THE RESIDUAL SPECTRUM OF AN INNER FORM OF Sps SUPPORTED IN
THE MINIMAL PARABOLIC SUBGROUP

NEVEN GRBAC

INTRODUCTION

In this paper we consider the residual spectrum of the hermitian quaternionic group H/ defined
as an algebraic group over an algebraic number field £ in Section 1 below. It is a non—quasi—split
inner form of the split group Sps. Although, in principle, the results of this paper could be obtained
using the Arthur trace formula explained in [1], our strategy of the calculation is a more direct
approach of the Langlands spectral theory explained in [20] and [25].

The residual spectrum of various quasi—split groups was considered by several authors. Among
them are Moeglin and Walspurger [24], Mceglin [21], [22], [23], Kim [16], [17], [18], Zampera [39],
Kon—No [19]. In those papers the approach is also the Langlands spectral theory. For quasi-split
groups the normalization of the intertwining operators required for the application of the Langlands
spectral theory is obtained using the Langlands—Shahidi method explained in [31] and [32].

However, our situation is different. Since H) is not quasi-split, it is out of the scope of the
Langlands—Shahidi method. Therefore, we had to develop a new technique of the normalization
of the intertwining operators based on the Jacquet—Langlands correspondence explained in [5] and
the transfer of the Plancherel measure based on the global idea explained in [29]. It was already
used by the author of this paper in [6], [8] and [9], where we considered the residual spectrum of a
non—quasi-split inner forms of SOy4, Spys, SOg and the parts of the residual spectra of non—quasi—
split inner forms of SOy, and Sp4y,. See also [7] where the residual spectrum of GL,, over a division
algebra is obtained.

In this paper we decompose the part of the residual spectrum of H) coming from the residues
of the Eisenstein series attached to cuspidal automorphic representations of the minimal standard
parabolic subgroup of H) defined over k. The results are given as Theorems 3.2.1, 3.2.2, 3.3.1, 3.3.2,
3.3.3, 3.3.6, 3.3.8, 3.3.11, 3.3.13, 3.3.15. When compared to the residual spectrum of the split group
Sps, besides the interesting parity conditions (which appear for split groups as well) in Theorems
3.2.1, 3.3.3, 3.3.13, the results show certain features of hermitian quaternionic groups such as the
local conditions on the non—triviality of the one—dimensional representation at non—split places in
Theorems 3.2.2, 3.3.2, 3.3.13, 3.3.15, and the condition on the number of non—quasi—split places of
a global quaternion algebra used to define H) in Theorem 3.3.15. The reason for occurrence of such
conditions lies in the different local normalization factors at split and non—quasi—split places which
gives local L—functions in the global normalizing factors. This is never the case for split groups.

The paper consists of three Sections. In Section 1 we define the groups involved, review their
structure and recall the Jacquet—Langlands correspondence. In Section 2 the normalizing factors
for the intertwining operators are obtained. Finally, in Section 3 the considered part of the residual
spectrum of HY is decomposed.
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1. PRELIMINARIES

In this Section we define the groups considered in this paper, review their structure and introduce
the notation. Also we recall the local and global Jacquet—Langlands correspondence.

Throughout this paper, let & be an algebraic number field, k, its completion at a place v and
A its ring of adeles. Let D be a quaternion algebra central over k and 7 the involution fixing the
center of D. Then, D splits at all but finitely many places v of k, i.e. at those places the completion
D ®y, k, is isomorphic to the additive group M (2, k,) of 2 x 2 matrices with coefficients in k,. In
this paper we assume that D splits at all archimedean places. This is a technical assumption which
could be removed if one had better understanding of the local representation theory of H) and its
Levi subgroups over the Hamilton quaternions. At finitely many non—archimedean places v of k
where D is non—split, the completion D ®y, k, is isomorphic to the quaternion algebra D, central
over k,. The finite non—empty set of non—archimedean places of k where D is non—split is denoted
by Sp. The cardinality of Sp, denoted by |Sp|, is even for every D.

The algebraic group over k of invertible elements of D is denoted GL). At a split place v &€ Sp
we have GL(k,) = GLy(k,), where GLg is the split group over k of invertible 2 x 2 matrices. At
a non-split place v € Sp we have GL|(k,) = D}.

Let det’ denote the reduced norm of the simple algebra D ®; A and det!, the corresponding
reduced norm at a place v. If v & Sp is split, then det = det, is just the determinant for 2 x 2
matrices, while if v € Sp is non—split, then det!, is the reduced norm of the quaternion algebra D,,.
The absolute value of the reduced norms det’ and det!, is denoted by v.

Let V' be a 2n—dimensional right vector space over D with the basis {e1,...,e2,}. Then

(€ir€j) = 0ion—jt1 for 1<i<j<n
defines a hermitian form on V' by
(v,0") =7((v,v)) and (vz,v'z’) = 7(x)(v,v")2’

for all v,v" € V and z,2’ € D. The group of isometries of the hermitian form (-,-) regarded as a
reductive algebraic group defined over k will be denoted by H,. It is an inner form of the group
Span. Hence, H] (ky,) = Span(ky) for every split place v ¢ Sp. In this paper we consider the
residual spectrum of the group H) which is an inner form of the split group Sps.

Let T" be the maximal split torus in Hj. It is isomorphic to GL; x GL;. Denote by @' the set
of the roots of H} with respect to 7”. Then

O’ = {+e; £ e9, +2e1, 4265},
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w \ w(s) = w(s1, s2) \ w(r") 2 w(r] @ 7h) ‘
1 (s1,52) T ® T
w1 (82,81) 71’/2®7Ti
wWo (81, 82) 7T’1 &® %é
Wi wo (—s2,51) Th @ 7]
WowW1 (SQ, 31) Wé@%i
Wi wWowW1 (—s1,82) T & h
Wol W9 (—s9,—51) Th @ T
W1 WoW1 W2 (—81, —82) %’1 &® %é

TABLE 1.1. Action of W'

where e;(t1,t3) = t; for all (t1,t2) € T". For the set of positive roots take
O = {e; £ e, 2e1, 262}
The corresponding set of simple roots is
A" = {e — eg,2e2}.
Let W’ be the Weyl group of H), with respect to T’. Then
W' = {1, w1, wa, wiwa, Wawy , W WWT , WW| W3, W1 WW W3 },

where w; and wy are the simple reflections with respect to the simple root e; — e and 2es, re-
spectively. The minimal parabolic subgroup Pj = M{N{, of H) defined over k has the Levi factor
M) = GL] x GL}.

Let T2 GLy x GL1 x GL1 x GL; be the maximal split torus of the split Sps. Fix the positive
roots of Spg with respect to 1" in such a way that the split form Py = MyNy of the parabolic
subgroup Pj = M)Nj is the standard parabolic subgroup of the split Spg with the Levi factor
My =2 GLy x GLy. Let W(My) be the subgroup of the Weyl group of Spg with respect to T
isomorphic to the quotient of the normalizer of My modulo My. Then W(My) = W' and we
identify their elements.

For a Levi factor M of a standard parabolic subgroup of a reductive group, let ayc =X (M)®zC
denote the complexification of the Z-module X (M) of k-rational characters of M. Then Arge.c =
cf“M(,)’(C are two—dimensional complex vector spaces. The isomorphisms with C? are fixed by choosing

for the basis the reduced norm on every copy of GL| in M and the determinant on every copy of
GLy in My. The elements of a}; ~ = a},, . written in that fixed basis will be denoted s = (s1,$2),
) 0>

where s1,s92 € C. The positive Weyl chamber is given by inequalities Re(s1) > Re(s2) > 0.

The action of the Weyl group element w € W’ on s = (s1,82) € Ay c and a cuspidal auto-
morphic representation 7’ = 7] @ w5 of the Levi factor Mj(A) = GLj(A) x GL{(A) is induced
by the conjugation of the Levi factor. It is given in Table 1.1, where ~ denotes the contragredient
representation.

In this paper the parabolic induction from a standard parabolic subgroup P of a reductive group
G with the Levi factor M will be denoted by Ind{, instead of Ind%. This will not cause any
confusion since all the parabolic subgroups appearing in the paper are standard. The induction is



4 NEVEN GRBAC

always normalized in a sense that the representation induced from a unitary representation is again
unitary.

Finally, let us recall the Jacquet—Langlands correspondence following Section 8 of [5]. In this pa-
per we refer to the Jacquet-Langlands correspondence as the local and global lift of representations
from the group GL) to the split group GLs.

Let ' = ®,7, be a cuspidal automorphic representation of GL/ (A) which is not one-dimensional.
Then, at non-split places the local lift 7, of 7 is the square-integrable representation of G Ly(k,)
defined by the character relation as in Theorem (8.1) of [5]. At split places we have GL)(k,) =
GLy(k,) and the local lift is just m, = 7. The global lift of #’ is defined using the local lifts
as m = ®,m,. By Theorem (8.3) of [5] the global lift 7 is isomorphic to a cuspidal automorphic
representation of GLy(A). Hence, its local components m, are generic.

Let x o det’ = ®, (xy o det]) be an one-dimensional cuspidal automorphic representation of
GL{(A). Here x, are unitary characters of k¢ and x is a unitary character of A*/k*. Then,
in this paper, the global lift of y o det’ is defined to be just the one-dimensional representation
X o det = ®, (xp o dety) of GLa(A). It belongs to the residual spectrum of GLy(A). At non—
split places the local lift of x, o det] is defined by the Jacquet-Langlands correspondence as in

Theorem (8.1) of [5] to be the unique irreducible subrepresentation of the induced representation

GLa(ky)
IndGLi(kv)xGLl(kv)

tation of GLy(k,) twisted by x., but we denote this representation by St,, at all places. Observe
that by our definition in this case the global and local lift are not consistent. The reason is that the
global lift is supposed to be in the discrete spectrum of G Ly(A), while the local lift should preserve
the Plancherel measure.

In this paper a unitary character u of A* /k* and p, of k) are said to be quadratic if, respectively,
p? and p? are trivial. Thus, the trivial character is among quadratic characters as well.

(Xv‘ 2@ x| - 7Y 2). At non—archimedean places it is the Steinberg represen-

2. NORMALIZATION OF INTERTWINING OPERATORS

This Section is devoted to the local and global normalization, using scalar meromorphic nor-
malizing factors, of standard intertwining operators for H) attached to a cuspidal automorphic
representation of the Levi factor M} (A) of the minimal standard parabolic subgroup of H). The
main requirement of the normalization is that the normalized intertwining operators are holomor-
phic and non—vanishing in the regions required for the calculation of the residual spectrum in
Section 3.

The normalizing factors are first defined locally, at every place v of k, in the first three Sub-
sections. The Subsections 2.1, 2.2, 2.3 correspond, respectively, to the possible cases: a generic
representation at a split place, a non—generic representation at a split place and any unitary rep-
resentation at a non—split place. Subsection 2.4 combines the results of the previous Subsections
to obtain the global normalizing factors as a product over all places of the local ones. All the
normalizing factors are given as ratios of L-functions and e—factors.

2.1. Generic representation at split place. For the generic split case the normalization is given
by the Langlands—Shahidi method of [31] and [32] for the standard intertwining operators attached
to a generic irreducible representation of the Levi factor of a standard proper parabolic subgroup
of any quasi—split reductive group over k,. Of course, generic always means generic with respect
to the fixed continuous nontrivial additive character v, of k,. We omit the details in this Section
since the proofs may be found in Section 1.1 of [8] and are based on [38].
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In this Subsection let G be a split classical group defined over k,. For every subset 6 of the
set of simple roots A of G with respect to the fixed maximal split torus, let Py = MyNy be the
corresponding standard parabolic subgroup of G, where Mjy is the Levi factor and Ny the unipotent
radical. Let a*MG,C be the complexification of the Z-module of k,—rational characters of My. It is
an r—dimensional complex vector space and its elements are denoted by s = (s1,...,s,) € C". Let
W be the Weyl group of G. Let ry be the adjoint representation of the Langlands dual L—group of
My on the Lie algebra of the L—group of Ny.

In the special case of a maximal proper parabolic subgroup we have § = A\ {a} for a simple
root . Then aj, . is one dimensional (except for G = GL;, when it is one-dimensional modulo
center). We fix a basis vector

a= <:0P7 av>_1pP7
where pp equals half of the sum of positive roots of G not being roots of M, and we write sae = a®s
for s € C. Observe that in the maximal proper parabolic subgroup case there is at most one
nontrivial element w € W such that w(A \ {a}) C A.

For s € a}‘wm(c, an irreducible representation m, of Mjy(k,) and an element w € W such that
w(f) C A we denote by A(s,m,, w) the standard intertwining operator intertwining the induced
representations

I(s,m) = %) (mols()]) = (w(s), w(m,)) = Ind™) (w(m)w(s)()]),

where [s(-)| and |w(s)(-)| are viewed as characters of My(k,). The scalar meromorphic normalizing
factor for A(s,my,,w), defined via the Langlands—Shahidi method (see [32] for more details), is
denoted by r(s, m,, w) and the normalized intertwining operator N (s, m,,w) is then defined by

A(s, Ty, w) = 7(8, To, w)N (8, T, w).

Following [38], the main result of Section 1.1 of [8] shows the holomorphy and non—vanishing of
the normalized intertwining operators in a certain open set slightly bigger than the closure of the
positive Weyl chamber for a generic irreducible tempered representation m,. For the convenience
we recall it here.

Proposition 2.1.1. Let Py = MyNy be the standard proper parabolic subgroup of G corresponding
to 0 and w an element of the Weyl group W such that w(f) C A. Let m, be an irreducible
generic tempered representation of Mg(ky). Then the normalized intertwining operator N (s, m,, w)
18 holomorphic and non—vanishing for s € aj;\/fe#C such that

(Re(s),a’) > —1/ly forall a € @;‘;79,

where £, is the length of the corresponding adjoint representation ro in a decomposition of the
standard intertwining operator as in Section 2.1 of [31] and <I>$9 is the set of all positive roots «
such that wa is a negative root.

Next, we consider the case of any irreducible unitary generic representation but only for the
parabolic subgroup Py = MyNy of the split group Spg. We omit the proof since it is the same as
the proof of the analogous proposition in Section 1.1 of [8].

Proposition 2.1.2. Let Py = MyNy be the standard proper parabolic subgroup of the split group
Sps with the Levi factor My = GLa X GLa. Let m, = 71, ® w2, be an irreducible generic unitary
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representation of My(ky). Then, for every w € W (M), the normalized intertwining operator
N (s, 7y, w) is holomorphic and non-vanishing for s = (s1, $2) € ahg.c Such that

e Re(s1) = Re(s2) =0, i.e. the closure of the positive Weyl chamber,
e 0<s1<1/2and sy =1/2,
e 1/2<s1 <1 and sy — sy =1.

Finally, we collect in the following Corollary normalizing factors for the maximal standard proper
parabolic cases needed in the sequel. The normalizing factors in non—maximal cases are by definition
the products of the normalizing factors of the maximal cases appearing in a decomposition of the
standard intertwining operator according to the reduced decomposition of the Weyl group element
as in Section 2.1 of [31].

Corollary 2.1.3. For the case GLos X GLy C GLy4, the normalizing factor for the standard inter-
twining operator A((s1,52), 71,0 @24, w1), where m , @2, is an irreducible generic representation
of GLo(ky) X GLa(ky) and wy the unique nontrivial Weyl group element, equals
L(Sl — 89, 1w X %Q’U)

L(l + 81 — S2, 10 X 7’\1:2,1))5(51 — 82,1 p X %Q,U, %)’
where the L—function and e—factor are the Rankin—Selberg ones of pairs.

For the case GLy C Spy, the normalizing factor for the intertwining operator A(s, m,,w2), where
my 18 an irreducible generic representation of GLa(k,) and wy the unique nontrivial Weyl group
element, equals

(21) T((81782)77r1,v®ﬂ-2,v7w1) =

L(s,my) L(2s,wr,)
L(1 + s,my)e(s, Ty, ) L(1 + 25, wx, )e(28, wr, s V)’
where the L—functions and e—factors are the principal Jacquet ones and the Hecke ones of the central
character wy, of m,.

(2.2) (s, Ty, wa) =

2.2. Non—generic representation at split place. A non—generic irreducible representation m, =
1w @ ma, of Mo(ky) = GLa(ky) x GLa(ky) is the local component at a split place of a cuspidal
automorphic representation 7’ 2 7] @ 7 of M(A) if at least one of the representations 7} and 7
is one—dimensional. Then, the definition of the normalizing factor and the proof of the holomorphy
and non—vanishing of the normalized intertwining operators in the closure of the positive Weyl
chamber follow the proof of Lemma 1.8 of [24]. It was already used in Section 1.2 of [8] for an inner
form of SOg and hence we omit the details.

For the moment let G be any classical split group defined over k,. Let Py = MyNy be the
standard proper parabolic subgroup of G defined over k, corresponding to a subset 6 of the set
of simple roots A with respect to the fixed maximal split torus. Let m, be an irreducible unitary
non-generic representation of Mpy(k,). Assume that there exists a standard parabolic subgroup of
My with the Levi factor L, an irreducible tempered generic representation 7, of L(k,) and s’ € a}
such that 7, is isomorphic to the unique irreducible subrepresentation of 7

1o/ m) = Indy 5 (] ()]) -
Then, for every Weyl group element w such that w(f) C A, the following diagram is commutative:

I(s,my) = I(s+5',7)
Als, o, w) | [AG+ &7 w)
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I(w(s),w(my)) = I(w(s + ), w(m)),
where s is embedded into aj, . In other words, A(s, my,w) is the restriction of A(s + ', 7, w) to
I(s,m,). Hence, the normalizing factor for A(s,m,,w) is defined to be

(23) T(§, 7T’U7w) == r(§+§/77—’v7w)7

and the normalized operator N (s, m,,w) is actually the restriction of N(s + s, 7, w) to I(s, ).
The proof of the holomorphy and non—vanishing will follow from the following Lemma which we
recall without a proof since it is in fact a part of the proof of Lemma 1.8 in [24].

Lemma 2.2.1. Assume that in the notation as above there exists a Weyl group element w' such
that the image of the normalized intertwining operator

N s+ ), w ™ (), w) s I (s+5),w' ™ (n) = I(s+5',7m)

is I(s,m,). Then, for all s € ajyc such that w'=Y(s + s satisfies the inequalities of Proposition
2.1.1 for ww', the normalized intertwining operator N (s, Ty, w) is holomorphic and non-vanishing
at s.

Now, we apply the Lemma to the possible cases for My C Spg and omit the details since the
proofs follow closely the proofs of the analogous propositions in Section 1.2 of [8]. The basic idea is
always to find an appropriate w’ which satisfies both conditions of the Lemma. In some cases such
w’ does not exist, and we excluded those cases in the propositions below. Further investigation of
those cases is made in Section 3 where they are treated as possible poles of the Eisenstein series
when decomposing the residual spectrum. In all the propositions Py = My Ny is the standard proper
parabolic subgroup of the split group Sps with the Levi factor My =2 GLa X GLs.

Proposition 2.2.2. Let m, = (x1y0det, )@, be an irreducible non—generic unitary representation
of My(ky), where x1, is a unitary character of k) and ma, is a unitary generic representation
of GLa(ky). Then, for every w € W(My), the normalized intertwining operator N(s,m,,w) is
holomorphic and non—vanishing for s = (s1,s2) € a}ﬂ\/fo@ such that

o Re(s1) > Re(s2) = 0, i.e. the closure of the positive Weyl chamber,
e 0<s1<1/2and sy =1/2.

Proof. Along the same lines as the proof of the last proposition in Section 1.2 of [8]. O

Proposition 2.2.3. Let m, = 7, ® (x2,0 0 dety) be an irreducible non—generic unitary representa-
tion of My(ky,), where x2, is a unitary character of k) and 7, a unitary generic representation
of GLy(ky). Then, for every w € W(My), the normalized intertwining operator N(s,m,,w) is
holomorphic and non—vanishing for s = (s1,s2) € a}‘%’@ such that

e Re(s1) > Re(sz) =0, i.e. the closure of the positive Weyl chamber,

e 0<s1<1/2andsy=1/2,

e 0 < 51 < 3/2 and s9 = 3/2, except at (s1,s2) = (r,3/2) for some 0 < r < 1/2; at the
exceptional point, if w1, s not a complementary series representation of the form i, =
tol - " @ py| - |77, where p, is a unitary character of k.S, then it is always holomorphic and
non—vanishing.

Proof. For the last claim when verifying the surjectivity of the appropriate w’ of Lemma 2.2.1 one
uses the irreducibility of certain induced representations for GL3(k,) and GL4(k,). These are given
in [37] and [33]. O
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Proposition 2.2.4. Let m, = (x1,, © dety) ® (x2,0 © dety) be an one-dimensional non-generic
unitary representation of Mo(ky), where x1,, and X2, are unitary characters of k5. Then, for every
w € W (M), the normalized intertwining operator N(s,m,,w) is holomorphic and non-vanishing
for s = (s1,82) € a}‘wO’(C such that

Re(s1) > Re(s2) > 0 except Re(s1) = Re(s2) = 0, i.e. the closure of the positive Weyl
chamber except at the origin,

0<s1<1/2 and sy =1/2,

0 < s1 < 3/2 and sy = 3/2, except at (s1,s2) = (1/2,3/2); at the exceptional point if
X1,0 7 X2, then it is always holomorphic and non-vanishing, while if X1, = X2,0 then it is
holomorphic and non—vanishing at least for w € {1, wa, wiws, wowiws},

1< s1 <2 and sy — sy =2, except at (s1,s2) = (3/2,—1/2); at the exceptional point if x2.
is not quadratic, then it is always holomorphic and non—vanishing, while if 2, is quadratic,
then it is holomorphic and non—vanishing at least for w € {1, w1, wawi, wiwows }.

Proof. For the third claim see the comment on the proof of the previous proposition and also [24].
For the last claim one uses the irreducibility of certain induced representations for Spy(k,) given
in [30], [27] and [28]. O

At the end of this Subsection we collect the normalizing factors for the maximal standard proper
parabolic subgroup cases needed in the sequel.

Corollary 2.2.5. For the case GLa x GLy C GLy4, the normalizing factor for the standard inter-
twining operator A((s1,s2), (X1,0 0 dety) ® T2 4, w1), where X1, is a unitary character of kS, ma, is
an irreducible unitary generic representation of G La(ky) and wy the unique nontrivial Weyl group
element, equals

(2.4) r((s1,52), (x1,0 0 dety) ® T4, w1) =

_ L(s1 —s2—1/2,x1,0T2,0)
L(s1 — s2+3/2, x1,0T2,0)e(s1 — 52 + 1/2, X1,0T2,0, ¥u)e(s1 — 2 — 1/2, X1,0T2,0, ¥v)

where the L-function and c-factor are the principal Jacquet ones. In the case of w1, irreducible
unitary generic and T, = Y2, @ det,, where x2., s a unitary character of k;, the normalizing
factor is of the same form with the principal Jacquet L—functions and e—factors for 771,1,)(211) instead
of X1,0T2,0-

For the case GLy x GLy C GLy, the normalizing factor for the standard intertwining operator
A((s1,52), (x1,0 0dety) ® (x2,0 0 dety), wi), where x1,, and x2,, are unitary characters of kY and wq
the unique nontrivial Weyl group element, equals

(2.5) r((s1,52), (1,0 0 dety) ® (x2,0 0 dety), w1) = ry(51 — 52, X1,0X5.0);
where for s € C and a unitary character x, of kf

L(s, xv)L(s = 1,xv)
L(S + 27Xv)L(s + 17Xv)5(8 + 1, X, ¢v)5(37 Xvs 1/}1))25(3 - 17Xv7wv) ‘

and the L-function and e—factor are the Hecke ones.

(2.6) ro (8, Xv) =
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For the case GLy C Spy, the normalizing factor for the intertwining operator A(s, x, o dety,, ws),
where xy s a unitary character of kY and wy the unique nontrivial Weyl group element, equals

(2.7)

L(s =1/2,xv) L(2s,x3)
$+3/2, xv)e(s +1/2, X0, ¥o)e(s = 1/2, Xo, 1ho) L(1 + 28, X3)€(28, X3, 1)’
where the L-functions and e-factors are the Hecke ones of x., and of the central character x? of
X © det,.

(8, Xv © dety, we) = I

2.3. Non—split place. In this Subsection let v € Sp be a place of k where D does not split. By our
assumption v is non—archimedean. Let 7, 7r£7v®7r§m be a unitary irreducible representation of the
Levi factor M{(k,) = GL)(k,) x GL} (k) of the minimal parabolic subgroup of Hj. Observe that =,
is supercuspidal since M() has no proper parabolic subgroups defined over k,. Let m, = 1, @ ma,
be the local lift of 7, from M/ (k,) to My(k,) as defined in Section 1 using the Jacquet-Langlands
correspondence. It is a square—integrable representation of My(ky).

For s € a}ﬂ\/lé,c and w € W, the standard intertwining operator A(s, ., w) is defined as in the

split case. For the precise definition see Section 2 of [29] or Section 1.3 of [8]. It is important
to choose the Haar measures on the unipotent radicals for the split group and its inner form
compatibly as explained in Section 2 of [29]. See also [26]. In this case a decomposition of the
standard intertwining operators according to a reduced decomposition of the Weyl group element
as in Section 2.1 of [31] still holds.

The normalizing factor for the standard intertwining operator A(s, 7, w) is defined to be

(2.8) 7(8, Ty w) = (8, T, w),

where the normalizing factor on the right is the generic split case normalizing factor attached to
the local lift m, which is square—integrable. Then, the normalized intertwining operator is defined
by

(2.9) A(s,m,w) =r(s,m,w)N(s,m,,w)

= v
as usual. Here we just give a sketch of the proof of the holomorphy and non—vanishing of N (s, 7., w)
in the required regions since it follows closely the same proof for an inner form of SOg in Section
1.3 of [8]. It is based on the comparison of the Plancherel formula of [29].

Proposition 2.3.1. Let m, = 7} , @7y, be an irreducible unitary representation of the Levi factor
M((ky). Then, for every w € W', the normalized intertwining operator N(s,m,, w) is holomorphic
and non—vanishing for s = (s1,s2) € a}k\/[(,) ¢ such that

e Re(s1) = Re(s2) =0, i.e. the closure of the positive Weyl chamber,

0<s1<1/2 and sy =1/2,

if 7, is one-dimensional, then 0 < s1 < 3/2 and sy = 3/2,

1/2 < s1 <1 ands; — sy =1,

1 < s1 <2 and sy —s2 =2 except at (s1,82) = (3/2,—1/2); at the exceptional point if
the central character Wat of 7Té7v 1s non—trivial, then it is always holomorphic and non—

vanishing, while if Wry is trivial, then it is holomorphic and non—vanishing at least for
w € {1, w1, wowy, wiwaws }.

Proof. The proof goes along the same lines as the proof of the analogous proposition in Section
1.3 of [8]. The third claim would not be true if one removed the condition of one-dimensionality.
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The reason lies in the reducibility points for the induced representations of GL,(k,) which are a
special case of the results in [34]. For the last claim one needs the irreducibility of certain induced
representations for Hj(k,) obtained in [29]. O

In the following Corollaries we collect the normalizing factors for the maximal standard proper
parabolic subgroup cases needed in the sequel. The first is a direct consequence of equation (2.8).

Corollary 2.3.2. For the case GL} x GL| C GLY, the normalizing factor for the standard inter-
twining operator A((s1,s2),m , @7y, w1), where m , @y, is an irreducible unitary representation
of GL)(ky) x GL}(ky) and wy the unique nontrivial Weyl group element, equals

L(sy — 82,10 X T2y)
L(1+ 51 — 82,14 X T2p)e(81 — 82,10 X W20, Py)’

(2.10) r((s1,82), Ty @ T4 w1) =

where the L-function and e—factor are the Rankin—Selberg ones of pairs for the local lifts m1 , and
T2

For the case GL} C Hy, the normalizing factor for the intertwining operator A(s, ., ws), where
m is an irreducible unitary representation of GL)(k,) and we the unique nontrivial Weyl group

element, equals
L(s, ) L(2s,wr,)
L(1 + s,m)e(s, Ty, ) L(1 + 28, wx, )e(28, wry, V)’

where the L—functions and e—factors are the principal Jacquet ones of the local lift m, and the Hecke
ones of the central character wr, of m,. Observe that wy = wr,.

(2.11) (s, m, wa) =

Next Corollary gives the normalizing factors in a more precise form if at least one of the repre-
sentations 7}, and ), is one-dimensional. The form of the normalizing factors is made suitable
for obtaining the global normalizing factors in Subsection 2.4.

Recall from Section 1 that the local lift of the one-dimensional representation y,odet, of GL} (k,),
where x, is a unitary character of k;, is the Steinberg representation St,, of GLa(k,). Then, the
Corollary is obtained from the previous Corollary using the expressions for the Rankin—Selberg and
principal Jacquet L—functions and e—factors involving the Steinberg representations and the fact
that the central character of St is x2. These expressions are given in Theorem (3.1), Sections 8
and 9 of [15] and Section (3.1) of [13].

Corollary 2.3.3. For the case GL} x GL| C GLY, the normalizing factor for the standard inter-
twining operator A((s1,s2), (x1,0 © det}) ® 7Té7v,w1), where X1, is a unitary character of k), and
o the local component at v of a non-one-dimensional cuspidal automorphic representation of

GLi(A) and wy the unique nontrivial Weyl group element, equals
(2.12) 7((s1,52), (x1,0 0 det,) @ mp ), w1) =

_ L(s1 —s2 —1/2,x10720)

L(s1 — 82+ 3/2,x1,0M2,0)e(51 — 82+ 1/2, X1,0T2,0, Yu)e(s1 — 52 — 1/2, X10T2.05 Y0
where the L—function and e—factor are the principal Jacquet ones for x1,T2., and w4, is the local lift
of 7'('57,0. In the case of 71'3’” the local component at v of a non—one—dimensional cuspidal automorphic
representation of GL|(A) and 75, = X2, ® detl,, where X2, is a unitary character of k), the
normalizing factor can be written in the same form with the principal Jacquet L—functions and
e—factors for Wl,in}, instead of x1,u72,p.
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For the case GL} x GL} C GL), the normalizing factor for the standard intertwining operator
A((s1,52), (x1,00det)) @ (x20 o detl), w1), where X1, and X2, are unitary characters of k)X and w;
the unique nontrivial Weyl group element, equals

(2.13) r((s1,52), (x1,00det;,)@(x2,0det,), w1) =

L(s1 = 82, X1,0X2.0) L(s1 — 82+ 1,X1,0X2.0)
L(—(s1 = $2), X oX20) L(1 = (51 = 52), X1 oX200)
where r,(8, Xv), for s € C and a unitary character x,, is defined by equation (2.6) in Corollary
2.2.5 and the L—functions and e—factors are the Hecke ones.

For the case GL) C HY|, the normalizing factor for the intertwining operator A(s, X, o det,,, w2),
where x, 18 a unitary character of k) and wy the unique nontrivial Weyl group element, equals

(2.14) r(s,xp o detl, wo) =
B L(s—1/2,x0) L(s+1/2,xy) L(2s,x7)

 L(s+3/2,x0)e(s + 1/2, X, ¥o)e(s — 1/2, Xus ¥0) L(1/2 — 5, x5 1) L(1+ 25, x2)e(25, X2, ¢0)
where the L—functions and e—factors are the Hecke ones.

= TU(SI — S9, XI,UX2_,11))

2.4. Global normalization. In this Subsection we combine the local results of the previous Sub-
sections to obtain the global normalizing factors. Let 7’ = 7] ® 7, be a cuspidal automorphic
representation of the Levi factor M(A) = GL|(A) x GL}(A) in H5(A). In the rest of the paper we

distinguish three cases depending on the type of 7’

A. Both 7} and 74 are not one—dimensional,
B. One among 7} and 74 is one-dimensional and the other is not,
C. Both 7} and 7/ are one—dimensional.

The global lifts defined in Section 1 of 7/, 7} and 7, are denoted 7, m and my. Recall that if 7] is
not one—dimensional, then 7; is cuspidal.
! ~

Let 7' = ®,m,, where 7, = 7} , ® ), be the decomposition of a cuspidal automorphic rep-

resentation into the restricted tensor product as in [4]. For s € a}%,@ and w € W', the global
standard intertwining operator denoted by A(s,n’,w) is defined by the global integral of the same
form as the local integrals defining the local standard intertwining operators. For more details see
Section I1.1.6 of [25]. It is a tensor product of the local intertwining operators over all places. At
unramified places the local standard intertwining operator sends the unique suitably normalized
vector invariant for the fixed maximal compact subgroup into the invariant vector normalized in
the same way multiplied by the local normalizing factor r(s, 7, w).
The global normalizing factor for A(s, 7', w) is defined as

(2.15) r(s, 7, w) = [ [ r(s =), w).

(2

It is meromorphic in s € a*M(,)’(C. Then, the global normalized intertwining operator is given by

A(s, 7', w) = r(s, 7, w)N(s, ", w).

It is a tensor product of the local normalized intertwining operators over all places. At unrami-
fied places it just sends the suitably normalized invariant vector for the fixed maximal compact
subgroup into the invariant one normalized in the same way. The following Theorem deals with
the holomorphy and non—vanishing of the global normalized intertwining operators. The standard
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proof, which is omitted, reduces the question to the local results of the previous subsection. The
excluded points of the Theorem are just the possible poles of the normalized intertwining operators,
and in the calculation we regard these points as possible poles of the Eisenstein series.

Theorem 2.4.1. Let 1’ = w1 ®m), be a cuspidal automorphic representation of the Levi factor M| (A)
in Hy(A). Then, for every w € W', the global normalized operator N (s, 7', w) is holomorphic and
non-vanishing for s = (s1,s2) € a}; o such that

0’

o Re(s1) = Re(s2) = 0 except at Re(s1) = Re(s2) =0 in the case C, i.e. in the closure of the
positive Weyl chamber except at the origin in the case C,

o 0<s1 <1/2 and so =1/2 in all the cases,

e in the case B with ml one—dimensional, 0 < s1 < 3/2 and sy = 3/2, except at (s1,$2) =
(r,3/2) for certain 0 < r < 1/2 depending on 7'; the exceptional point does not appear if
the global lift ™1 of 7} satisfies the Ramanugjan conjecture,

e in the case C, 0 < s1 < 3/2 and sa = 3/2, except at (s1,s2) = (1/2,3/2); at the exceptional
point it is always holomorphic and non—vanishing if w € {1, wa, wiws, wowiws},

e in the case A, 1/2 < s1 <1 and s;1 —sy =1,

e in the case C, 1 < s1 < 2 and s1—s9 = 2, except at (s1,s2) = (3/2,—1/2); at the exceptional
point it is always holomorphic and non—vanishing if w € {1, w;, wawy, wiwows }.

Finally, for cases A, B and C, we collect the global normalizing factors for the maximal standard
proper parabolic subgroups needed in the sequel. For GL| x GL] C GL) in case A the local
normalizing factors are given by equation (2.1) of Corollary 2.1.3 and (2.10) of Corollary 2.3.2. For
GL} C Hji in case A the local normalizing factors are given by equation (2.2) of Corollary 2.1.3
and (2.11) of Corollary 2.3.2.

Corollary 2.4.2 (Case A). For GL} x GL| C GLY, the global normalizing factor for the standard
intertwining operator A((s1,s2), T @ mh,w1), where 7 @ 7 is a case A cuspidal automorphic
representation of GL}(A) x GL}(A), equals

L(Sl — 89,m1 X %2)

2.16 | @ mh = = —,
( ) T((Sl,SQ),W1®ﬂ2,w1) L(1+81—SQ,7T1 ><7T2)€(81—82,7T1 ><7T2)

where the L—function and e—factor are the global Rankin—Selberg ones of pairs for the global lifts m;
and .

For GL| C Hy, the global normalizing factor for the standard intertwining operator A(s, 7', w2),
where 7' is a cuspidal automorphic representation of GL)(A) which is not one—dimensional, equals

L(s,m) L(2s,wy)
L(1+ s,m)e(s,m) L(1 + 25, wy)e(28, wr)’

where the L—function and e—factor are the global principal Jacquet ones for the global lift m and the
global Hecke ones for the central character wy of the global lift w. Observe that wr = wy.

(2.17) r(s, 7’ wy) =

For GL} x GL} C GL) in case B the local normalizing factors are given by equation (2.4) of
Corollary 2.2.5 and (2.12) of Corollary 2.3.3. For GL} C Hj in case B the global normalizing factor
is already obtained in the Corollaries for either case A or case C.

Corollary 2.4.3 (Case B). For GL} x GL| C GL, the global normalizing factor for the standard
intertwining operator A((s1,s2), (x1odet’) @), wy), where x1 is a unitary character of A* /k* and
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7h a cuspidal automorphic representation of GL)(A) which is not one-dimensional, equals
(2.18)

L(81 — S9 — 1/2, Xl%Q)
L(81 — 89 + 3/2, Xl%Q)E(Sl — 82 + 1/2, Xl%z)é‘(sl — 89 — 1/2,)(1%2)’
where the L—function and e—factor are the global principal Jacquet ones for x17e and mwo is the
global lift of h. For the intertwining operator A((s1,s2), T ® (x2 o det’),wy), where now 7 is not
one—dimensional and x2 a unitary character of A* /k*, the normalizing factor is of the same form
with the global principal Jacquet L—function and e—factor for 7T1X51 instead of x17o.

71((817 82)7 (Xlodet/)®7ré, wl) =

For GL} x GL} C GL) in case C the local normalizing factors are given by equation (2.5) of
Corollary 2.2.5 and (2.13) of Corollary 2.3.3. For GL} C Hj in case C the local normalizing factors
are given by equation (2.7) of Corollary 2.2.5 and (2.14) of Corollary 2.3.3.

Corollary 2.4.4 (Case C). For GL} x GL| C GL%, the global normalizing factor for the standard
intertwining operator A((s1, s2), (x10det’)® (yoodet’), w1 ), where x1 and x2 are unitary characters
of A* k>, equals

(2.19) r((s1,52), (x1 o det’) ® (x2 0 det’),wr) =
L(s1 — s2, Xl,vXQ_ﬂl))L(Sl —s2+1, Xl,vXQ_ﬂl;)
L(—(s1 — s2), X1ox2w) L(1 = (51— 52), X7 o X200)

=7(s1—52,X1X5 ') H

vESp

where, for s € C and a unitary character x of A* /k*, r(s, x) is a product over all places of 7,(s, Xv)
defined in equation (2.6) of Corollary 2.2.5, i.e.

L(s,x)L(s — 1, x)
L(s+2,x)L(s + 1,x)e(s + 1,x)e(s, x)%e(s — 1, x)’
and the L—functions and e—factors are the global and local Hecke ones.

For GL| C Hj, the global normalizing factor for the intertwining operator A(s,x o det’,ws),
where x is a unitary character of A*/k*, equals

(2.21) 7(s,x odet’,ws) =
_ L(8_1/27X) H L<8+1/27XU) . L(237X2)
L(s+3/2,x)e(s+1/2,x)e(s —1/2,x) ol L(1/2 —s,xab) L(1+2s,x?)e(2s,x?)’

where the L—functions and e—factors are the global and local Hecke ones.

(2.20) r(s,x) =

3. CALCULATION OF THE RESIDUAL SPECTRUM

Let L2, denote the residual spectrum of Hj(A). By the definition it is the orthogonal complement
of the cuspidal spectrum inside the discrete spectrum of Hj(A). By the Langlands spectral theory,
explained in [20] and [25], the constituents of L2, are obtained by taking the iterated residues at the
poles of the Eisenstein series attached to cuspidal automorphic representations of the Levi factors
of standard proper parabolic subgroups of H. In this paper we decompose the part Lfes’ M} of the
residual spectrum coming from the poles of the Eisenstein series attached to cuspidal automorphic
representations of the Levi factor M((A) = GL|(A) x GL{(A) of the minimal parabolic subgroup
Pi(A) of Hy(A). Now, very briefly, we explain the application of the Langlands spectral theory in

our case. For more details see Section V of [25] or, for the low rank examples, [16] and [8].
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3.1. Brief overview of the method. Let 7’ be a cuspidal automorphic representation of Mj(A).
Let s € a*Mé c and fs € I(s, n’), where the dependency of automorphic forms fs on s is analytic

on ay, - and Paley-Wiener with values in the space of the induced representation. Then, the
0>

Fisenstein series is defined as the analytic continuation from the domain of the convergence of the
series

(3.1) E(s,g: fsm)= > fs(79)

~ERy(RNHY(R)

for ¢ € H)(A). It is meromorphic as a function of s. By the Langlands spectral theory, the
contribution of 7’ to the whole space of square—integrable automorphic forms of Hj(A) is generated
by the integrals

1
3.2 g— / E(s,g; fs,7')ds,
( ) (27”)2 Re(s)=s, ( B )

where s, is deep enough in the positive Weyl chamber so that the integral defining the global
intertwining operators and the sum defining the Eisenstein series converge absolutely at s,.

During the calculation of the poles of the Fisenstein series we always assume that they are
real. There is no loss in the generality because that can be achieved just by twisting a cuspidal
automorphic representation of a Levi factor by the appropriate imaginary power of the absolute
value of the reduced norm of the determinant. Hence, this assumption is just a convenient choice
of coordinates and in the sequel we always assume that si,s9 € R. In the figures of the following
subsections only the real part of cf“M(,)’(C is presented.

When deforming the line of integration in (3.2) from s, to the origin inside the positive Weyl
chamber as in the figures below, we cross the singular hyperplanes which are the poles of the
Eisenstein series. The integral at the origin gives a part of the continuous spectrum, while the
residues at the singular hyperplanes are the possible contributions to the residual spectrum. Next,
we take the coordinate system on the singular hyperplane such that the origin is the orthogonal
projection of the origin in a}‘w{),c and continue the same procedure. In such a way after taking

the iterated residues at the poles of the Eisenstein series we are left with the contribution of 7’ to
2
res,M}*

The analytic properties of the Eisenstein series coincide with the analytic properties of their
constant terms along Pj. Therefore, instead of the poles and square integrability of the Eisenstein
series we can study the poles and square integrability of their constant terms. The benefit lies in
the fact that, by Proposition I1.1.7. of [25], the constant term equals

(33) > Als, 7 w) fs(g)

weWw’

and for the standard intertwining operators A(s, 7', w) we have defined in Section 2 the scalar mero-
morphic normalizing factors r(s, 7', w). By Theorem 2.4.1, the normalized intertwining operators
N(s,n’,w) are holomorphic and non—vanishing in the regions required in the calculations below.
Thus, the calculation of the poles of (3.3) reduces to the poles of the global normalizing factors.
The points excluded in Theorem 2.4.1 are also treated as possible poles during calculation.
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The first step in the decomposition of Lfes’ M} is according to the type of 7/, i.e. case A, B or C.
Thus,
(34) Lies,M(’] = L?‘l ® L2B S L%?

where L%, LQB and L% are the parts of Lfes’ M} obtained as the iterated residues at the poles of
the Eisenstein series attached to case A, B and C cuspidal automorphic representations of M{(A),
respectively. In the following Subsections 3.2 and 3.3 we decompose LQB and L%. The decomposition
of L?4 is omitted because it can be rewritten line by line from the case A decomposition in Section
2.2 of [8]. The only difference is the additional non—vanishing condition at s = 1/2 for the principal
L-functions L(s, m;) attached to the global Jacquet-Langlands lifts of 7. This condition comes from
the principal L-function in the case A global normalizing factor for the H] intertwining operator
attached to ws given in Corollary 2.4.2. For the inner form G of SOg the principal L—function
does not appear in the corresponding normalizing factor.

Before proceeding to the calculation we recall the Langlands square integrability criterion given
in Section 1.4.11 of [25] and on page 104 of [20], and the analytic properties of L—functions given
for the Hecke L-functions in [36], for the principal Jacquet L—functions for GLy in [14] and for
the Rankin—Selberg L—functions of pairs for GLy x G Ly in [12]. Observe that the global Hecke L—
function L(s, 1) for the trivial character 1 of A* /k* is nothing else than the Dedekind (—function
of the algebraic number field k. Recall that in this paper a unitary character p of A*/k* is said
to be quadratic if p? is trivial.

Lemma 3.1.1. The space obtained as the iterated residue at the pole s = (s1,s2) € a}‘\/[(,)’(c of the

FEisenstein series attached to a cuspidal automorphic representation ' of M{(A) consists of square—
integrable automorphic forms if and only if w(s) = (s}, sh) satisfies s} < 0 and s} + s, < 0, for
every w € W' such that the corresponding intertwining operator in the constant term (3.3) gives a
nontrivial contribution.

Lemma 3.1.2. The global Rankin—Selberg L—function of pairs L(s,o1 X 02) for cuspidal automor-
phic representations o1 and oo of GLa(A) has simple poles at s =0 and s =1 if 01 = 09 and it is
entire otherwise. It has no zeroes for Re(s) > 1.

The global principal Jacquet L—function L(s,o) for a cuspidal automorphic representation o of
GLs(A) is entire. It is has no zeroes for Re(s) > 1.

The global Hecke L—function L(s, p) for a unitary character p of A* /k* has simple poles at s = 0
and s = 1 if p is trivial and it is entire otherwise. It has no zeroes for Re(s) > 1.

The local Hecke L—function L(s, i) for a unitary character p, of a non—archimedean field k.
has the only real simple pole at s = 0 if u, s trivial, and it is entire otherwise. It has no zeroes.

The proof of the following elementary Lemma repeatedly used in the calculations is omitted.

Lemma 3.1.3. Let L(s) be a meromorphic function on C having only simple poles, L(0) # 0,
and satisfying the functional equation L(s) = e(s)L(1 — s), where e(s) is an entire non—vanishing
function such that £(0)e(1) = 1. Then
L(s) | -1, if s=0 is a simple pole of L(s),
L1+ s)e(s) g 1, otherwise.
The following simple Lemma is very helpful in describing the images of the normalized intertwin-
ing operators obtained below as the residues of the constant terms of the Eisenstein series. The
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same Lemma was used several times in our previous paper [8]. Hence, we skip here the details.
When applying the Lemma, w’ and w” are carefully chosen in such a way that, besides (1) and (2),
w"ww' is the longest Weyl group element and w'~!(s 4 s') is at least in the closure of the positive
Weyl chamber. This enables a description of the image using the Langlands classification.

Lemma 3.1.4. Let m, be an irreducible unitary representation of the Levi factor My(k,) of the
standard parabolic subgroup of Sps, s € Ay c and w € W(My). Assume that there is a Levi
subgroup L C My, s’ € a  and a tempered representation 1, of L(ky) such that m, is the unique

irreducible subrepresentation of the induced representation Iy(g,n). Suppose that w' and w" are
the elements of the Weyl group W of Spg such that
(1) the image of the normalized intertwining operator N(w'= (s + &'),w'= (7)), w’) is I(s,m,),
(2) the restriction of the normalized intertwining operator N(w(s+s"),w(r,),w”) to the induced
representation I(w(s),w(my)) is injective,
where we identified s with an element of a} . Then the image of the normalized intertwining
operator N (s, 7y, w) is isomorphic to the image of N(w'~1(s+ &'),w' " (), w"ww’).

Proof. The Lemma is a simple consequence of the decomposition property of normalized intertwin-
ing operators. U

3.2. Case B. In this case a cuspidal automorphic representation 7’ = 7} ® 7 of M}(A) is such
that one of the representations 7} and 7 is one—dimensional and the other is not. The global
normalizing factors for the maximal standard proper parabolic subgroup with the Levi factor GL x
GL) C GLY are given in Corollary 2.4.3 and the Levi factor GL} C Hj in Corollary 2.4.2 for non-
one—dimensional representations and Corollary 2.4.4 for one-dimensional representations. By the
analytic properties of the L—functions of Lemma 3.1.2, the possible singular hyperplanes of the
normalizing factors for the intertwining operators in the sum (3.3) are shown in Figure 3.1 if 7} is
one—dimensional and in Figure 3.2 if 7 is one-dimensional. There are four possible iterated poles,
at points
Bl(3/2v 1/2)7 B2(1/27 1/2)7
if 7] is one—dimensional and
Bs(1/2.3/2), Bi(1/2,1/2)
if 7, is one—dimensional. Note that we do not consider the possible iterated pole at Bs(r,3/2)
when 7/, is one-dimensional. By Theorem 2.4.1, if the Ramanujan conjecture holds for cuspidal
automorphic representations of GLy(A), then Bs is not a pole. Although in principle one could
describe the hypothetical contribution at By in the same way as for the poles at Cy or Cf in
Section 3.3, we skip that here since it would not bring any new insight. Having that in mind, LQB
decomposes into
L3 >L% oLh, oLy, ©Lh,.
The cases of By and Bs, as well as By and By, are in fact the same. For a pair of points the results
and the proofs can be obtained from each other just by interchanging the roles of ] and 7}, s;
and sg, etc. Therefore, we state and prove only the decomposition of L231 and LQBQ.
Before giving the decomposition of LzBl, consider the induced representation

GLY (k)
GL (k) x GL (k)

L (k)

Ind GL (ko) xGL, (kv)

(1y0 det;)V3/2 ® Wé,vul/Q) = Ind (1,0 detg)ul/2 ® WQ’UV_I/Q),
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251=1 251:3

A 4

251 =1 s > 8 >0

FIGURE 3.2. Case B singular hyperplanes for 7/, one-dimensional

where 1, is the trivial character of £k, and Wé’v is a unitary, generic at split places, irreducible
representation with the trivial central character. It is irreducible as a consequence of [3], [2], [24].
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7
] w \ Resas,—17(s, 7', w) ‘
[ wy | 1 |
L(z,x1m2) ‘
’ e ‘ L(z4+2,xam2)e(z,x1m2)e(2+1,x172)
L(z,x17m2)
L(Z+2,X17r2)8(z7><17r2() (Z+§7X17T2)
L(Z—]./Q,Xl) L 22’,){1 L(Z+1/27X1,v)
W22 | TEr3/2x)e(z—1/2,x1)e(z+1/2:x1) L1422,x2)e(22,x2) oesy, L(1/2—zx. )
L(z,x1m2) L(z—1,x1m2)
W1w2w1w2 L(z+2,x1m2)e(z,x1m2)e(z+1,x17m2) L(2+1,x1m2)e(2—1,x172)e(2,x172)
L(z=1/2,x1) L(2z,x7) 11 L(z41/2,x1,0)
L(243/2,x1)e(2—1/2,x1)e(2+1/2,x1) L(14+22,x3)e(22,x7) 1 1v€SD L(1/2—2,x7 )

TABLE 3.1. Residues along 2s9 = 1 of case B normalizing factors for 7} = x; o det/

Hence, the normalized intertwining operator
N(L (]-U ° det{u) ® ﬂJQ,vv wl)v

where 1 = la = (1/2,-1/2), acts as Id or —Id. We denote the sign by n,. Its inverse, required in
the decomposition of Lp,, acts by the same scalar.

Theorem 3.2.1. The subspace L2B1 of the residual spectrum of H5(A) decomposes into
LQB1 = @W/Bl(ﬂ-/%

where the sum is over all cuspidal automorphic representations @' = (1 o det’) @ mh, of M{(A) such
that 1 is the trivial character of A* /k*, ©h is not one—dimensional, the central character Wrt of mh
is trivial, L(1/2,m3) # 0 and the parity condition

L(1/2,79)L(—1/2,m3)
L(5/2,m2)L(3/2,m3) H 7

holds, where Ty is the global lift of 7.

Bi(n") is the irreducible space of automorphic forms spanned by the iterated residue at s =
(3/2,1/2) of the Eisenstein series attached to ©'. The constant term map gives rise to an isomor-
phism of B1(7') and the image of the normalized intertwining operator N((3/2,1/2), 7', wowiwy).

Proof. Let ' = (x1 o det’) ® 7, be a case B cuspidal automorphic representation of M/(A) The
iterated pole at B1(3/2,1/2) of the Eisenstein series attached to 7' is first calculated along the
singular hyperplane 2s5 = 1 as shown in Figure 3.1. The pole along 2s9 = 1 occurs if only if the
central character w is trivial and L(1/2,72) # 0. In the new variable z = s; the residues are up
to a nonzero constant given in Table 3.1, where 1 is the trivial character of A*/k*. Observe that
my is selfcontragredient since wy, is trivial.

The terms in Table 3.1 have the pole at B;(3/2,1/2), i.e. z = 3/2, if and only if x; is trivial.
Up to a nonzero constant the residue of the term corresponding to wowiws equals

N((3/2,1/2), 7, wowiws),
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while after applying the global functional equation for the L—functions, the residue of the term
corresponding to wywswiws equals
L(1/2,m9)L(—1/2,m2)
L(5/2,m9)L(3/2,m2)
The residue acting at a decomposable vector of the induced representation gives
L(1/2,m9)L(—1/2,72)
L(5/2,m9)L(3/2,72)
Now, the non—vanishing condition for the square—bracket gives the parity condition of the Theorem.

The Langlands square—integrability criterion of Lemma 3.1.1 is satisfied. The irreducibility of the
image of the normalized operator N((3/2,1/2), 7', wawqiws) is proved as in case B of [8]. O

N((3/2,1/2), 7', wiwswiws).

N((3/2,1/2), 7', wowyws) | Id + N((3/2,1/2), 7', w1)| .

Before giving the decomposition of L2B2 we consider the induced representation

G Ly (ko)

IndG’L’l(kU)xGL’l(kv) ((x1,0 0 det) @ Wé’v) .

where 7'('57” is a unitary, generic at split places, irreducible representation with the trivial central
character and x1, a quadratic character of k. It is irreducible at all places by [3], [2], [33]. Hence,
the normalized intertwining operator

N(0, (x1,0 0 det,) @ m5 ,,, w1)

acts as Id or —Id. We denote the sign by n,. Its inverse required in the decomposition of LzB4 acts
by the same scalar.
Furthermore, consider the image of the normalized intertwining operator

N((1/2,1/2), 7, wiwawiws),

where 7, = (x1,, 0 det;) ® 7, and x; and 7, are as above. At non-split places the image is
irreducible by the Langlands classification since 7 is supercuspidal. At split places, the image is
described in terms of the Langlands classification as in Section 2.3 of [8]. However, due to more
complicated reducibilities for the symplectic group, the image is irreducible if and only if x1, is
trivial. If x1, is a non-trivial quadratic character, it is a sum of two irreducible constituents. In
both cases, we denote the constituents by Hvi, and make a convention that I, is trivial if xq , is
trivial. In terms of the Langlands classification, if ma, is tempered, then ITF is the quotient of the
standard module

Sps (kv) 1/2 +
IndGLSl(k:v)XGLQ(]CU)XS[Q(kv) (Xl,v| . | ® 772,1)7/ / ® TU ) )

while if 75, is a complementary series attached to a unitary character p, of k) and an exponent
0 < r < 1/2, then it is the quotient of the standard module

Ind5p8 (kv)

1/2+ 1/2— +
GL1 (ko)X GL1 (ky) X GL1 (ko) % SLa (k) <X1,v| . ‘ & Uyl /24T & Uyl /2=r ® T, ) .

Here 7.

are irreducible tempered representations of SLa(k,) defined by

SLo (k‘v)

Indgp) (k) X0 = T BT,

where 7, is trivial if x1, is trivial.
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Theorem 3.2.2. The subspace L232 of the residual spectrum of H)(A) decomposes into

L%’z = ®W’BZ(7T/)7

~Y

where the sum is over all cuspidal automorphic representations ' = (x1 o det’) @ 7 of M{(A)
such that x1 is a nontrivial quadratic character, x1, is nontriwial for all v € Sp, ™ is not one-
dimensional, the central character wy, of my is trivial, L(1/2,m2) # 0 and L(1/2, x1m2) # 0, where
mo is the global lift of 7}, and the parity condition [, n, =1 holds.

Bo(7') is the space of automorphic forms spanned by the iterated residue at s = (1/2,1/2) of the

Fisenstein series attached to ©'. The constant term map gives rise to an isomorphism of Ba(7')
and the sum of the irreducible representations of the form ®,IL,, where 11, is one of at most two
irreducible components of the image of N((1/2,1/2), 7, wiwawiws) and at almost all split places
it s 1.
Proof. The proof goes along the same lines as the proof of the previous Theorem. The residues
along 2s9 = 1 are already given in Table 3.1. Now, the pole at z = 1/2 of the terms in Table 3.1
is obtained if and only if x; is a quadratic character such that x1, is nontrivial at all v € Sp and
L(1/2,x1m2) # 0. The local condition comes from the local Hecke L-function in the denominator
of the global normalizing factors which would otherwise cancel the pole. Again, using the global
functional equation and decomposing, the iterated residue at Bo(1/2,1/2) equals

N((1/2,1/2), 7', wowws) [Id + N((1/2,1/2),7',w1)] .

The non—vanishing of the square—bracket gives the parity condition. The square—integrability cri-
terion of Lemma 3.1.1 is satisfied. Since N((1/2,1/2),7’,w;) is an isomorphism, the image of
N((1/2,1/2), 7', wewjws) is isomorphic to the image of N((1/2,1/2), 7', wiwowiws) which was
decomposed at every place just before the statement of the Theorem. Since an automorphic repre-
sentation is unramified at almost all places, IT) = II;" at almost all split places. O

3.3. Case C. In this case 7’ = 7} ® 7 is a cuspidal automorphic representation of M/(A) such that
ml = y;odet’, for i = 1,2, where Y; is a unitary character of A* /k*. The global normalizing factors
of the standard intertwining operators in the sum (3.3) are the products of the maximal proper
parabolic subgroup cases given in Corollary 2.4.4. By the analytic properties of the L—functions of
Lemma 3.1.2, the possible singular hyperplanes of the terms in the sum (3.3) are given in Figure
3.3. There are eight possible iterated poles denoted as in Figure 3.3 by

Ci(7/2,3/2), C2(5/2,1/2), C53(2,0), C4(3/2,-1/2)
C5(3/2,3/2), Cs(1/2,3/2), C7(3/2,1/2), Cs(1/2,1/2).
Hence, LQC decomposes accordingly into
LE 2L oL, ®LE, ®LE, @ LE, & Ly, ® L, ® LE,.
Theorem 3.3.1. The subspace L%H of the residual spectrum of H5(A) is the irreducible space of
automorphic forms consisting only of constant functions on Hy(A).

Proof. Let " = (x1 odet’) ® (x2 o det’) be a case C cuspidal automorphic representation of Mj(A).
As shown in Figure 3.3, for the contribution of 7/ to the residual spectrum at C1(7/2,3/2) the
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o 281 =1 281 3
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S1

FI1GURE 3.3. Case C singular hyperplanes

] w \ Resg, —s,—27(s, (x o det’) ® (y o det’), w) ‘
L ow | 1 |
L(z+1/2,x) L(z+3/2,xv) L(22+2,x%)
w21 L(z4+5/2,x)e(z+3/2,x)e(2+1/2,x) HvGS’D L(—1/2—zx2 1) " L(22+3,x2)e(2242,x?)
L(z+1/2,x) L(z4+3/2,xv) L(22+2,x%)
w1w2wW1 L(z+5/2,x)e(24+3/2,X)e(2+1/2,x) H’UGSD L(—1/2—zx, ) L(22+3x?)e(22+2,Xx?)

L(224+1,x?)L(22+42,x?)e(22—1,x?)e(22,x%)?e(22+1,x%) 1 1vE€SD L(—22,x, %) L(1—22,x4 )
L(z+1/2,X) 11 L(z+3/2,xv) | L(2242,x%)
L(24+5/2,x)e(2+3/2,x)e(2+1/2,x) Llv€SD [(—1/2—2x51) L(224+3,x?)e(22+2,x?)
L(2z=1,x*)L(22,x?) L(2z,x3)L(22+1,x3)
W1 w2w1w2 L(22+1,x2)L(22+2,x2)e(22—1,x2)e(22,x2)?%e(22+1,x2) HvESD L(—2z,x3 2)L(1—2z,x3 2)
L(2—3/2,x) 11 L(z=1/2,xv) . L(22—-2,x?)
L(z+1/2,x)e(z—1/2,x)e(2=3/2,x) 11v€SD L(3/2—2xz 1) L(2z—1,x})e(22—2,x?)

TABLE 3.2. Residues along s; — so = 2 of case C normalizing factors

iterated pole of the sum (3.3) is first considered along s; — so = 2. It occurs if and only if x1 = x2.
Let x = x1 = x2. The residues, written in a new variable z on s; — so = 2 given by
s1=z+1 and s9o=2z-1,

up to a nonzero constant are given in Table 3.2.
Point C; corresponds to z = 5/2. The pole of the terms in Table 3.2 at z = 5/2 may occur only
if x is trivial. Then, only the term corresponding to the Weyl group element wjwsowiws has a pole.
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It is simple. Hence, up to a nonzero constant, the iterated residue at C; of the sum (3.3) equals
N((7/2,3/2), (1 odet’) ® (1 o det’), wywowyws).

The square—integrability criterion of Lemma 3.1.1 is satisfied, and the image of that operator is the
trivial representation of Spg(k,) at every place. Hence, L%H consists only of the constant functions
on HL(A). O

Before giving the decomposition of L%z consider the image of local normalized operator
N((5/2,1/2), (xv o det)) @ (xo o det)), wiwawiws),

where X, is a quadratic character of k). It is irreducible at non-split places by the Langlands
classification. At split places its image can be described as in the case of By in Section 3.2. It is
the sum of two irreducible representations if x, is nontrivial and it is irreducible if y, is trivial. As
before, we denote the irreducible components by IT;} and II;, where II; is trivial if x, is trivial
and at unramified places IT;} is the unramified component.

v

Theorem 3.3.2. The subspace L202 of the residual spectrum of H)(A) is isomorphic to
L%’z = @W’CQ(T‘J)v

where the sum is over all one-dimensional cuspidal automorphic representations ™' = (x o det’) ®
(x o det’) of M{(A) such that x is a nontrivial quadratic character and X, is nontrivial for all
v E Sp.

Co(7") is the space of automorphic forms spanned by the iterated residue at s = (5/2,1/2) of the
Fisenstein series attached to ©'. The constant term map gives rise to an isomorphism of Co(w')
and the sum of the irreducible representations of the form ®,IL,, where 1L, is one of at most two
irreducible components of the image of N((5/2,1/2), 7l wiwawiws) and it is II} at almost all split
places.

Proof. We skip the proof since it is the same as the proof of Theorem 3.3.1. The local condition of

non—triviality of the local component y, at all places v € Sp comes from the local L—functions in
the global normalizing factors. O

Before decomposing L%g consider the induced representation

HY (ky)
Indg;7ri ) (Xo o dety) |

where X, is a quadratic character of k.. It is irreducible by [29], [30], [27], [28]. Hence, the H (k)
normalized intertwining operator

N(0, xp o det] , wo)
acts as Id or —Id and we denote the sign by 7.

Theorem 3.3.3. The subspace L%g of the residual spectrum of H)(A) decomposes into
L%’;’, = @TF'C3(7T,)7

where the sum is over all one—dimensional cuspidal automorphic representations ™' = (x o det’) ®
(xodet’) of M}(A) such that x is a quadratic character and the parity condition [, 1, = —e(1/2, )
holds.

Cs(") is the irreducible space of automorphic forms spanned by the iterated residue at s = (2,0)
of the FEisenstein series attached to ©'. The constant term map gives rise to an isomorphism of
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Cs(7") and the image of the normalized intertwining operator N((2,0), 7, wiwowy). At non-split
places it is the Langlands quotient of the induced representation

Hy (ko)
Ind 7 () i () ((xv o dety) @ 70) ,

Hi (ko)
IndGlL’l(kv)
quotient of the induced representation

Sps (kv
Ind; 7 (xv\ P2 ol P2 @ x| - 1M @ X0l - !1/2) :

where T'= GLy x GL1 x GL1 X GL1 1is the maximal split torus of Sps.

where T, = (Xv ) detg) is irreducible and tempered. At split places it is the Langlands

Proof. Calculating the residue at z = 1, which corresponds to C3, of the terms in Table 3.2, using
Lemma 3.1.2, Lemma 3.1.3 and the global functional equation for L—functions, shows that the pole
occurs if and only if y = x1 = x2 is a quadratic character. The residue is non—zero only for terms
corresponding to wywow; and wjwowiws. Their sum acting on the decomposable vector gives

N((2,0), 7", wiwowr) [Id — £(1/2,x)N((2,0), 7", ws)] .

The parity condition comes from the non—vanishing of the square bracket. The square—integrability
criterion of Lemma 3.1.1 is satisfied. The description in terms of the Langlands classification
of the image of the normalized intertwining operator N((2,0), 7, wiwowiws), which is isomor-

!~

phic to the image of N((2,0), 7', wiwowy), comes at a non-split place from the fact that 7 =

Indg%(,k&)) (Xv o det;) is irreducible and tempered. At a split place one observes that the induced
1Ry

representation Indgﬁ((l,?;)) (xo| - |71/2) is irreducible. O

As in the decomposition of the corresponding space in Section 2.4 of [8], before decomposing La
we describe the images of certain local normalized intertwining operators. We study the behavior
of the normalized intertwining operator N (s, X, o det,,ws) at s = —1/2, where Y, is a unitary
character of k. If x, is quadratic, let X, be the image of

N(1/2,x, o det!, ws).
It is a subrepresentation of the induced representation

H (ky _
1, = ndggile) ) (o o detp=12) .

As a simple consequence of the Langlands classification, X, is irreducible unless v is split and x,, is
a nontrivial quadratic character. If reducible, it is a direct sum of two non—isomorphic irreducible
representations. Let Y, = I,/ X, denote the quotient.

Lemma 3.3.4. If x, is not quadratic, then the normalized intertwining operator
N (s, X o detl, ws)

is holomorphic and non—vanishing at s = —1/2. Moreover, it is an isomorphism.
If xu is quadratic, then it has a pole at s = —1/2. The operator

N(—1/2, xp o det! ,wy) = lim/2(s +1/2)N (s, xu o det’, ws)
s——1
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18 holomorphic and non-vanishing. In the notation as above, its kernel is X,, and its image is
isomorphic to Y,. Thus, N(s,x, o det),wy) at s = —1/2 restricted to X, is holomorphic and
non-vanishing.

Proof. The same as the proof of the corresponding Lemma in Section 2.4 of [8]. O

Corollary 3.3.5. Let 7, & (x, odet)) @ (xy odetl). If x, is not quadratic, then the image of the
normalized intertwining operator N((3/2,—1/2), 7l wiwawiws), denoted by W, is nontrivial and
isomorphic to the image of N((3/2,1/2),m,, wiwawy).

If xv is quadratic, then the image of N((3/2,1/2), 7, wiwaw;)N(—1/2, x, o det!, ws), denoted
by W), is nontrivial. Furthermore, if x, is quadratic, then the image of N((3/2,1/2), ., wiwown),
again denoted by W, is nontrivial and contains W as a subrepresentation.

Proof. Although we have not specified the irreducible constituents of Y, in terms of the Langlands
classification, the exponents are certainly at most 1, and the proof goes along the same lines as the
proof of the corresponding Corollary in Section 2.4 of [8]. O

For a unitary character p of k*\A*, let S;(u) denote the set of places of k such that i, is trivial.
For a unitary character y of k*\A*, let

m(x) = 151(x*) N Sp| — [S1(x) N Spl.
Note that m(x) > 0 since S (x) C S1(x?).
Theorem 3.3.6. The subspace L204 of the residual spectrum of H5(A) decomposes into

12, = (800 (1)) & (8.CP(x) .

The former sum is over all one—dimensional cuspidal automorphic representations ' = (yodet’) ®
(x odet’) of M{(A) such that x is quadratic. The latter sum is over all one-dimensional cuspidal
automorphic representations 7' = (x o det’) @ (x o det’) of M{(A) such that x is not quadratic but
there is either at least one non—split place v € Sp where x, is trivial or at least one split place
v & Sp where X2 is trivial.

(1)

The spaces Cy (') and Cf) (") are the spaces of automorphic forms spanned by the residues
lim (z —1/2)"Ress, —s,—2E(s, g; fs, ),

z—1/2
where n is the order of the pole at z = 1/2. Here z is the new variable on s; — so = 2 given by
s1=z+1and so =z — 1.
If x is a nontrivial quadratic character, the constant term map gives rise to an isomorphism
between Cil)(w’) and
@V[(@)UEVWD @ (®v¢VWv)]7
where the sum is over all finite sets of places V' such that |V| = m(x) and W, W, are defined in

Corollary 3.8.5. If x is trivial, then the constant term map implies that Cil)(ﬂ',) contains a space
isomorphic to @y [Wy, ® (QyzwWy)], where the sum is over all places.

If x is not quadratic, the constant term map gives rise to an isomorphism between Cf)(ﬂ") and
By [(@vev V) @ (Sugy W),

where the sum is over all finite sets of places V. C Sy1(x?) such that |V| = m(x) + 1 and W,,, W/
are defined in Corollary 3.3.5.
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Proof. Along the same lines as the proof of the corresponding Theorem in Section 2.4 of [8]. The
more complicated description is only due to the more complicated normalizing factors. O

Before passing to L% consider the normalized intertwining operator
5
N(0, (1, o det)) @ (1, o detl,), w1)
acting on the induced representation

GLY, (ky)
Inde 200 ot () ((1, o det)) @ (1, o dety)) ,

where 1, is the trivial character of k,°. Since the induced representation is irreducible by [34], [2],
[33], the normalized intertwining operator acts as Id or —Id. We denote the sign by 7,,.

The irreducibility of the spaces of automorphic forms appearing in the decomposition of L%S
follows from the following Lemma. Using Lemma 3.1.4, it is a consequence of the Langlands
classification.

Lemma 3.3.7. Let m, = (1, odet,) ® (1, o det.)) be the trivial representation of M}(k,), where 1,
is the trivial character of k\. Then, the images of the normalized intertwining operators

N((3/2,3/2), 7., wowiws) and N((3/2,3/2), ., wiwowws)
are isomorphic and irreducible. At non—split places it is isomorphic to the Langlands quotient of

the induced representation

Hy(kv)

Indg7 (ko) xGL! (ky)

((lv odet) )32 @ (1,0 det;)l/?’ﬂ) ,
while at non—split places it is isomorphic to the Langlands quotient of the induced representation

Sps (kv
md;2 0 (|- Pel-Pel el ),

where T'= GL1 X GL1 X GL1 x GLy is the maximal split torus of Sps.

Proof. The images are isomorphic because the GL4(k,) normalized operator N(0,7,,w;) is an
isomorphism. At non-split places the image is irreducible by the Langlands classification since 7,
is supercuspidal and wjwswyws is the longest Weyl group element. Let v be a split place and, in
the notation of Lemma 3.1.4, w = wjwewiwy and s = (3/2,3/2). Furthermore, L is the maximal
split torus T'= GL1 x GL1 x GL1 x GLn,

s+5=(1,2,1,2) and 721,81, ®1,® 1,.

For w’" we take the Weyl group element corresponding to the permutation
w' = (1,4,3)(2),
where (i1,19,...,4;) denotes the cycle mapping i1 — @2 — ...+ 4; — i;. The permutation p of
m letters acts on s = (s1,...,8m) € C™ by p(s) = (sp-1(1);---,5p-1(m)) and on a representation
0=201®...00m of GLy, (ky) X ... X GLy,, (ky) by p(0) = 0p-1(1) @ ... ® 0)-1(). Then
w N (s+5) =(2,2,1,1),

and the normalized intertwining operator N(w'~1(s + s'),w'~!(7,),w’) is surjective onto I(s,7,)
since it can be decomposed into

Sps (ko
IndT’(’zi))(|.\2®\.|2®,.|1®|.\1)_>
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Sps (kv) 2 3/2 1
IndGIi(k'u)XGLQ(kU)XGLl(k‘U) (| . ‘ ® (lv o detv)y / ® | . | > —
Sps(kv) 3/2 2 1
a2 ) G ) ((L, odet, )2 @ | 2o || ) -
Sps (kv

e ((1v o dety) Y2 @ (1, 0 detv)y3/2) ,
where the first and the third arrow are surjective by the Langlands classification, while the second
one is an isomorphism by the results of [2] at non—archimedean and Lemma 1.7 of [24] at archimedean
places. Thus condition (1) of Lemma 3.1.4 is satisfied.

In the notation of Lemma 3.1.4 we take the Weyl group element w” = (1,2, 3)(4). Then w”ww’
is the longest Weyl group element with respect to 7. Now, we verify condition (2) of Lemma 3.1.4.
The normalized intertwining operator N(w(s + s), w(7,),w”) acts on the induced representation
Spg (kv — — — _
A (R TR T R =T Ry
containing I(w(s),w(m,)) as a subrepresentation. If its restriction to I(w(s),w(m,)) were not in-
jective, then its kernel would have nontrivial intersection with I(w(s),w(m,)). Decomposing the
normalized intertwining operator N(w(s+s'), w(7,),w") according to w” = (1,2)(3)(4)o(1)(2, 3)(4)
into
Sps (ko — — — —_
Indy (112 @[T el P el ™) -

Sps (kv _ _ _ _
md28 (12| el el ) -

Sps (ky —2 —2 -1 -1
7y (1172 ]2 e el ),
where the second arrow is an isomorphism, we obtain that its kernel is isomorphic to the kernel of
the first arrow, which is

Sps(kv) -2 —-3/2 -1
IndG ) (6 x GLa (ko) x G L1 (ko) (| (@St el > ;
where, abusing the non-archimedean notation, St;, at archimedean places denotes the unique
. . . . . GLa(kv) 1/2 —1/2
irreducible subrepresentation of the induced representation Ind; ;" (k)X GLa (k) (- 2|7V ).
Since by the Langlands classification this kernel contains the Langlands quotient as the unique ir-
reducible subrepresentation, if the intersection with I(w(s), w(m,)) were nontrivial it would contain
this Langlands quotient as a subrepresentation. However, such a subrepresentation would be the
irreducible quotient of I(s,,) which is the quotient of
Sps(kv) 2 2 1 1
Indy v (I Fel-Fel- ol

by the first part of the proof. But the last induced representation has its own unique irreducible
Langlands quotient which is not isomorphic to the one in the kernel. This proves condition (2) of
Lemma 3.1.4.

Applying Lemma 3.1.4 shows that the image of the normalized intertwining operator N (s, m,, w)
is isomorphic to the image of

N(<27 27 17 l)a ]-1) ® 17_} & 11; () lv,w”ww’).

Since w”ww’ is the longest Weyl group element and (2,2,1,1) € a7, ¢ satisfies the conditions of the
Langlands classification, the image is irreducible as claimed. O
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] w \ Resas,—37(s, (x1 0det’) @ (1 odet’), w) ‘
L w | 1 |
W w L(z+3/2,x1)L(z+1/2,x1) 1—[ L(z2+3/2,x1,0)L(z+5/2,x1,v)

102 L(z47/2,x1) L(24+5/2,x1)e(245/2,x1)e(243/2,x1)?e(241/2,x1) 1 1WESD L(—2-3/2,x7 ) L(—2—1/2,x1.,)

L(z+5 2,)(1,1))
L(—2—1/2,x7 )

Wolw W L(z+3/2,x1) L(2+1/2,x1) 11 L(z4+3/2,x1,v
2ELE2 | LGAT2.x0) L 45/2,x1)e(45/2,x1)e(24+3/2,x1)%e(z4+1/2.x1) 1 1v€SD T(Z273/2x, ¢
L(z=1/2,x1) 11 L(z41/2,x1,0) L(2z,x7)
L(z+3/2,x1)e(24+1/2,x1)e(2—1/2,x1) 1 1v€Sp L(1/2—2x7L)  Lz+1,x3)e(22,x7)
L(24+3/2,x1) L(z+1/2,x1) 11 L(z+3/2,x1,0)L(z+5/2,X1,0)
L(2+7/2,x1)L(z+5/2,x1)e(z+5/2,x1)e(2+3/2,x1)%e(2+1/2,x1) 1 lveSp L(—2—3/2,Xi11,)L(—Z—1/2,Xi11,)
L(z=1/2,x1) L(z4+1/2,x1,0) L(2z,x7)
2tz LT3R 12 e 17Ex0) Lvesn T(i/acmxst) * TOHInd)e@end)
L(z=5/2,x1)L(2=3/2,x1) 11 L(2=3/2,x1,0) L(2—1/2,X1,v)
L(z+1/2,x1)L(2—1/2,x1)e(2—1/2,x1)e(2—3/2,x1)?e(2—5/2,x1) +WESD L(3/2—2,x7 1) L(5/2—2,X7 »)

NI N | N N

TABLE 3.3. Residues along 2s9 = 3 of case C normalizing factors

Theorem 3.3.8. The subspace LZC5 of the residual spectrum of H)(A) is

L2 — {0}7 Zf an’v = 1)
Cs Cs (Lodet')® (Lodet')), if [[,m =—1.

Here Cs ((1 odet’)® (1o det’)) is the irreducible space of automorphic forms spanned by the it-
erated residue at s = (3/2,3/2) of the FEisenstein series attached to the trivial representation
' = (1odet’) ® (1 odet') of M{(A). The constant term map gives rise to an isomorphism of
Cs ((Lodet’) ® (Lodet')) and the image of the normalized operator N((3/2,3/2),7', wowiws) de-
scribed in the previous Lemma 3.5.7.

Proof. In order to find the contribution to the residual spectrum at C5(3/2,3/2) we study the
iterated pole of the Kisenstein series attached to a case C cuspidal automorphic representation
7' = (x1 odet’) ® (x2 o det’). As shown in Figure 3.3, we first look at the pole of the normalizing
factors along 2s5 = 3. It occurs if and only if 5 is trivial. The residues, up to a non—zero constant
are given in Table 3.3, where z = s;.

Point Cj5 corresponds to z = 3/2. By Lemma 3.1.2, the pole of terms in Table 3.3 at z = 3/2
occurs if and only if y is trivial. Only the terms corresponding to the Weyl group elements waw;wo
and wjwewiwe have the pole and it is simple. Up to a non—zero constant, using the global functional
equation and Lemma 3.1.3, the sum of its residues acting on a decomposable vector gives

N((3/2,3/2), ', wewiws) [Id — N((3/2,3/2), 7', w1)]

The parity condition is obtained from the non—vanishing of the square brackets. The square—
integrability criterion of Lemma 3.1.1 is satisfied and the irreducibility of the image of the normal-
ized intertwining operator

N((3/2,3/2),(1odet’) @ (1 odet’), wowiws),
follows from the previous Lemma 3.3.7. O

Decomposing L%% is quite similar to La. We use the same notation to emphasize the analogy.
For a split place v consider the behavior of the normalized intertwining operator N ((s, 3/2), my,, w1)
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at s = 1/2, where 7, = (x1,, ® det,) ® (1, ® det,). Here 1, is the trivial and x;, a unitary
character of k. If x1 , is trivial, let X, denote the image of N((3/2,1/2), m,,w1). By the Langlands
classification it is an irreducible subrepresentation of
GLa (ko
I =nd G0 o (0 @ deto)r 2 @ (1, @ det,)0¥/2)

Let Y, = I,/ X, denote the quotient. The proofs of the following Lemma and its Corollary are
the same as the corresponding proofs in Section 2.4 of [8] and the corresponding proofs in the
decomposition of L%4 above.

Lemma 3.3.9. If either v € Sp or xi1, is nontrivial, then N((s,3/2),m,, w1) at s = 1/2 is an
isomorphism. Thus, it is holomorphic and non—vanishing.
If v Sp and x1,, is trivial, then N((s,3/2),my,w1) has a pole at s = 1/2. The operator

N((1/2,3/2), 0y, w1) = Jim (s = 1/2)N((5,3/2), w0, w1)

18 holomorphic, its image is isomorphic to Y,, and its kernel is X,. Thus, the restriction of
N((s,3/2), 7y, wy) at s =1/2 to X, is holomorphic and non—vanishing.

Corollary 3.3.10. Let ), = (x1,, o detl) ® (1, odet]). If v € Sp or X1, is nontrivial, then the
image of N((1/2,3/2), 7., wiwouwiws), denoted by W, is nontrivial and isomorphic to the image
OfN((3/27 1/2)7 71—4)7 w2w1w2).
If v ¢ Sp and x1, ts trivial, then the image of
N((3/2,1/2), 7, wowiws)N((1/2,3/2), 7, w),

denoted by W), is nontrivial. Furthermore, in this case the image of N((1/2,3/2), 7, wowjws),
again denoted by W, is nontrivial and contains W, as a subrepresentation.

As before, let S1(u) denote the set of places where a local component i, of a unitary character
wof k*\A* is trivial. Let 7, be the sign of N((1/2,3/2), ., w;) acting on X,. For x1 a nontrivial

quadratic character of k*\A* such that x1, is nontrivial for all v € Sp, let

C = L(_27X1)L(_1>X1) H L(*LXl,v)L(O,Xl,v)
L(1,x1)L(0, x1)e(0, x1)e(—1, x1)%e(—2, x1) L(1, x1,0)L(2, x1,0)

be the non—zero constant appearing in the parity conditions of the Theorem below.

veESD

Theorem 3.3.11. The subspace L%’G of the residual spectrum of H)(A) decomposes into

12, = (800" (1)) & (8P (")) .

The former sum is over all one—dimensional cuspidal automorphic representations ™' = (y1odet’)®
(Lodet') of M{(A) such that x1 is a nontrivial quadratic character and either x1,, is nontrivial for
allv € Sp and the parity condition C-], n, # —1 holds, or there is a non-split place v € Sp where
X1, @ trivial. The latter sum is over all one-dimensional cuspidal automorphic representations
7 2 (x1 odet’) ® (1 odet’) of M{(A) such that there is a split place v & Sp where X1, is trivial
and if x1 s a nontrivial quadratic character then the parity condition C -], n, = —1 holds.

(1)

The spaces Cg ' (n') and Cé2) (") are the spaces of automorphic forms spanned by the residues

lim (s —1/2)"Resos,=3E (s, g; fs. '),
s1—1/2 B
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where n is the order of the pole at s1 = 1/2.

In the notation of Corollary 3.3.10, the constant term map gives rise to an isomorphism between
Cél)(w’) and @,W,. Unless x1 is trivial, the constant term map gives rise to an isomorphism

(2) /s
between Cg™ (7') and
Buesi (x)\Sp Wi @ (@vrwWo)]-

Finally, if x1 is trivial the constant term map implies that Cé2) () contains a space isomorphic to
Duwesp [Wzlu ® (®v¢va)]-

Proof. The proof is quite similar to the proof of Theorem 3.3.6 and the corresponding Theorem
in Section 2.4 of [8]. The parity condition comes from the fact that there is a case in which the
pole occurs for the normalizing factors of operators attached to both wswiws and wywswiwy. An
argument similar to the proof of Theorem 3.3.13 shows that the cancellation of the pole is precisely
the parity condition of the Theorem. O

For the description of the irreducible constituents of La we need the following Lemma.

Lemma 3.3.12. Let 7, = (1, odet),) ® (x2,» o detl) be a representation of M}(ky), where xa, is a
quadratic character of k.\. Then the images of the normalized intertwining operators

N((3/2,1/2), 7, wowywz) and N((3/2,1/2), ), wiwowws)

are isomorphic. At non-split places the image is irreducible and isomorphic to the Langlands
quotient of the induced representation

HY (ky
IndGz(’l(k)v)xGL/l(kv) ((L; o det! )32 @ (xa.0 0 det;)yl/Q) .

At the split places where x2, = 1, is trivial it is irreducible and isomorphic to the Langlands
quotient of the induced representation

Sps (ko) 2 1 1
Ind ) Ly () X CL (ko) % S L () (I-Pel-fel o),

where T, = Indgﬁ((lzz)) 1, is irreducible and tempered. At the split places where X2, s nontrivial

it 1s the direct sum of two irreducible representations isomorphic to the Langlands quotients of the
induced representations

Sps(kv) 2 1 1
A 5 Gy (ko) X G (ko) X SLa (k) (IPel-IFexel ' ®ns),

fori=1,2, where 11, ® T2, = Indgﬁ((lzz))xg,v and 7;, are irreducible and tempered.

Proof. Another application of Lemma 3.1.4 similar to Lemma 3.3.7. Thus we omit the proof. [J

By the Lemma the normalized intertwining operator
N((_l/Za _3/2)7 (X2,v © det;)) ® (11) © det;)a ’LU1)

restricted to the image of N((3/2,1/2), 7, wawiws) is an isomorphism of the two images described
in the Lemma. Since those images are at all places completely reducible, let II"* denote the +1-
eigenspaces. It is possible that one of the spaces is trivial, and the unramified component is always
k.



30 NEVEN GRBAC

] w \ Resog,—17(s, 7', w) ‘

[ ws | 1 |
L(z—1/2,x1x2) L(z+1/2,x1x2)
L(24+3/2,x1x2) L(2+5/2,x1x2)e(2—1/2,x1Xx2)e(2+1/2,x1x2)?e(2+3/2,x1x2)
11 L(z+1/2,x1,0x2,0) L(2+3/2,X1,0X2,0)
VESD L(—2—1/2x7 hx2,0) L(1/2=2x7 4, X2.0)
L(z—1/2,x1x2) L(z4+1/2,x1x2)

L(z+3/2,x1x2) L(2+5/2,x1x2)e(2—1/2,x1x2)e(2+1/2,x1X2)?e(243/2,x1X2)
L(Z+1/2)X1,UX2,U)L(Z+3/27X1,UX2,'U

WoW1W2 HvGSD L(*Z*1/27X1_,111X2,v)L(1/2*Z,X1_,i><2,v)
L(Z_1/27X1) H L(Z+1/27X1,’U) L(2z7X1)
L(2+3/2,x1)e(z+1/2,x1)e(2—1/2,x1) 1 lveSp L(1/27Z,Xf})) L(2z+1,x7)e(22,x7)

L(z—l 2,X1X2)L(z+l 21X1X2)
L(z+3/2,x1x2)L(z+5/2,x1x2)e(z—1/2,x1x2)e(2+1/2,x1x2)3%(2+3/2,x1 X2)
11 L(z+1/2,x1,0X2,0) L(2+3/2,x1,0X2,0)
VESD L(—2—1/2,x7 4 X2,0)L(1/2—2,X7 4 X2,0)
L(z—1/2,x1) 1—[ L(z+1/2,x1,0) | L(22,x%)
L(z+3/2,x1)e(2+1/2,x1)e(z=1/2,x1) 11v€SD [(1/2—2x7 1) L22+1,x3)e(22.x3)
L(z=3/2,xax2) L(z=1/2,x1x2)
L(24+1/2,x1x2) L(2+3/2,x1x2)e(2—3/2,x1X2)e(2—1/2,x1x2)?e(2+1/2,x1X2)
H L(z_1/27X1,UX2,'U)L(Z+1/21X1,UX2,'U
VESD L(—2+41/2,X7 px2,0) L(3/2—2,X1 px2,0)

wrw2

W1 W2w1w2

TABLE 3.4. Residues along 2s9 = 1 of case C normalizing factors

Theorem 3.3.13. The subspace La of the residual spectrum of H5(A) decomposes into
L%h = @71"67(77,)?

where the sum is over all cuspidal automorphic representations of the form 7’ = (1 ® det’) ® (x2 ®
det’) of M{(A) such that x2 is a nontrivial quadratic character and X2, is nontrivial for allv € Sp.

C7(7") is the space of automorphic forms spanned by the iterated residue at s = (3/2,1/2) of the
Fisenstein series attached to ©'. The constant term map gives rise to an isomorphism of Cz(w’)
and the direct sum of the spaces of the form ®,I1)", where n, € {+,—}, n, = + for almost all v,
and the parity condition

L(0,x2)L(1, x2 L(1, xo, 2, X2,
an . ( ) ( ) 2 H L v ( 1}) 7& 1
" X2 vesp

L(2, x2)L(3, x2)€(0, x2)e(1, x2)% —1,x2,0) L(0, x2,0)
holds.

Proof. At C7 the iterated residue of the constant term (3.3) of the Eisenstein series attached to a
case C cuspidal automorphic representation 7’ 2 (x; odet’) ® (x2 odet’) of Mj(A) is first calculated
along 2s9 = 1 as shown in Figure 3.3. By the analytic properties of the L—functions in Lemma
3.1.2, the pole of the normalizing factors occurs if and only if x5 is a nontrivial quadratic character
such that x2, is nontrivial at all places v € Sp. Then, the terms corresponding to the Weyl group
elements ws, wiwse, wowiwe and wiwowiwsy have poles and they are simple. The residues, up to a
nonzero constant are given in Table 3.4, where z = s;.

Point C7 corresponds to z = 3/2. There are two possibilities for obtaining the pole of the terms
in Table 3.4. First, the pole occurs if x1x2 is trivial, i.e. x1 = X2 is a nontrivial quadratic character
such that x1., = Xx2,, is nontrivial at all v € Sp. Then, the terms corresponding to the Weyl group
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elements wjws, wowjwy and wjwowiwe have poles at z = 3/2 and they are all simple. However,
since wiw2(3/2,1/2) = (—1/2,3/2) does not satisfy the square—integrability criterion of Lemma
3.1.1, the contribution of the iterated pole can be square-integrable only for automorphic forms f
such that

N((3/2,1/2), 7', wiws) f = 0.
But then, the remaining two residues also vanish on f by the decomposition property of the inter-
twining operators, and there is no contribution to L207 in this case.

The other possibility for the pole of the terms in Table 3.4 at z = 3/2 is for x; trivial. Then
X1X2 = X2. Hence, by the analytic properties of the L—functions of Lemma 3.1.2, the terms
corresponding to the Weyl group elements wowiwe and wiwswiwe have poles and they are simple.
Up to a nonzero constant, the sum of the residues acing on a decomposable vector gives

[Id +C - N((—l/Q, —3/2), wgwl’wg(ﬂ'/), wl)] N((3/2, 1/2), 7T/, ’wale),
where the constant C' is given by

L(0, x2)L(1, x2) H L(1, x2,0) L(2, x2,0)
L(2, x2)L(3, x2)2(0, x2)(1, Xx2)°€(2, x2) 25 L(=1,X20)L(0, x2.)

The parity condition is just the non—vanishing condition for the square-bracket acting on the
image of N((3/2,1/2), 7', wewiws). The square-integrability criterion of Lemma 3.1.1 is satisfied
and the contribution of the iterated residue is isomorphic to the part of the image of the normalized
intertwining operator N((3/2,1/2), 7', wowiws) satisfying the parity condition. O

Before decomposing L%s consider the normalized intertwining operator
N(Ov X1, © det’ ® Xlgjv o det’, wl)

acting on the induced representation

GL, (ko
In dGL%Ek: ixGL,( k) ((x1,0 © dety) @ (x2,0 0 dety,)) .
The induced representation is irreducible by [34], [2], [33]. Hence, the normalized operator acts as

Id or —Id and we denote the sign by 7,. For the description of the irreducible components of L2CS
we need the following Lemma.

Lemma 3.3.14. Let m, = (x1, o det)) ® (x2,0 0 det)) be a representation of M{(A), where x;, are
quadratic characters of kS. Then the images of the normalized intertwining operators

N((1/2,1/2), 7, wowiws) and N((1/2,1/2), 7, wiwowws)

are isomorphic. At non—split places the image is irreducible as the Langlands quotient of the induced
representation

5(kv) 1/2 1/2
IndGL’(k:U)xGL’ () ((Xl,v o dety,)v'/? @ (xa, o det, !/ ) :
At split places, it is either irreducible or the direct sum of two or four irreducible constituents, where
the irreducible constituents are isomorphic to the Langlands quotients of the induced representations

of the form

Sp. (kv) 1 1
Indd T ) G (k) x Spa(i) (K20 [ @ X10] - [T @ 00, )

where o, 1s one of the irreducible tempered constituents of the induced representation

Spa(ky)
In da%l(kv)xGLl(kv) (X10 @ X2,0) 5
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whose decomposition is given in [30] at non—archimedean, and [27] and [28] at archimedean places.
Proof. Again Lemma 3.1.4 applies similarly as in 3.3.7. Hence, we omit the proof. O
Theorem 3.3.15. The subspace L%s of the residual spectrum of H)(A) decomposes into

12, = (800" (1)) & (8P (")) .

The former sum is over all one—dimensional cuspidal automorphic representations 7' = (yodet’) ®
(x odet’) of M|(A) such that x is a nontrivial quadratic character, x, is nontrivial for all v € Sp,
the cardinality |Sp| = 2 and the parity condition [[,n, = —1 holds. The latter sum is over all
one-dimensional cuspidal automorphic representations ©' = (x1 o det’) @ (x2 o det’) of M{(A) such
that x1 # x2 are both nontrivial quadratic characters, x1,, and X2, are nontrivial for all v € Sp,
X1w 7# X2,0 for all v € Sp and the parity condition [[,ny =1 holds.

Both Cél)(ﬂ/) and C§2)(7r’) are the spaces of automorphic forms spanned by the iterated residues
at s = (1/2,1/2) of the FEisenstein series attached to 7. The constant term map gives rise to
isomorphisms of both spaces and the sum of the irreducible representations of the form ®,II,,
where IT,, is one of the irreducible constituents of the image of the normalized intertwining operator
N((1/2,1/2), 7', wowrws) described in the previous Lemma 3.3.14 and it is the unramified one at
almost all places.

Proof. The first step in calculating the iterated pole at Cg(1/2,1/2) is along 2s2 = 1 as in the proof
of the previous Theorem. Thus, the residues are given in Table 3.4 and the pole appears if and
only if x2 is a nontrivial quadratic character with x2, nontrivial at all places v € Sp. Point Cg
corresponds to z = 1/2. By the analytic properties of the L—functions of Lemma 3.1.2, the pole at
z = 1/2 of the terms in Table 3.4 does not occur unless x; is a quadratic character. Indeed, if x;
were not quadratic, then both y; and x1xs would be nontrivial. Therefore, let x1 be a quadratic
character. Now, we distinguish two cases.

First, assume x1 = x2, i.e. x1X2 is trivial. Due to the local L-functions in the denominator, the
term corresponding to wjws has a zero of order |Sp| —2 > 0. Recall that |Sp| is always even. The
terms corresponding to wowjwe and wiwswiwg have a simple pole only if |Sp| = 2. Otherwise, the
order of the pole in the denominator is |Sp| > 4 and cancels the pole in the numerator which is of
order 3. Moreover, up to a constant which is non—zero due to the sum of the residues acting on a
decomposable vector gives

N((1/2,1/2), 7', wowws) [Id — N((1/2,1/2),7,w1)] .

The non—vanishing of the square bracket implies the parity condition. The square—integrability
criterion of Lemma 3.1.1 is satisfied and the contribution to the residual spectrum is isomorphic to
the image of the normalized intertwining operator

N((1/2,1/2), 7", wawiws)

which is described in the previous Lemma 3.3.14.

Now, assume 1 # X2, i.e. Xx1Xe is nontrivial. If x; is trivial, then the double pole in the
numerator is cancelled by the pole of the local L—functions in the denominator. If y; is nontrivial,
then the numerator has only a simple pole, but it is not cancelled if x1,, is nontrivial and x1,, # X2,
for all v € Sp. Therefore, the pole occurs in this case if and only if x; is a nontrivial quadratic
character, x1,, is nontrivial and X1, # X2, for all v € Sp. Then, the terms corresponding to the
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Weyl group elements wowiwy and wywowiws have simple poles. Up to a nonzero constant the sum
of the residues acting on a decomposable vector is of the form

N((l/Q, 1/2),7T/, Woww3) [Id + N((1/2, 1/2), W’,wlwgwlwg)] .

The non—vanishing of the square bracket is the parity condition in this case. The square—integrabi-
lity criterion of 3.1.1 is satisfied and the contribution of this case to the residual spectrum is
isomorphic to the image of the normalized intertwining operator

N((1/2,1/2), 7, wawiws).

which is described in the previous Lemma 3.3.14. O
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