Shimura Varieties for Unitary Groups )
and the Doubling Method e

Michael Harris

Abstract The theory of Galois representations attached to automorphic representa-
tions of G L(n) is largely based on the study of the cohomology of Shimura varieties
of PEL type attached to unitary similitude groups. The need to keep track of the
similitude factor complicates notation while making no difference to the final result.
It is more natural to work with Shimura varieties attached to the unitary groups
themselves, which do not introduce these unnecessary complications; however,
these are of abelian type, not of PEL type, and the Galois representations on their
cohomology differ slightly from those obtained from the more familiar Shimura
varieties.

Results on the critical values of the L-functions of these Galois representations
have been established by studying the PEL type Shimura varieties. It is not
immediately obvious that the automorphic periods for these varieties are the same as
for those attached to unitary groups, which appear more naturally in applications of
relative trace formulas, such as the refined Gan-Gross-Prasad conjecture (conjecture
of Ichino-lkeda and N. Harris). The present article reconsiders these critical values,
using the Shimura varieties attached to unitary groups, and obtains results that can
be used more simply in applications.

1 Introduction and Overview

The critical values of L-functions of motives over number fields are the subject of
many conjectures and a small number of theorems. In [D79], Deligne formulated a
conjecture relating these critical values to periods relating rational structures on de
Rham and topological (Betti) cohomology. For the motives conjecturally attached to
cohomological automorphic representations of G L(n) over CM fields—imaginary
quadratic extensions of totally real fields—the L-functions can be realized explicitly
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by the doubling method of Garrett and Piatetski-Shapiro-Rallis [Ga84, PSR],
provided the automorphic representations descend to automorphic representations
of unitary groups. In this setting, versions of this conjecture have been established
in a series of papers, including [H97, Gul6, GL].1

Applications of the doubling method to special values of L-functions are based
on interpreting special values of the integral representation as cup products in
coherent cohomology of Shimura varieties. In the work cited above, the Shimura
varieties are of PEL type: they parametrize families of polarized abelian varieties
with endomorphisms by (orders in) a CM field F and level structure, and the
various structures satisfy natural compatibilities. Combining standard techniques of
complex geometry with the theory of relative Lie algebra cohomology, the coherent
cohomology classes on these varieties can be identified with automorphic forms
on the reductive algebraic groups attached to the Shimura varieties—in the event,
they are essentially the groups of similitudes of a hermitian vector space over
F, with similitude factor assumed to be rational. The doubling method, however,
was originally devised to apply to the symmetry groups of bilinear or hermitian
forms—in this case, to the unitary groups themselves, rather than to groups of
unitary similitudes. While the methods of [Ga84, PSR] can easily be adapted
to the similitude groups, this introduces (rather mild) technical complications as
well as additional notation that has no clear connection to the original question.
The unwelcome similitude factors pop up elsewhere in the theory, notably in the
construction of Galois representations attached to automorphic forms on GL(n)
(e.g.in [HTO1, M10, Sh11, CHLN, HLTT, Sch, B]) as a kind of fee charged for the
right to use the theory of Shimura varieties in order to draw arithmetic conclusions.

It has been known for some time, however—though this author only learned
about it a few years ago—that Shimura varieties can be attached to the unitary
groups themselves, with no need to introduce the parasitic similitude factor. The
Shimura data are described in §27 of [GGP] and have since been used in work on
generalizations of the Gross-Zagier formula. These are of abelian type but not of
PEL type, and the theory of their L-functions has only been established recently
[KSZ], in the setting of the Langlands-Kottwitz method. The purpose of the present
paper is primarily to work out the analogue of the results of [H97, Gul6, GL] using
these Shimura varieties; secondarily, as a form of penance for the author’s failure to
do so earlier.

There is nothing really new in this paper, but it is hoped that it will serve as a
reference for future work on special values, and specifically on p-adic L-functions.
The results of [EHLS], for example, are proved using the PEL Shimura varieties
attached to unitary similitude groups, but they can just as well be proved in the

Using very similar methods, Shimura obtained versions of these results in [Sh97] and in
subsequent papers; his results are limited to scalar valued automorphic forms, but are more precise
in a number of respects. There has also been important work by various authors relating the critical
values of these L-functions to automorphic periods that have no direct motivic interpretation; the
present paper has nothing to say about this.
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current framework. Such applications will require at least that lip service be paid to
the moduli theory underlying their canonical models.

The paper follows the pattern established in [H97], but no attempt has been made
to relate the results obtained here to the motivic periods that arise in Deligne’s
conjecture. Section 2 introduces the Shimura varieties that are used to relate special
values of zeta integrals to motivic periods. Section 3 describes the parameters
for coherent cohomology—in fact, holomorphic automorphic forms—of these
Shimura varieties, with coefficients in automorphic vector bundles. Section 4 defines
the Eisenstein series used in the doubling method, and interprets appropriately
normalized holomorphic (and nearly holomorphic) Eisenstein series as coherent
cohomology classes. Section 5 reinterprets the differential operators studied in
[H97, Gul6] (and elsewhere) in terms of the Shimura data without the similitude
factor. Section 6 recalls the theory of the doubling integral of [Ga84, PSR]. As in
the earlier papers, the main result on critical values is proved in Sect. 7 by composing
a paragraph that mentions all the objects introduced in the earlier sections.

2 Shimura Varieties for Unitary Groups

2.1 Notation and Conventions

We let F' be any CM-field of degree 2d = dimg F' and set of real places
Soo = S(F)oo- Each place v € Sy refers to an ordered pair of conjugate complex
embeddings (i, ty) of F, where we will drop the subscript “v” if it is clear from
the context. This fixes a choice of a CM-type ¥ = {15 : 0 € S }. When there is
no danger of ambiguity, we write ¢ € X instead of ;. The maximal totally real
subfield of F is denoted FT, and we let s /r+ denote the quadratic character of the
adeles of FT attached to this extension. The set of real places of FT is identified
with S, identifying a place o with its first component embedding ¢, € X and we
let Gal(F/FT) = {1, c}. The ring of adeles over F (resp. over F) is denoted A r
(resp. Ap+) and Ag for Q. We write O (resp. Op+) for the respective rings of
integers and drop the subscript, if no confusion is possible.

Let (V, (-, -)) be an n-dimensional non-degenerate c-hermitian space over F,
n > 2. If V is understood, we denote the corresponding unitary group by G =
Gy :=U(V) over F™.

We define the rational similitude group G = G := GU over Q as follows:
If GUp+(V,) is the subgroup of GL(V) that preserves the hermitian form up to a
scalar multiple v(g) € Gy, p+,

GUp+(V) :={g € GL(V)[(gv, gw) = v(g) - (v, w)}

we let GU (V) denote the fiber product
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GU(V) := GUr+ (V) XR 4 146, 1 G

where the map GUp+(V) — Rp+,QG,y p+ is the similitude map v and G, —
Rp+,QGyy, p+ is the natural inclusion.

When working with several hermitian spaces we sometimes index V by its
dimension n; thus we write V = V,,. If V} is some non-degenerate subspace of
V., we view U (V) (resp. GU (V})) as a natural FT-subgroup of U(V,) (resp. Q-
subgroup of GU (V). If n = 1 we write U(1) = U(Vy), GU(1) = GU(Vy).
As an algebraic group U (1) is isomorphic to the kernel of the norm map Ng,/p+ :
Rp/p+(Gm)F — (Gm) p+, and is thus independent of V.

Although U (V) is viewed as an F*-group, we will occasionally abuse notation
and identify U (V) with Rp+,oU (V), and do the same with related groups over F +.
Thus we can write U (V)(R) for Rp+,qU (V)(R), for example.

The theory of rationality for automorphic vector bundles, understood as in
[H86] and [H90], will be used without comment. Conventions for holomorphic
and antiholomorphic modules, or highest K-type modules, are as in [EHLS,
§4.4.1]. Thus holomorphic (resp. anti-holomorphic) modules are the Archimedean
local components of automorphic representations corresponding to sections of
automorphic vector bundles (resp. to coherent cohomology of automorphic vector
bundles in the top degree.) Some of the author’s earlier papers use the opposite
convention. The dual of an automorphic vector bundle £ is denoted £V, and the
notation ¥ is used more generally for duality.

2.2 Shimura Data

For each o0 € ¥ we let (74, s5) denote the signature of the hermitian form induced
by (-, -) on the complex vector space

Vo =V Q®Fo C.

Thus ro + 5o = n forall 0. Let S = Rc/RGp,c, so that S(R) = C*, canonically.
Define a map

hy =(hys,0 € X):S - GU(V)[R) C H GU(Vs)

oex
componentwise, so that

0 zI

Sor

hy.o(2) = <Z1’“ 0 >; @.1)

clearly this map to HUEE GU (V) has image in the subgroup GU (V) (R). We write
hy although the definition clearly depends on the CM type X as well.
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We assume (V). has signature (0, 1) for all 0 € X, and define hy, = hy :
S — GU(Vy)(R) by analogy with (2.1). Let G"’, C GU() x GU(V) be the
subgroup of (¢, g) with v(t) = v(g). Then the map

v iS = [GUV1) x GUMW)IR); hy (2) = (hv,(2), hv (2))

has image contained in G, (R); we use the notation %7, to designate the map
S — G’{,(R).

Let X"’, (resp. Xy, resp X1) denote the G"’,(R)-conjugacy class (resp.
GU (V)(R)-conjugacy class, resp. GU (1) (R)-conjugacy class) of homomorphisms
h : S — G| (R) containing hY, (resp. hy, resp. hy,). Then (G, X7),
(GU(V), Xy), and (GU(1), X1) are all Shimura data, and the inclusion map
G"’, — GU(V) x GU(1) induces a morphism of Shimura data

(GY., Xy) = (GU(V) x GU(1), Xy x X)).
There is a natural map
u:G"(V) — Usu(t,g) =t 'g,VY(t,8) e G"(V) CGU() x GU(V) (22)

The map taking i € XQ} touoh:S — U(V)(R) then defines a map of Shimura
data

(Gy, Xy) — (UV), Yv)

where Yy is the U(V)(IR)-conjugacy class defined by this map. Explicitly, the base
point yy = u o hY, € Yy is given by

_(G@/DI, 0
yv,a(z)—< 0o I ) (2.3)

So
When dim V = 1 we write Y7 or Yx(v) for Yy, where 2 (V) is the set of o such that
Vs has signature (0, 1).

The following is then obvious; we record it here in order to define parameters for
automorphic vector bundles in the next section.

Lemma 2.3. Let y € Yy. The stabilizer Ky, € U(V)(R) is isomorphic to
[loes Ulro) x U(so).

Here, for any m, we denote by U (m) the compact real form of GL (m). Later we
will fix a base point y € Yy and let U, = K, NU(V ®F,; C) = U@re) xU(sg)
with respect to this base point.

The Shimura varieties attached to (GU(V), Xy) and (GU(1), X1) belong to
one of the families of PEL type Shimura varieties originally studied (in the form
now called connected Shimura varieties) by Shimura [Sh64]. The Shimura variety
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attached to (U (V), Yy ), which we denote Sh(V, X), parametrizes Hodge structures
of weight 0—the homomorphisms y € Yy are trivial on the subgroup R* € C*—
and are thus of abelian type but not of Hodge type.
The reflex field E(V, X) := E(U(V), Yy) is the subfield of the Galois closure
of F over Q determined as the stabilizer of the cocharacter xy with o-component
2L, 0
Ky,o(2) = ( 0 1,
ro = 0foro € ¥\ 0g. Then E(V, X) is the subfield og(F) C C.

). In particular, suppose there is op € X such that r,, > 0 but

Remark 2.4. Starting in Sect. 3.4.1, the period invariants for the Shimura varieties
attached to U (V) will be distinguished from those for GU (V') by the subscript U.

2.5 Measures and Discriminants

The group G is viewed as an algebraic group over FT, and by restriction of scalars
as an algebraic group over Q. We choose Haar measures on the local and adelic
groups G(Fj‘ ) and G(A) as in the introduction to [H97]. Thus if v is a finite place
of FT, we choose a local Haar measure dg, that is rational in the sense that any
open compact subgroup of G (F,") has rational measure; if G is unramified at v we
also assume that a hyperspecial maximal compact subgroup has measure 1.

We choose a maximal compact subgroup

Ko=[]Ko C G =[] G

0E€Sxo

that stabilizes a CM point x in the locally symmetric space Xy introduced in
Sect. 2.2 above. We can thus write

Xy = ]—[ G(F))/Ky == ]_[ X,.

0€Sxo 0€S%

If o is a real place of F +, then we write dgs = dk, - dx, with respect to this
factorization. Although it is not necessary, we may assume that x is the image of a
map of Shimura data

[Twm. ys)" = Gy, yy).

1

where we have written V = ®V;, dimV; = 1, &; = Xy, in the above notation.
We let E; = E(U(1),Yy;), so that x is defined over the compositum E, =
E([[;(U), Ys;)) of the E;. Then at each o € S (which we identify with the
CM type X) the Harish-Chandra decomposition
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go := Lie(G(F,) =pS @ p, & Lie(Ky)

is rational over the field F,, = E; - o(F) C C; F,, is CM and quadratic
over its maximal totally real subfield F, . We choose an element J € F with
Trp/p+ () =0,let 0 : F — C denote the element of X associated to o, and
define a top differential

dim X,
we =o)X N dzgi ndZei € NTopr @ AT ops (24

i=1

where dz,; is an Fy x-basis of pj and dzs; is the complex conjugate basis
of p . Similarly, for dk, we take a Haar measure defined by an F;: -basis of
A4m Ko I ie(Ky). Finally, we let

dxy = )~ 9imXo, (2.5)

The factorization of the adelic Tamagawa measure dg as a product of local
measures introduces an additional normalizing constant that was not present in
[H97]. We can write dg = dg - dgy, with dgy = [], dgs (product over finite
places). However, dg, is given by a Q-basis of Adim R”/@GLie(G), and is thus
a Q-rational differential form, whereas [], g dgo is not Q-rational. Instead, we
have

. _ 2
dgy = 2m)” "XV dgoy = /D" [ dso (2.6)
(e

up to an E,-rational factor, where now the product is taken over all places of F*.
The E.-rational factor is inevitable because the reflex field E(Gy, Yy), which is
contained in E, is precisely the stabilizer of the set of signatures together with
the CM type X, whereas we have constructed the w, as forms over E,. However,
letting Gal(Q/Q) act on the set of Shimura varieties conjugate to Sh(V, £)—in
other words, on the signatures and CM types—the collection (dgy) can be chosen
consistently with the Gal(Q/Q)-action.

3 Coherent Cohomology

3.1 Automorphic Vector Bundles

This paper is primarily devoted to the critical values of standard L-functions of
automorphic representations of U (V) attached to holomorphic modular forms.
These modular forms are viewed as sections of automorphic vector bundles; as in
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[Gul6] (see also [H97]), the relevant automorphic vector bundles on Sh(V, X) are
parametrized by irreducible representations of the stabilizer of a chosen base point
in Yy. By Lemma 2.3, we thus parametrize automorphic vector bundles by highest
weights of irreducible representations of ]_[U ex Ure) x U(ss). In §3.3 of [Gul6]
the parametrization of automorphic vector bundles on the Shimura variety attached
to (GU(V), Xy) is given by

((aa,lv cees aa,n)UEZ; ap) such that Vo o1 =+ 2 Aors; Qore+1 = ' = don-

(3.1

The parameters for automorphic vector bundles on Sh(V, X) are the same as
those for (3.1) except that the parameter ag is absent:

(K(r,l yeees KU,n)dGE such that Vo Kol =+ Z Koyrgs Ko+l =" = Kon-
(3.2)
Let « denote a parameter in (3.2), and let & denote the corresponding automor-
phic vector bundle on SA(V, X). Over C, we have

& = l(ir_n[U(V)(F+)\U(V)(AF+) X Wi /(Ky, x Ky)]
Ky

where the terms on the right hand side are vector bundles over the finite-level
Shimura variety

K Sh(V, Z)(C) = UWV)(FON\UV)(Ap+)/(Ky, x Ky).

Here Ky C U(V)(Ay) is a compact open subgroup (that is small enough to guaran-
tee that & is in fact a vector bundle) and W, = Qg ex Wi, is the representation of
[1, Ure) x U(sy) with highest weight (ko1 > -+ > Ko s Korg+1 = =+ = Kgn)s
and the group K, acts diagonally on U (V)(R) x W,.

3.2 Coherent Cohomology and Period Invariants

We fix a level subgroup Ky as above, and let g, Sh(V, %) <k, Sh(V, x)ter
denote a toroidal compactification. We may and do assume the compactification
is smooth and projective, and the boundary divisor D has normal crossings. The
automorphic vector bundle &, has two natural extensions to vector bundles over
Kk Sh(V, %)"°: the canonical extension EE*" and the subcanonical extension 55’”’ ,
defined as in [H90]. We write

Hf (Sh(V,0), &) =

lim Im[H*(k Sh(V, £)' . £5%) — H*(x,Sh(V. £y, geom), G
Ky
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where for each Ky the toroidal compactification is chosen to be adapted to the level.
The space H*(Sh(V, X), &) defines an admissible and semisimple representation
of U(V)(Ap).

Let 7 ¢ be an irreducible representation of U (V) (A r) that can be completed to a
cuspidal automorphic representation 7 of U (V)(A) whose base change to GL(n)r
is cuspidal and cohomological. It thus follows in particular (from a long series of
partial results, culminating in Theorem 1.2 of [Ca]) that r is everywhere tempered.
Fix a degree ¢ and let H, (Sh(V, %), E)[m] denote the 7 f-isotypic component
of H, q(Sh(V ), &) If thls 7T r-isotypic component is non-trivial, it follows from
[H90] (in particular Theorem 4.6.2) and [KMSW] that

Theorem 3.4.

(a) The  representation  my occurs  with  multiplicity  one in
Hq (Sh(V, X), &), and 7 is uniquely determined by 7y and the bundle &;.

(b) In particular, H*(Sh(V %), &)l ] determines a rational structure on 7y over
some number ﬁeld E(m).

Remark 3.3. 'We always choose E(m) to contain an extension E (k) of the reflex
field E(V, ¥) over which the bundle & has a rational model. As in §1.1 of the
Erratum to [H13], E («) in general strictly contains the fixed field E, of the stabilizer
in Gal(Q/Q) of the isomorphism class of &, and moreover is not uniquely
determined; it is chosen to eliminate a Brauer obstruction to realizing the bundle
over E,.

The main Theorem 7.1 relating periods to critical values of L-functions takes the
form

Critical value of L(s, 7, &, St) ~E(z,4) Normalized period invariant. 34

In Deligne’s conjecture the place of E(m,«) is taken by the field of coeffi-
cients E(M (r, «)) of the motive whose L-function is L(s, &, o, St). The previous
paragraph indicates that E(w,«) is in general a non-trivial extension of the
hypothetical E(M (x, «)). However, the relation (3.4) is equivariant with respect
to Gal(E(k)/E,) (this can be chosen to be an abelian extension) so the extension
of the coefficient field is harmless.

Remark 3.4. The results of [KMSW] are conditional on results that have been
claimed, not only by the authors, but not published. Careful readers may therefore
prefer to view the results that make use of Theorem 3.4 as conditional. In [H97]
and [Gul6] the period invariants introduced in the following paragraph are denoted
Q(m, B), where B is a marker that accounts for possible multiplicity greater than
one. It can then be proved, using the main identity relating critical values of L-
functions to periods, that the period is independent of 8, up to appropriate algebraic
factors, assuming L (s, 7, ) has non-vanishing critical values. Thus the multiplicity
one hypothesis is only used for convenience.
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Returning to Theorem 3.4, the L,-inner product on the space of cusp forms
on U(V)(A) restricts to a non-degenerate hermitian form on 7 ¢. As in [H13],
§3.4.2, one obtains a period invariant, denoted Q(x) in loc. cit., in (E(7) ®q
C)*/E(@r)*. Each embedding 7 : E(wr) — C then determines a period invariant
Q(m, t) € C*/t(E())*. The period invariant is characterized by Proposition 3.19
of [H13]: suppose vy, v» € m, identified with classes in H!q (Sh(V, X)), E)x] by
the trivialization as discussed in §3.4 of [H13]. Define

(v1, v2) = ((v1, V) D) v:E() > C = / v1()v2(8)dg € E(m) ® C  (3.5)
[UV)]

as a vector in E(7) ®y C = [[;.gp) - ¢C, as in [HI3, §3.4.2]. Then v;
corresponds to an E (;r)-rational class if and only if, for all E(x)-rational vy, we
have

0@, )" (v, 1) € T(E(m)) (3.6)

Here rationality of coherent cohomology is understood as in Theorem 3.4 (b) and
[H90, H13].

For the purposes of applications in [GHL], we assume E () is given as a subfield
T(E(mr)) of C and write P(w, V, X) for Q(JT_, 7). In this paper we will only consider
7 contributing to H'(Sh(V, X), &) or H,dlm Y (Sh(V, ), &); in both cases, the
cohomology space is entirely represented by cusp forms [H90, Proposition 5.4.2].

If k is as above, we define k” as in [EHLS, §6.1.3]. Then complex conjugation
of functions on the adele group defines an antilinear isomorphism

g H (Sh(V, $), &) — H™V(Sh(V, %), Ep)

[EHLS, (6.2.3)]. Moreover, the isomorphism is compatible with the Serre duality
pairing

[o, olser - HY(Sh(V, £), &) ® HI™ YV (Sh(V, %), E.n)
dim ¥ dim Yy (.7

— H™V(Sh(V, %), Qg v '5)
[EHLS, (6.3.1)]. Note that the line bundle L (k) in loc. cit. is trivial for us because it
only depends on the similitude factor); in particular we see that we can simply write

~ dim Yy Vi
Ep —> QSh(V,Z) ®5K.

Setting ¢ = 0 and bearing in mind that E(x) is a CM field, we can take the
complex conjugation of both sides of (3.5), we see that, if v corresponds to an E ()
rational class in H!O(Sh(V, ), & )[m], then, with ¢ denoting complex conjugation,
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(Q(, ) ' W1lre@) » ©) € HY™ YV (Sh(V, £), EP) 7] ® () C (3.8)

comes from an E (77 )-rational class.

3.4.1 Change of Polarization

The doubling method naturally gives rise to a different period invariant, which
comes from the pairing of a form on Sh(V, ¥) with a form on Sh(—V, X).
Namely, with the notation of [EHLS], §6.2, (but with w replaced by £ as notation
for automorphic vector bundles), there is an E(V,X) = E(—V, X) linear,

UWV)Ay) = U (—=V) (A y)-equivariant, isomorphism
dim Yy ~ 0
Fx : H, (Sh(=V,%),Ep) — H (Sh(V, %), Enp) 3.9

This isomorphism expresses the U (V)(R)-equivariant identity of Y_y with
Yy, endowed with the complex conjugate structure. Now suppose f €
H™YV(Sh(V, D), €] and ' € HI™V(Sh(~V, E), Ep)nY] are E(x)-
rational cohomology classes in 7 and 7V, respectively, for some extension
L D E(m). (In particular, w4, is an antiholomorphic discrete series representation,
as in [EHLS, §4.5].) Define

B() 1.5 = Lf. Foo(f)lser € HI™ YV (Sh(V, %), Q105 .
— HOSh(V, %), Osiv.s)),

where the final isomorphism is given by the trace map. It follows from Theorem 3.4
that, for any 7 as before, there is a period factor

B(7) = (B(, 1), T € £) € (E(m) ® C)*
such that
B(n, 1) 'B(n) s 10 € T(E(M)), Vf, f/, 7. (3.11)

Here we view B(m)y s as an element of HO(Sh(V, %), Osnv,s)(E(T) ®
c = E(m) ®g C and let B(m) 1, 4/ . denote its projection on the T-component.

Suppose « is a motivic Hecke character of A%, with restriction ¥ to U(1)(A).
Then with f’ as above, there is an automorphic line bundle Aago on Sh(—V, X)
such that

fr@al " odete BV (Sh(=V. %), Ep @ Ayw)lmY @ a¥ ! o detl.
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There is then a constant py (o, —V) € (E(ay) ® C)* such that, letting E (7, o) =
E(r) - E(a), pyl(e, —v)~1. e oY~ o det is an E(, )-rational element of
H!dlm W sh(-v, D), Eo @A )Y ® a¥~1 o det]. Put another way, let f. be an

E (7, a)-rational element of H!dim v (Sh(=V, %), ® Aago)[nv ® oVl o det],
and let

B(ﬂ)a,f,f’ =[f, Foo(fq/, & aU o det)]ser.

Then for any t : E(w, «) < C, there is a constant B(w, 1), € C* such that, with
notation as in (3.11)

B, 1)y ' B(M)g. s e € T(E(T, @), Y, f’ (3.12)

The formula for B(m)e, f,  may appear artificial but it is what shows up in the
analysis of the zeta integral. Of course we have

B()a ~ pula, =V) - B(x). (3.13)

We can carry out the same construction with Sh(GU (—V), X_vy), the Shimura
variety attached to the similitude group. If 7’ is an automorphic representation of
GU(—V)(A) such that

H!diva (SR(GU(=V), X_v), ENA'T#0

and if « is as above, there is an automorphic line bundle Ay, on SEH(GU(=V), X_y)
and a constant p(«, —V) such that, with the analogues of the definitions above
(taking into account the similitude factor in the usual way)

B()y ~ p(a, =V) - B(7). (3.14)

An expression for p(a, —V) can be found in §2.9 of [H97] (the top of p. 138)
when F* = Q. The relation between p(a, —V) and py(a, —V) is given in
formula (3.15).

Remark 3.5. The notation F, is not altogether appropriate, because the complex
conjugate of Sh(V, X) is not Sh(—V, X) but rather Sh(—V, c¢X). The difference
is reflected in the period invariant. Suppose for simplicity of exposition that F+ =
Q. Because the motive that appears in the r-isotypic component cohomology of
Sh(V,X) is (up to a Tate twist) an exterior power of the motive attached to 7,
the invariant B(;r) should be a period of this exterior power. But it is off by an
abelian period (denoted g (M) in [GH]), which exactly corresponds to the abelian
twist needed to relate rational structures on Sh(—V, ) and Sh(—V, cX).
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3.5.1 Period Invariants,n =1

We recall the Shimura varieties attached to Hr := Rp;g(Gy)F defined in [H93,
§1.1]. For any subset ¥ C X we can define hy : S — Hp g by the rule that, in the
induced Hodge structure on (the Q-vector space) F, the subspace F, C F ® Cis of
type (—1, 0) (resp. (0, —1), resp. (0,0)) if 0 € ¥ (resp. ¢ € cW¥, where ¢ denotes
complex conjugation, resp. if o ¢ W [ [cW). If ¥ = {0} is a singleton we write /.
We define hoy : S — Hp g by exchanging W with cW.

For any motivic Hecke character w of Hr we can thus define the CM periods
pr(w, ¥) and pr(w,c¥) as in [H93, Lemma 1.3], with (H,h) = (HF, hy) or
(H,h) = (Hf, hey) (but see [H97], p. 82 for an explanation of a sign error).

Lemma 3.6. For any motivic Hecke character w of Hr we have

pu(w, —V) = pr(w o det, CZ)_l - plw, =V) = pp(w,cX)™" - p(w, =V).
(3.15)

Proof. By Shimura’s product relations ([H93, Corollary 1.5], see [GL], §3.3
for a Galois-equivariant version), this follows by pulling back from U(—V) to
G"(-V) € GU(1) x GU(—V) by the map u of (2.2). The ratio between the two
invariants is entirely determined by the image in GU (1) of the pullback to G”(—V).

O

4 Holomorphic Eisenstein Series

4.1 The Doubled Group and Its Variety

We fix V as in the previous section, with hermitian form (-, -) = (-, -)y, and write
—V to denote the F-vector space V with hermitian form —(-, -)y. Let W denote
the 2n-dimensional hermitian space V @& (—V), and let H = Hy = U(W) be
the corresponding unitary group. Then H is always quasi-split. More precisely, let
Vi={(x,x)eW :xeVland V; ={(x,—x) e W : x e VLsoW =V, V?
is a polarization of (, )y, which is thus a maximally isotropic hermitian form.
Projection to the first summand fixes identifications of V¥ and V; with V. Let P C
H be the stabilizer of V¢; this is a maximal Q-parabolic, the Siegel parabolic. Let
M C P be the stabilizer of the polarization W = V; @ V¥ and N C P the group
fixing both V¢ and W/ V¥, so M is a Levi subgroup and N the unipotent radical
of P.

Since (, )y is maximally isotropic, we know that H (Fy) = U (n, n) for any
o : F — C. Let (H, Yy) be the Shimura datum attached to H and X by the
procedure described in the previous section. Then E (W, X) is the reflex field of the
CM type X. The isomorphism W = V & (—V) determines a morphism of Shimura
data
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(Gv,Yy) x (G_y,Y_y) — (H,Yw) 4.1
and thus a map of Shimura varieties

Sh(V,2) x Sh(=V, %) — Sh(W, %).

4.1.1 Tube Domains

As a complex variety, the Shimura variety Sh(W, ¥) is a union of arithmetic
quotients of the tube domain Xy, attached to the group SU (n, n)*. The tube domain
Xy, which is isomorphic to a connected component of Yy, itself factors as a
product [], .5 of |Z] copies of the classical tube domain X,tn C Hermy(C),
where Herm,, C M (n, C) is the space of n x n-hermitian matrices. More precisely,
denote by X the copy of X,tn corresponding to o € X, and choose a base point
Js € X};let Uy, C Hy := H(F' x, R) be its stabilizer. Then U, is isomorphic
to the compact group U(n) x U (n). Without loss of generality, we may choose
J € M(n, F) to be a diagonal matrix whose entries have trace zero down to F +,
and let J, = o(J) for o € X. Then X is identified with the standard tube domain

Xpn={z€ M, (©) |35 ('z2—2) >0}.

as by

With respect to this identification, any h, = <
Cy dy

) € H, acts by

he(2) = (agz + by) (coz +dy) "

Here a,, by, ¢, and d,; are n x n matrices. We let y1 = (0 (A))gex € Yw.

In particular, the maximal parabolic subgroup P C H stabilizes a point boundary
component Fp of Xy. As we see below in Sects.4.9 and 4.11, the rationality
properties of holomorphic Eisenstein series on H are determined by their restriction
to the boundary, which is the H (A y)-orbit of the Shimura variety attached to the pair
(G p, Fp) for a certain reductive subgroup G p C P; the point Fp then corresponds
to a homomorphism, also denoted Fp : S — Gp(R).

Remark 4.2. The group U, is defined over o (F) and, for all y € Gal(@/@),

V(UJ) = Uy(a)~
We thus have a way of comparing rational representations of the maximal compact
subgroups Uy, and thus the fibers of automorphic vector bundles, as o varies. Note

that, if y does not fix E(H, Yw), then

Uy(a) - yH(R),
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where ¥ H is an inner form of H determined up to isomorphism by Langlands’s
formula for conjugation of Shimura varieties; see [H13, L79].

4.3 Induced Representations and Eisenstein Series

Denote by A the canonical map A : P — GLp(VY) = GLp(V). Then
M —> GLp(V), m — (A(m)); the inverse map is

A > m(A) = diag((A*) ™", A).

where A* = "A€ is the transpose of the conjugate under the action of ¢. Define
§p(-) = |detoA()[".
Let x = ®xw be a character of F*\A}. Fors € C let

1G6s) = Indp) (x(deton() 6,7 ()

with the induction smooth and unitarily normalized. This factors as a restricted
tensor product

I(X’ S) = ®UIU(XU7 S),

with v running over the places of Q, I,(xy, s) the analogous local induction from
P(Qy) to H(Qy), and x, = Qwlv Xw-

Lets — ¢5 € I(x,s) be a section, in the sense in which that word is used in
the theory of Eisenstein series. We form the standard (non-normalized) Eisenstein
series,

E(gs. )= > ¢yh). (4.2)

yeP(FH\H(FT)

If x is unitary, this series is absolutely convergent, uniformly on compact subsets,
for Re(s) > %, and defines an automorphic form on H(A). We always assume
¢s € 1(x,s) to be K-finite for a maximal compact subgroup K C H(A); then in
particular the Eisenstein series E (¢s, h) admit a meromorphic continuation in s.

Let m > n be a positive integer, which we view as the dimension of a positive-
definite hermitian vector space V'. Assume

_m
X|A;Jr =é&x 4.3)
Then the main result of [Tan] states that the possible poles of E (¢, h) are all simple.

Moreover, those poles in the right half plane Re(s) > 0 can only occur at the points
in the set
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n—§8—2r n—348—1
> , r=0,...,[ > ] 4.4)
where § = 0 if m is even and 6 = 1 if m is odd.

Using the theta correspondence between U(V) and U(V’), we consider the
Siegel-Weil sections ¢s € I(x,s) as in [HO8]: these are the sections defined by
the functions of the form ¢¢ introduced in §2.2.3 of [HO8], where V is used to
denote what we are now calling V' (and where the presence of the similitude factor
introduces an additional complication, irrelevant here). Given a unitary character x
and a Siegel-Weil section f € I(x, s), we put

@5 = ¢x,s =9
Ey(s, h) := E(¢s, h).

4.4 Automorphic Line Bundles on the Doubled Group

Automorphic line bundles on Sh(W, X) are determined by two sets of parameters
(my, ks)sex. If we note that, for U(W), ro, = s, = n for all 0 € X, then the
parameter (m,, ks )scx corresponds to the representations with parameters

(al,a = =dpo =Mg;0p4+1,0 = = Ap,o = ko) 4.5)

in the notation of (3.2). This corresponds to the representation ® det”* ® ®,, det*
of the maximal compact subgroup U(n)* x U(mn)* = [lyes Us of UW)R).
In applications we only need to consider parameters in which my, = m — a, and
ks = m+b, for all o, for some X-tuple of pairs of integers (a,, by ) to be introduced
below.

4.5 Automorphic Forms on the Point Boundary Shimura
Variety

In [Gul6], Guerberoff identifies the Shimura datum attached to the point boundary
component of the Shimura variety attached to GU(W). He denotes the datum
(Gp, Fp) but we will call it (G'p, Fp,); then G, = Gy, - Ap, where, for any Q-
algebra R,

Gu(R)={B-Ln|Be(FQR)*, Npyr+(B) € R}

al, 0 (4.6)

Ap ={d(a,d) := ( 0 di

),a,deRx}.
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Here N+ is shorthand for the natural map (F ® R)* — (FT ® R)*. In other
words, G, = GU (1), in the previous notation, and A p = G, x G,,. Moreover,

21, 0
Fp(2) = <ZZ0” ! )
n

diagonally embedded in GU (n, n)* N GU (W)(R).

The factor a in (4.6) is superfluous, because G, N A p contains all elements of the
form d(a, a). Let [, a = 1, d] denote a typical element of G’P in the coordinates
of (4.6). Then Gp = G’, N U(W), in other words is the group of triples [8, 1, d]
with Np,p+(B) - d = 1. Since the coordinate d € G, is thus superfluous, we have
an isomorphism

GU(1) —> Gp; B> [B. L, Np/p+ (B) 1. (4.7)

Thus we write [S] for the typical element of G p = GU(1).
It follows easily from (2.3) and (2.2) that

zI, O

i ( 0z

) =[z1€ Gp C U(n,n)=.

Then

Definition 4.5.1. Let o : Gp(FH\Gp(A) — C* be a Hecke character of Gp.
Let (a, b) = (ay, bs)oex) be a |Z|-tuple of pairs of integers satisfying as + by =
—v for some fixed integer v, called the weight of (a,b). We say o is of type
(m, (a, b)) = (m, (as, bs)secx) if it is of the form

a=|le|[" an

where the restriction deo 0f @ to G p (F;g) satisfies
0.0 ([BD = B c(B) ™"
(see [EHLS], §4.4). For hoo = (ho)oex € U(n,n)*, we define
Jao 7= I, (g ) (o) = det(J (he)) ™" - det(J' (he)) ™07

Jo(hoo) 1= Jm @b (hoo) = [ | Jao (ho)

oEL

(4.8)

Here the automorphy factors J(e) and J'(e) are defined as in [EHLS], §4.4.2,
relative to the chosen base point y3 € Yy (corresponding to the element J € F
in loc. cit.).
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Let M9¢" C M denote the derived subgroup of M. A function
¢: (P(F)-NAM™ (A)\HA) — C
is said to be of type (m, (a, b)) if it is of the form

(hoos hf) = T a0y (hoo) @ G r(hy)
for some ¢ on (N (A )M (A )\H (A ).

Note that we have

o o det(Fp(2)) = () [zt 4.9)

Lemma 4.6. The space I (m, (a, b)) of functions of type (m, (a, b))) decomposes
as the direct sum of subspaces

I(a) = {Jm,a,0))(hoo) @ P (hy))

where ¢(hy) € If(i?{))af o det.

This follows from the decomposition of [ (m, (a, b)) under the right action
of M(Ay). We let I(m,(a,b))(Ay) be the space of ¢r(hf) such that
I, ap)y(hoo) ® ¢g(hy) € I(m,(a,b)), viewed as a space of functions on
(N(AP)M@ (A)\H(Ap).

Foro € X,letot : F* — R denote the restriction of o to F1; let

Hy = H(FT ®,+R), b, = Lie(Hy), U(V)y =U(V ®r+ o R).

Let Uy = U(rs) x U (sg) be the maximal compact subgroup of U (V) (with respect
to the chosen base point y € Yy, see the discussion following Lemma 2.3). Let
a = op - || e || be an algebraic Hecke character as above, with m > 0. Define
D(as) = D(m, g o) to be the holomorphic (s, Uy )-module with highest U, -type

Aag) = A(—m, (a5, bs))

=m-—bs,m—>bys,....m—by;—m+ag,...,—m+ay)

in the notation of [H97, (3.3.2)] (with the character on the R-split center omitted).
We define a map of (U (hy), Uy )-modules

t(ag) : D(ay) — C*(Hy,) (4.10)

as follows. Let v(as) be the tautological generator of the A(m, ap, s )-isotypic
subspace (highest U, -type subspace) of D(m, o). Let
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tag)(v(ag)) = Ja,a,

defined as in (4.8), and extend this to a map of U (h,)-modules. Let C(H,, o)
denote the image of ¢(ay ).

We let Sh(W, £)g, denote the point boundary stratum of the (adelic) Shimura
variety Sh(W, X), corresponding to the maximal parabolic subgroup P C U (W).
This is a totally disconnected 0-dimensional proscheme over E(W, X). As in [H86],
§8, there is a line bundle &, (4,5) on SA(W, ¥)g, and an isomorphism (canonical
trivialization)

Trivm@p : HO(SKW, £)6p, Em.ap) —
{(Inm.apy(hoo) @ (hp), d5 € I(m, (a, b))(Af))

@.11)

normalized as in the discussion in [HO8, (2.4)].2 If £ € HY(Sh(W, £)Gp, Em.(a.p)
we include £ in the subscript on the right-hand side:

Trivm,(a,b) &) = m,(a,b) (hoo) ® (b&‘,f(hf)

There is a number field E(m, (a, b)) D E(Gp, Fp) such that the vector bundle
Em,(a,b) has a canonical model over E(m, (a, b)), compatible with the canonical
model of SA(W, X)g, over E(Gp, Fp). Moreover, the group Gal(@/@) acts on
the set of pairs (Sh(W, £)G,, Em,(a.b)) through its natural action on the set of CM
types X and parameters (m, ((a, b)y)gex) (the m is invariant under Gal(Q/Q); see
[H13], §4.1 for the action).

Proposition 4.7. Fix a X-tuple of pairs of integers (a,b) = (aq, bs) of weight
v, and consider characters a : Gp(FT)\Gp(A) — C* of type (m, (a, b)). For
each such o let E(a) D E(m, (a, b)) be the field of coefficients of «; it is the field
generated by the values of « on Gp(Ay). Let

HO(Sh(W, £)Gp, En,@p)le] C HOSh(W, £)Gp, Em(a.b)
be the subspace corresponding to (o) with respect to the decomposition
of Lemma 4.6 and the isomorphism Trivy .p) (4.11). There is a constant
pula, X, W) € C* with the property that, for any extension L/E (&), the section
& e HO(Sh(W, 2)Gps Em, b))l is rational over L if and only if

Trivm,a,p)() = Jm,(a.b)(hoo) ® ¢z, r(hy) 4.12)

where py(a, X, W)_l(])g,f(hf) takes values in L.

2The ¢+ should be understood as the constant terms of Fourier expansions of the Eisenstein series
attached to the functions Jy,, (4,p) (hoo) ® ¢ s (hy).
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Proof. This is the analogue of Proposition 4.3.1 of [Gul6] in the setting of the
Shimura variety attached to U (W). We may restrict £, (1) to any G p (A r)-orbit in
Sh(W, £)¢, and identify the orbit with an H (A y)-translate of the Shimura variety
Sh(Gp, Fp); then the restriction of &, (4, to the orbit is an automorphic vector
bundle on the toric Shimura variety Sh(G p, Fp). As such, it has a canonical period
invariant py(a, X, W) € C/E(m, (a, b)) that satisfies the analogue of (4.12) for
sections of the bundle over H (A y)-translate. Since the action of H (A y) respects
both the property of (4.12) and the rational structure of &, (4,5), the Proposition
follows from the analogous statement for Sh(Gp, Fp). O

The constant py («, X, W) is a period attached to automorphic forms on the
CM Shimura variety Sh(Gp, Fp), and can thus be related to standard CM periods
pu (o, o, W), defined as follows. We identify G p with GU (1), as in (4.7). For any
o € X welet

he :C* = GU(o = [] C*

oED

be the inclusion of C* as the o-factor of the above product. The pair (GU (1), hy)
is thus a Shimura datum.

On the other hand, as in [Gul6, Prop. 4.3.1] (for « trivial) or [H97, Lemma
3.3.5.3] (for F™ = Q), there is an analogous invariant p(c, ¥, W) attached to the
point boundary component of the Shimura variety SA(GU (W), X). As in the proof
of Lemma 3.6, the ratio of the factors comes from the pullback of « odet to the factor
GU (1) of the map u of (2.2)—we use the fact that u(G,, - [U(1) x {1}]) C Gp.
Here the determinant is taken on the Levi factor GL(n) of P C U (W), whereas in
Lemma 3.6, the determinant is the map det : U(—V) — U(1).

Then Shimura’s product relations again imply

Proposition 4.8. For any motivic Hecke character w of Hr we have

pu(w, Z, W) = p(w o det, cZ)f1 plw, 2, W) =p(w,cX)™" - p(w, =, W).
(4.13)

4.9 Holomorphic Eisenstein Series: Absolutely Convergent
Case

Fix a X-tuple of pairs of integers (a, b) = (as, by ) of weight v. We now fix ¢ = «p
to be a Hecke character of type (0, (a, b)), oy, = || @ ||m’% - .

Let ¢ € (o) C I(m — 7, (a,b)). Extend ¢ = ¢ to a section s > ¢ €
I(o,s +m — %), in the sense used in Sect. 4.3, and define E(¢,s) := E(¢;) as
in (4.2).
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Proposition 4.10. If m > n — 5 then E(¢,0) converges absolutely to a holomor-
phic automorphic form which defines a section

E(¢,0) € HO(Sh(W, ), £4m).

This proposition follows from the analogous statement for the Shimura variety
attached to GU (W). Guerberoff ([Gul6], §4.3) treats the case when « is trivial, but
the general case is no more difficult. It then follows from Proposition 4.7 and the
results of §8 of [H86] that

Corollary 4.10.1. Let L be a field containing E(c). Then the section E(¢,0) €
HO(Sh(W, %), &Ly is rational over L if and only if p(e, E)_lqbf takes values in
L.

Here and in what follows we are thinking of ¢y = ¢, € I(c, 0) as a complex
valued function on H (A ), and the condition in the corollary is that the values be
L-rational multiples of the period invariant p(«, X).

4.11 Holomorphic Eisenstein Series: Application of the
Siegel-Weil Formula

We continue with the hypotheses of the previous section, but now assume n >
m > "5%. We assume x = «a satisfies the hypothesis (4.3), with m replaced by
mq := 2m + v (cf. Theorem 4.3 of [HO8], where s¢ is what we are calling m, and m
is what we are calling mg, and k = —v). and we take ¢ to be a Siegel-Weil section,

in the sense of [HOS].

Theorem 4.14. Suppose n > m > "5*. Then the function E(¢,s) has a
meromorphic continuation whose value at s = 0 is holomorphic and defines a
section E(¢,0) € HO(Sh(W, %), ESMY). Moreover, with L as in the previous
Corollary, the section E(¢,0) € H(Sh(W, ), ESAMy is rational over L if and
only if p(«, E)_1¢f takes values in L.

Proof. This is essentially the main theorem of [HOS8]. In fact, Corollary 3.3.3 of
[HO8] is proved in the setting of similitude groups, and in general is only valid on
a subgroup of index 2 of GU(W)(A). For the unitary group the method of [HO8]
works without restriction. O

5 Differential Operators

The method of [H97] and [Gul6] is based on constructing a family of differential
operators that take holomorphic Eisenstein series on SA(W, X) to holomorphic
automorphic forms on Sh(V, ¥) x Sh(—V, X). The parameters for these differential
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operators were worked out in §4.2 of [Gu16] and, with different notation, in [EHLS],
§4.4. In both cases this was done in the setting of similitude groups, rather than
unitary groups, but the differential operators are insensitive to the similitude factor
and can be indexed by the same parameters. We follow [EHLS] because it is slightly
more general. If « is a parameter for Sh(V, o), then «” is defined in [EHLS] (6.2.5).

5.1 Parameters for Differential Operators

Theorem 5.1 (Gul6, §4.2). Let « be a parameter in (3.2), and let &, be the cor-
responding automorphic vector bundle on Sh(V, ). Let k” be the corresponding
(dual) parameter for Sh(—V, X) (see [EHLS, (6.2.5)]) and define

gKb((Cl, b)) = gKb(a,b)

where, ibe = (Kf;, o € X), then k’(a, b) = K(b; ® wg.» in the notation of [EHLS,
(4.4.6)]. There exists a holomorphic differential operator

A@m, (a,b), k) : Enab)lshv.yxsh-v,5) = E KE»((a, b)),
defined over the reflex field E (k, (a, b)) and equivariant with respect to Gy (A y) x

G_v(Ay), if and only if k has the form (ks ;,0 € X,1 < i < n) where, for all
o€l

(Ko, 1s s Kopy) = (—=m +bs —Crp ..., —m + by —c1);
(Ko,ra+ls---vKU,n):(m_aa +di,...,m—ag +dsg),
with
cgz->¢,20d >--->d;, 20.

Moreover, the space of such differential operators is of dimension 1 over
E(x, (a,b)).

The differential operator A(m, (a, b), ) is obtained by applying a non-
holomorphic (Maass) operator to a section of &, (4,1), viewed as a C* automorphic
form on U(W)(A), and then restricting the result to the subvariety Sh(V, X) X
Sh(—V, %). For future use, we denote the Maass operator D*°(m, (a, b), k), and
we define G3 = Gy x G_y, as in [EHLS].

Definition 5.2. Let (a, b) and « be as in the statement of Theorem 5.1. We say that

n—y

m > “5= is critical for  and (a, b) if the above inequalities are satisfied for all o.
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5.2 Parameters for Nearly Holomorphic Eisenstein Series

Let m be critical for « and (a, b). Let ¢ € I(ay,) be as in Proposition 4.10 or
Theorem 4.14 depending on m. We write E (m, ¢) = E(¢, 0, h), emphasizing that ¢
is defined relative to the parameter m (although the m is superfluous in the notation).
We assume L is a field as in one of those statements, so that

Hypothesis 5.3. The function ¢ € I(ay) has the property that the section
E(m,¢) € HO(Sh(W, X), &MY is rational over L.

We also define
EY(m, ¢) = p(a, D) E(m, ¢);

this is of course attached to the L-rational function ¢ ¢ on the finite adeles.
We write

E(m,¢,x) = A(m, (a,b), k) (E(m, §))

5.1
e HOSh(V, 2) x Sh(=V, %), E B E»((a, b)));

EV(m,$,x) = Alm, (a, b), k)(EY (m, $)) 52
€ HO(Sh(V, ) x Sh(=V, 2), & K Ex((a, b))). '

Corollary 5.2.1. Under Hypothesis 5.3, the sections E(m, ¢, k) are rational over
L.

We also write E(m, ¢, h), EW(m, ¢, K, h), etc. with h € U(W)(A), when it is
necessary to emphasize that the Eisenstein series are functions on the adele group.
To distinguish the Eisenstein series on U (W) (A) from its restriction to the subgroup
G3(A), we write

E®(m, ¢, k,h) = D*(m, (a,b), k)(E(m, $))(h).

6 The Doubling Integral

6.1 Zeta Integrals

In this section, we briefly summarize key details of the doubling method, which
we use to obtain zeta integrals. The doubling method holds for general classes of
cuspidal automorphic representations = of Gy (A), but we assume the local factors
at Archimedean primes are discrete series representations. By Theorem 3.4, this
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implies that, for any finite prime v, the component part 7, of 7 has a model over a
number field E (7).

Denote by O the ring of integers of F. We write Gy (A) = [, Gv,,, with the
(restricted) products over all the places of F* and Gy, = Gy (F,"). Similarly, we
write H(A) = Hoo x [[,, Hy and P(A) = Poo x [[}, Py.

Let 7 be an irreducible cuspidal anti-holomorphic automorphic representation of
Gy (A), and let 7" be its contragredient, and set

n'i=nY; w,=n) =7'® (@odet)”!

with o an algebraic Hecke character of weight v as above. We view 7, as an
anti-holomorphic automorphic representation of G_y(A) and as a holomorphic
automorphic representation of Gy (A). Let S, be the set of finite primes v of OF
for which m, is ramified. Before introducing the zeta integral for 7, we need to
explain what it means for a function in 7 to be factorizable over places in FT. We
fix non-zero unramified vectors ¢y, o and ‘/’:u,o in 7, and 7/, respectively, for all
finite places w outside Sy, and choose factorizations compatible with the unramified
choices:

T — Moo @ s Tf AN 7TS”®7TS7T; (6.1)

o Sw Sr .
and analogous factorizations for 7V and 7). Let ¢ € k7" ¢ e VK7 we think
of ¢ and ¢’ as forms on Gy and G_y, respectively. We suppose they decompose as
tensor products with respect to the above factorizations:

@ =®upu; ¢ = e, (6.2)

with ¢, and ¢, equal to the chosen ¢, o and ¢, , when v ¢ S;. We write equalities
but the formulas we write below depend on the factorizations in (6.1) and its
counterpart for 7V and 7,/ We write

o =¢' ®@aodeteny.

If L D E(m), we will call a vector ¢, € m, rational over L if it is rational with
respect to the factorization (6.2), with respect to the E (;7)-rational model introduced
above.

Remark 6.2. Our conventions are as in [EHLS], except that we are writing 7’ =
7, instead of 7”. The test vectors in 7 and 7’ are denoted ¢ and ¢’, respectively,
whereas the section for the Eisenstein series is denoted ¢ = ¢;. In [H97] different
choices were made: ¢ was the datum for the Eisenstein series, whereas f and f’
were cusp forms on Gy and G_y, respectively.
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We also fix local Gy (F,})-invariant pairings (, )., : m, x 7y — Cforall v
such that (¢ 0, ¢;,o>nu = 1 for all v ¢ S,. We assume these pairings are E (7)-
rational for all v.

Normalizations are now as in Sect. 4. Let ¢ = ¢;(o) € I (e, s). We write G3 =
Gy x G_y as above. Let ¢ € w and ¢’ € 7/, be factorizable vectors as above. The
zeta integral for ¢,¢, and ¢’ is

1. ¢, ¢.5) = / E@.s. (g1, 82)0(g1)¢L(g2)d(g1. 82).
G3(Q)\G3(A)

Here the measure on G3 is the Tamagawa measure dgy x dg_y discussed in
Sect. 2.5. By the cuspidality of ¢ and ¢’ this converges absolutely for those values
of s at which E(¢, s, h) is defined and defines a meromorphic function in s
(holomorphic wherever E(¢, s, h) is). Moreover, it follows from the unfolding in
[PSR] that (¢, ¢") = (@, ¢, ¢,s) defines a Gy (A)-invariant pairing between
and 7’. By the multiplicity one property Theorem 3.4, this implies that:

If (¢, ¢') == / 9(8)¢'(g)dg = 0then I (¢, ¢', ¢,s) = 0 forall s.
Gv(@\Gy (A)

So we suppose

{p.¢") #0.

Then (9, ® @})z, # 0 for all v. For Re(s) sufficiently large, ‘unfolding’ the
Eisenstein series then yields

1. ¢/ b.5) = / Bs(gv, D (er)g, @' hmdgy.
Gy (A)
Henceforward we assume ¢ (h) = Q¢ (hy) with
¢y = ¢v,s € Iy(ay, s), ay = ®aw-
wlv

Then bearing in mind the formula (2.6) for the factorization of the measure dgy, the
last expression for I (¢, ¢’, ¢, s) factors as

2
—n
1@.¢,¢,5)=vDps  [[1(@v, 9v, b0, 5) - (9, ¢), where
v

(6.3)
fGV(Fv*) ¢v,s(gvv D) (v (gv)Pu, §0L>nudgv

(‘Pv» @L)nv

L (g, (pl/)7 v, s) =
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By hypothesis, the denominator of the above fraction equals 1 whenever v ¢ S;.
We denote the integral in the numerator by Z, (s, ¢y, <p,’J, bu)-

Theorem 6.4 ([PSR, Li92, LR0S]). We have the identity
10.¢/ ¢.5-2)
(p7 w ) ’ 2

—n? n n _
=VDp+ " Bapy [ | Zo6s=3. 00 ¢} 90)d% (5=, )T L5, 7, @, S1)

veSy

Here

d>s.o)= [] L¥Q@s+n—j.at epp) (6.4)

0<j<n—1

is the product of partial Hecke L-functions of F +, as in [Gul6, §4.4], and
L™Y(s, 7, o, St) denotes the L-function attached to the standard representation
of the L-group of Gy, in the motivic normalization. We have written ot for the
restriction of « to the ideles of F*. Thus o (t,) = t? for any o, so that

Eu0:=1| o 17" &

is a Hecke character of FT of finite order. We then have (replacing the partial L-
function by the complete L-function, since they are equal up to scalars in the field
of coefficients)

diso.o)= [] L@so+n—j—v.éao er/p+)

0<j<n—1

n+l

1
~ J1 @riy@or iU (i oo DU D2 1B,
0<j<n-—1
(6.5)
Here 8(([54,0 - €r/F+]) is defined as in [Gul6] (2.2.2) (essentially a version of
the Gauss sum multiplied by a power of the square root of the discriminant) and [e]
denotes the greatest integer function.
Now suppose ¢ and ¢’ correspond to elements of

[p] € H'™ Y (Sh(V, £), E)ln]
and

[¢'] € H™ "V (Sh(=V. E), £ ® Au)mY @ (@ odet) ™.
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Corollary 6.2.1. Suppose m is critical for k and (a, b). Suppose

E(m,¢,k,h) = A@m, (a, b),k)E(m, ¢)(h)
where ¢ € I (m, ). Then

I(g.¢ z
¢7¢,¢,m_§)

L™ (m, 7w, &, St)
dSt(m — %, a)

—n? n
=/ Dp+ B(”)a,zp,tp" 1—[ Zv(m_szv"ﬂ;a(ﬁv)

veESH

6.3 Review of the Local Theory

Notation is as in the previous section. We assume ¢, and ¢ define Q-rational
vectors for all v (equivalently, we assume ¢ defines a Q-rational section of an
appropriate automorphic vector bundle). The following is then proved as in [H97,
Lemma 3.5.6] or [Gul6, Lemma 4.5.2].

Lemma 6.4. For every finite place v, there exists a finite section ¢, s(e) € I, (a, 5),
rational over E (a) such that
n ’ n , —X
Zs,(m—5.9.9.¢) = ]_[ Zy(m = 2. ¢v. @y $0) € Q.
vES,

Moreover, for any y € Gal(Q/Q), we have

n n
v (Zs,(m = 3.9, ¢, 9) =Zs, ., (m— 3 7@, v (@), v (@)).

If y does not fix E(w) - E(x) then y () is not generally an automorphic
representation of Gy, but rather of some inner form, as in [H13], which is
isomorphic to Gy at all finite places. Nevertheless, y (;r) is coherent cohomological
and the rationality of y (¢) and y (¢’) are determined relative to that structure.

6.5 The Archimedean Theory

The following result of Garrett [HO8] has already been used in §3.5 of [H97] and in
Lemma 4.5.1 of [Gul6]; we record it here for future reference. Note that Garrett’s
computation is native to the unitary group and makes no reference to the similitude
factor. We recall that the local factors are defined relative to the choice of Haar
measure made in [H97].
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Lemma 6.6. For every archimedean place o, with ¢ s (e) defined as in Lemma 4.6,
the local factor

n /
Zo(m - Ev Do (pgv ¢0’) € U(F)X
We denote this factor 3. o
Moreover, for every y € Gal(Q/Q) and every o : F — C, we have

Y (o) = 3yo0s

where the latter is viewed as a local zeta integral for the conjugate Shimura variety
Y (Sh(V, 2)) = Sh(V, y(%)).

Proof. We clarify the last assertion. Write Z, = Z(m — 5, 95, ¢, ¢5). Theorem
2.1 of [Ga08] asserts that a zeta integral Z_ is a o (F)-rational multiple of a constant
C, which in turn is a o (F)-rational multiple of 774. As explained in [HO8], taking
into account the difference between Garrett’s normalization of measures and the one
given in (2.5), we can conclude that

n

Zi(pas(p;-sqﬁo') GU(F)

3o = Zs(m —

It remains to analyze the behavior under Gal(@/ Q) of the o (F)-rational
constants 3, that arise in the computation. Following the argument in §2 of [Ga08],
one observes that 3, is a product of two factors 3. - 3, determined by a o (F)-
rational structure on the representation W, of U, and on Lie(g, ). The factor 3/, is
an element of End,r)(W,). Note that (bearing in mind Remarks 3.3 and 4.2) the
group U, becomes isomorphic to GL(rs) X GL(s5) over F, and the representations
of U, are thus defined over o (F). The factor 3, is a normalization of the measure
which comes down to the choice of w, in Sect. 2.5.

Now it follows from (2.4) that, for y € Gal(Q/Q),

dim X,
() =ylo@™ ¥ A dzyi AdZe ]
i=1
dim X,
=ylo@ ™% A dzoi Adzeoo.]
i=1
dim X,
(yo 0')(])_dimX° /\ dZyocr,i N dzcoyoﬂ,i

i=1

= Wyoo

Thus
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)/(/\wa)= /\ g

ocex o’ey (%)

Thus the collection of factors 3/ is equivariant with respect to Gal(Q/Q). Noting
that a similar rule applies to 3/, the equivariance property follows. O

7 Main Results

Theorem 7.1. Let w be an automorphic representation of Gy of type k, and let o
n—v

be a Hecke character of F of type (0, (a, b)), of weight v. Suppose m > 5+ is
critical, in the sense of Definition 5.2. Define

P(V.a) =[] pre.o) ™ pr(a.co)™.

o€eX

Then

(i) Ifm > n — 3, then

L(m, m, St,a) ~E@x,a,5)
(7.1)

LLHJ*"Z n(n—1) n
|Dps| 7 Qi) Temn=") 5 )PV, ) - B(r) L.

Here §(eF) is the period of the Artin motive attached to the quadratic character
for the extension F/F™, as in the introduction to [GL)].
e

(ii) Suppose (a)n — 5 > m > "5*, and (b) m # % Then (7.1) remains true,
provided « satisfies (4.3), i.e.

v
o = & .
lax, =€k

(iii) Suppose m = # (the near central point). Suppose that o satisfies (4.3)
and, for some finite place v of F¥ that does not splitin F, a,, does not belong to
the finite set A, of characters introduced in Theorem 3.4 of [HO7]. Then (7.1)
is valid for  and «.

Proof. This is simply an adaptation of the proofs in [H97, HO7, HOS, Gul6] based
on unitary similitude groups. When F' = I is imaginary quadratic then the formula
for P(V, «) specializes to the expression px(a, 1)~ pic(a’, 1)™" at the end of the
third line on p. 138 of [H97]. The subsequent lines of that calculation, when (a, b) =
(—«, 0), yield the expression (271)** g (ag)* pxc (&, 1)" 5 that is the contribution of «
to the final formula of [H97, Theorem 3.5.13]. In the general case, «’s contribution
in the computation made using the GU-periods is the expression P(V, ) given
above. We thus just need to explain (a) why this doesn’t change when we work with
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the Shimura variety Sh(V, X); (b) the appearance of the power of the discriminant,
and (c) why the period B(rr)~! is the appropriate replacement for P*) (rr, x, f).

We interpret Corollary 6.2.1 in terms of our notation. We assume the Eisenstein
series that occurs in the integral I(m, ¢, ¢, ¢) is the function E®(m, ¢, «, h),
where

¢ (¢ satisfies the conditions of Lemma 6.6, and
e pu(a, X, W)’1¢>f takes values in E (7, ).

Suppose moreover that ¢ and ¢’ define L-rational classes in coherent cohomology.
Then I (m, ¢, ¢, ¢) is the cup product between the L-rational coherent cohomology
classes, and thus

Im,p,¢,¢) e L. (7.2)

On the other hand, it follows from Lemmas 6.4 and 6.6, and our hypothesis on ¢ 7,
that
_ n
Pl 27 T ZuGs = 5. 90,0 d0) € L. (7.3)

veESH

Completing the partial Euler products, Theorem 6.4 and (3.13) then yields
2
L™\ (s, 7,0, S1) ~ pu(et. T, W)pu (e, =V) B Nd(s = S )~ VD"

2
~ ple. T W)p(a.~V)"'Bm) d(s = 5.0) D"

(7.4)
where we have used Lemma 3.6 and Proposition 4.8 to simplify the local factors.
This explains point (a) above, because the factors related to « are now the same as in
the similitude calculation. The discriminant factor in the final formula is the product

2
of the factor /Dp+" in (7.4) and the discriminant factor in the expression (6.5) for
d(s — %, o)~ !. Finally the power of 7 is the same as in Theorem 3.6.1 of [GL]. O

Remark 7.1. As far as I can tell, Shimura’s proofs in [Sh97], which apply to
holomorphic automorphic forms of scalar weight, do not require that « satisfy the
hypothesis of (ii) when treating values below the range of absolute convergence. The
proofs in [HO8] use the Siegel-Weil formula for critical values in this range, whereas
Shimura uses an explicit evaluation of the Fourier coefficients of holomorphic
Eisenstein series below the range of absolute convergence. The treatment of these
values in [EHLS]—where less attention is paid to rationality questions—is based on
Shimura’s calculations, but it applies as well to vector-valued forms. In particular,
[EHLS] implicitly contains a proof of Theorem 7.1 (ii) and (iii) without the indicated
restrictions on «.

The reasons for the restriction on « at the near central point are developed at
length in [HO7]. The point is roughly the following: for each finite place v of FT that
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is not split in F, there are two hermitian spaces W, and W, of dimension m. For
given 7, and splitting character «,, the theta lift of , to at least one of the U (W;—L)
is non-trivial. At the central value m = "5” , exactly one of these lifts is non-trivial.
Moreover, if v is archimedean then the theta lift of 7, is non-trivial to exactly one
of the corresponding unitary groups (a totally definite one). The collection of local
Wf is called coherent (following Kudla and Rallis) if and only if there is a global
hermitian space YV with the given localizations. Thus at the central value, there is
exactly one global unitary group U (W) to which the theta lift of 7 is non-trivial if
and only if the central L-value does not vanish. On the other hand, if m > %,
then it is proved in [HO7] that the theta lifts to both U (W) are non-trivial as long
as 1, is tempered, which is known to be the case in our applications. However, at
the near central point m = %, it is possible that 7, has a theta lift—for the
splitting characters a,—to only one of the U(W:E). If the resulting collection of
local hermitian spaces is incoherent then the Rallis inner product formula used in
[HO8] does not provide an interpretation of the near central value. It is shown in
[HO7] that this only happens at most for a finite set of «, at each v; if «, belongs
to this finite set for all v, then 7, is locally a theta lift at all non-split finite v from
a U(W,) with dim W, = n — 1. There seems to be no way a priori to exclude this
possibility.

The most comprehensive analysis of the Rallis inner product formula, and of its
implications for theta lifts, is contained in [GQT], which contains a complete proof

of the second term identity.

8 Unitary and Similitude Periods

The map u of (2.2) is surjective on points over any field; indeed, the restriction of
u to {1} x U(V) is just the identity on points. The image of U(V)(Q)\U(A) in
Sh(GU(V), Xvy) is an open and closed variety that we denote ShY (V). Tt follows
that the integral defining B(r) s s in (3.10) can be viewed as an integral over
ShY (V). However, the forms f and f’ chosen to be rational on Sh(V, X) over
some field L are not rational on ShY (V). We assume f € 7 and f' € ", as
before; then there are constants

by(m, V)= (by(m,V,1),T € X) € (E(r)QC)™;

by@Y, V) =by(Y,-V,1),T1 € X) € (E(n) @ O)*
such that by (r, V) f and by (", VV) f/ are L-rational elements of
HIMY (spU(v), &) and HI™ YV (SKY (—V), )

respectively. Here I use the same notation to denote the automorphic vector bundles
on Sh(V, ) and on ShY (V), although this is abusive because the former is attached
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to (for example) a representation of the stabilizer of y € Yy whereas the latter is
attached to a representation of the stabilizer of y in Xy .
Define

B(ﬂ)Lf{f:[bU(?T, V) fo Foo(by (t¥), V) f)ser=buy (t, V)-by (", VV)B()y, 1,

where the second equality is clear because F, and Serre duality are linear.

Lemma 8.1. With notation as above, we have
by(r, V) -by@@Y,VY) ~ 1.

In particular, B(rw) ~Ex) B(m)V.

Proof. Let &, denote the central character of ; it is an automorphic representation
of U(1). Let m;y, = 7 o u be the pullback to G’(/ of 7, and let 7, denote some
extension of 7, to GU(V) x GU(1). Then we can factor T, a8 T ® § , Where 7
is an extensmn of w to GU(V) and En is an extension of &; from U (1) to GU (1).
Define 77/, 7", and é likewise. We can and do assume that &, is a motivic Hecke
character and that

Now the statement is clear because the constants by (;r, V) and by (x", V)
depend only on the restrictions of 77, and 7V, to the factor (GU), X)) of
and 7V, and these are én— ! and &, respectively. More precisely, we view the
Shimura variety Sh(G?Y,, X7,) as an open and closed subvariety of the product
Sh(GU(V), Xy)xSh(GU (1), X1) and one checks that the constants by (7r, V) and
by (Y, VV) are determined by viewing the pullbacks via u of f and f’ as cohomol-
ogy classes of this open and closed subvariety of the product Sh(GU(V), Xy) X
Sh(GU (1), X1), with coefficients in the bundles & and &,». Using the product
structure, the result follows. O

Remark 8.2. Note that the coefficient field E(7r) in Lemma 8.1 is defined relative
to the rational structure on Sh(V, ¥), and in particular is an extension of the reflex
field E(V, ¥). This is in general strictly larger than the reflex field E(GU (V), Xvy).
Thus if 7 extends to an automorphic representation 7 of GU (V), the fields E ()
and E(77) are in general not the same. We use the same E (7r) in Proposition 8.3
below.

Proposition 8.3. Suppose there is a character a and a critical value m of
L(s, m, o, St) such that L(m, 7, a, St) # 0. Then

B(m)Y ~E@) Q*(7)

where Q* () is the period that occurs in Corollary 3.7.2 of [GL].
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Proof. We compare two formulas for the non-vanishing critical value L (m, &, o, St).
The one in [GL] is of the form

L(m, 7, a, St) ~E(r.q) Ala,m) - Q* ()™
and the one in Theorem 7.1 is of the form
L(m, 7, a, St) ~E(r.a) Al,m) - B(r)™!,

for the same non-vanishing A(a,m). Thus, letting o vary among its Galois
conjugates, we have

B(m) ~Eg(r) Q7 (n),
and the Proposition follows from Lemma 8.1. O
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