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Abstract. In this work we obtain algebraicity results on special L-values attached to Siegel—
Jacobi modular forms. Our method relies on a generalization of the doubling method to the
Jacobi group obtained in our previous work, and on introducing a notion of near holomorphy
for Siegel-Jacobi modular forms. Some of our results involve also holomorphic projection,
which we obtain by using Siegel-Jacobi Poincaré series of exponential type.

1. Introduction

This paper should be seen as a continuation of our earlier paper [2] on properties
of the standard L-function attached to a Siegel-Jacobi modular form. Indeed, in
[2] we have established various analytic properties (Euler product decomposition,
analytic continuation and detection of poles) of the standard L-function attached to
Siegel-Jacobi modular forms, and in this paper we turn our attention to algebraicity
properties of some special L-values.

Shintani was the first person who attached an L-function to a Siegel-Jacobi
modular form which is an eigenfunction of a properly defined Hecke algebra. He
initiated the study of its analytic properties by finding an integral representation.
His work was left unpublished, but then was took over by Murase [16,17] and
Arakawa [1] who obtained results on the analytic properties of this L-function using
variants of the doubling method. In our previous work [2] we extended their results
to a very general setting: non-trivial level, character and a totally real algebraic
number field. For this purpose we applied the doubling method to the Jacobi group,
and consequently related Siegel-type Jacobi Eisenstein series to the standard L-
function. This identity has a further application in the current paper.

Here the starting point of our investigation is a result of Shimura in [20] on the
arithmeticity of Siegel-Jacobi modular forms. Namely, if we let S be a positive defi-
nite half-integral / by / symmetric matrix, write M ,? ¢ for the space of Siegel-Jacobi
modular forms of weight k and index S (see next section for a definition), and of
any congruence subgroup, and denote by M}’ ¢(K) the subspace of M}/ ¢ consisting
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of those functions whose Fourier expansion at infinity has Fourier coefficients in a
subfield K of C, then it is shown in (loc. cit.) that M,:‘,S(K) = MI?,S(Q) ®g K. In
particular, for a given f € M ,? gand ao € Aut(C/Q) one can define the element
f7 € My ¢ by letting o act on the Fourier coefficients of f.

The main result of this paper comes in two flavours: Theorem 4.6 and Theorem
7.1. Without going into too much details, it may be vaguely stated as follows.
Denote by L(s, f, x) the standard L-function attached to a Siegel-Jacobi cuspidal
eigenform f € M ,’: S(@), which is twisted by a Dirichlet character x, and let

AGs, £, x):=LQ2s —n—1/2, f, x) { ch(zs — /2, x¥s) gj ; 5?

where g is the non-trivial quadratic character attached to the

extension Kg:=Q (w/ (=12 det(ZS)) if Kg # Q, and otherwise ¥s = 1. Then

for certain integers o and for k > 0,

A/2. 1.0 0.

wéo < f, f >
for an explicit power e, € N, and where < f, f > is a Petersson inner product on
the space of cuspidal Siegel-Jacobi modular forms.

In Theorem 4.6, where the cusp form f is defined over a totally real field F, we
can take above any k > 2n + [ + 1, but we have to assume that in the theta decom-
position of f the modular forms of (half-)integral weight are all cuspidal, which
we call Property A in this paper. It is very tempting to say that this last assumption
always holds (see examples and remark on pages 11-12), but nevertheless it may
not be so easy to check in practice. Theorem 7.1 seeks to improve this situation,
and does not rely on Property A. This second theorem is obtained under a slightly
weaker bound on the weight, namely k > 6n + 2/ + 1, and for simplicity we prove
it only for F = Q.

We would like to emphasize that these two results come with very different
methods, although they both base on the doubling identity. The key difficulty which
forces the aforementioned assumptions is the existence of a projection from nearly
holomorphic to cuspidal Siegel-Jacobi forms. In the first case this is resolved by
employing the known projection from (nearly) holomorphic Siegel modular forms
(see Sects. 4 and 5). In the second case, modelled on the work [25] of Sturm, we
study Siegel-Jacobi Poincaré series of exponential type and define the projection via
the associated reproducing kernel (Sect. 6); this might be of independent interest.
The latter approach involves also a twist in the proof, which uses the theory of CM
points in the Jacobi setting.

Let us now try to put the main result of this paper in some broader context.
Results of the above form for the standard L-functions of automorphic forms asso-
ciated to Shimura varieties, such as Siegel and Hermitian modular forms, were
obtained by many researchers, most profoundly by Shimura (see for example [23]).
These results can also be understood in the general framework of Deligne’s Period
Conjectures for critical values of motives [7]. Indeed, according to the general
Langlands conjectures, the standard L-functions of automorphic forms related to
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Shimura varieties can be identified with motivic L-functions, and hence the alge-
braicity results for the special values of the automorphic L-functions can also be
seen as a confirmation of Deligne’s Period Conjecture, albeit is usually hard to
actually show that the conjectural motivic period agrees with the automorphic one.

Siegel-Jacobi modular forms and—in particular—the algebraicity results
obtained in this paper do not fit in this framework: since the Jacobi group is not
reductive, it does not satisfy the necessary properties to be associated with a Shimura
variety. Nevertheless, the Jacobi group can be actually associated with a geomet-
ric object, namely with a mixed Shimura variety, as it is explained for example
in [13,15]. It is thus very tempting to speculate - although we do not address this
question in this paper - that the standard L-function studied here might be identified
with an L-function of a mixed motive, and hence the theorem above could be seen
as a confirmation of the generalization of Deligne’s Period Conjecture to the mixed
setting as for example stated by Scholl in [19].

‘We should mention here that even though in some cases one can identify the stan-
dard L-function associated to a Siegel-Jacobi form with the standard L-function
associated to a Siegel modular form (see for example the remark on page 252 in
[17]), this is possible under some quite restrictive conditions on both index and
level of the Siegel-Jacobi form. Actually, even in the situation of classical Jacobi
forms this correspondence becomes quite complicated when one considers an index
different than 1 and/or non-trivial level, which is very clear for example in the work
of [24].

Remark. In an earlier version of [2], which one can find on the arXiv ([3]), we had
also included the results of this paper (except the last two sections). However this
had resulted in a rather long exposition, and for this reason we decided to keep
the two main results of our investigations separately. Namely, [2] contains now
our results towards the analytic properties of the standard L function, whereas this
paper focuses on the algebraic properties.

2. Preliminaries

In this section we recall basic facts regarding Siegel-Jacobi modular forms of higher
index and set up the notation. We follow closely our previous work [2].

Let F be a totally real algebraic number field of degree d, 0 the different of
F, and o its ring of integers. For two natural numbers /, n, we consider the Jacobi
group G :=G™! := H™! x Sp,, of degree n and index [ over F:

G (F):={g=0, . Kk)g: A e M (F),k € Symi(F), g € G"(F)},

where H(F):=H" (F):={(, u,k)12y € G™(F)} is the Heisenberg group,
and

G"(F):=Sp, (F) = {g € SLon(F): 'g (1,1 _1”)g - (u —ln )} .
The group law is given by

O 1t k)OS kN = O+ dy e+ ik + 6+ A+ A0+ 1 — 2 W) gg
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where (A 1) ;=\ g~ = (W'd — e w''a — \''b), and the identity element
of G"’Z(F) is 1yla,, where 1y :=(0,0,0) is the identity element of H”’Z(F)
(whenever it does not lead to any confusion we suppress the indices 7, [). For an
element g € Sp,, we write g = (fi Zi ), where ag, by, ¢y, dg € M,,.

We write {0}, : ' < R, v € a} for the set of real embeddings of F and put
Fa:= [],ca 0v(F), adenoting the set of archimedean places of F. Each o, induces
an embedding G (F) — G(R); we will write (Ay, iy, ky)gy for oy, (g). The group
G(R)? .= ]_[Uea G (R) acts on H,, ; := (H, x M;,(C))® component wise via

gz=g(t,w) =@, pn, kg, w) = ]_[(gvtv, wyk(go: To) ™!+ AuguTy + o),

vea

where gy7y = (ayTy + by)(cyTy + dv)_l and A(gy, Ty) :=(cyTy + dy) for gy =
v by
(2
For k = (ky) € Z*:=[],caZ and a matrix S € Sym;(@~1) we define the
factor of automorphy of weight k and index S by

Jis: G (F) x Hyy — C
Jis(g.2) = Jes(g, (. w) =[] (g, )" Ts, (€v: T, wo),

vea

where g = (A, i, k)g, j(gv, Ty) = det(cy Ty + dy) = det(A(gy, Ty)) and

jSv (guv Ty, Wy) = e(—tr (Syky) + tr (Sy[wy]A(gv, Tv)_lcv)
=2t (A SywuA(gu, 7)) — tr (Sy[Av]guTs))

with e(x) := €27i¥

tion:

, and we set S[x]:= xSx; Ji s satisfies the usual cocycle rela-

Jis(gg' ) = Jis(g, g DIk s(g, 2).

For a function f: H,; — C we define the action of g € G"! by

(fles &)@ =Jis(g 2" flg2).

One can define a very general notion of a congruence subgroup of G(F) by
considering any congruence subgroup I' of Sp, (F) and a lattice in H™!(F) that is
stable under the action of I'. However in this paper we will mainly focus on functions
f which are invariant under the action of a particular congruence subgroup of G (F),
namely,

I[b, c]:=Clo, b, b1 x (67!, be] € G(F),
where b and ¢ are respectively a fractional and an integral ideal of F, and
Clo, b~ 07 :={(h ps ) € HY(F) 20 € My (0), o € My (67", € Symy(6™1),

g o (% bg . ageM,(0), beM, (b7,
I'b™", be]:= {g = (Cg dg) € G(F): L_:’GMU(bC)’ &dgeMn(u)
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Now, let S € bo~17; where
T :={x € Sym;(F) : tr (xy) € o forall y € Sym;(0)},

and assume additionally that S is positive definite in the sense that if we write
Sy :=0y(S) € Sym;(R) for v € a, then all S, are positive definite.

Definition 2.1. Let k and S be as above, and I' a subgroup of I'[b, ¢] (for some
ideals b, ¢) equipped with a homorphism x. A Siegel-Jacobi modular form of
weight k € Z?, index S, level I' and Nebentypus x is a holomorphic function
f+ Hu — Csuch that

i) fl.s g = x(g)f forevery g € T;
ii) for each g € G"(F), f|k.s g admits a Fourier expansion of the form

Flis g(rw) =) "> " c(g:t, rea(tr ((T)ea(tr (rw)) ()
teL reM
t>0

for some appropriate lattices L C Sym, (F) and M C M; ,(F), and such that
Sr
rt
ea(x) = [],eq €(xy) for x =[],y X0

> 0, i.e., this is a semi-positive definite matrix for each v € a; we set

We will denote the space of such functions by M ,’} <0,

Remark 2.2. Thanks to the Kocher principle for Siegel-Jacobi forms the second
condition is automatic if n > 2 or F # Q and hence it needs to be imposed only if
n = 1and F = Q. Indeed, this is shown in [27, Lemma 1.6] or [20, Proposition
3.1] for the case of n > 2 and F = Q but it is very clear that its proof extends to
the case of F' # Q since it only relies to the Kocher principle for Siegel modular
forms which is true also for totally real fields (see for example [23, page 31]. For
the case of n = 1 and F a totally real field different to Q one can use the same proof
but now use the Kocher principle for Hilbert modular forms (see also [4, Lemma
3.50]).

We say that f is a cusp form if in the expansion (x) above for every g € G"(F),
we have c(g; t,r) = 0 unless ;}S:” };U is positive definite for every v € a. The
v v

space of cusp forms will be denoted by S,’gy (T, 0.
We define Petersson inner product of Siegel-Jacobi forms f and g of weight k
and level I' under assumption that one of them is a cusp form as:

< f.g > =vol(A)~! /A f@eg@Asi(x)dz, A:=T\ H,y,

where for z = (t, w) € Hp, T = x + iy withx, y € Sym,(Fa) and w = u +iv
with u, v € M; ,(Fy), we set

dz:=d(t, w) := det(y)" " Vdxdydudv, Agi(z):= det(y)* exp,(—4mtr (S[v]y™h).
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We also recall (see [1, p. 187]) that Ag x(gz) = |Jk.s(g, z)|_2A5,k(z) for any
g € G"!(F). In this way the inner product is independent of the group I.

We finish this section with a final remark. In this paper we consider the L
function (see next section) attached to integral weight Siegel-Jacobi form i.e. k =
(ky) with k, € Z. However some half-integral weight Siegel-Jacobi forms will
arise quite naturally in the paper, and in particular theta series. That is we will
have to consider weights of the form k = (k,) with all k, € %Z \ Z. In this
case the definition is similar to the one given above (i.e. Definition 2.1, but one
replaces j(gy, rv)kv in the definition of J; s(g, z) above, with the corresponding
half-integral one as for example is defined in [23, paragraph 6.10].

3. The standard L-function and the doubling method identity

In this section we recall some results and notation from [2] which will be necessary
to establish results in the next section.

3.1. The L-function

We start by fixing some notation. For a fractional ideal b, and an integral ideal ¢ we
let

[:=T1(0):={(%, u,k)g € Clo, b=, b7 xT[67" ¢, bel : ag — 1, € My (0)},

For any integral ideal a of ' we have defined in [2, Section 7] a Hecke operator
T(a) : Sk (I — Sk 5(I'). We now consider a nonzero f € Sk 5(I') such that
fIT(a) = A(a)f for all integral ideals a of F. For a Hecke character x of F,
and denoting by x* the corresponding ideal character, we define an absolutely
convergent series

D(s, fx):= Y M) @N@™,  Re(s) >2n+1+1.

In [2] we proved a theorem regarding the Euler product representation of this
Dirichlet series. The theorem is subject to a condition on the matrix S, which first
appeared in [16, page 142], and may be stated as follows. Consider any prime ideal
p of F such that (p, ¢) = 1| and write v for the corresponding finite place of F.
We say that the lattice L := oi) C Fll) is an o,-maximal lattice with respect to a
symmetric matrix 28 if for every o, lattice M of Fll) that contains L and satisfies
S[x] € o, for all x € M, we have M = L. For any uniformiser 7 of F;, we now
set

L':={xe28 'L:nS[x]€o,}CF.

We say that the matrix § satisfies the condition M;“ if L is an 0,-maximal lattice
with respect to the symmetric matrix 25 and L = L'.
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Theorem 3.1. [Theorem 7.1, [2]] Let 0 # f € S,Z"S(I') be such that f|T(a) =
A(a) f for all integral ideals a of F. Assume that the matrix S satisfies the condition
M;‘ for every prime ideal p with (p, ¢) = 1. Then

S DG +n+1/2, f. 0 = Lis. f. )= [ [ Lo ®N®) ™),
p
where for every prime ideal p of F
n —1 X o+ _
Ly(X) = { I (0= pi X001 = 15 4X)). pp € C .0 =1,
1 if(p, o) # L.
Moreover, £(x, s) = ]_[(p’c)zl Lp(x, ), where

[T, Lp(2s +2n —2i, x?) ifl € 27
£p<x,s>:=Gp(x,s>-{ \ R
[T, Lp2s +2n —2i + 1, x?) if] ¢ 27.

Here, for a Hecke Character v, welet Ly (s, ¥) := 1=y (p)N(p) ™, and Gp (X, §)
is a ratio of Euler factors which for almost all p is equal to one. In particular, the
function L(s, f, x) is absolutely convergent for Re(s) > n +1/2 + 1.

We note here that the Euler product expression implies that
L(s, f, x) #0, Re(s) >n+1/2+ 1. @)

For the rest of the paper, whenever the L function attached to a Jacobi form
f is considered, we will always assume that the index matrix S of f satisfies the
condition M ; for every prime ideal p away from the level ¢ of f.

Let us now also remark that if we replace f with f¢(z) := f(—2z), the L-function
remains the same:

Proposition 3.2. [Proposition 7.9, [2]] Let f € S,f’ s(I') be an eigenform with
fIT(a) = A(a) f for all fractional ideals a prime to c. Then so is f€. In particular,
FEUT (@) = A(a) f© and L(s, f, x) = L(s, [, x).

3.2. Doubling method

The L-function introduced above may be also obtained via a doubling method. We
chose to take Arakawa’s approach [1] and considered a homomorphism

(A: Gm,l % Gn,l N Gm—}-n,l’

LAk, ) x W, kNgN = A), (ui), Kk +k")is(g x &),

where

a b
. m n m+n a b a b . a’ b
t1s:G" xG"—= G s lS((C d)x<c’ d/)) = <c d )
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The map ¢4 induces an embedding
Hmi X Hui = Hutmi, 21 X 22 +> diag[zi, 221,
defined by
(T1, w1) x (12, w2) — (diag[z, 2], (w1 w2)).

The doubling method suggests that computation of the Petersson inner product
of a cuspidal Siegel-Jacobi modular form f on H, ; against a Siegel-type Jacobi
Eisenstein series pull-backed from H,, 4, ; leads to an L-function associated with
f. Before we state the result, we define the Jacobi Eisenstein series which was
used. It will appear again in the last section (Theorem 5.5), where the question
of its nearly holomorphicity will be addressed. In order to avoid excessive and
unnecessary notation, we state here an adelic definition of the Eisenstein series; the
interested reader is referred to [2] for a derivation of a classical definition.

Fix a weight k € 7Z? and consider a Hecke character x such that for a fixed
integral ideal ¢ of ' we have

(1) xy(x) =1forallx € o) withx —1 € ¢, v € h (finite places of F),
ky
(2) xa(xa) = sgn(xa)k = nuea (\i_:\) ,for xa = (xy) € Hvea R;

we will also write xc := [[,|. xv- Further, let

K" := Kp[b, <] (H H" (Fy) % Doo> :

vea

where Kp[b,¢] C ]_[/Ueh G(F,) is defined so that I'[b,¢c] = G(F) N ]_[UEﬂ
G (F,)Knlb, c] and D, is a maximal compact subgroup of Sp,, (R).

We define an absolutely convergent adelic Eisenstein series of Siegel type on a
Jacobi group with a parabolic subgroup

P"(F):={(0, n,6)g : € Miu(F), k € Symi(F), g € P"(F)},
where P (F) is a Siegel subgroup of G"(F) as follows:
1
E'Crosii= ), drxsix, Re() > S (+l+1),
yeP"(F)\G"(F)

where ¢ (x, s; x):=0if x ¢ P"(A)K" and otherwise, if x = pw with p € P"(A)
and w € K", we set

¢ (x, 55 x) = x(det(d))) ™" xe(det(dy) ™ Ji s (w, o) | det(d,) >,

where p, w € Sp, (A) denote symplectic parts of p, w, respectively. The classical
Jacobi Eisenstein series which corresponds to E” (x, s; x) is given by

E"(z, 55 x) = Jr,s(x, i) E" (x, 53 X),

where ig = (i1,,0)* € H,;,and x € ]_[Uea G(F,) is such that xig = z; for a
formula which does not involve x see [2, equation (11)].
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Theorem 3.3. [[2]] Let f € Sl?, 5(I') be a Hecke eigenform whose index S satisfies

the condition M;' for all prime ideals p of F coprime to <, and let E¥'(z, s; x) be
the Eisenstein series defined above. Then, there exists an p € G(F) such that:

G(x,25 —n—1/2)N®)> xn(0) " (=1)" 2ol (A) AP 5 (s — 1/4, xPs)
- < (E™|x.sp)(diaglz1, 221, 83 1), (f s (z2) >
= vees (s — k/2)AGs, £, ) f@0), )

where

Lc@2s —1/2, x¥s) [/ Le(ds — 1 —2i, x?) ifl € 272,
[T L ds —1—2i + 1, x2) ifl ¢ 27,
LcQ2s —1/2, x¥s), | € 27,
1, 1¢27,

A]%ril/zqc(s —1/4, x¢s) = {

AGs, f, x):=LQ2s —n—1/2, f, X){

LeGs, 0 = L(s, 0 [ [0 = x@N@ ™),
qle
Gx.2s—n—1/2):= [] Gp(x.25 —n—1/2), (3)
(p.0)=1
and the rest of notation is as in [2, Section 6]; in particular: 1,, = lg (ln ~ln )
and for o = (0y) € C? satisfying Re(o,) > 0 and Re(oy) + ky — 1/2 > 2n for
eachv € a,

CS,/((G) — H (:t det(zsv)fn2n(}1+3)/2740,_v7ﬂkvnn(ﬂ+1)/2

vea

Tu(oy +ky — 5 — )
Cpoy +ky — %)

and Ty (x) :=a"(=D/4 ]_[?:_01 'x— %). Furthermore the character g is the Hecke
character corresponding to the quadratic extension F (det(2S8)'/?)/ F ifl is odd and
to the quadratic extension F ((— /4 det(S)l/z)/F if l is even.

Statement of the above theorem expresses a combination of equations (30) and (31)
from [2, Section 9] before multiplying them by the factor Gy_;/2 2, (s —1/4).

Remark 3.4. In fact, the results proved in [2] are more general than the ones pre-
sented above. Indeed, we worked with congruence subgroups of the form

T:={(h, i, k)g € Clo, b7, 6711 T[b7 e, bel s ag — 1, € My(e)},
where e is an integral ideal such that ¢ C e and ¢ is prime to ¢~!c; then
Ti(c) €T S To(o),

where the last group is obtained by setting ¢ = 0. However, in this paper we decided
to work with e = ¢, because for simplicity reasons we restricted the proof of our
main theorem to this case.
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4. Arithmetic properties of Siegel-Jacobi modular forms

In this section we will write f (instead of f) for Siegel-Jacobi modular forms and
use f for other types of forms.
For a congruence subgroup I' of G(F) and a subfield K of C we define the set

M,f’s(r, K):={f¢€ Mf’s(l") f(r,w) = Zc(t, ryea(tr (¢t + rw)), c(t,r) € K};

tr

the subspace S}’ ¢(I', K) consisting of cusp forms is defined in a similar way. More-
over, we write M,?’ 5(K) for the union of all spaces M,?’ (I, K) for all congruence
subgroups T'.

For an element 0 € Aut(C) and an element k = (k,) € Z® we define
k? := (kys) € Z?, where vo is the archimedean place corresponding to the embed-
ding K Xcs C, if 7, is the embedding in C corresponding to the archimedean
place v.

Proposition 4.1. Let k € 72, and let © be the Galois closure of F in @, and Py
the subfield of © such that

Gal(®/®r) = {0 € Gal(®/F) : k7 =k}.
Then M,:”S((C) = M,:’,S(CDk) ®e, C.

Proof. If F = Q, this is [20, Proposition 3.8]. A careful examination of the proof
[20, page 60] shows that the proof is eventually reduced to the corresponding
statement for Siegel modular forms of integral (if / is even) or half-integral (if / is
odd) weight. However, in both cases the needed statement does generalize to the
case of totally real fields, as it was established in [23, Theorems 10.4 and 10.7]. O

Givenan f € M,’j’ 5(C), we define

fo(r, w) i=ey(tr (Sw(t —7)""w)) f(r, w)

and write Q“b for the maximal abelian extension of Q. Moreover, for k € %Za such

that k, — % € Zforall v € a we write M}/ for the space of Siegel modular forms of
weight k, and of any congruence subgroup, and M}’ (K) for those with the property
that all their Fourier coefficients at infinity lie in K (see for example [23, Chapter
2] for a detailed study of these sets).

Proposition 4.2. Let K be a field that contains Q*° and ® as above. Then
1) fe M,:l’S(K) ifand only if f (1, v2;) € M}'(K) for allv € M 2,(F), where
Q=11 1,).
(2) For any element y € Sp,(F) — G"(F) and f € M,’;S(K), we have
flesy € M 5(K).

Moreover if f € M} ¢(T', K), it follows that f|T, € M} ((T', K) for any
r e Q().
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Proof. If F = Q, this is [20, Proposition 3.2]. It is easy to see that the proof
generalizes to the case of any totally real field. Indeed, the first part of the proof is
a direct generalization of the argument used by Shimura. The second part requires
the fact that the space M} (K) is stable under the action of elements in Sp,, (F),
which is true for any totally real field, as it is proved in [23, Theorem 10.7 (6)]. The
last statement follows from the definition of the Hecke operator 7. O

For a symmetric positive definite matrix S € Sym;(F), h € M;,(F) and a
lattice L C M, ,(F) we define the Jacobi theta series of characteristic & by

Os.n(t,w) = Zea (tr <S <%(x +h)Tt'x+h) +wix +h)>>> .

xelL

Theorem 4.3. Assume that n > 1 or F # Q, and let K be any subfield of C.
Let A € GL;(F) be such that AS'A = diag[si, ..., s;], and define the lattices
Api=AM;,(0) C My, (F) and Ay :=2diag[s;", ..., s; ' IMy . (0) C My, (F).
Then there is an isomorphism

D M} (K) = EB M (K)
heA1/A2

given by f + (fn),, where the fy € M,’:J/Z(K) are defined by the expression

f@w)y= )" fu(0)O2 a,n(T, w).

heA1/A2

Moreover, under the above isomorphism,

o' B SppK) | C S
heAi/A>

Remark 4.4. We remark here that the assumption of n > 1 or F # Q is needed
to guarantee that the f;,’s are holomorphic at the cusps, which follows from the
Kocher principle. However, even in the case of F = Q and n = 1, if we take f
to be of trivial level, then the fj’s are holomorphic at infinity (see for example [8,
page 59]).

Proof of Theorem 4.3. The first statement is [20, Proposition 3.5] for F = Q and
it easily generalizes to the case of any totally real field. We explain the statement
about cusp forms.

Consider first expansions around the cusp at infinity. Fix 2 € Aj/A7 and let
fn(T) = Zr2>0 c(ry)e,(tr (1p7)). It is known that Fourier coefficients (¢, r) of a
Jacobi theta series

O25.a0. (T, W) = Y c(tr, r)ealtr (117))ea(tr (rw))

t,r
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are nonzero only if 4ty =S Ly (see [27, p. 210]). Hence, the coefficients of

Fa(©)O25 a,.0 (T, W) = Z( > cm,r)c(rz)) ea(tr (17))eq (tr (rw))

t,r t +=t

are nonzero only if 4t = 4(t] + 1) = %S~y + 4ty > S~ 1r. This means that the
function f}(7)®2s, A, 1 (T, w) satisfies cuspidality condition at infinity.

Now let y be any element in Sp,, (F). The first statement in the Theorem states
that for every h; € A1/A2 there exist fp, 5, € M,:’_I/Z(K), hy € Ay/A2, such
that

®25,A2,h1 |k,Sy(7:s w) = Z fhl,hz(r)®2S,A2,h2(T1 w)
ha

Hence, for some cusp forms fj,, € S}_, /2(K ),

f|k,S)/(T» U)) = Z fh] |k)/(f) Z f/’l],hz(r)@ZS,Az,hz(ts w)

hy hy

=Y D ey @) fy i (0 | Oas. gy (7. w).

ho hy

The same argument as used for the cusp at infinity implies that the functions
Slk.sy(r, w) and Zhl Jni kv (T) fny.n, (7) are cuspidal. This finishes the proof.
O

Note that the above theorem does not state that &~ (@ hedr/As Sk—12(K )) =

S}:, ¢(K). For this reason we make the following definition.
Property A. We say that a cusp form f € S} ¢(K) has the Property A if

o(f)e @ SiipK).

heAi/A2
Examples of Siegel-Jacobi forms that satisfy the Property A:

(1) Siegel-Jacobi forms over a field F of class number one, and with trivial level,
i.e. with ¢ = 0. Note that in this situation there is only one cusp. Then, keep-
ing the notation as in the proof of the theorem above we need to verify that
if f(z,w) =), ce(t,r)ea(tr (17))ea(tr (rw)) with 4¢ > rS~1r whenever
c(t,r) # 0, then all the f;, have to be cuspidal. Observe first that if 4y, hy €
A1/Ay are different, @25 4,0, (T, w) = Y, c1(t, r)ea(tr (17))ea(tr (rw)),
and O25 p,.0, (T, W) = Z” ca(t, r)ea(tr (¢7))eq (tr ('rw)), then there is no r
such that at the same time c;(¢,r) # 0 and c(¢,r) # 0. Indeed, if it was
not the case then there would be A, A» € Ap such that r = 2S5(A; + k1) and
r =28\ + hy), thatis, Ay + hy = Ay + hy or, equivalently, i1 — hy € Aj;
contradiction. Hence, for any given r there is a unique 7 € Aj/A; such
that ®25,4,., has a nonzero coefficient c(z, r). This means that there exists a
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unique & such that c¢ (¢, ) is the Fourier coefficient of f;,(t)®2s, a,.4 (T, w) =
Zt’, Z,H_,z:,C(l‘h")C(tz)ea(tf (t7))ea(tr (rw)). But then rS~1r < 4r =
4(t1 + 1) = %S~y + 41, and so t» > 0, which proves that fj is cuspidal.

(2) Siegel-Jacobi forms of index S such that det(2S5) € 0%, as in this case the
lattices A1 and A, from Theorem 4.3 are equal.

(3) Siegel-Jacobi forms of non-parallel weight, that is, if there exist distinct v, v’ €
a such that k, # k. Indeed, in this case M,:‘_,/z(K) = S,’j_l/z([() for all
h € A1/A2 (see [22, Proposition 10.6]).

Remark. It is tempting to claim that Property A always holds. Actually the first
example above suggests a possible way of establishing it for all Jacobi forms.
However in the presence of more than one cusps, and of non-trivial index [A : Az]
one needs to understand the behavior of the theta series @25 a,,1 (7, w) at all cusps,
which seems to be quite hard in general.

Let us now explain the significance of the Property A. Recall first that we have
defined a Petersson inner product < f,g > when f,g € M ,’: ¢(K) and one of
them, say, f is cuspidal. If f satisfies the Property A, then we claim that

< f.g>=N@det@S) ™ Y < fign>.
heA1/A2

Indeed, as in [27, Lemma 3.4],

<f.g>= N(det(4S))_"/2vol(A)_1f > gD det(im(r)) 2D e,
ALen/ns

where A = I'\H3 and a congruence subgroup I" is deep enough. We obtain the
claimed equality after exchanging the order of integration and summation. This can
be done exactly because each f}, is cuspidal, which makes each individual integral
well defined.

Lemma 4.5. Assume that n > 1 or F # Q and that f € S S(@) satisfies the
Property A and one of the following two conditions holds:

(i) there exist v, v' € a such that ky # ky;
(ii) k = pa = (u, ..., n) € Z2, with u € Z depending on n and F in the following
way:

n>?2 n=2,F=Qn=2F#Q n=1
w>3n/2+1/2 uw >3 w>2 w=>1/2

Then for any g € M,ﬁ’,s(@) there exists g :=q(g) € S/’:,s(@) such that

<f.g>=<f.2>.

Proof. There is nothing to show in the case of non-parallel weight, since as it
was mentioned above there is no (holomorphic) Eisenstein part in this case. In
the parallel weight case, as f has the Property A, < f,g >= N (det(48))~"/?
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Z < fn, gn >.Itis known (see [23, Theorem 27.14]) that under the assump-
heAi/A2

tions stated in (ii), there exists a projection q : M i P Q) —» Sy 2 (Q) such that

< f,g >=< f,g >forall f € SLW(@), g € M,’{[l/z(@). Then, if we put
gn:=1(gn) forall h € Ay/A>, we get

< f.g>=Ndet@S)™? " < fi,gn >=Net@S))™* Y < fu. T >.
heA1/A2 heA1/A2

In particular, if we set g := o1 ((gn)n), we obtain the statement of the lemma. O

Now, fix a fractional ideal b and an integral ideal ¢ of F, set I :=T'1(c) and

let f € S,Z‘ ¢(I', Q) be a non-zero Siegel-Jacobi form. Furthermore, assume that
f is an eigenfunction of the operators 7' (a) for all integral ideals a, and write
fIT (a) = A(a) f. We define the space

V(f):={f € S, (T, Q) : fIT(a) = A(a) f forall a}.

We are now ready to state the main theorem of this paper on algebraic properties
of

Le(2s —1/2, xrs) if I € 2Z,
ifl ¢ 27.

A(S,f,X)ZL(ZS—I’l—l/Z,f,X)

Recall that the L-function L(s, f, x) is defined only when the index matrix S
of f satisfies the property M, as stated in Theorem 3.1.

Theorem 4.6. Assume n > 1 or F # Q, and that S satisfies the property M;‘
for all prime ideals p of F prime to ¢. Let x be a Hecke character of F such that
Xa(x) = sgn,(x)X, and 0 # f € S,’CI’S(I’,@) an eigenfunction of all T (a). Set
W = miny k, and assume that

(DHwp>2n+1+1, ~
(2) Property A holds for all f € V(f),
(3) ky = ky mod 2 forall v,v' € a.

Let o € 7 be such that

D2n4+1—(ky—1/2) <o —1/2 <ky—1/2forallv € a,

(i) lo — & — 25| 4 228 — (k, —1/2) € 2Z for all v € a,

(i) ky > [/2+n(1+ky —1/2 —|o —1/2 — 2n + 1)/2| — 2n + 1)/2) for all
v E a,

but exclude the cases

@o=n+1+4+1/2, F = Qandxzwiz = 1 for some ¥;,
(b)o =1/2, ¢ =o0and x¥s; = 1 for some ¥,
©0<o—-1l/2<nc=o0 andx21,hi2 = 1 for some ;.
(d) 0 <1+ nincase F has class number larger than one.
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Under these conditions
A(G/Z, f’X) e_
wee < f.f>
where

2 op
_ _n"t+n—-0o+1/2, ifle2Zando >2n+1/2,
bo =1 Z(k” —l+o)—de, e:= { n? otherwise.
vea
This theorem will be proved at the end of the next section. First we need to
introduce the notion of nearly holomorphic Siegel-Jacobi modular forms N, ,:’ g )
forr € Z2.

5. Nearly holomorphic Siegel-Jacobi modular forms and algebraicity of
special L-values

Definition 5.1. A C*° function f (7, w) : H,; — C is said to be a nearly holo-
morphic Siegel-Jacobi modular form (of weight k and index S) for the congruence
subgroup I' if

(1) f is holomorphic with respect to the variable w and nearly holomorphic with
respect to the variable t, that is, f as a function of t belongs to the space
N’ (Hﬁf), r € 74, where the space N” (Hﬂ) is defined in [23, page 99];

2) flk,sy = fforally eT.

Actually one needs to also put the usual condition at the cusps when n = 1 and
F = Q but we will later restrict ourselves to the case of n = 1 or F # Q where
this condition is automatic.

We denote this space by N,Z’”E(I‘) and write N, := Ur N,Z’”E(I‘) for the space
of all nearly holomorphic Siegel-Jacobi modular forms of weight k and index S.

It follows that f € N ,:'SD (') has a Fourier expansion of the form

S@w) =" pr((m(r) " pea)ealtr (17))eq(tr (‘rw))
teL reM
t>0
for some suitable lattices L C Sym,(F) and M C M;,(F), where p;, is a
polynomial function on Sym,, (Fy) of total degree D € Zi.

We note that if f € N, then f,(z,vQ;) € N, the space of nearly
holomorphic Siegel modular forms, where recall Q; :=(t 1,),and v € M; 2, (F).
The next theorem, which has been established in [2], extends Theorem 4.3 to the
nearly-holomorphic situation.

Theorem 5.2. Assume that n > 1 or F # Q. Let A € GL;(F) be such that
AS'A = diag[sy, ..., s;], and define the lattices A} := AM; ,(0) C M;,(F) and
Ag = 2diag[sl_1, e sl_l]Ml,n (0) C M; ,(F). Then there is an isomorphism

LA~ n,r
@ Nk,S - @ Nk—l/2
heA1/A2
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given by f + (fn),, where the f € N,?’_rl/z are defined by the expression

f@w)y= Y fu(0)O2a,u(t, ).

helAi/A2
The above theorem immediately implies the following.

Corollary 5.3. For a congruence subgroup T, N,:'g (T) is a finite dimensional C
vector space.

Proof. The theorem above gives that N;"¢(T) < @, N, /2(T'p) for some con-

gruence subgroups I'j,. The spaces N,:"_rl /2(Fh) are known to be finite dimensional
(see [23, Lemma 14.3]). |

Given an automorphism o € Aut(C) and f € N,?”g, we define

fo@wy= Y 70O a1, W),

heA1/A2

where fj, € N,?’_rl/z, and f{ is defined as in [23, page 117]. Also, for a subfield K
of C, define the space N} ¢ (K) to be the subspace of ;"¢ such that ® (N¢(K)) =
@Dren,/a, Ni—i/2(K). In particular, f € N;g belongs to N,:’g (K) if and only if
f° = fforall o € Aut(C/K). Moreover, if K contains the Galois closure of
F in Q and Q“, then Ni¢ = Ng(K) ®k C as the same statement holds for
N} - Similarly it follows that if f € N;"g(Q), then flsy € Ng(Q) for all
y € G(F). Atthis point we also remark thatforan f € M,f’ ¢ the f¢ defined in Sect.
3 is nothing else than f” where 1 # p € Gal(C/R), i.e., a complex conjugation.

We now define a variant of the holomorphic projection in the Siegel-Jacobi
case. We define a map p: N,’;; Q) —> M i 5(Q) whenever k, —1/2 > n + r, for
allv € aby

pH=p| Y OO pumw) | = Y Bfi(r)O2s.a,u(T. w),

heAi/As heAy/ A

wherep: N, P Q — M, » (Q) is the holomorphic projection operator defined
for example in [23, Chapter III, Section 15] and its algebraic properties are estab-
lished in [23, Lemma 28.2].

Lemma 5.4. Assume n > 1 or F # Q, and that f € S} ¢ satisfies the Property A,
and ky —1/2 > n +r, for all v € a. Then for any g € N, ¢(Q),

<f.g>=<f.pg>.

Proof. This follows from the fact that the above property holds for nearly holomor-
phic Siegel modular forms, and the fact that the Property A allows us to write the
Petersson inner product of Siegel-Jacobi forms as a sum of Petersson inner prod-
ucts of Siegel modular forms, in a similar way as we did in the proof of Lemma
4.5. m]
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Let us write F; for the Hilbert class field extension of F' and denote by {;} the
ideal characters corresponding to the characters of Gal(F;/F). We can now state
a theorem regarding the nearly holomorphicity of Siegel-type Jacobi Eisenstein
series.

Theorem 5.5. Consider the normalized Siegel-type Jacobi-Eisenstein series

D(s):=D(z,s; k, x) = Z_l/z,c(s —1/4, xs)E"(z, s, x).
Let . € 7 be such that

Dn+1—(ky—1/2)y <pu—1/2<ky—1/2forallv e a, and
i) e —1/2 =+ —k, +1/2 €22,

but exclude the cases

() u = % +1/2, F = Qand )(zt/fl.2 = 1 for some V;,
®)pu=1/2, ¢ =o0and x¥sy; = 1 for some V;,
©0<pu—-1/2<n/2, ¢c=o0and X%pl? = 1 for some ;.
(d) u <1+ nif F has class number larger than one.

Then
D(u/2) € e N;4(@).
where
n(k—2p.+2) ifﬂ — 11;2 + é, F = Q! X2 =1,
A ifn=lLp=2+5 F=Q xys=1,
Lk— 2+ n— 5 -+ 2 a  otherwise
and by xa we understand a tuple (x,...,x) of length d. Moreover, B =

% Zvea(kv -1+ M) — de, where

2
[%]_MﬁL% ifou—Il+ne2Z,pu>n+1i,
[%] otherwise.

Proof. The proof is similar to the proof of Theorem 8.3 in [2], where the analytic
properties of the series D(s) were established. Indeed, the relation between the
Jacobi Eisenstein series and the classical Siegel Eisenstein series (for details see
[2, Section 8]) allows us to read off the near holomorphy of D(s) from the near
holomorphy of the latter series, which was established in [23, Theorem 17.9].

To be more precise, in [2] (page 45 there, just before Theorem 8.2) we related
the Jacobi Eisenstein series E"(z, s, x) to a sum involving the Siegel Eisenstein
series E"(t,s — 1/4; x¥sv;) (with the notation as in [2]), where 1;’s vary over
all the finite unramified characters of F, that is the characters corresponding to the
Hilbert class group of F. However, the normalizing factor for the Jacobi Eisenstein
series D(s) is A}_, 1, (s = 1/4, xs) whereas for the various Siegel Eisenstein
series is Ay _,; 1, (s =1/4, x¥si), which of course depends on the characters ;.
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Therefore we need to assure that the series

A" 2—1/4,
1k e W2~ 1% 1) Aoty (/2 =14, xYs¥i) E" (T, 1/2 — 1/4; x¥s¥i)
N1 12— 1/, sy

has the same algebraic properties, i.e., whether it is defined over @, as the normalized
series

Ao, (/2 = 1/4, xIsY) E" (T, /2 = 1/4; x¥sii),

which is known (see [23, Theorem 17.9]) to be in 7/ N}"'¢ (Q) with the choices of

B and r as in the theorem. Of course, we need to exclude the cases where the factor
AZ,]/ZJ(M/2_I/4~X¢S)

AZ—I/Z,C (W/2=1/4, x ¥sii)

has a pole. Then it remains to check whether

Ay, (/2= 1/4, xs) e
A0, (W/2 = 1/4, xbsii) '

If the class number of F is one, (x) holds trivially. If it is greater than one, this
should follow from the general Beilinson conjectures for motives associated to
finite Hecke characters over totally real fields (see for example [19]). However
since this is not known in general, in the proof below we are forced to set then the
condition u > n + 1.

Recall first that for a finite Hecke character ¢ of F, we defined

()

Nty = | I Le@u—1-2j,¢% ifle2z,
k=1/2,c\H/ 2= % @)=
/2,¢ 1—[[(”+1)/2 LC(ZM—1_2J+17¢2) if [ ¢ZZ

We prove the statement in (x) term by term for quotients of the corresponding
factors in the product above. For this we use the fact stated in [22, Theorem A6.5]:

if ¢ is a finite Hecke character of infinite type of the form [], ., (Ii—zl)l for some
positive integer £ (for us, since F is totally real, only the parity of £ matters), then
L.(¢, ¢) € 7' Q. Now observe that the characters x g and x s, (for each i)
have the same infinite type since the characters 1; are even at all infinite places due
to the fact that they correspond to the Hilbert class field extension of F' (unramified

also at infinity). In particular this establishes that for all 7,

H[(n+a<z)>/2]L Qu—1-2j+80), x>
PO Le@u—1—2j +80). x2? )

where §(/) is zero or one depending whether [ is even or odd, and where we have
used the fact that w% =1

Now it remains to show that for / even and u > n + |, % eQ
for all i. This condition on u together with the assumption (i7) imply that u = k,
(mod 2) for all v € a. Furthermore, since g is the Hecke character corresponding
to the quadratic extension F((— 1)!/4 det(S)'/?)/ F (see Theorem 3.3), [ /2 has the
same parity as the character {g. Hence the parity of u — [/2 coincides with the

parity of the characters x s and y ¥ g; for all i. |
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Lemma 5.6. Consider the embedding
A Hpg X Hag = Hong, (T1, wi) X (T2, w2) = (diag[7y, ©2], (w1 w2)).
Then the pullback
A (N @) € M@ @ N§ @,
Proof. The proof of this lemma is identical to the Siegel modular form case (see

[23, Lemma 24.11]). Let f € Nkzgr(l"z”, Q) for a sufficiently deep congruence
subgroup I'?". By [2, Lemma 10.6], we have that

g, 2) =) gizhi(z2),

where g; € N,:"’g, and h; € N,Z’g, where the latter form a basis of N,’:g Using now
the fact that N;¢ = N} Q) ®g C, we may take h; € N;"¢(Q). Now, for any
o € Aut(C/Q),

g, 2) =g"(z1,22) = ) _ g7 (2Dh{ (22) = ) _ g7 (zD)hi(22).

Hence, g9 (22) = g;(z2) for all o € Aut(C/Q), and thus g; € N,:'g Q). i

We can now establish a theorem which is the key result towards Theorem 4.6.
We note that this kind of results are well known for the case of Siegel and Hermitian
modular forms, see for example [23, Theorem 28.5 and Theorem 29.5], and our
proof is inspired by the proofs of these theorems. We would like to emphasise that,
as in the case of Siegel and Hermitian modular forms, a vital component of the
proof is a result on the algebraic splitting of the cuspidal part from the Eisenstein
part. For the case of Siegel-Jacobi modular forms this is provided by Lemma 4.5
above, and it is precisely this part that makes the Property A so important for our
result.

Theorem 5.7. Assumen > 1or F # Q. Let0 # f € S} (T, Q), with S satisfying

the condition M{f for all prime ideals p of F coprime to ¢, be an eigenfunction of
T (a) for all integral ideals a with (a, ¢) = 1. Define (1 := minye, {ky} and assume
that

D wu>2n+1+1, _

(2) Property A holds for all f € V(f),

(3) ky =k mod 2 forall v,V € a.

D ky>1/24+n(1+ky,—p)forallv € a.

Then for any g € M;:,S(@)’

<f’g> ray
—<f,f>€Q'
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Proof. By Lemma 4.5 it suffices to prove this theorem for g € S,’gy S(@). Further-
more, as it was shown in [2, Section 7.4], the Hecke operators are normal and
Proposition 4.2 states that the Hecke operators T (a) preserve S,Z" 5T, Q). That is,
we have a decomposition

St Q=V(HeU,

where U is a Q-vector space orthogonal to V (f). Therefore, without loss of ge-
nerality, we may assume that g € V(f).
Now consider a character x of conductor f, 7# o such that x,(x) = sgn, (xX)K,

x2#1land G(x, u—n—1/2) € @X, where G(x, u —n —[/2) is as in Theorem
3.3, equation (3). The existence of such a character follows from the fact that
G(x,2s —n —1/2) is the ratio of products of finitely many Euler polynomials.

We recall that if ]” € V(f), thensois ]‘c € V(f) and their L-functions agree.
In particular, up to some non-zero algebraic number, the identity (2) in Theorem
3.3 becomes:

A, (/2 = 174, x¥s)vol(A) < (Ele.sp)(diaglzr, 221, /21 %), (F le.sn,)  (z2) >

= Q1 (u/2 — k/DAG/2, £ 0 F @)

where, recall, ,, = 1y <1n ~ln ) Since we take u > 2n +/+ 1, and p is equal to
the smallest of the k,’s, it follows that for all v € a:

M 2n+1—(ky =1/2) =pu—1/2 <ky —1/2,
) n—ky €2Z;

the last condition is possible because all k, have the same parity. Thanks to the
above choice of i we can apply Theorem 5.5 (note that the excluded cases there
do not apply for u larger than 2n + 1 + 1) so that

AR (/2 = 1/4, XU E™ (2, 1/2: x) € TP N (@)
for some B € N and
r =n(k — pa).
The same then holds for
A, ()2 —1/4 E™" 2;
fe—t/2,c(1t/ /4, xVUs)ET (z, /25 X))k sp-
Indeed if we set
E@ 1/2) = Ajeiync (/2 — 1/4, x W) E™ (2, 1/2: x) € NI's' (@),

then by Theorem 5.2,

E@u/2)= Y En(t) O n(t, w)
helAi/A2
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for some Ej, € Nsz’lr/z. Further, since p = 1y p with p € Spy,(F), we can write

EGw/Dlesp =Y En(®kpOs.nn(T, wlk.sp,
heA1/A>

where by [21, page 153] we have Ep|xp € Nsz’l’/z. In this way E(z, u/2)|k.sp €
N2n,r
k,S *
In particular, we can now conclude that,

7PN . (/2 = 1/4, x¥s) (Elx sp)(diaglzr, 221, /25 ) = ) fi(2)g;(22),

where f;, g; € Nig (Q) by Lemma 5.6. Moreover, vol(A) = n%Q*, where dj is
the dimension of Hg since the volume of the Heisenberg part is normalized to one.
Furthermore,

_ 1
esx(u/2—k/2) e 7°Q", s e 52

Altogether we obtain

D fiz) < gi(22), w(z) >= T =D A uf2. £ 0 F @),

where w := (fclk,snn)c = f|k’sr/;1 € S,?’S(@). Considering the Fourier expan-
sion of f;’s and fc, and comparing any (r, t) coefficients for which c(r, t; fc) =
c(r, t; }) # 0, we find that

~ X
<) irgi(z), wz) >=2 7 OAG2, £, x) #0,

1

for some «; ,; € @, where the non-vanishing follows Eom (1), a corollary to
Theorem 3.1. Setting h,;(z2) := ) ; i r:8;(22) € N,:'g (Q), we obtain

X
< hy 1 (22), w(z2) >= " 7 OBA/2, £, x0) #0,

or,

< s lesn) @), Fz2) 5= @ a0~ BAGL/2, £ x) #£0. (%)
where

o._ )b k not parallel,
Pr= qop, kparallel,

and we have used the assumptions (2) and (4) in the statement of the theorem in
order to be able to apply Lemma 5.4. - .
Since f € V(f) was arbitrary, the forms &, ; :=p0(h,,,|k,gnn) € S} ¢(Q) (or

rather their projections to V ( f)) for the various (r, t) span the space V (f) over @



T. Bouganis, J. Marzec

Indeed, if we denote by S C V(f) the~@ vector space spanned by the projections
of h,; to V(f) and if there exists an f € V(f) which is not in S then there is a
form, say f 1€ V( f ) which is orthogonal to S. But then this would imply by (*)

above that c(r, t; f 1 ) = 0 for all (r, t). In particular f 1 = 0. Hence indeed h, ¢
span V (f). Moreover we have

<hpy, f>ex®OPA2, f, 0)Q.

That is, for any g € V(f) we have < g, f > 7 tPA(u/2, f, x)Q . In
particular, the same holds for g = f, and that concludes the proof. O

We are now ready to give the proof of Theorem 4.6.

Proof of Theorem 4.6. We follow the same steps as in the proof of Theorem 5.7
but this time we apply Theorem 5.5 with selecting i := o there. Note that the
restrictions on ¢ in conditions (i) and (i7) are the ones that make the corresponding
Eisenstein series nearly holomorphic (compare with conditions in Theorem 5.5).
Condition (iii) allows us to use the holomorphic projection operator. Finally, the
restrictions on the minimal weight are set so that we can apply the above Theorem
5.7 on the algebraicity of the ratio of the Petersson inner products.
In exactly the same way as above we obtain

< hi(22). fz2) >= T 2= tPAG/2, £, 5.

for some h,; € N Z S(@). In particular we obtain,

< s (22)), f(z2) >=C 2= +BA (G2, £, ).,
where

o._ | b k not parallel,
p= qop, k parallel,

and p° (k. (22)) € Mi.s.
Thanks to Theorem 5.7 the proof will be finished after dividing the above
equality by < f, f > if we make the powers of 7 precise. Recall that

Ta(0/24ky —1/2— (n+1)/2)

2—k/2 dn(n+l)/2
csk(0/2 —k/2) = 11,1 T R Ao
_ 0~ dn(n+1)/21_[1_[ o D(@/24ky —1/2—(n+1)/2—i/2)
vea =y T(o/2+ky —1/2—i/2)
— Q% dn(n+1)/2.

Hence, § = dn(n+ 1)/2. However, this is also equal to the dimension of the space
]HIZ , which we denoted by dy. We are then left only with 8, which is provided by
Theorem 5.5; namely,

B=n) (ky—I+0)—de,

vea
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where e :=n’+n—o+1/2if20 —1 € 2Z ando > 2n+1/2, and e := n” otherwise.
This concludes the proof of the theorem. O

6. Poincaré series of exponential type and holomorphic projection

Our results in the previous section were obtained under the assumption of Property
A, which allowed us to obtain Lemma 4.5 and Lemma 5.4 above. The first one
allowed us to split the Eisenstein series from the cuspidal part while preserving
the algebraicity of the coefficients (the operator ¢ above), and the second to define
a projection from nearly holomorphic Siegel-Jacobi forms to modular forms via
the known projection from Siegel modular forms of integral (when £ € 2Z) or
half-integral (when £ € Z) weight (the operator p above). As we indicated above,
Property A is known to hold in many cases, as for example in the case of non-parallel
weight. However in general, it may not be so easy to check in practice. For this
reason in this section we develop a different approach to the holomorphic projection,
which does not rely on Property A, and projects the given nearly holomorphic form
directly to a cusp form. This new approach is modelled on the one developed by
Sturm [25] in the case of Siegel modular forms; and as it is there, Poincaré series
play a central role. In the first part of this section we study properties of such series
in the Jacobi setting.

In the next section we will apply the results of this section to obtain algebraicity
results of the special L-values without assuming Property A. For simplicity we will
restrict ourselves to the case of F = (Q, even though the results of this section
should generalize to the case of totally real fields.

We let ' = H(Z) x I', equipped with a homomorphism y, where I" is a
subgroup of Sp, (Z) of finite index. We denote by Mt ¢(T', x) the space of C*
(smooth) functions f : H,; — C such that f|x sg = x(g)f forevery g € T.
We further let Ar be the smallest positive integer for which

1, b
Foo :={(0, 1, 0) ( 1 > i€ Min(Z), b € ArSymy(Z)}

is contained in the kernel of x. It follows that f has a Fourier epxansion of the form

fawy=) ) A,,r(lmu))e(%tr(rRe(r)))e(trUrw)), @)

teL reM; ,(Z)

where L:={t € %Symn(Z) : tii € Zforalli = 1,...,n} and A;, are C*®
functions on

Y, :={yeM,R):'y=y,y>0}

Throughout this section we will write T = x + iy, w = u + iv with x, y, u, v
having real entries.
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Further, for a positive definite matrix ¢+ € L and r € M ,(Z) such that 4t —
ArS~Lr] > 0, we define the (t, r)-th Siegel-Jacobi Poincaré series

— (1
Po(tw)i= > x(ge (Etr(tr)>e(tr(’rw))lk,sg, ®

8€ZiToo\I'

where Z; :={£(0, 0, «)12, : « € Sym;(Z)} N T is the subgroup of I' which acts
trivially on H,, ;.

Proposition 6.1. The Poincaré series P;, converges absolutely and locally uni-
Sformlyon H; , fork >n 41+ 1. Ifk > 2n + 1, then P; , € SZ’S(I', X)-

In order to prove this proposition, and also for further calculations, we need the
following two identities:

e For positive integers k, n such that k > (n — 1)/2 and for t € H,,,

/ det(1)k~ D2~ D) gy — T, (k) det(r) ¥, (6)

n

whete di = [T, < <, iy and T (0= 7"~V T2 Pk = 52,
e For a positive definite matrix S € Sym;(R), R € M, ;(R), A € Sym,(C) and
aeCx,

/ exp(atr (—S[X]1A + RXA))dX
My (R)

= (det A)7!/? (%)”l/2 det$) " exp (S (5TRIN). (D)

The first identity is derived in [12, Lemma 6.2], and the proof of the second one
may be found in [3, Lemma 6.5].

Proof of Proposition 6.1. The required convergence follows from an easy genera-
lization of [5, Lemma 2.27], where n = 1, [ arbitrary. For this notice that the coset
representatives for Z;I' oo \T are (A, 0, 0)y, where A € M; ,(Z) and y runs through
the coset representatives for I'oo\I', and use the identity (7).

The modularity property follows from the definition of P, , and absolute con-
vergence.

In order to prove cuspidality we generalise to the case of Jacobi forms the
approach of [12, section II1.6], where the case of Siegel Poincaré series is consi-
dered. We first note that it suffices to show that the function

(det y)*/% exp(—27tr (S[vly )| P, (7, w)]

is bounded on H,,; (c.f. [16, Lemma 1.3]; note that this condition is independent
of the level of P, , because of strong approximation theorem).
First we apply Poisson summation formula to the function

k—(+n+1)/2
ot r) i {det (j—ﬁ - —l[r]> e (ﬁtr (n)) et (rw)), 1> 0, — 5[] >0
0

otherwise
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defined on Sym, (R) x M; ,(R) and for the lattices
AN:=L x M;,(Z) and A :=Sym,(Z) x M; ,(Z).

For 2k — [ — n > —1 we obtain

Yooetn= ) /J(ﬁtr(t(r-i—krb)))dt
>

(t,r)eA (bo)en’

At k—(+n+1)/2
. / det (— - s*l[r]> e(tr ('r(w + w)))dr
=571 r1>0 Ar

=z N / e (tr (h(t + Arb))) det(dh)< =102
bwen =0

: f e(tr (48)7'[r1( + Arb)e(tr ('r(w + w)))dr
MlAn
_ A';‘(n+l)/22nk7n(l+n+l)l—~n (k _ é) ik det(4S)"/2

Z det(t 4+ Arb) e(—tr (S[w + ul(x + Arb)™H)
(b,u)en’

Hence

DS det(4z—Ars—l[rl)"’(””“”ze(%tr(z(rl+rz))>e(tr('r<w1—wz)))
r

teL 4t—ppS—!
r>0t rS—Hr]=0

= Crums Y det(r) + 1) Fe(—tr (S[wy — wal(r) + 72)71))|;(<!?gg,
g€l

where Cr ¢ .5 1= )»’li(k_l/z)2”k’”(l+”+])r‘n (k - é) i"K det(48)"/2, and |,(le9 denotes
the action with respect to the first variable, namely (71, wy).
Now let

Py s(z1,22) := Z x(g) det(t + 1) Fe(—tr (S[wy — wal(z1 + Tz)_l))ll(:?gg-
geZ\T ®

As we will shortly show, for a fixed zo € H,,; the series Py g(-, z2) is absolutely
convergent on Hj,; for k > 2n 4 [ (and by symmetry also in other variable when
z1 is fixed); then
= _ _ k—(+n+1)/2
Pes@.z) = Cran9 ' Y 3 det (4 —2arS7'r1)

teL 4r—ipS~11r]>0
1 t
- Prp(T1, wy)e Etr (t12) | e(—tr (rwy)).

We will establish the cuspidality of the Poincaré series P; ,(z1) by showing that
Py s(z1, z2) is cuspidal in z; for every fixed z2. We remark here that various prop-
erties of Py s have already been studied in [1] and [26, Proposition 2]. The rest of
the proof, which is implied but not written in [1], is based on the approach taken by
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Klingen in [12] in the case of Siegel modular forms and offers a slightly different
way of proving the cuspidality of Py g than [26]; for this reason we have decided
to include it.

Similarly to the proof of [12, Proposition 2 and its Corollary], the rest of the
proof is based on the comparison between the above series and the function

G(z1,%) = / N | det(z) + )" det(r1 — 72) Fe(tr (S[wy — Wal(r1 + T2) D)
T\ H,.1

le(—tr (Stwi — w2](11 — 72)")I(Ask(@2)?dz

defined on H,,; X H, 15 if k > 2n + 1, then by [26, Lemma 3 and Lemma 1.(2)] the
defining integral is finite for any z1, 2o € H, ;. Moreover, similarly to [12, page
80], for any compact subset IC C H,, ; there exists a constant ¢ () > 0 such that

G(z1,22) Zc(K)  for (z1,22) € Hpy x K. €))

In order to proceed we recall from [1, p. 192—-193] that the map

g=<x,w)<i 2) — §:=(—k,u,—x)(_ac _d”)

defines an involutive automorphism of G™!(R) with the following properties:
g(—7, w) = (—gt7, gw), Jk,s(&, (=T, w)) = Ji,5(8. (r, w))
and (c.f. [1, Lemma 1.4])

det(gr) — T) Fe(—tr (S[gwi — wa2l(gT1 — T, D)) Je.s(g, (z1, wi)) ™!
=det(t) + &' (%) Fe(—tr (Sfwi — g wol(v1 + &7 =0) ") es @ (—To, w2) 7L,

where gw 1= wA(g, ‘L’])_l + AgTI + K.
Hence, for g = (A, u,0)g € T we have

G(gz1, 22)| det(gty + ) Fe(—tr (S[gwi — wal(gT1 + 2) " NJes(g, z0) 7'
- / |det(gry — £2)~Fe(—tr (Slgwr — Bal(gm — 7)) s, 21)~|
T\ Hu,

(As k() ?dz

= / |det(r) — g~ 112) Fe(—tr (S[wy — g Twal(t1 — g 112) ™))
T\ Hu
Ns(g Lt w )| (1 Jks(8 L 2P As (g 22) 2 dzs
= / |det(t) — g~ 112) Fe(—tr (S[wy — g~ wal(t1 — g~ ') " NI(Asr(g " 22)) 2 dz.
T\ Hu,

We now fix a Z and write C for the constant ¢(K) appearing in equation (9)
above, for some compact set K > ;. By triangle inequality,

C-|Pys(z1,22)l

< Y G(gz, 2l det(gn + 22) Fe(—tr (Slgwi — hal(gmi + £2) " NJks(g 207!
geZ\T
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= > /r | det(r1 — g~T12) Fe(—tr (STwi — g~ Twal(r — g~ 'r2) ™)

gEZl\r \Hu.l
(Asi(g ') 2dzs
< fH | det(r) — 72) Fe(—tr (S[w1 — Wa)(11 — £2)~NI(Asx(22))*dz2 < 0.
n,l
The finiteness follows again from [26, Lemma 3], and thus proves absolute
convergence of Py s(z1, 22) (because what we really bound here is the series of
absolute values of the consecutive terms of Px s(z1, 22))-

In fact, a closer look at the proof of [26, Lemma 3] reveals that if £ € G"’Z(IR)
is such that £(i1,, 0) = (71, w1) and ¢, s > O is a constant as in [26, p. 716], then

crs2 ™ f | det(ty — 72) Fe(—tr (S[wi — w2l(ri — ©2) " NI(Ask(22))Pdza
n,l
= |Jx,s(&. (i1,,0))] /H |det(il, — %) e(—tr (S[W21(i 1, — ©2) " NI(Ask(22))?d 22,

where
Jes (&, (i1,,0)) = As (i1, 002 As k(z1) 7% = (det y) /% exp@rtr (S[vi 1y )

and the integral, now independent of zi, is explicitly computed in the remaining
part of the proof and turns out to be finite if K > 2n 4 [. This proves that for every
fixed Z; the function

(det y)*? exp(—=27tr (S[vily; DI Pe.s(z1, 22)]

isbounded on H,, ;, and hence Px_s(z1, Z2) isacusp formin the z; variable. From the
discussion above on the relation between Py s and P; , it follows that the Poincaré
series Py, is a cusp form. O

Corollary 6.2. For k > 2n 41, for every zo € Hp 1, the function

K(z1,2)=Cr,s>., »,  det@t—apS '[P (2, wy)
g% 4t—1rS~1r1>0

1
e (——tr (tfz)) e(—tr ('rig))
Ar
= C;’L’n’sér,k,n,spk,s((fl, wy), (=72, w2)),

where Py s is definedin (8), is absolutely and uniformly convergent in 71 on compact
subsets of H,,; and defines a cusp form in S}! (T, x). The use of the constant

T

n(n+i+1)/2—nk
E)

[+1
Cr s i= vol (T\H,, )~ det(28) /T, (k - %) <

(10)
will be justified in Theorem 6.4(a). Moreover, for any f € S} (T, x):

< fLK(-,22) >= f(22).
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Proof. The first statement is a direct consequence of the proof of Proposition 6.1.
In particular, K (z1, z2) can be given by two formulas indicated above. The second
equality implies that, up to a constant and appearance of y, it coincides with the
function studied in [26, Proposition 2]. From this it is not difficult to see that the
formula for the inner product remains valid in our setting. In fact, this formula
naturally comes out in the proof of Theorem 6.4 below, where we carry out more
general computations. O

Remark 6.3. It seems to us that for convergence reasons the series K (z1, z2), when
written using the formula (8) for Py s, should be defined as a sum which is taken
only over g € Z;\I', and not over all g € T as in [26]. Our definition coincides
also with the one used by [1].

Corollary 6.2 implies that K (z1, z2) is the reproducing kernel for S,Z‘, <0,
This means that in fact

d
K@) =) i) fikz),

i=1
where {f1, ..., fa} is an orthonormal basis for S,’: s(I', x). As a consequence,

d

< f@). KGi.22) >= Y < f@). fiz1) > f(z2) € Sf 5(T. %)

i=1

forany f € 9)?? s, x),as long as the sum is finite. The finiteness condition will
follow if we assume that f is of bounded growth. We define this notion as follows:

We say that a function f : H,; — C is of bounded growth, and we write
f € By ¢(I) if the integral

_ €
/ f / / 1f(2)le 2”“(kry)e—Z”“””)As,uz)dz
Yn Ml,n(R) Xn Un

is finite for every pair (f,r) € %Sym,,(Z) x M;,(Z), with t > 0 and 4t —
ArS~[r] > 0. Here
X, ={xeM®):x=x, |x;, ;| < Ar/2foralli, j},
Up:={ueM,R):|uj;l <1/2foralli, j};
if it does not lead to confusion, we will omit the subscripts n in X,, U,

and Y,. We recall here that Agi(z) = det(y)ke_4”tr(5[”]y71) and dz =
(det y) =+ *tDgxdydudv, where T = x +iy and w = u + iv, and we remark that

{x+iy,u+ivy:xeX,yeYuelU,ve M ,(R)} = U g7rr,
8€loo\T

where Fr is a fundamental domain for I'.
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We will be writing B}?, g for the union of B}Z’ 5(I') over all congruence subgroups
I'. Our definition should be seen as a generalisation of the notion of bounded growth
introduced by Sturm in [25] in the case of Siegel modular forms.

We note that for k > 2n + £, we have S,'("S(l", x) C B,'(”S(I’). Indeed, if

f € SI?,S(F’ X), then the function Ag,k(z)l/zlf(z)| is bounded on H,,; (see [27,
Lemma 2.6]) and hence there exists a constant M > 0 such that

_ L t
/ / R/ f Fle 2 () gmame <
Yn JM(R) VX, JUy

M// //e277”()&-)’)62ntr(’rv)det(y)k/2627Ttr(S[U]y_l)dZ.
Yn Ml,n(R) Xn n

The last integral is equal to

ol (X, x Un)/ det(y)k/Z—(l+n+l)e*27m(#)‘) (/ ezmr(S[u]y1+’;~u)dU> dy
Y, M;

n(R)

—, o _ -1 ,
G:)det(2S)*”/2vol(X,, % Un)/ det(y)%’"e 2)~1“"((4t ArS [r])})dxy’
Yu

where d*y = det(y)’ldy; and is finite since (4 — Ap S~} [y > Oand % —n >
0.

We are now ready to state the main result of this section. The following Theorem
(except the statement (b)) is a generalization of [25, Proposition 1 and Theorem 1]
to the Jacobi setting.

Theorem 6.4. Let k > 2n+ 1 and f € EDTZ’S(I', x) N BZ’S(F) with the Fourier

expansion (4). Fort > 0 andr € M; ,(Z) such that 4t — Ar S7rl > 0 we define
the coefficient

[+ 1\ ! —n(n+l+1)/2+nk
c(t,r) =T, (k - +2+ ) (%) det(dt — ap S~ [r]h-HntD/2
r

. / Ay (e TN GESTIUDY) oy (yyk=t/2-n=1 4y,

Then
Hol(f)(z2) : =< f(z1), K(z1,22) >

= E E c(t,r)e (—)\1 tr (tr2)> e(tr (rwn)) € S¢ g(T, x)
r
0

>0 4t—ApS—1[r]>
and
< f.g >=<Hol(f),g > forall geS]¢T,x).

Moreover,
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(@) if f(r,w) =¥, , &t r)e (ﬁtr (t‘L'z)) e(tr ('rwn)) € S} ¢(T, ), then

< f, Py >= Crpnsdet(@r — ap S~ [r))FHOHTD2 61 1),

where the constant Crt s is as in (10); hence Hol(f) = f;
(b)if Flr,w) = Y, , pir(y Ve (%tr (n)) e(tr (rw)) € N"2(T, x) and k >
n-+ % + D, then

n(n+l+1)/2—nk l 1
< £ Py > = vol(Fr)~! det(285) /> (%) r, (k _n +2+ - D)
r

a _
Ri, (_@) [det(y) k+D+(n+l+1)/2]

y=h
and so

-1
Hol(f)(z2) =T (k - #) r, (k _ % ~ D)

Y e (/\itr (z@) e(tr ("rwy)) det(4r — Ap S~k HHD/2
r

t,r

ad
‘R, (__) [det(y)—k+D+(iz+l+l)/2]

8y y=h ’

where R; (y) := (det y)Dp,’,(y_l) is a polynomial in the entries of y, h := 4t —
ArS~'[r] >0, 3%, =[5 (1 +§; %)]lfifjfn and 8;j denotes Dirac delta.

Proof. First we compute the inner product of f and P; ,:
vol(Fr) < f, Prr >

= [ X x@f@e-u (T4 S ED) s Ask@dz

FT gero\r

/ Y x(@ks(g. D f @e(—tr (rF + ——FO)|.s(g. DI 2As k()
Fr Ar

8T\
. t
= Y. / flgae(—tr ('rgW + -—FD) Ask(g2)dz
geT AT /7T r

:// / / f(z, W)E(—tr(trw+ Lf))AS,k(Z)dZ < oo,
Y IM,(R) JX JU Ar

where the interchange of integration and summation is justified by the bounded
growth assumption. Further, since

/ / f(r, wye(—tr ('rw + tT/Ar))dudx
xJu
= ZA,r,,r(y)/ e(tr(t'x —t(x — iy))/)»r)dx/ e(tr ('r'(u+iv) — r(u —iv)))du
X U

t'r'

= A, (y)e—2ntr (ty)/Ar e_4n[r ('rv)
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and
f / Al’r(y)e—Zmr(I}')/Are—4ntr(’ru)AS’k(z)(det y)—(]+n+l)dvdy
Y JM;(R)

2/ Atqr(y)e—Zntr(ty)/)\r(dety)k—(1+n+l)dy/ A (=SToly =y oy g
Y M, (R)

_ det(zs)fn/Z/ At,,(y)e’z”" (ty)/Ar entr(S’l[r]y) (dety)kfa/unﬂ)dy’
Y
we obtain a finite quantity

vol(Fr) < f. Prp >= det(28)™"/2 f App (y)e 20 0/kr gt (ST (e yyk= (/2440 gy
Y

If f € S} ¢(T, x) with Fourier coefficients &(z, r), then A, , (y) = &(z, r)e” 2" (t)/*r,
As we have seen above, f is of bounded growth and by applying identity (6) we
obtain

_ A g1 ,

vol(Fr) < f. Py >= det(zs)*”ﬂ/ &, rye ™G TSI (gog yyk=W/240tD) g,
Y

—k+(n+1+1)/2

I+1 4¢
= det(25)™"/?T, <k - %) g (rHAD/2=nk g (T — 5! [r]) &, r).
r

Hence Hol(f) = f, which provides another proof of the second statement in
Corollary 6.2.

Now for any f € EIRZ’S(I', x) N B,’;,S(I'), since K(z1, z2) is the reproducing
kernel for S,’;S(I", X), we have

< f(z1), K(z1,22) >

1
=Crinms). 2 det(4l—KFS_I[V])k_("HH)/Ze(Etr(lfz)>e(tr(’rw2))

1>0 4t—ppS~1[r]>0
- < f@), Pz >

=Y > e (%tr (z@) e(tr ('rwy)) € S} (T, ).
r

1>0 4t—ApS~1[r]>0

Furthermore, for any g € S,'(', S(F, X)s

< Hol(f),g >= Z < f(z1), fi(z1) >< fi(z2), Z < g(z1), fj(z1) > fj(z2) >

i J

=Y < fifi><gGD. fik) > =< f(z2). Y < g fi > fiz2) >=< f(22). 8(z2) > .

If f e N,:”’SD (T, x) is a nearly holomorphic Jacobi form, then we can
also explicitly evaluate the integral over Y (c.f. [6, eq. (2.165), p. 89]). Now
A r(y) = pt,,(y_l)e_z”tr I)/Ar | where p,,,(y_l) is a polynomial of total degree
D in the entries of y~!. Since y~! = (dety)~'’Adj(y) with Adj(y) denot-
ing the adjoint of y, we can replace each homogeneous polynomial of degree
d occurring in pt‘r(y_l) by (det y)_defr(y), where R;{r(y) is a polynomial in
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vij, 1 < i < j =< n, of homogeneous degree d(n — 1). We adjust it fur-
ther to R, ,(y):= Y5 o(det y)P~R?.(v) = (dety)Pp;(y~"). Then, as long
ask >n+ % + D,

e (A g1
det(28)"2vol(Fr) < f, P, >:/ Rir(v)e T (GE=STHDY) (ot y)k=/2ntD=D g
Y

n(n+l+1)/2—nk
(= r (koD YR (LD [det(y)‘k+D+<”+l+”/2]
Ar 2 ' dy

y=h'

where h :=4t—xpS~1[r] > 0, % = [%(1+8,-j %)]151'51-5” and §;; denotes Dirac

delta. O

We can now derive the following important corollary from the calculation done
above.

Corollary 6.5. Let f € N,?,’SD(I', X, @)OB}:’S(I’), withk > max{n+%+D, 2n+1}.
Then Hol(f) € S 4(T, x, Q).

Proof. This follows immediately from the Theorem above. Indeed, if we write
1
-1 t
T, W) = r el —tr(tr) Je(tr(rw)),
[T, w) ;rpz, O™ (Ar ( )> (tr ('rw))

then the polynomials p,,r(y’l) have algebraic coefficients. Since k > n + é + D,

r, (k— ntli4+1 D
dt i+z+1 ) €Q~,
()

because I'(m + %) is a rational multiple of /7 for any m € N. Then by Theorem
6.4 (b) above, Hol(f) has Fourier expansion with coefficients in Q since (in the
notation of the Theorem) R, , (—%) [det(y)_k+D+(”+l+l)/z]yzh € Q ash =

4t —xrS7r1 > Oisa symmetric positive definite matrix with rational entries for
all (¢, r). O

We conclude this section with another Corollary of Theorem 6.4, which we will
use in the next section. Namely, if the nearly holomorphic Siegel-Jacobi form has
a particular kind of Fourier expansion, then the required bound on the weight k can
be improved.

Corollary 6.6. Let f € N,:’”SD (T, x. Q)N BZ,S(F) and assume that D = mn for

some m € Z.. Assume further that

1
[ w) =det()™ Y Qrr(e (EH (tf)> e(tr (rw)),
t,r

Sor some polynomials Q; ,(y) € Qly; i1, that is, the polynomials in the entries of
v, with algebraic coefficients. Then Hol(f) € SI?,S(F’ x, Q) ifk > max{n + % +
m,2n +1}.



Algebraicity of special L-values

Proof. This follows from the proof of Theorem 6.4 (b) after observing that in
the notation used there, A, ,(y) = det(y) ™" Q;.,(y)e 2T UM/ 1n particular the
relevant integrals are of the form

_ 2t ¢l
/A[,,(y)e e (G =S7I0DY) gog (g yk=t/2=n=1 4,
Y

— At ¢—1
2/ 01, (e T GETSTIDY o)kt 2mn=tom gy,
Y

and thus we can evaluate it using the formula in [6, eq. (2.165), p. 89] directly,
without the need to apply the transformation involving the adjoint of y; that is, it
suffices to assume that k > n + % + m to obtain that it is equal to

n(n+l+1)/2—nk
i O P 0., _9 [det(y)—k+m+(n+l+1>/2]
Ar 2 ’ ay y=h'

where h:=4t — ArS~![r] > 0. The corollary now follows by observing that we
still have

Ty (k — 2L )
T, (k= )

€ Q¥,

which concludes the proof. O

Remark 6.7. The construction of holomorphic projection by Sturm [25], which we
extended to the Siegel-Jacobi setting in Theorem 6.4, was generalized by Courtieu
and Panchishkin in [6, Theorem 2.16]. Under a weaker growth condition, which
they call “of moderate growth”, they were able to define a projection to holomorphic
(not necessarily cuspidal) Siegel modular forms. It seems that a similar extension
is possible in the Siegel-Jacobi setting, and one could introduce there a notion of
moderate growth. One of the reasons we haven’t pursue this here is that the crucial
difficulty to derive any applications lies in establishing which functions are actually
of the required growth. Therefore we content ourselves with the case which already
provides the necessary tool for our purposes.

We should point out here that in case of (non-holomorphic) elliptic modular
forms the moderate growth condition has been already stated in the work [10]
of Gross and Zagier, and verified later in certain cases in [9, Chapter III]. It is
also known that nearly holomorphic vector-valued Siegel modular forms are of
moderate growth (see [18]). The notion of moderate growth used in these articles
differs though from the one defined in [6].

In the next section, Lemma 7.3 provides a sufficient condition for bounded
growth of certain C*° functions, which is then verified in Proposition 7.4 in case
of nearly holomorphic Siegel-Jacobi Eisenstein series.
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7. Algebraicity results without assuming Property A

In this last part we use the theory developed in the previous section to obtain alge-
braicity results without assuming Property A. In particular, the aim is to establish
the following theorem, whose proof will be concluded in the end of the section. We
note that in comparison to Theorem 4.6, the bound on & is slightly weaker. This
is because we need to ensure that the growth condition is met, in order to be able
to apply the holomorphic projection discussed above. As it was mentioned in the
introduction, the main tool to establish the theorem below is the doubling identity
of Theorem 3.3, however the approach for proving the algebraicity of the ratio of
the Petersson inner products is different (compare the proofs of Theorem 5.7 above
with Theorem 7.9 below). Finally, as we indicated above, we restrict ourselves to
the case of F = Q, but we expect that our results could be extended to totally real
fields (see also Remark 7.5 below).

We fix a fractional ideal b and an integral ideal ¢ of Q, and write T for the
congruence subgroup introduced in Sect. 3.

Theorem 7.1. Let n > 1, and assume that S satisfies property M; for all prime
ideals p of Q prime to ¢. Let 0 # f € Sl?,s(r’ Q) be an eigenfunction of all T (a),

where k > 6n + 21 + 1, and x a Dirichlet character such that x (—1) = (=1)k.
Let o € 7 be such that

) k/2—2n—1/2>0/2>n+1/2+1,
(i) o — k € 2Z.

Under these conditions

A@/2.f.0 .5
weo < f, f > ’

where

n>+n—o+1/2, ifl € 27,
n2, otherwise.

ec =nk—1+0)—e, e::{

First, in a few steps, we will establish the range for s in which the Eisenstein
series E2"|k,gp(z, s, x) is of bounded growth.

Lemma 7.2. Let g € M,:"S(l"/, ¥r) be a Jacobi form of weight k € %Z for some
congruence subgroup T and character V. Then there exists a positive real constant
c1 such that

n
_ -1
lg(@)| = lg(z, w)| < c1 (H(l -2 j">> S,

i=1

where A are the eigenvalues of y. Here we write T = x + iy and w = u + iv.
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Proof. The proof of this lemma is similar to an analogue statement proved in [25,
Corollary 1, (B)]. Indeed, we define the function ¢ (z) := det(y)/2e=27tr 7' SIv])
|g(z)|, where as usual we write z = (t, w) with7 = x +iy and w = u + iv. Then
¢(yz) = ¢(z) forall y € T'. We write T’ = H(Z) x I'’ and we choose

Q:={(t.rt+w) v eFr,rpne MRVl ul <1}

as a fundamental domain of I'\'H,, ;, where F is Siegel’s fundamental domain
for I'"\H,,. Then there exists a constant ¢ depending only on g such that |g(z)| < ¢
for all z € R, and hence in particular thanks to the invariance of ¢ we have

¢ (yz) < cdet(y)k/2e=2mtr O7'SD forall 7 € 2 and yel.
‘We now consider any z. We pick a y such that yz € 2. Then

—1
$(2) = by~ (y 2)) < cdet(y)Ze 20T,

where we have written y (t, w) = (71, wi). By [25, Proposition 2] there is a constant
co such that

n
$(2) < co | [T 427472 | e-2meont st
- J J )
j=1

where A ; are the eigenvalues of y. From the description of 2, we may take v; = Ay;
where A € M; ,(R) with |A;;| < 1, that is,

o2 O ST =2t (ST

But this last expression is bounded for y; € € since y; > €1, for some € > 0 and
Aij take values in a compact set. Hence, in fact, there is a constant ¢; € Ry such
that

n
k/2 —k/2
p@ <c [[T0S2+27 |,
j=1
and hence we obtain our claim by using ¢ (z) = det(y)¥/2e=275 07'SIVD|g(2)[.
Lemma 7.3. Let h € 9)?2 s(I', 4, for some congruence subgroup T' and charac-
ter . Assume h(z) = g(t)¢ (T, w) for some nearly holomorphic Siegel modular

form g(t) of weight k — 1 /2 and a holomorphic Jacobi form ¢ (t, w) of weight 1 /2.
Then h € B,’{”S(F/) if

n
/ / lg(D)| <1_[(1 - A;l/z) e e ) (et y)(kfl/z)f("H)dxdy < 00
Yn X’l [':1

foralle > 0, where X; = )\ j(y) are the eigenvalues of the symmetric matrix y > 0.
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Proof. By Lemma 7.2, a sufficient condition on the bounded growth of A(z) can
be given by finiteness of the following integral:

n
_ 1y —2mtr (£ y4-!
/' / / 12(0)] 1_[(1_)‘/'[/2) 2 (Sluly™h,, i (2 v+ rOU)As,k(z)dz
Yo I M@ Jx, JU, Pl :
" _ fo_
:vol(U,,)/ f |g(r)|(]_[(1—xj’/2))e 2”“(Aw)(dety)"
Yo J X i=1

/ e—zmr(S[u]y*‘+’rov)dvdr
M (R)

) —n/2

= vol(U,) det(2S)

n
- — 5 (tr (4tg—Apr S y
/ / lg(2)] (l_[(l _ )‘j 1/2)> P (tr (4t0—Ap [ro])))(det y)(k*1/2>’("+')dxdy.
Y, /X Ny
n Y Xn el

Since 419 — Ap'S~![rg] > 0, the above expression is finite if

n
/ / (0 (]_[(1 -~ A;l/2)> e TN (det y) k=D gy < oo
Y, JX .
n n i=1

forall € > 0, where we recall that A ; = A ;(y) are the eigenvalues of the symmetric
matrix y > 0. This is similar to the condition of Sturm for a weight k — //2
nearly holomorphic form multiplied by a holomorphic modular form of weight //2
(compare with the proof of [25, Corollary 2]). There is however a difference in the
power of the determinant. In [25] we have k — (n + 1) and in our case we have
k—1/2—m+1). O

Proposition 7.4. With notation as in Sect. 3,

E™|; sp(z. 5. x) € B

fors € %ZsuchthatkT_l —2n > 5 > w

Proof. We write T’ for the congruence subgroup of the Eisenstein series
Ex (z, s, x). As it was shown in [2, Section 8], generalizing a previous result
of Heim in [11, Theorem 3.6], the Eisenstein series En (z, s, x) can be expressed
as the trace from a congruence subgroup I'y C I’ of some finite index m of a form
E,%fl/z(t, s — 1/4)0(t, w), where E,%fl/z(t, s — [/4) is a Siegel type Eisenstein
series of weight k — [/2, and 6(, w) a theta series in M; > g; that is,

m
E™ (25,00 = Y Ef (s — /A0, w)lk s¥i.

i=1

where the sum is over a set of representatives y; € I'’/T'y. From this we obtain

m
E™isp(z.5.0) = Y EZ" p(t.s — /A0 (T, w)lk,s¥ip.
i=1
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If we write y; and p for the Siegel part of y; and p respectively, we see that the
growth of the series E,%f / /2(1, s —1/4)|kyip, for each y;, is bounded by the growth
of the series

Hi—12(z, 5) = det(y)* ™/ Z det(cz + d)~2+12,

where the sum is over all coprime matrices ¢, d € M»,(Z). This growth of this
series was studied by Sturm in [25]. Strictly speaking Sturm considers integral
weight series, namely the case of k — [/2 € Z, however since we are actually
interested in the absolute value |Hy_;/2(z, s)| his result is valid also for the case
ofk—1/2 € %Z, by using the fact, see [23, Theorem A.2.4 (2)], that the absolute
value of the half-integral factor of automorphy is equal to the square root of the
absolute value of integral one, i.e |h(y, z)| = |j(y, z)|'/?, in the notation of [23].
For more on how the results of Sturm can be extended to the case of half-integral
Siegel modular forms we refer to [14]. Furthermore we note that the statements in
[25] are valid for any congruence subgroup and hence in particular valid for the
groups o~y ' Tyip.

We can now use Lemma 7.3 above to establish the range where the Eisenstein
series is of bounded growth. For this we need to modify slightly the range obtained
by Sturm in [25, Corollary 2] to accommodate for the small difference in the
exponent of the determinant observed in the condition of bounded growth in the
proof of Lemma 7.3. Following the proof of [25, Corrolary 2] we see that the bounds
are
k - 2n+1)—(k—=1/2)

2n—=>5—= ,
2 2 2

or equivalently

k—1 2n+1+1/2
——2n>s>—.
2 2

O

Remark 7.5. In order to extend the results of this section to the case of totally real
field, one needs to extend [25, Corollary 2] to the case of totally real fields. We
have not attempted doing this.

Lemma 7.6. Let
G(@) =1 P AL 0 (/2 = 14, XUrs)(E™ |k 5p) (2. 11/2: X)

and assume that % —2n > % > w, k—u € 27, and B is as in Theorem 5.5.

Then G € B,i"s N N,i"S’D(@), where D = 2n (1‘77“) Moreover, the Fourier coeffi-

cients of G are of the form det (y)~P/>" P(y), where P € @[yij] is a polynomial
of degree at most D.
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Proof. The first statement of the Lemma is already contained in Proposition 7.4
and Theorem 5.5. The new information is the nature of the Fourier coefficients of
G, which a priory are the polynomials (with algebraic coefficients and of degree at
most D) in the entries of y~!. We have seen in the above proposition that up to a
constant the Eisenstein series G (z) is of the form

m

G2 = Y (EX (e /2= 1/40(x. w)) I s¥ip-

i=1

In particular, itis enough to establish the statement for the nearly holomorphic Siegel
modular forms E,ffl/z(t, w/2—1/4)|k—-1/2vi p, where y; and p denote the Siegel part

of y; and p, respectively. It is well known that the Eisenstein series E,%f 12 (t, /22—

k— k—

1/4) are of the form ‘SMT—I;/Z Ei’il/z(r), where Ei’il/z(r) are holomorphic and 817:;/2
are the Shimura-Maass differential operators (see for example [6, page 135] for
| € 27 and [23, pages 145-146] for any [ € Z). Moreover, if a nearly holomorphic
modular form is obtained by such operators from a holomorphic modular form,
then the coefficients of its Fourier expansion are of the form det( y)_(k_“)/ 2P(y)
where P is a polynomial in the entries of y of degree at most 2n(k — 1)/2 (see
[6, page 106]). Moreover, the operators 4], have the property (see [6, page 116] for
m € Z and [23, Paragraph 14.14] form € Z + %) that 6,, (flny) = (8, )lm+2ry
for a Siegel modular form f of weight m and any y € Sp,,, (R). In particular,

k—p

E]%zl/z(f» n/2 — 1/4)|k—l/2)/ip = <8M2_1/2E/2L"_1/2(‘[)> lk—1/2vip

—1
2

k
=38, 212 (Ein—z/z(f)lu—wzym> .

which proves that the Fourier coefficients of E,%ﬁ / /2(1, w/2 —1/8)|k—i2vip are of
the required form. O

The next Lemma shows that the pullback A* defined in Lemma 5.6 preserves
the bounded growth property.

Lemma 7.7. Let f € B,%T’S andlet g(z1, z2) := A*(f). Then g is of bounded growth
in both variables z1 and z;. If moreover f € N,i"s’r for some r € N, then we may
write g(z1, 22) = )i gi(21)hi(22), where g;, h; € B,’C"S N N,:lg

Proof. We first prove that the growth condition is satisfied for g(z1, z2) both for
z1 and z;. Since the argument is symmetric we may keep z» fixed and consider the
function g(z1) := g(z1, z2). Let T’ be the congruence subgroup for g(z) and A
the associated constant. We need to show that for any (¢, r) with ¢ € %S ymy(Z)
half-integral and r € M; ,,(Z) such that 4t — ArST1[r] > 0 we have

/ / f f |g(zl)|e—27l't1’(lyl/)»r/)e—zrttr(’rvl)AS’k(Z])dnzl < 00.
n Ml.n(R) n n
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Since f if of bounded growth, we already know that for any given (g, ro), now of
degree 2n, such that 47y — A S~ [ro] > 0 we have

/ / / / | f (2)|e™ 27t @03/ =27t (H0v) A ¢ (7)o 7 < 0.
You J My 20 R) X2, J U, ’

We note here that since g is simply the pull back of f with respect to the diagonal
map A we can use the same Ap.

We specialize to ty :=diag[¢, 1,] and ro = [r 0;,] with ¢, r as above, so that
4ty — Apr S ~I[r9] > 0. Moreover, in the second integral we decompose X, =
A(X,) U A(Xy)¢, where A(X,) = diag[X,, X,] and A(X,,)¢ is its complement
in X7,; and do the same with Y>,. With these choices the above integral is equal to

/ / f / 18(z1, za)e T AR A T Ay (2) 2
A(YZM) MI,ZH(R) A(Xn) Uz '

()

+/ / f / | f(2)le™ 2T @03/Ar) =27 (o) A g 4 (2)dyz < 0.
A(Y2p)¢ I Mpon(R) JA(Xy)E J Uy

Now consider the function

1
h(ZZ):: / / / / |g(zl’Z2)|e—2ﬂtr(t)’l/)»l-\/)e—ZHtl'(rvl)AS’k(Zl)dnzl_
n Ml.n(R) n n

It is continuous in z», since g is continuous in the variable z5.
Suppose that for the selected (¢, ) there exists a z’2 such that g(z1, 1’2) is not of
bounded growth in zp, that is,

h(z/z) = / / / / |g(Z1, Z/2)|e*2ntr(ty]/)»r/)ef271[r(’rv])AS’k(Zl)dnzl = 0.
Y, M[.n(R) Xy n

Since & is continuous, for every N > 0 there exists a neighborhood of z}, say
D(z}, 8) such that |h(z2)| > N for all z; € D(z5, 8). This means that the function
h is unbounded in any neighborhood of z),. We will show that this further implies
that the first integral in (%), call it 7, is infinite.

Choose a compact neighborhood D of z}, and denote by M be the smallest value
of the continuous function e =27 02)/2r' on D. Then

Iz./ / / _/ lg(z1, 22)[1p(z2)e 2 Y1/ 2 ty2/hrn)
A(Yony I M on(R) JA(Xy) JUsp

. €_2mr(irv])As,k(Z)dznZ
= Mf / / f lg(z21, 22)[1p(z2)e™ 27 W1/40) =270 (VD A ¢ (), 2
A(Yapy I M 20 (R) JA(Xy) JUsy

=M/f //h(zz)lu(zz)As,k(zz)dnzz,
Yn Ml,rz(R) n n
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where 1p(z7) is the indicator function of the set D. Now let K be the smallest value
of the continuous function Ag 4 (z2) det(yz)_(l 741 o0 D. Then the last integral is
larger or equal to

MK/ h(z2)dxadyrdvadus.
D

Since & is unbounded on D, the last integral is undefined and hence so is [
(note that all the integrands are positive valued), which is in contradiction with ().
Since (¢, r) were selected arbitrarily, we conclude that this holds for any pair (7, r)
and hence g(z1, z2) is of bounded growth in z; for all zo. A symmetric argument
establishes also the bounded growth in the z, variable.

For the last statement of the lemma we use an argument similar to the proof [23,
Lemma 24.11]. We first observe that if f is additionally nearly holomorphic, then
g is both of bounded growth and nearly holomorphic in z; and z>. Since the space
of nearly holomorphic Siegel-Jacobi forms (of a given level) is of finite dimension
(Corollary 5.3), so is the linear subspace of the nearly holomorphic functions of
bounded growth. If {g; : i = 1, ..., m} forms a basis of such functions, then for any
fixed zp we may write g(z1, z2) = Z;"zl gi(z1)hi(z2) for some complex numbers
hi(z2). We can find enough values of z1, say ay, . . ., a,, such that the linear system
glaj, z2) = Y it gi(ajhi(z2), j = 1,..., m, with the unknowns %;(z2) is non-
singular, and hence solving for the 4; (z2) we see that they have the same properties
(of being bounded and nearly holomorphic) as the g(a;, z2). O

We now let w be a CM point of Hj, in the sense of [23, Section 9], v € M; 2,(Q)
and B :=Px(w) € C* be the corresponding period of w of weight k, defined for
example in [23, Paragraph 11.12]. We set  := (w, v$2,,) where Q, :=(w 1,) and
consider G4(®, 22) := G+ ((w, vRy), 22), Where G4(z1,22) = e(tr (S[wi](t1 —
)" NG (z1, 22), G(z1, 22) := A*(G) and G is as in Lemma 7.6; this is in agree-
ment with the notation of Proposition 4.2.

Lemma 7.8. The Fourier coefficients of the function
1 _
80.0(22) = g7 Gul@. 22) € B 5 NE$ (@

are of the form det(yz)_D/Z”P(yz), where D = 2n (l%) and P(yy) € @[yzyij].
Proof. By Lemmas 7.6 and 7.7, G(z1, 22) = Zi fi(z1)g;(z2) for some f;, g; €
BigN N,:"’SD (Q). Hence,

8w (22) = %G*(‘o’ ) = %Xl: fi*((l))gi (z2) € BZ’S .

As we have seen in Sect. 5, f,, € N,’; D (@), and thus by [23, Paragraph 14.4],
P! f,.(®) € Q, which in turn implies that g, , € N,:’”SD Q).

On the other hand, G (z1, z2) is the diagonal restriction of a series with Fourier
expansion of the form det(y)_D/2" Z” O r(ye(tr (/\LF/T + ’rw)), where Q; , €
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Qly; ] are polynomials of degree at most D and Ar is the constant determined by
the level of G. Hence,

Zw.0(22) =%e(tr (S[vQe1(@ — @) 1)) det(Im(w)) ~P/?" det(y,) ~P/*"

5]
. E Ap.rmn(M)e <tr (—Tz + ’rzwz))
A

n,r

where Ap r, (v2) = X, 1, Qaiagtn o1 1 (diaglIm (@), y2De(tr (o + 1vQ,)).
Observe that A, ,, is a polynomial in C[y;;;]: it can be written as a sum of
infinitely many polynomials, but all of them are of degree at most D. How-
ever, since gy, € N:”f(@), it follows that in fact sB_le(tr Svyl(w —
@)~1) det(Im(w))"P/*" A, ,,(y2) € Qly2.ij]. In particular, the Fourier coeffi-
cients of g, ,(z2) are of the form det(yz)_D/2”P(y2), where P € @[yz,ij]. O

We can now establish the analogue of Theorem 5.7 without assuming Property
A. Its proof is different from the one of Theorem 5.7, since instead of using Fourier
expansion to characterize Siegel-Jacobi forms, we use their values at CM points.
This allows us to take the lower bound for k as small as possible. The main issue
with the first approach is that if one writes, with the notation above, G(z1, z2) =
> fi(z1)g;(z2) then we do not know whether the f;, g; € N,Z’SD have Fourier
coefficients of the form det(y) ~?/2" P(y), which would allow us to take a smaller
bound for k£ when we apply the holomorphic projection (cf. Corollaries 6.5 and
6.6). We note here that a similar idea (evaluation at CM points) was used in [23,
section 29] on results of non-splitting unitary groups to compensate for the lack of
Fourier expansion in the classical sense.

Theorem 7.9. Assume n > 1, and let 0 # f € S} ((T, Q) be an eigenfunction of
T (a) for all integral ideals a with (a, ¢) = 1. Assume that k > 6n + 2l + 1 and
that the matrix S satisfies the condition M, ; for every prime ideal p of Q coprime

to ¢. Then for any g € SI?,S(@)’
~JS&> Q.
<f,f>

Proof. As we argued in the proof of Theorem 5.7, thanks to the decomposition
SisT.Q=V(HeU,

where U is a Q-vector space orthogonal to V ( f), we may assume, without loss of
generality, that g € V(f). We now select & € k + 2Z such that

k—1 Lo 2n+1+1)2
——27’l>—>—.

2 2 2

As in the proof of Theorem 5.7 we consider a character x of conductor f, # o
such that x,(x) = sgna(x)k, X2 # land G(x,u —n —1/2) € @X, where
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G(x, —n —1/2)is as in Theorem 3.3, equation (3). Then for any ]” e V(f) we
can evaluate the doubling identity of Theorem 3.3 at s = /2 to obtain

A;%'i;/z,c(M/Z 1/4, x¥s)vol(A) < (Elx.sp)(diaglz1, 221, 11/2; 1), (F le.snn)€ (z2) >

=g (/2 —k/DAW/2, £, 0 F @),

where we recall that fc(zl) is the Jacobi form obtained from f(z 1) by taking
complex conjugation on the Fourier coefficients.
In particular, for

G(zi,22) =7 PA n (/2 = 1/4, x¥s) (E i sp)(diaglz1, 221, 11/2; ),

the diagonal restriction of G(z) defined in Lemma 7.6, that is, with 8 as in Theorem
5.5, we obtain

< G@1 ) F(z) >= =0 B A2, £ 0 F @),

where F := (}c|k,gnn)c = }|k,5n;l € S,’fs(@). Then, for a CM point w € H,
and v € M; 2,(Q), with the notation as in Lemma 7.8,

< Go(@.22). F(z2) >= © 28~ B A2, f. ) T (@),

or equivalently

< 8o (22). F(z2) >= © a8~ BA /2, £ 30)Pe(@) " Fow).

where By (w) € C* is the CM period corresponding to w. By the lemma above,
8ww € N°§ (Q) with D = n(k — p). We note that k > n +1/2 + (k — 1) since
we have selected the u such that u > 2n 4 1/2 + 1. In particular, we can employ
Lemma 7.8 and Corollary 6.6, and consider k, ,(22) := Hol(gw,»(22)) € S,’:’S(@)
to obtain

< hyo(22). F(z2) 5= © 20BN (u/2, £ ) Fr(@) o). ()

Since f € V(f) was arbitrary, the forms iz'w,,, =hylksn, € S;”S(@) (or
rather their projections to V (f)) for the various (w, v) span the space V (f) over
Q. Indeed, if we denote by S C V(f) the Q vector space spanned by the projections
of hw v tO V(f) and if there exists an f € V(f) which is not in S then there is a
form, say f I € V(f) which is orthogonal to S. But then this would imply by (x)
above that fl*(a)) = 0 for all (w, v), since A(u/2, f,x) ZOforu >2n+1+1
by the statement (1). In particular, since the CM points are dense in H, (see [23,
page 77]), we conclude that f;, = 0 and thus so is f; = 0. Hence, indeed, hw v
span V (f). Moreover, for any (w, v),

B, f>€ m~0FBAGu/2, £, 0)Q.

This means that for any g € V(f), and taking f above to be equal to f, we obtain
< g, f>em?DtBA(u/2, f, x)Q. In particular, the same holds for g = f, and
that concludes the proof by observing that of course < f, f >7# 0. O
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We are now ready to give the proof of Theorem 7.1.

Proof of Theorem 7.1. We follow the same steps as in the proof of Theorem 7.9,
but now we take f to be our f and evaluate the doubling identity of Theorem
3.3 at s = o/2. Note also that the restrictions on ¢ in conditions (i) and (ii) are
the ones that make the corresponding Eisenstein series nearly holomorphic and
of bounded growth. For every CM point @ of H,, and v € M;2,(Q) such that
fi(@) = fi((w,v2,)) # 0 we obtain as in (x) above,

< hoo(22). fz2) >=C B~ +BA G2, £, %)

for some h, , € SZ’S(@), where we have used the fact that By () ™! }i (w) € @X .
The exact power of 7 can be derived in exactly the same way as in Theorem 4.6.
Hence, thanks to Theorem 7.9, dividing the above equality by < f, f > finishes
the proof. O
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