x)nm for all s € C.

Proof. See Proposition 3.2.1 of [KR1]. O

Corollary 6.9. Let f; and fy be coefficients of 6 and 7', respectively, let oy and o, be as
in Lemma 6.6, let M be a nonnegative integer, and let X (s) and p(s) be as in Theorem
6.8. Then for K x K-finite ® € Iy (x) and Re(s) > max(og + 0, —p2n),

p(8)Z(s, f1, f2, ) = Z(s, f1, f2, X (5)P).
Hence, p(s)Z(s, f1, f2, ®) is holomorphic in Re(s) > max(og + o, — cM, —pay,).

Proof. Let ® € Iy (x) be K x K-finite. Let Re(s) > max(og + 0y, —p2y). By Theorem 6.7,
there exists a coefficient f of 7w such that Z(s, fi1, f2, ®) = Z(s, f, ®). Since the action of
X (s) on Iy (x) commutes with the action of K x K, X (s)® has the same K x K-type as ®. It
follows from the proof of Theorem 6.7 that Z(s, f1, fo, X (s)®) = Z(s, f, X(s)®). By [KR1],
p(s)Z(s, f,®) = Z(s, f, X(s)®), so that p(s)Z(s, f1, f2,P) = Z(s, f1, f2, X(s)P). Since by
Lemma 6.6 Z(s, f1, f2, X (s)®) is holomorphic in Re(s) > max(cg + o, — ¢M, —pay,), so is
p(s)Z(s, f1, f2,®). O

To end this section, we consider the nonarchimedean version of Theorem 6.7. As we
remarked in the summary of Section 4, the nonarchimedean case of the main technical
lemma is relatively straightforward, and auxiliary zeta integrals are unnecessary. Since the
argument is very similar to the proof of Theorem 6.7, we will only state the result.
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Theorem 6.10. Suppose F' is nonarchimedean. Let f; and fs be coefficients for 6 and
7', respectively, and let ®1 € 1y, (p1, o) and o € 1y, (). Assume that ¢ € 1y (x) is such
that
q)l(il(gla 1)7 8)@2(i2 (927 1)7 S) = / _ (I)(i(ﬂflum(gljg2)7 1)a S) d(uﬁ),
UxU

for g1 € G1, g2 € G2 and Re(s) large. Assume also that

/ ~®(i(@ 'um(g, g2), 1), 5) f1(91) f2(g2)8p (m) 1% d(g1g2un)
G1xXGaxUxU
converges absolutely for Re(s) large. Then there exists a coefficient f of w such that

Z(s, f1® 5;1/2, D1)Z(s, f2, P2) = Z(s, f, ®).

7. Step two: sections giving poles

This section provides the second ingredient for the proof of the main technical lemma.
It constructs a 1, po-section @1 for Gy, a x-section ®5 for G, a y-section ® for G, and
matrix coefficients f; and f, for 6 and 7/, respectively, such that Z(s—1/2, f; ®6;1/2, D)
has a pole at sg, Z(s — 1/2, fo,P3) = 1, and (4.1) holds. As usual, in this section F' is
a local field of characteristic zero, with F' = R if F' is archimedean, and we shall again
use the notation of Lemma 1.4, the main technical lemma. In particular x = 1 if F' =R,
though this is only used in Proposition 7.7.

The construction in this section goes as follows. To begin, we first recall the definition
of a class of sections which are easy to manipulate, namely sections compactly supported
on the open orbit of G x G in P’\H; there are similar definitions for G; and G,. We
then show that for any pair of sections ®; and ®, for G; and G, respectively, compactly
supported on the open orbits, there exists a x-section ® for GG, also compactly supported
on the open orbit, such that (4.1) holds. The key tool for this is the Gelfand-Naimark
decomposition. Now for any y-section ®5 for G5 compactly supported on the open orbit
and any coefficient f for 7', it is easy to see that Z(s — 1/2, fo, ®3) is constant, and in
fact @5 and fo can be chosen so that Z(s — 1/2, fo, ®3) = 1, which we do. However, the

same reasoning shows that Z(s—1/2, f; ®5;1/2, ®,) is also constant for any g, ue-section
®, for G; compactly supported in the open orbit and coefficient f; of 6. This is of course
undesirable, but we can change ®; to a section so that Z(s —1/2, f1 ® 6;1/2, ®,) has a
pole at sg, as follows. Keeping the choice of f5 and &5 we have already made, let ®; be
any 1, pa-section for G; compactly supported in the open orbit, and let ® be a y-section
for G, also compactly supported in the open orbit, such that (4.1) holds. Then the idea is
that one can rewrite (4.1) as

®1(i1(91,1), 5)P2(in(g2, 1), 5) = /UXU ®(i(u, 1)i(m(g1, g2), 1)i(1, @), s) d(uw).
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Using that
i(m(g1,92),1) = i1i1(g1, 1)iyia(ga, 1)

for g1 € G and go € G2, which follows from Lemma 5.1, we show that this new version of
(4.1) actually holds on the largest possible set, i.e.,

By (hy,5)®a(ha, s) = /U il i ()i (h2)i(m, 1), ) d(u)

for hy € Hy and hy € Hy. To now alter ®; and obtain a section with the right properties,
it is natural to use the last equality and translate. However, the factor i(1,u) appears to
be an obstacle. But as it turns out, there is an essentially unique nontrivial element w of
H; such that i (w) commutes with i(1 x U), and this element suffices! That is, because
i (w) commutes with i(1 x U), (4.1) holds for w®;, ®, and i} (w)®; moreover if ®; has
compact support in a small enough neighborhood of the identity in the open orbit, then
Z(s—1/2,f1 ® 6;1/2,10@1) has a pole at sq.

One might wonder whether or not things are really as complicated as they appear, and
in particular whether or not in trying to solve (4.1) we are dealing with an intertwining
operator. After all, one can also rewrite (4.1) as

D1 (i1(91,1), 8)Pa(i2(g2, 1), 8) = /UXU ®(i(u, 1)i(1, u)iyir (g1, 1)igiz(ge, 1), s) d(ua),

which naturally leads to the question: Is there a half-plane Re(s) > z( such that for
® c1y(x), h1 € Hy and hy € Ho,

&' (hy, ha, 5) = /U i, 1)i(1, @), (h1)i(h2), s) d(ui)

converges absolutely and defines an element an element of Tp, (p1, p2,s) ® Iy, (X, s)? The
answer is no, as a simple example at the end of this section shows.

In contrast to the case of a fully induced representation which we discussed after Lemma
5.1, the complications of this section may seem surprising. However, an analogous difficulty
arises for Gl(n) in [GJ]. In showing that the L-function of a Langlands quotient is the
product of the L-functions of the Langlands data, Godement and Jacquet also encounter
an equation like (4.1). See, for example, the proof of Theorem 3.4, [GJ]. This analogous
equation also can be only solved in a special case, and to prove the equality of L-functions,
Godement and Jacquet must resort to an indirect argument by contradiction. In particular,
their argument uses the classification of the tempered dual of Gl(n). We do not know if
proving the analogous equality of L-functions for the Sp(n)—of which which we have proven
a very small part—will require the classification of the tempered dual of Sp(n). In any case,
though, it does seem that the final argument will not simply be a direct computation.
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As we mentioned above, we begin by considering sections compactly supported on the
open orbit. To define these sections precisely, recall that the set Pi(G x 1) is an open and
dense subset of H, and that the map P’ x G — Pi(G x 1) defined by (p,g) — pi(g,1) is
a homeomorphism if F' is nonarchimedean and a diffeomorphism if F' is archimedean. If
now ¢ € C°(G), define 4 : H x C — C by

. _[0ifhg PG x1)
o= {Oéx(pa s)é(g) if h € P'i(G x 1), h =pi(g,1).

Since P'Ni(G x1) =1, @4 is well-defined. Clearly, ®4(ph,s) = o, (p, s)Py(h, s) for p € P,
h € H and s € C.

Lemma 7.1. Let ¢ € C°(G) and s € C. If h € H and h ¢ P'i(G x 1), then ®,(h’,s) =0
for h' in an open neighborhood of h.

Proof. Assume that no such neighborhood of h exists. Then there exist sequences (g,,) in
G and (p,) in P’ such that i(g,,1)p, — h and ¢(g,) # 0 for all n. Since ¢ has compact
support, we may assume without loss of generality that g, — ¢ with ¢ in the support
of ¢. Hence, p, — p for some p’ € P’, and i(g,,1)p, — i(g,1)p = h, contradicting
h¢ Pi(Gx1). O

As the next result shows, the functions ®, are x-sections for G.

Lemma 7.2. If ¢ € C>(G), then ®4 € Iy (x). If F' is nonarchimedean and ¢ € C°(G)
has support in K, then ®4 € I3 ().

Proof. Suppose first that F' is archimedean. To prove ®, € Iy (x) it will suffice to show
that ®4(-, s) is smooth for s € C. The map P’ x G — C defined by (p, g) — a,(p, s)¢(g)
is smooth; since the map P’ x G — P’i(G x 1) has a smooth inverse it follows that the
restriction of ®4 to P'i(G x 1) is smooth. Lemma 7.1 implies that ®, is smooth at the
points of H not contained in P'i(G x 1).

Now assume that F' is nonarchimedean. To prove ®, € Iy (x) it will suffice to show
that there exists a compact open subgroup L of G such that ®4(k'k,s) = ®4(k',s) for
k' € K', k € L and s € C. We will require some extra notation. If m is a positive integer,
we let K (m) be the m-th principal congruence subgroup of K consisting of the k € K such
that k is congruent to 1 mod p™, and we similarly define the m-th principal congruence
subgroup K’(m) of K’. Also, for m a positive integer, let K{(m) be the subgroup of
K’ of elements whose lower left entries are congruent to 0 mod p™. One can verify that
K{j(m) = (K'NP")i(K(m)x1). Now using that ¢ is smooth and compactly supported, we
may assume that for some positive m > ¢(x), ¢ is the characteristic function of K(m). The
support of ®y4(-, s)|x is (P'NK')i(K(m) x 1) = K{(m), and if k£ € Kj(m) then ®,(k,s) =
x(det a); here, a is the upper left entry of k. It follows that ®4(k'k,s) = @y, (K, s) for
K e K', ke K'(m), and s € C.
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Finally, an argument as in the last paragraph shows that if F' is nonarchimedean and ¢
has support in K, then &4 € I3/ (x). O

We call a section ®4 with ¢ € C2°(G) a section compactly supported on the open
orbit.

Next, we show that (4.1) is easy to solve for sections compactly supported in the open
orbit. To prove this we will need the Gelfand-Naimark decomposition, which asserts that
the set UP is open and dense in G, and that the map

j:UxUxGy xGy —UP
defined by j(u,,g1,92) = a tum(gi,g2) is a homeomorphism if F' is nonarchimedean,

and a diffeomorphism if F' is archimedean.

Lemma 7.3. Let ¢1 € C°(G1) and ¢po € C°(G3). Then there exists ¢ € C°(G) with
support in UP such that

q)¢1 (il(gh 1)7 S)CI)@ (i2(92> 1)7 3) = /Uxﬁ <I>¢(i(ﬂ_1um(g1, 92)7 1)7 S) d(uﬂ)

for g1 € G1, g2 € Gy and s € C. If F' is nonarchimedean and ¢, and ¢5 have support in K;
and Ko, respectively, then ¢ can be chosen to have support in K, so that ®4 is standard.
Moreover, for any ¢ € C2°(G) with support in UP such that the above identity holds,

Dy, (h1,5) Py, (h2, ) =/ Dy (i(u, 1) (ha)in(he)i(1, @), s) d(un)
UxU
for hy € Hy, ho € Hy and s € C.

Proof. Proving the existence of ¢ amounts to showing that there exists ¢ € C2°(G) with
support in U P such that

b1(91)2(g2) = / o(a um(gy, g2)) d(ui)

UxU

for g1 € G1 and go € Go. Let ¢/ € C°(U x U) have total integral 1 over U x U, and define
¢ € C°(G) by defining ¢ on UP as the composition

UP;UXUXG]_XGQMC,

and setting ¢ off UP to be zero. Then ¢ is contained in C°(G), has support in UP, and
the first identity of the lemma holds. It is easy to see that if ¢; and ¢5 have support in
K7 and K, respectively, then ¢ can be chosen to have support in K.
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Now suppose that ¢ € C°(G) has support in UP, and the first identity of the lemma
holds. Let s € C. To prove the second identity of the lemma, we note first that by Lemma
5.1, the first identity can be rewritten as

(I)¢1 (il(gla 1)? S)(I)¢2 (i2(927 1)7 8) = /UXU (I>¢(i(u, 1)i/1i1(917 1)i/2i2(927 1)1.(17 ﬂ), S) d(uﬂ)

for g1 € G1, g2 € G3. Thus, the second identity holds for hy € i1(G7 x 1) and hy €
i2(Ga x1). Next, we show that the second identity holds for hy = p1i1(g1,1) € Pi1(G1 x1)
and hy = p2i2(g2, 1) € P2/22(G2 X 1) By Lemma 5.2,

/U i )iy ()i ()i, ), ) )

- /_ ( / 1By (i, 1)1, (1 )i (p2)i, 1 (g1, 1)iyia (g2, 1)i(L, @), )| du) d
U U

:/_\auhw(pl,s)ax(pg,sﬂ/ |P s (i(u, 1)1 (g1, 1)ihia(ge, 1)i(1,a), s)| du) da
U U

= sz (P1: 8) o (P2, 8)| | [Pp(ilu, 1)iir (g1, 1)iniz (g2, 1)i(1, ), s)| d(ua).
UxU
Since the last integral is finite, so is the first. A similar computation without absolute
values now shows that

| delitu iy ()i (ha)i(1. ), ) d(a)

is
Qpy o (p1, S)O‘X(p% S)(I)¢>1 (i1(g1, 1), 3)<I>¢2 (i1(g2,1),8) = Dy, (ha, 3)(ID¢2 (h2, 5).

Finally, suppose that hy € Hy and hy € Hy, but hy ¢ Pji1(G1 X 1) or hy ¢ Pyia(Ga x 1).
Since @y, (h1,5)Py,(h2,s) = 0, it will suffice to show that the integrand of our integral is
identically zero. Since Pji1(G1 x 1) and Pjia(Ga x 1) are dense in Hy and Hs, respectively,
there exist sequences {h1(n)} = {p1(n)i1(g1(n), 1)} and {ha(n)} = {p2(n)iz(g2(n), 1)} such
that p1(n) € P{, p2(n) € Py, g1(n) € G1, g2(n) € G2 and hi(n) — hy and ha(n) — hs.
Let C, C, C; and Cy be compact subsets of U, U, G; and G, respectively, such that ¢
has support in CCm(C; x Cs). Assume that g;(n) € C; for only finitely many n. For any
n such that ¢g1(n) ¢ C, a computation from above shows that

/ Py (i(u, 1)iy (ha(n))ia(ha(n))i(1,u), s)| d(ui)
UxU

(@15 (1), 8)ax (p2(n), 8)| | [d(a™ um(g1(n), g2(n)))| d(uw) = 0.
UxU
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Since ®4 is continuous, this implies that ®4(i(u, 1)i}(h1(n))i5(he(n))i(1,u),s) = 0 for
u € U and @ € U for all n such that g;(n) ¢ C;. Taking limits, we get
(I)¢(i(u7 1)i/1(h1)i/2(h2)i(1’ ﬂ), 3) =0

for all w € U and @ € U, proving our claim. Suppose that g;(n) € C; for infinitely many
n. Passing to a subsequence, we may assume that g;(n) € C; for all n, and by a similar
argument, that go(n) € Cy for all n. Since C; and Cy are compact, we may assume that
g1(n) — k1 € Cy and ga(n) — ko € Cy. This implies that {pi(n)} and {p2(n)} converge
to elements p; and py of P| and Pj, respectively. Hence, hy = p1ii(k1,1) € Pli1(G1 x 1)
and hg = paia(ke, 1) € Pia(Gy x 1), contradicting our hypothesis. O

Remark 7.4. An argument similar to the proof of Lemma 7.3 shows that if ¢; € C°(G1)
and ¢o € C°(G2) are such that ¢; > 0 and ¢o > 0, then there exists ¢ € CX(G)

with support in UP and ¢ > 0 such that the second identity of Lemma 7.3 holds and
additionally,

@, (h1,8) P, (ha, 5)] =/UxﬁI%(i(u,1)i'1(h1)i'2(h2)i(1,ﬁ),8)|d(uﬂ)

for hy € Hy, ho € Hy and s € C; if ¢1 and ¢ have support in K; and K, respectively,
then ¢ can be chosen to have support in K. We will need this later on for an application
of Fubini’s theorem.

As we indicated at the beginning of this section, we will translate the last equality of
in Lemma 7.3 to obtain a similar equality for sections which produce zeta integrals of the
needed form. The following lemma describes the elements by which we may translate.

Lemma 7.5. The subgroup of elements of i’ (H,) which centralize i(1 x U) is generated
by i1i1(G1 x 1) and i} (w), where

0 1
w:|:1 O:|€H1.

Proof. This follows by a direct but nontrivial computation. O
The next lemma will be needed when F' = R.

Lemma 7.6. let r € C2°(—00,00). Then

Ty (s) = /0 (@) da

converges absolutely to a holomorphic function in Re(s) > 0. Moreover, I',. has an mero-
morphic continuation to C with at most simple poles contained in {0, —1,—2,...}. Hence,
there exists an entire function g on C such that

I'(s) = g(s)l'(s)
for s € C. Here, I'(s) the usual gamma function. If r(0) # 0, then I, has a simple pole at
s =0.

We come now to the main result of this section.
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Proposition 7.7. Let notation be as in the main technical lemma, and as at the beginning
of Section 6. There exist a ji1, po-section ®1 for Gy, a x-section ®5 for G4, a y-section P
for G, and matrix coefficients f; and fo for 6 and ', respectively, such that

®;1(i1(g1, 1), 5) P2 (ia(g2, 1), 8) = /U _ O(i(a"um(gi, g2), 1), 5) d(ut)

for g1 € G1, g2 € G2 and s € C, &1, P9 and ¢ are standard if F' is nonarchimedean, and:
(1) If F is nonarchimedean, then there exist constants A and B, with A # 0, such that

Z(s—1)2, f1 ® 652, ®1) = AgP*L(s, x67 1), Z(s, f2, ®2) = 1;

In particular, Z(s —1/2, f1 ® 6;1/2, ®,) has a simple pole at s.
(2) If F =R, then there exists an entire function g such that g(s¢) # 0 and

Z(s—1/2, L@ 652, @) = g(s)T(s — s0),  Z(s, f2, 2) = 1.

In particular, Z(s —1/2, f1 ® 6;1/2, ®,) has a simple pole at s.

Proof. First we make some definitions. Let f; = 6. If F' is nonarchimedean, fix a positive
integer m such that m > c(x), and let ¢; € C°(F*) be the characteristic function
of 1 4+ p™. If F is archimedean, fix a positive number € such that 0 < ¢ < 1 and let
1 € C(F*) have support in (1 —€,1+4¢) and ¢1(1) # 0. Let fo be a nonzero coefficient
of 7', and let ¢ € C°(G2) be such that

$2(9) f2(g) dg = 1;
Ga

if ' is nonarchimedean, let ¢, have support in K>. Let ®3 = ®4,; then evidently
Z(8, fa, ®2) = 1. Finally, let ¢ € C°(G) be as in Lemma 7.3; if I is nonarchimedean, we
may assume that ¢ has support in K.

Now assume F is nonarchimedean. Let ®; = w®,, and & = ¢} (w)®,, where w is as
in Lemma 7.5. Then ®;, &3 and ® are standard, and the first identity of the proposition
holds by Lemma 7.3 and Lemma 7.5. It remains to compute Z(s, f1,®1). Let x € F*,
x # 1. Then

. 1 T . x
i1(z, Dw = [0 1 _:J Zl(m,l).

Recalling that 6;1/ *(z) = |z|™™, it follows that for Re(s) sufficiently large,

Z(s—1/2, f 2 652 @y) :/ By, (i1 (2, V)w, s — 1/2)8(x)|| " d*
X
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)(x ) (w) d* .

r—1

(1) [ o= 110

where ¢} = x|-|7"¢1. We have z/(z — 1) € 1 4+ p™ if and only if |x| > |7p|~™. Also, if
|z| > |7p|~™, then |z — 1| = |z| and x(x/(x — 1)) = |z/(z — 1)|™ = 1. A computation
now shows that

2(s-1/2. 51 085", 00) =x(-1) [ 2] (1 8) (@) d*a

o> ||
(Irrl* (8~ (rr))™
L= |mp[*(x6=1)(7r)

(0] () du)

This proves (1), since x 716 = | - |*° is unramified.
Assume F' = R. Again, we let ®; = w®y,, & = ¢} (w)®, and the first identity of the
proposition holds. As in the nonarchimedean case, for sufficiently large Re(s),

xT

Z6s=1/% f@ %80 = [ o= 170 )e) el da,

r—1

where ¢} = |- | "¢1. Let € R*,  # 1. Then z/(z — 1) € (1 —¢,1 + ¢€) if and only if
x € (—00,1 —1/e) U (1+ 1/€,00). Hence,

Z(s—1/2, /i ® 65" wdg,)

1-1/€ T
- [ e ] s

- 1

R R A T

+1/€

1-1/e 00
- / (1 - $)_s+80_1¢/1/($ a_j 1—) dx + / (.fE — 1)_3+So—1¢/1/( o )d.fE,

—00 1+1/€ r—1

where ¢}’ = | - |*071¢}. Now we change variables. In the first integral, let y = 1/(1 — z);
in the second, y = 1/(x — 1). Then

Zs=1/2. 1 @85 why,) = / r(y)y =" dy,
0

where r : (—o0,00) — C is defined by r(y) = ¢} (1 —y) + ¢}’ (1 + y). The function r is
smooth, has support in (—¢,¢) and and 7(0) # 0. Our claim now follows from Lemma
7.6. O
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Remark 7.8. In the nonarchimedean case, the argument in the proof of Proposition 7.7
actually shows that for any quasi-character § = 61, not just those of the form y|-|*°, there
exist fi, fa, @1, Py and @, and constants A and B, A # 0, such that the first identity of
Proposition 7.7 holds, Z(s, fa, ®3) = 1, and Z(s, fi ® §5'/%,®1) = AgPsL(s, x6~'). This
is clear from the argument in the proof of Proposition 7.7 if x =16 is unramified. If y =16
is ramified then L(s,x67!) = 1, and we can easily pick fi, fo, ®1, P and ® such that the

first identity from Proposition 7.7 holds, and Z(s, fi ® 65/ %, 1) = Z(s, f2,®3) = 1.

Remark 7.9. One can verify that &1, ®5, ®, f; and f; can be chosen that Proposition 7.7
holds, and additionally the identity from Remark 7.4 holds. See Remark 7.4. Again, we
will need this for an application of Fubini’s theorem.

Finally, to close this section we give the example mentioned at the beginning of this
section which shows that in solving (4.1) we are not dealing with an intertwining operator.
Let n = k = 1, so that G = Sp(1, F') = S1(2, F), G; = GI(1, F) = F* and G» is absent.

Write
w1 w0t
for b,c € F. A computation shows that for a € F'* and b,c € F,
i(u(b), 1)i(1,a(c)), [g 2] _ {g 2] i(u(b/a?), 1)i(1, a(ac)).

Hence, for ® € Iy (x) and s € C,

D (i(u(b), 1)i(1,a(c))d} {8 2} ,8) = ®(i(u(b/a?),1)i(1,a(a’c)), s).

Now if the question asked at the beginning of this section had a positive answer, then
integrating the last equation over U x U = F' x F shows that for Re(s) > z¢, a € F* and
® € In(x),

(o 0=

%M({g 2] )P (1,5) =¥/(1,5)

|a]?®’(1, ) =P/ (1, s);

since there exist ® € I () such that ®'(1,s) # 0 for all s, this is a contradiction.
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8. Proof of the main technical lemma

We can now give the proof of the main technical lemma. As we mentioned in the
outline of the proof in Section 4, in the nonarchimedean case the proof just combines step
one (Theorem 6.10) with step two (Proposition 7.7). If F' = R, things are a bit more
complicated, since step two does not generally produce K x K-finite sections which are
required by step one. To get around this difficulty we will use a density argument. In the
following proof, if A is a function holomorphic at a point w, then ord,, h will denote the
order of vanishing of h at w.

Proof of Lemma 1.4, the main technical lemma. Suppose F' is nonarchimedean. Let ®q,
®,, ¢, f1 and fy be as in Proposition 7.7. By Proposition 7.7, Remark 7.9, and Fubini’s
theorem,

/ ~®(i(arum(gr, 92), 1), 8) f1(g1) f2(g2)8p (m) ~H/2d(g1 goui)
G1xGaxUxU

converges absolutely for s € C. By Theorem 6.10, there exists a coefficient f of m such
that

AgP*L(s,x6™ 1) = Z(s — 1/2, L ® 63"/, ®1) Z(s — 1/2, fo, B2) = Z(s — 1/2, f, ®).

This proves the main technical lemma in the nonarchimedean case.
Suppose F' = R. Again, let &1, &5, ¢, f1 and f; be as in Proposition 7.7. By Proposition
7.7, Remark 7.9, and Fubini’s theorem,

g()T(s — s0) = Z(s — 1/2, /L @ 652, ®1) Z(s — 1/2, fo, ®2) = Z(s — 1/2, f1, f2, ®)

for Re(s) sufficiently large. It follows that Z(s, f1, f2, ) has a meromorphic continuation
to C, with a simple pole at s{, = so — 1/2. Let (®,,) be a sequence of K'-finite elements of
I (x) converging to ®. By Theorem 6.7, for each n there exists a coefficient f,, for 7 such
that

Z(Sufl»f%@n) = Z(S7fna(bn>'

In particular, each Z(s, f1, f2, ®,) has a meromorphic continuation to C, since each or-
dinary zeta integral Z(s, f,,®,) does. Since every K’-finite y-section is a finite linear
combination of K’-finite standard x-sections with coefficients which are entire functions,
to complete the proof it will suffice to show that for some n, Z(s, f1, f2, ®,) has a pole at
sy. Suppose that each Z(s, f1, f2, ®5,) is holomorphic at s{;; we will obtain a contradiction.

Let M be a sufficiently large positive integer so that Re(s(,) > o¢ + o, — ¢M; here the
notation is as in Lemma 6.6. Let p(s) and X(s) be as in Corollary 6.9. Consider the
sequence of holomorphic functions

Zn(s) :p(S)Z(S, flaf27q)n) = Z(SaflafZ:X(s)(bn>
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in the half plane Re(s) > max(o¢ + o, — cM, —p2,). We note that sj is contained in this
half plane since Re(sg) > 0. Since each Z(s, f1, f2, ;) is holomorphic at s,

ordy Zy(s) > ordg p(s) for all n.

Also, since (®,,) is a Cauchy sequence in I (x), sois (X (s)®,,); it follows by the inequality
from Lemma 6.6 that the sequence (Z,(s)) is uniformly Cauchy on closed disks in Re(s) >
max (oo + o, — cM, —pay,). Hence, (Z,(s)) converges uniformly on closed disks in Re(s) >
max(cg + o, — ¢M,—pa2,) to a holomorphic function Z(s). By, for example, Roché’s
theorem,

ordy Z(s) > ordy Zn(s) for sufficiently large n.

Thus,
ordy Z(s) > ordy p(s).

On the other hand, using ®,, — ® and applying the inequality from Lemma 6.6 with
M = 0 we have

lim Z,(s) = lim p(s)Z(s, f1, f2,®n) = p(s)Z(s, f1, f2, D)

n—oo n—oo

for Re(s) > o + o(. This implies that

Z(s) = p(s)Z(s, f1, f2,®)

in Re(s) > oo+0, and hence in Re(s) > max(oo+0(,—cM, —pa,) by the identity principle.
Now Z(s, f1, f2, ®) has a pole at s, so that

ordy p(s) > ordy Z(s).

We now have ord,, p(s) > ordy p(s), a contradiction. [J.

Remark 8.1. In the nonarchimedean case, the same argument using Remark 7.8 shows
that the claim in Remark 1.5 holds.
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