ALGEBRAICITY OF L-VALUES ATTACHED TO QUATERNIONIC
MODULAR FORMS.

THANASIS BOUGANIS AND YUBO JIN

ABSTRACT. In this paper we prove the algebraicity of some L-values attached to
quaternionic modular forms. We follow the rather well established path of the dou-
bling method. Our main contribution is that we include the case where the cor-
responding symmetric space is of non-tube type. We make various aspects very
explicit such as, the doubling embedding, coset decomposition, and the definition of
algebraicity of modular forms via CM points.

1. INTRODUCTION

Special values of L-functions attached to automorphic forms have a long history in
modern number theory. Their importance is difficult to overestimate and for this reason
they have been the subject of intense study in recent decades. There is no doubt that
it is important to study L-values of automorphic forms whose underlying symmetric
space does not have hermitian structure (for example automorphic forms for GL,),
however in this paper we will be dealing with a kind of automorphic form where the
corresponding symmetric space has a hermitian structure. To go a bit further we now
introduce some notation.

Let D be a division algebra over Q and V' a free left D-module of finite rank n. Denote
End(V,D) be the ring of D-linear endomorphism of V' and GL(V,D) = End(V,D)*.
For a nondegenerate hermitian (or skew-hermitian) form (,) : V' x V — D, we define a
generalized unitary group

G =Gy = {g € GL(V,D) : (gz, gy) = (z,9)}.

One can define automorphic forms associated to such group as in [1]. These can be seen
as functions on a symmetric space G(R)/K, where K is a maximal compact subgroup
of G(R). In addition when the associated symmetric space can be given a hermitian
structure, one can define holomorphic automorphic forms which is what we refer as
modular forms in this paper. The symmetric spaces G(R)/K have been classified [12,
Chapter X] (see also [17]). For positive integers n and m, we denote by CI, the set
of n X m matrices with entries in C. There are four infinite families of irreducible
hermitian symmetric spaces of non-compact type as follow:

(A) {z€C, - 22" < 1,1,
(B) {z € C": 2"z < 1+ |22/2) < 2},
(C){zeCl: by =22%2 < 1,},
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(D) {z€Cl:ly=—22"2 < 1,}.

The spaces above are the so-called bounded realisations of the symmetric spaces, and
one can with the use of the Cayley transform show that are biholomorphic to unbounded
domains. For example, when D = Q and (, ) is skew-hermitian, then G is the symplectic
group and we have the notion of Siegel modular forms defined over symmetric spaces
of type C. The unbounded realisation is the classical Siegel upper space. When D is an
imaginary quadratic field, G is the unitary group and we have the notion of Hermitian
modular forms defined over symmetric spaces of type A. For these two types of domains
(and their groups) there has been an intensive study on the algebraic properties of their
attached special L-values. We will not cite here the vast literature that has grown in
the past few decades or so, we will only mention here the book [35], the more recent
article [21] and the references there in for a more complete account of the Siegel case,
and the work of Harris [11] in the Hermitian modular forms case.

The focus of this paper is on the domains of type D above. This domain arises when we
select D to be a definite quaternion algebra and the form (, ) skew hermitian (see next
section for details). There are already some works for these modular forms, for example
[2, 16, 38, 40], but it is fair to say that these modular forms are not as intensively
studied as the Siegel or Hermitian ones. Even more importantly most, if not all, of the
works are restricted to the case when the dimension of V is even. The importance of
this restriction is related to the unbounded realisation of the corresponding symmetric
domain. In particular when n is even, the unbounded domain is biholomorphic to a
tube domain, or what is usually called a domain of Siegel Type I. When n is odd the
domain is not any more of tube type (a similar aspect is seen also for Hermitian modular
forms in the non-split case U(n,m) with n # m). The significance of this distinction
will become clear later in this paper, since the non-tube case is considerably more
technical. For example, as we will see, the notion of an algebraic modular form cannot
be the usual one (algebraic Fourier coefficients) or the doubling embedding which is
needed in the doubling method is considerably more complicated to write explicitly in
the unbounded realisation.

As we have indicated we will be studying the special values of L-functions by using
the doubling method of Garrett, Shimura, Piatetski-Shapiro and Rallis. Without going
here into details but referring later to the paper, the key idea is to obtain an integral
representation relating the L-function to the pull-back of a Siegel-type Eisenstein series.
Then the analytic and algebraic properties of the L-function can be studied from those
of the Eisenstein series. The latter is well-understood thanks to the rather explicitly
known Fourier expansion.

Our starting point is a cuspidal Hecke eigenform f € Si(K1(n)). We then consider two
copies of our group G,, with an embedding G,, x G,, - Gy with N = 2n and hence
Gy splits (see section 4 for notation). For Py the Siegel parabolic subgroup of Gy,
we describe in Proposition 4.3 the double coset Py\Gn /G, X Gy,. Then a Siegel-type
FEisenstein series over Gy can be decomposed into several orbits and except for one
‘main orbit’ all orbits vanish when considering an inner product (in one variable) with
the cusp form f. This allows us to prove the following formula, see section 4 and in
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particular Theorem 4.7 for details and further notation,

/ B(g x h. s)f(h)dh = c(s)D(s. £, )£(g),
Gn (Q)\Gn (A)/Kl (n)KOO
where here x is a Dirichlet character, cx(s) is an explicit function on s, D(s,f, x) is a

Dirichlet series which is related (see Equation (3.3)) to the twisted standard L-function
L(s, £, ).

In section 5, we review the definition of algebraic modular forms and differential oper-
ators. It is well known how to define algebraic modular forms on hermitian symmetric
space. There are several different definitions and we will mainly follow the one via CM
point as in [35]. Using the Maass-Shimura differential operators we discuss the notion
of a nearly holomorphic modular form in our setting. These differential operators for
all four types of symmetric spaces mentioned above have been studied in [29, 31]. We
will summarise the result there and apply it to the Siegel-type Eisenstein series men-
tioned above. Based on this and thanks to the well-understood Fourier expansion of
Siegel-type Eisenstein series, we will prove our main algebraic result for L-functions by
the same method as in [35]. Our main result is Theorem 6.3 which gives,

Theorem 1.1. Let n be an ideal in Z and assume that all finite places v with v{n are
split in B. Let f € Si.(K1(n),Q) be an algebraic cuspidal Hecke eigenform, and let x be
a Dirichlet character whose conductor divides the ideal n. Assume k > 2n — 1 and let

W € Z such that 2n — 1 < u < k. Then

Ly, £, x)
7_‘_n(k—i-u)—%n(n—l) (f, f>

€Q.

Remark 1.2. We note here that the condition on. the conductor of the Dirichlet character
is not restrictive. Indeed, for f € Si(K1(n),Q) and x of conductor m we can select

n’ = nm instead of n since Si(K1(n), Q) C Sk(K1(n'),Q).

Most of our arguments to prove the above are straightforward generalisation of [35]
from the unitary and symplectic setting to our setting. Our main contribution is
making some of the not always obvious generalisations as explicit as possible, such as
the diagonal embedding, especially in the non-tube case (see section 2.3), and the coset
decomposition Py\Gn /G, x G, (see section 4). Another contribution of the present
paper is in the definition of algebraic modular forms (see section 5), especially in the
non-tube case, where we follow a rather more explicit approach by using the theory
of CM points developed by Shimura [35] rather than simply referring to the more
advanced and general theory of Harris [9, 10], Deligne [4], Milne [20] on automorphic
vector bundles of Shimura varieties. Finally we should add that our computations are
done mainly using the adelic language (in comparison to the more classical in [35]),
which is also inspired by [21].

2. GROUPS AND SYMMETRIC SPACES

In this and the next section, we introduce the notion of a quaternionic modular form
and discuss some main properties. Such modular forms have been already studied (see
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for example [2] and [16]) but we extend the discussion to include also the case of non-
split groups. For most of our notation here we follow the one introduced in the books
[33] and [35], where the case of Siegel and Hermitian modular forms is considered.

2.1. Quaternionic Unitary Groups. We start by fixing some notation. For more
details on quaternion algebras the reader is refered to [39]. In this work a quaternion
algebra will mean a central simple algebra of dimension four over Q. After selecting a
basis, we can write it in the form

B=Q® Q¢ Q¢ ® QC,
where
<2 = a7§2 = ﬁa(f = —§C

with «a, 8 nonzero squarefree integers. We assume in this paper that B is definite, i.e.
a, 3 < 0. The main involution of B is given by

B B:a+bC + cf +dCE — a+ b + €+ dCE = a—bC — & — d(E.

We warn the reader that we may, by abusing the notation, denote - various involution
of algebras (for example complex conjugation on quadratic imaginary fields), but it will
be always clear from the context what is meant. The trace and norm are defined by
tr(z) = x +7,N(z) = 27 for x € B. As usual we write M,(B) for the set of n x n
matrices with entries in B. We also use the notation B]" for the set of m x n matrices
with entries in B. For X € M,(B), we write X* = X, X = (X*)~! for the conjugate
transpose and its inverse (if makes sense).

Identify ¢, ¢ with /o, /B € Q and let K = Q(&). We define the embedding

b+dé a—c€

2]

2B Mo(K),a+ b + & +dCE s [ a+cé b df) ]

One easily checks that for x € B

-
—~
8
SN—
*
I
T
—
-
—~
8
*
N—
~
~
I

and i induces an isomorphism
i:B - {zx € My(K) : zIJ = IJx}.

We extend this map to an embedding i : M,(B) — M,(K) by sending = = ()
to (i(xi;)). Denote I, = diag[[,...,I],J}, = diag[J,...,J] with n copies. Then for
x € M,(B)

i) = I, ) = gy )y,

and 1 induces an isomorphism

i: M,(B) — {x € Mo, (K) : ZI,J, = I, J x}.

For a matrix with entries in quaternion algebra, the determinant det and trace tr will
mean the reduced norm and reduced trace. That is taking the determinant and trace
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for its image under i. It is well known that the definition of reduced norm and trace is
indeed independent of the choice of such embedding and the field K. Denote

GLn(B) = {g € Mn(B) : det(g) # 0}, SLn(B) = {g € My (B) : det(g) = 1}.

Let A be the adele ring of Q. By a place v, we mean either a finite place corresponding
to a prime or the archimedean place co. The set of finite places is denoted as h. We
write A = ALR with finite adeles A, and © = xpTo With z € A, zy, € Ap, T € R. Fix
embeddings Q — Q, and set B, = B ®y Q,. The previous definition of trace, norm,
determinant naturally extends locally or adelically. Fix a maximal order O of B and
set O, = O ®z Z,. For a place v we say v splits if B, = M5(Q,). If this is the case we
fix an isomorphism i, : B, — M»(Q,) and assume i,(0,) = My(Z,) for finite place.
B is called indefinite if B, is split for v = oo and definite otherwise. In particular, B
is definite if a, 8 < 0 and indefinite otherwise. That is, for the infinite place, by our
assumption, B, is the Hamilton quaternion

H=RaRi®Rj®Rij, i’=j*=—1,ij = —ji,
and the map i above induces an isomorphism

i: M,(H) — {x € M2,(C) : TJ] = J,z}.

In this paper, we consider following algebraic groups

0 0 -1,
1, 0 0

Here n = 2m + r and we assume m > 1 is the global Witt index of the group G. Such
a group is usually called a quaternionic unitary group, and has Q-rank equal to m. For
a split place v, G(Q,) is isomorphic to an orthogonal group. That is,

0 0 1py, 0 0 1y,
(21)  GQ,)=2<{geSLa(Qy):%g| 0 & 0 |[g=| 0 6 0 ,
lm, 0 0 Iy, 0 0

with some anisotropic matrix § = 0 € SL,, (Q,) (that is the corresponding quadratic
form does not represent zero), and 2n = 2m,, + 1, for some positive integers m,, r,, with
my > 2m and 1, < 2r. In particular, G(Q,) is totally isotropic if » = 0 or (using [36,
Lemma 1.7]) if o € Q2. In these two cases we have m, = n,r, = 0 and

B

We remark here that the condition on m being the Witt index of our group G implies
that » < 3. Indeed, using a result in [13] we know for r > 4, ¢ - 1, is isotropic if and
only it is locally isotropic for all finite places v and infinity. But the latter (i.e. locally
isotropic for all finite places and infinity) is always the case for > 4. Indeed for v split
this follows from [36, Theorem 7.6] and for v non split (including co) from [37].

(@) = {g € SLon(@y) : g [ A ] g=

We will discuss the local archimedean group G(R) and the associated symmetric spaces
in next subsection.
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We fix an integral two-sided ideal n = (N) of O generated by N' = [[, piv € Z. We
define an open compact subgroup Ki(n) C G(Ay) by Ki(n) =[], K, where

a b c 1y, *  *
Ky=¢v=1|9g e f|€GO):v=] 0 1, =« mod p.®
h I d 0 0 1,

It is well known, see for example [22, page 251], that we have a finite decomposition

G(4) =@y K (mGR).

Moreover, thanks to the weak approximation which is valid for our group (see [22,
Proposition 7.11]), we can take t; such that (¢;), = 1 for v|n (compare with [33,
Lemma 8.12]). For finite places v not in the support of n the Iwasawa decomposition
is valid and hence we can take ¢; to be upper triangular. Let F{ =t; K (n)tj_l NG(Q).
We can take tg = 1 so that

a b ¢ 1, =*
=T/ NM)={y=|g e f|€GO):y=| 0 1. * | modN
h I d 0 0 1,

2.2. Symmetric spaces.

2.2.1. Abstract symmetric spaces. To motivate our definition of symmetric spaces, we
start with a rather general and abstract setting before giving explicit realizations of our
symmetric spaces. Let i be any embedding M,,(H) — Mas,(C). Then by the Skolem-
Noether theorem there exists a € Ma,(C) with aa* = 1 such that i(z) = ai(z*)a™!.
Let ® € GL,(B) be a skew-hermitian form similar to ¢ above, that is ® = *¢v for
some v € GL,(B). Then the group G(R) is isomorphic to

G={g9€GL2(C):g*Hg=H,'9Kg = K},

with H = i(®), K = o %(®). We call it a realization of G(R). Suppose we are given
two such data (il,<I>1,H1,K1,gl) and (ig,@Q,HQ,KQ,gg) with (131 = S*@QS Again
by Skolem-Noether there exists 8 with 38* = 1 such that ij(z) = B~ lia(x)3. Put
R =i3(S)B then Hy = R*HyR, K| = 'RK3R. Therefore g — RgR™! gives isomorphism
g1 = Ga.

Following [24], we will define the associated symmetric space via its Borel embedding
into its compact dual symmetric space. In our case we have that the semisimple compact
dual of our group is the group SO(2n) (see [12, page 330]), and the corresponding dual

symmetric space is SO(2n)/U(n). This space may be identified (see for example [30,
page 6]) with the space V = L/GL,,(C) where

L={UecC?: WKU =0}.

We set
Q={UeC?: —U*HU >0,'UKU =0} C L,
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with the action of GL,(C) by right multiplication and G by left multiplication. The
symmetric space H is defined as

H={eC™:U(z) e U<z>:=[,j“0},

for some fixed suitable ug, which we make explicit later. The following lemma is a
direct consequence of our definition for .

Lemma 2.1. There is a bijection H x GL,(C) — Q given by z x A\ = U(2) .
Note that G acts on 2 by left multiplication. By the above lemma, it follows that for
any element o € G, we can find a 2z’ € H and an A\(«, z) € GL,(C) such that

al(z) = U)o, 2).
We then define the action of G(R) on H by a.z := az := 2’ and A(q, z) satisfies the
cocycle relation

Marag, z) = Mag, aez) N ag, z) for aj, a0 € G,z € H.

We set j(a,z) = det(A(a, 2)) € C*. We call A(a, 2) or j(a,z) automorphy factors.
More explicitly, write a = @ Z ,

ug*(cz + dug).

al(z) = {

That is, az = (az + bug)(cz + dug) “tug,and A(a, 2) = uy ' (cz + dug).

az+bug | [ (az+ bug)(cz + dug) tug
cz+dug | U

For z1, 20 € H, we set
n(z1, z2) = iU(z1)"HU (22), 6(z1, 22) := det(n(z1, 22)) and n(z) :=n(z, 2),(z) := d(z, 2).
We now note that

U(z1)*HU (22) = Ma, 21)"U(az1) " HU (az2) Mav, 22),

and

iU (o) HU (z0) = [ Moz, az) * ] U (1) HU (29) = [ n(z1,2) ] |

* * *
In particular we obtain that
Ma, z1) n(az1, aze) A, z2) = n(z1, 22),
and after taking the determinant, we have
jla, z1)0(az1, az)ja, z) = 6(21, 22).
In particular,

Ma, 2)"n(az)Ma, 2) = n(2), §(az) = |j(a, 2)|7%6(2).

We now discuss the relation between different realizations of the symmetric space H.
Given Hy, K1 and Hs, K5 as above, we have seen at the beginning of this subsection that
we can find an R such that H; = R*HoR, K1 = 'RK>R. We then have an isomorphism
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Q1 =2 Qs given by U — RU which induces isomorphism p : H; = Hy. Indeed, for
z1 € Hq, there exists some zo € Ha, i1(21) € GL,(C) such that

(2.2) R[ - ] = [ - ]N(21)7

and the isomorphism can be given by p(z1) = z2.
In the following lemma we write p also for the isomorphism G; — Ga given by p(g1) :=
RglR_l.

Lemma 2.2. Let p: Gy — Go,p: H1 — Ha given as above. Then
(1) p(az) = p(a)p(z) with o € Gy, z € Hi;

(2) Mp(@), p(2)) = poz) e, 2)pu(2) "

(3) n(p(z1), p(22)) = p(z1)n(z1, 22)p(22) "1 for 21,20 € Ha.

Proof. (1) It suffices to prove that [ piozz) ] = [ ple)p(z) ] By definition of the
02

isomorphism and action,

{ plaz) ] =R [ az ] p(az)™! = Ra [ i ] Ma, 2) Tu(az)™t =

Up2 U1

o(a) [ p(2) } WA (@, 2) p(az) ! = [ ple)(z) ] A(p(@), p(2))a(z) M 2) (az)

up2 u02
We must have A(p(a), p(2))u(2)A(a, 2) " Lu(az)™t = 1 and our desired result follows
which we also obtain (2). (3) can be computed similarly by definition of 7. O

2.2.2. The symmetric space 3. We now apply the above considerations to some explicit
realizations of G(IR). We first define a symmetric space 3 which can be directly obtained
from G(R). This realization is useful in the computations of the doubling map and
Lemma 4.6.

Note that the map i defined above induces the following isomorphism on Q-groups

i:G 6 ={gecGlyK): g*dg = d,%glg =T},

0 0 0 —lgym 0 o o J,I,
_ _ -1
o] 0 0 L0 | 0 a’l 00
0 1, 0 0 0 0 1, 0
low 0 0 0 ~J.I, 0 0 0

This induces following isomorphism on R-groups

i: G(R) ; Goo = {g € GLQn(C) : g*¢009 = ¢oo,tgl/1<>og = 7!)00}7

0 0 0 —lgy, 0 0 0 J,
0 0 -1, 0 0o 1, 0 0
=1 09 1, 0o o |'Y*T| 0o 0 1, 0
lyw 0 0 0 ~J,, 0 0 0

Let K be a maximal compact subgroup of G(R). As in last subsection

Q={UcC¥: —iU*pU > 0,UthoU = 0},
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and define the symmetric space by
n z 0 1,
3:3n:3m,r:{Z€CnZU(z)EQ}yU(Z):|: :|7u0:|:12 0:|
Explicitly,
LR ) e u v ] weCimveC? weCli(z*—2z)>0,
ST g w | w1 =0,uJ), 4+ ol — J) = 0. ’
The action of G on 3 is given by

gz = (az + bug)(cz + dug) " tug, A(g, 2) = ug ' (cz + dug), g = [ Z Z } € Go.

For z1,2z2 € 3, we set n(z1,22) = (2] — 22),0(21,22) = det(n(z1,22)) and n(z) =
n(z,2),0(z) = 6(z,2). We will take z9 = i -1, to be the origin of 3 and K the
subgroup of G, fixing z9. Then g — (g, 20) gives an isomorphsim Ko, = U(n) =
{g € GL,,(C) : g*g = 1,,} and our symmetric space 3 = G /K. We note that we are
using the same notation Ko, for maximal subgroup of G and its preimage in G(R).

2.2.3. The symmetric space § and 5. We now give another two useful realizations.
They are much simper than the symmetric space 3 and are useful in studying CM
points in section 5.1. However, as the isomorphism between G, above and G below
is rather complicated, the action of the Q-group G on the symmetric space is difficult
to compute.

Note that G is isomorphic to

C- 1y 0 0
G = {g € GLn(IB) : g*(ﬁ/g = ¢/}7¢/ = 0 € -1y 0
0 0 —C-1,

By changing rows and colomns the map i induces isomorphism
i:G@ =56 ={gcGLly(K): g"dg = lg¥g =T},
¢ = J,, ¥ =diag[l, 1,1, —a, —a, —q],
and
i:G'(R) =G :=1{g9 € GLay(C): g*Jng = Jn, 99 = 12,}.
Take ug = 1, the symmetric space associated to this group is
H=H,={2€Cl:%22+1=0,i(z* —2) >0}

This is an unbounded realization of type D domain in [17]. The action of G, on $
and the automorphy factor is given by

gz =(az+b)(cz+d) " Mg, 2) =cz+d,g = [CCL Z]

For z1,22 € 9, we set n(z1, 22) = i(2f — 22). We take zp = iy, := i - 1,, to be the origin
of  and K[ the subgroup of G/ fixing zp. Since 7(gz0) = n(z0) = 2 for g € K,
g — A(g, 20) gives an isomorphism K/ = U(n) and thus = G /K. .
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Let T" = 7 [ ! _11 } and sending g — T"~'gT" we have isomorphism
il 1 Gl — Gl = {g € GL2n(C) : g" 09 = 0, ‘g9 = ¥}

/2 Zn 0 "o __ 0 _in
BN

Take ug = 1 the symmetric space associated to this group is defined as
B=DB,={2€Cl:lz=—222"<1,}.

This is a bounded domain of type P in [14]. The action of GZ, on B and the
automorphy factor is given by

with

9z = (az+b)(cz+d) ", Ng,2) = cz+d,g = [Ccl Zl

For z1, 23 € 9, we set 1(z1, 22) = i(z7z2 — 1). We take zp = 0 to be the origin of B and
K the subgroup of G/, fixing 2. Since 1(gzo) = n(z0) = —i for g € Koo, g — A9, 20)
gives an isomorphism K/ = U(n) and thus $ = G /K. The relation between $) and
B can be given explicitly by Cayley transform

9Bz (2 —d)(z i)

Let 21,29 € B, € G(R) as above and dz = (dzpx) be a matrix of the same shape as
z € C! whose entries are 1-forms dzp,. Comparing

21 ]"[1, 0 z9 1 | A1 4z || A1l 2 -2
1 -z 0o -1, 1 —2Z o 22 + tzl 1-— t21§2 o 29 —2z1 1-— tzlzg ’
[ azy 1 ]* [ 1, O ] [ azo 1 ] B [ (az1)*(aza) — 1 (az1)* — (azo)* }

1 —az 0o -1, 1 —azs aze — oz 1 —Yaz,)(azs)

and using the fact (which can be obtained from the property of U(z))
ol ? 1 | ez 1 AMa, 2) 0
1 2| |1 —a 0 Moz |’

azy —az; = NMa, 21) Nz — 2)Ma, 29) 71

we have

Therefore,
d(az) = Na, z)fl dz- Moy, 2)7L
Since the jacobian of the map z — az is j(a, 2z) ™", the differential form
dz = 6(2) " [ [[(1/2)d2ne A dZnal,
h<k

is an invariant measure. If we have another realizaton H (e.g. 3,$)) with identification
p:H — B, we then define dz := d(p(z)) with z € H to be the differential form on H.

Clearly, this is also an invariant measure.
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2.3. Doubling Embedding. We keep the notation as before and consider two groups

Gnl = {g € GLnl (IB) : g*(ﬁlg = ¢1}7¢1 =

Gn2 = {g € GLn2 (B) : g*¢29 = ¢2}7¢2 =

0

0
C'lr

—Lom,

\

o o
3
(V]

with ny = 2my + r,no = 2mo + r. We always assume m; > mo > 0.

ni1 + ng = 2mq + 2ms + 2r, and consider the map

Gny X Gp, > G* ={9 € GLNy(B) : g'wg =w},w = [

by sending g1 x g2 +— diag[g1, g2]. Note that R*wR = Jy/5 := [

with
[ 1, 0 0 0
0 1/2 0 0
- 0 0 0 Ly
k= 0 0 —1m, O
0 -1/2 0 0
| 0 0 0 0

0
—(
0
0
—(
0

1

1

o1 0
0 —¢o
In2

-

0

0

0

0

Limy

Composing the above map with g — R™'gR we obtain an embedding

p:Gny X Gny = G¥ = Gy ={g € GLN(B) : " Inj29 = Inj2}-

)

We set N =

|\

—1ny2
0 )

We can thus view G,,, X Gy, as a subgroup of G . To ease notation, we write G, X Gp,
as its image in Gy under p and 8 x v for 5 € Gy,,v € G, as an element in Gy under

the embedding p.

Now we consider a special case of this embedding, namely the case where m; = mgy =
m,n1 = no = n. To ease the notation we always omit the subscript ‘n’ and keep the

subscript N = 2n. The embedding p then induces

p: Goo X Goo = GNoo, 1 X g2 — R™'diag[g1, g2) R,

with

—_
~
\V)

o O

R=Ry =

—_
OOOOOOO§

|
—_
corooo
S
o

0 O
0 -1
1 0
0 O
0 O
0 -1
1 0
0 O

SO OO O OO

12m

where the entries with +1,+1/2 should be understood as :i:Ir,:I:%Ir. Let 3,35 be
symmetric spaces associated to Goo, GNoo- We are now going to define an associated
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embedding of symmetric space ¢ : 3 X 3 — 3. We first define the embedding
J. 0 0 0
Ur 0 | . _ 0o 0 -1, O
0 3% [Tl o0o 1. 0 o
0o 0 0 J,
Let z1 = (uy,v1,w1),22 = (ug,v2,w2) € 3. The image of U(z1) x U(z2) € Q1 x Q9
under this map is

leQQ%QN,leUQ*—)R_I[

Ul U1 0 0 7
wiv ), wn 0 1
0 1 —@g’ugﬂn —W2
0 0 —Jlus  —J], 02 [ A(z, )
1 0 0 0 | B(z1,2) |
0 1 wavy J), Wy
. , 2 2 2
_wl'UIJm —w1 0 1
2 2 2
L0 0 g 0 |

We then define the embedding of symmetric space as
L 3 X 5 — BN, 21 X 29 > A(Zl,ZQ)B(Zl,ZQ)ils,
where S := diag[1,1/2,1/2,1].

Explicitly, if we write wo_1 =1 4 wWa, w(, := 1 — wyWs, then

1(z1,22) =
Ul — 1}1@2w0w1t111.,7;n vlwflwowl —V1Wa2Wq —Ulwl_lwowlﬁgv;
2w0w1t1)1 J;n 2wow1 ’LU(/)’U)() —2w0w1@2v§
—QEQUJOwlt’UlJ:n wflwéwowl —2Wowy —walwowlwgv%‘
—J,’n@gwowltvl J,ln —J,:H@QUJOwl —J,/nﬁgwo —J,/nﬂgjgl + J;n@wowlﬁgv;

Here we note that we have “normalised” our embedding by S so that ¢ maps the origin
of 3 x 3 to the “origin” of 3. That is, ¢(zg X 29) =i - 1§ =: Zy, where 2y, and Zj are
the origins of 3 and 3y respectively.

For example in the case where » = 0 then the embedding is quite simple, namely

(21, z2) = diag[u1, —u3], where in the case of r = 1 it is given by (note that in this case
w1 = Wy = Z)

1 / 1 i i
(3] —. i’UliUlJm 51.11 —51}1 5’011};
W21, 29) = i J), { 0 —v5
’ —fuy J), 0 i v}
ioql o / to7l oo 1qr = 1qr =
— LT v, —5Jdnve —5J U2 —ub — 5, T3

We now show that the embedding of the symmetric spaces is compatible with the
embedding of the groups.

Proposition 2.3. For g1,92 € Go, 21, 22 € 3 we have

(1) (9121, g222) = p(g1, g2)t(z1, 22);

(2) j(p(g1, 92), t(21, 22)) det(B(21, 22)) = j(g1,21)7 (92, 22) det(B(g121, g222));
(3) 6(1(21, 22)) = | det(B(z1,22))|28(21)0(22).
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Proof. By our definition of embedding and the action

[ (9122, g222) ] _pl [ U(g121) 0
1 0 JU (g222)

] B(gi21,g222) 'S

-1
_gtl9 0 —1| Ul=1) 0 Mgi,z21) 0 -1
- [ 0 g2 ] filt [ 0  JU(2) 0 Mgz, 22) B(g121,9222)" S

_ [ p(g1,92)1b(21722) ] Mp(g1: g2), 121, 22)) %

1
g1, 0 _
(91, 21) ) } B(g121,g222) 'S,

1 v
S B(Zl,ZQ) [ 0 )\(92’22

‘We must have

g1, 21) 0

-1
Ap(g1,92), (21, 22))S ™' B(z1, 22) [ 0 ] ] B(g121, g222) 18 =1,

(g2, 22
and the desired result follows. Taking the determinant we also obtain (2).
Suppose 21 = ¢120,22 = g220 for g1 € Gioo, g2 € Goso With 2y the origin of 371 or 3,.
Then

8(e(z1,22)) = 0(p(g1, 92)e(20, 20)) = 17 (p(91, 92), (20, 20))| >0 (e(20, 20))

= 15(g1, 20)4 (92, 20) det(B(z0, 20) "' B(g120, g220))| ~*6(20)3(20)
= \det(B(zl,zg))|725(z1)5(22).

3. QUATERNIONIC MODULAR FORMS, HECKE OPERATORS AND L-FUNCTIONS

In this section we introduce the notion of a modular form of scalar weight and define
the Hecke operators in our setting. We then define the associated standard L-function.
We keep writing G for G,, with n = 2m + r as above.

3.1. Modular forms and Fourier-Jacobi expansion. Fix an integral ideal n as in
the previous section.

Definition 3.1. A holomorphic function f : 3 — C is called a quaternionic modular
form for a congruence subgroup I' and weight k£ € N if for all v € T,

Flyz) = j(7: 2) £ (2).

We note here that since we are assuming m > 2 we do not need any condition at the
cusps due to the Koecher’s principle (see [16, Lemma 1.5]).

Denote the space of such functions by My (T"). Here we are using the realization (G0, 3)
for our symmetric space. In fact, the definition is independent of the choice of realiza-
tions in following sense. If we choose another realization H (e.g. $,8) with identifica-
tion p : H — 3. Then with notation as in Equation (2.2), to a function f: 3 — C we
associate a function g on H by setting g(z) = det(u(2))"*f(p(2)). Then f:3 — Cis
a modular form if and only if g : H — C is a modular form.
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We write S := S(Q) := {X € M,,(B) : X* = X} for the (additive) algebraic group
of hermitian matrices. We use ST (resp. S.) denote the subgroup of S consisting
of positive definite (resp. positive) elements. For a fractional ideal a C B we set
S(a) = SN Mp(a). Denote ex(z) := exp(2miz) for z € C and A = 1tr. For f € M(I)
and v € G, there is a Fourier-Jacobi expansion of the form

(Flkn)(2) = D e, frv,w)e(Ai()u), 2 = (u,v,w) € 3,
TESL
In particular, for v = 1 we simply write
f(z) =Y v, w)e(Ai(r)u)),
TESY

We call f a cusp form if ¢(7,~, f;v,w) = 0 for every v € G and every 7 such that
det(h) = 0. The space of cusp form is denoted by Si(I).

Given a function f : G(A) — C, we can, by abusing the notation, also view it as a

function f : G(Ay) x 3 — C by setting f(gn, 2) := 5(9z, 20)*f(gng.) with z = g, - 2.

Definition 3.2. A function f : G(A) — C is called a quaternionic modular form of

weight k, level n if

(1) Viewed as a function f : G(Ap) x 3 — C, f(gn, z) is holomorphic in z,

(2) For a € G(Q), koo € Koo, k € K1(n)
f(aghook) = j(koo, 20)"£(g),

or equivalently,

(27) Viewed as a function f : G(Ap) x 3 = C, for a € G(Q), k € K1(n) we have
f(agnk, az) = j(a, 2) f(gn, 2).

We will denote the space of such functions by My (K1 (n)).

We call f € My (K1(n)) a cusp form if

/ f(ug)du = 0,
U@\U(A)

for all unipotent radicals U of all proper parabolic subgroups of G. The space of cusp
forms will be denoted by S (K7(n)).

It is well known that above two definitions are related by

M (K (n @Mk (T{(N),  Sp(Ei(n @Sk (T{(N

Write £ < (fo, f1,..., fn) for the correspondence under above maps. Here, f;(z) =
£(tj,2) = j(g:,1)*f(t;2) with z = g, - 4.

When n = 2m,r = 0 then the Fourier-Jacobi expansion becomes the usual Fourier
expansion. For z € Q,,v € h define e,(z) = ex(—y) with y € |J,2, p~"Z such that
T —Y € Ly Set ep(r) = oo(Too) [[en €v(T0). Let f € Mp(Ki(n)). For g € G(A)
we write it as g = Ytjkpockos With v € G(Q), k € K1(n), ks € K. Take t; of the

form | ¥ % | with ¢ € GLp(Bn),0; € S(Ap) and po = oo Toolloo | iy
0 q; 0 4o
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doo € GLp(Bx), 000 € S(R). Set ¢ = ¢jqoo, 0 = 00, then f has a Fourier expansion
of the form

£(g) = J(koor20) ™ 3 det(goe) el g Deso(Ma"70)20)en (A7),
TES
We call ¢(7, g; f) the Fourier coefficients of f.
For two modular forms f, h € My(T"), we define the Petersson inner product by
(f,hy=[  f(2)h(2)d(2)"dz,
"3

whenever the integral converges. For example, this is well defined when one of f, g is a
cusp form. Adelically, for f,h € My(K;(n)) we define

(£,h) = / £(g)h(g)dg.
GQ\G(A)/K1(n) Ko

Here dg an invariant differential of G(A) given as follow: dg = dgndgs, where dgj, is
the canonical measure on G(Aj) normalized such that the volume of Kj(n) is 1 and
dgoo = d(gooz0) With dz an invariant differential of 3.

Viewing f, h as functions f, g : G(Ay) x 3 — C we have,
f,h) = / f(g,2)h(g, 2)d(2)*dgndz.
G(Q\(G(An)/K1(n)x3)
Again these integrals are well-defined if one of f, h is a cusp form. If f < (f;);,h <
(hj)j then
(£,h) = (f5,hy).

J

3.2. Hecke operators and L-functions. In the rest of the paper, we make the as-
sumption that all finite places v with v { n are split in B. We define the groups

E =[] GLn(Ow), M = {2 € GLn(B)n : 2 € Mu(Oy)}.
vEh
Let X =[], X, be a subgroup of G(Ay) with X, = K, if v|n and X, = G,, if otherwise.
Define the Hecke algebra T = T(K1(n), X) be the Q-algebra generated by double coset
[K1(n){K1(n)] with £ € X. Given f € My (K;(n)) the Hecke operator [K;(n){K;(n)]
acts on f by

(FIKL(m)EKL ()] (9) = Y Flgy™),
yey
where Y is a finite subset of G}, such that
n)EKi(n) = | Kiln
yey

We say that f € Si(K1(n)) is an eigenform if there exists some numbers A\e(§) C C
called eigenvalues such that

£|[K1 (n)EK (n)] = Ag(€)F for all € € X.
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We use the notation (§) := det(r) if £ € G(Oy)diag[r,1,7]G(Oy) with r € M. For a
Hecke character x we define the series

D(s,f,x) = > Ae(EXT(UEUE) ™, Re(s) > 0.

§eK 1 (M)\X/K1(n)

Here x* is the associated Dirichlet character of x. We further define the L-function by

n—1
(33)  L(s,£,x) = Au(s,X)D(s,£,%),  Au(s,x) = [] La(2s — 2i,X7).
i=0

Here the subscript n means the Euler factors at v|n are removed.

Define T, = T(K,, X,) be the local counterpart of T so T = ®]T,. Obviously, T,
is trivial if v[n. For v { n, by our assumptions, we can identify the local group G,
with local orthogonal group, as in equation (2.1) above. Such local Hecke algebra is
discussed in [36] where a Satake map is constructed

W : Ty = Qt1, ey tng, 11 s ootk ],

I
where m, is the local Witt index of G(Q,) and 2n = 2m, + r, as in equation (2.1)
above. Given an eigenform f, the map £ — A¢(€) induces homomorphism T, — C
which are parametrised by Satake parameters

+1 +1
O TRITRITY e et

The L-function then has an Euler product expression

L(Sa f7 X) = H Lp(sv fa X)a
pn

with L, (s, f, x) given by

3
<

. mv _1
(1= xp* 2227 ] ((1 — aipx(p)p™ T (1 - a;}}x(p)pmvﬂ))
i=1

—

I
—

7

In particular, if r = 0 or a € QX? then G(Q,) is totally isotropic (i.e. m, = n,r, = 0)
so that

- n—2—s -1 n—s -1
Ly(s,£,5) = [T ((1 = aipx(@p =) (1 = aj xm)p"™))
i=1
Here we write p for the prime corresponding to some place v in the notation above.
Finally it is known that L(s,f, x) is absolutely convergent for Re(s) > 2n — 1 (see [36,
Proposition 17.4]).

Remark 3.3. We first note that for p not dividing n the local L-factors defined above
are given in [33, Theorem 16.16] or [36, Proposition 17.14]. These agree with the
Euler factors of the Langlands L-function defined by the (standard) embedding *G, =
S02,(C) — GLg,(C) (with a suitable normalisation on s). Here G, denotes the
connected component of the L-group of G which can be identified with SOz, (C) (see
for example [40, Appendix B]).

In this paper, our starting point is an eigenform f for the Hecke algebra related to K7(n)
(i.e. the analogue of I'1 (IV) in the classical GLg setting). As it is noted above this Hecke
algebra is locally trivial for primes dividing n and hence the corresponding Euler factor



ALGEBRAICITY OF L-VALUES ATTACHED TO QUATERNIONIC MODULAR FORMS. 17

is also trivial. On the other hand if we denote by K any congruence subgroup with the
property that there is a n such that Kj(n) C K (as for example of the form Ky(n), the
analogue of the classical T'g(N)) and we further assume that our f is an eigenform for
the Hecke algebra corresponding to such a K, then since Si(K) C Sk(K1(n)), we may
consider the above L function viewing f € Si(K;(n)). However in such a situation our
L-function will be only the partial L-function for the Hecke algebra with respect to K
since we will be simply setting L,(s,f, x) = 1 for p|n.

It is a delicate matter to define the missing Euler factor in such a situation. Indeed,
it is a conjecture of Langlands [18] that one can associate to all places a local L-factor
and local root number such that the global complete L-function satisfies a functional
equation. In such a situation and using the doubling method, Yamana [41] gives a defi-
nition of local L-factors and proves the functional equation for cuspidal representations
over classical groups. However his local L-factors are not given explicitly but rather an
existential result is proved [41, Theorem 5.2].

We will return to this matter (complete vs incomplete L-function) again after we prove
our main Theorem (see Remark 6.4).

4. EISENSTEIN SERIES AND INTEGRAL REPRESENTATION OF L-FUNCTIONS

4.1. Siegel Eisenstein Series and its Fourier Expansion. We fix an integer 0 <
t <m, and for r € G we write

ar ag bl Cc1 C2

asz Qa4 bQ C3 C4

z=| g 92 e f1 fo
hi hg 11 di dy
hs hy 1o d3 dy

with block size (t,m — t,r,t,m —t) x (t,m — t,r,t,m — t). The t-Klingen parabolic
subgroup of Gy, is defined as

Pﬁz{JIEG:(IQ292:h2:h3:h4:l2:d3:0}.
Clearly we have P™ = G,,. We define a projection map 7 : Pt — Gosi, by

apr 0 b1 ¢ e

a3 a4 by c3 ¢y ar b
g 0 e fi fol=]@ e f
hl 0 ll d1 d2 hl ll dl

0 0 0 0 ds

In particular, if » = 0, then n = 2m. In this case, the parabolic subgroup for ¢t = 0,

Pn::P,?:{[i Z]EGn:c:O},

is called Siegel parabolic subgroup. We now fix weight [ € N and let x be a Hecke
character whose conductor divides n. The Siegel-type Eisenstein series is defined as

Ei(z,5) =E"(z,5X) = Y ¢(yz,9),
YEP,\Gn
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with
p(z,5) = xn(det(dy)) ' j(x, 20) ' det(dy) [l (, 20)*,
if x = pkkoo € Pp(A)K1(n)K and ¢(z,s) = 0 if otherwise. Let J, € G,(A) be an

element defined by J, = Jy, for v € h and Jo = 1. We set Ej(z,s) = E(zJ; ', s).
Then we have the following Proposition (see for example [2]).

Proposition 4.1. Ej(x,s) has a Fourier expansion of form

B (| 6 7 ] os) = X e shes(hho))

hesS

where ¢ € GL,,(Ba) and o € S(A). The Fourier coefficient c(h,q,s) # 0 only if
(¢*hq)y € T(Qy) N My, (n;Y) for all v € h. In this case we have

c(h,q,s) = A(n)x(det(gn)) " det(goo)®| det(q) [} S an(gfihgn, S, X)E(Goo e, By s+, 51).

Here o
(1) A(n) € Q" is a constant depending on n.
(2) If h has rank r then

[T La(25 —4m +2r + 2i + 1, x2
17" La(25 — 2i, x2)

where Pygp(X) € O[X] and Pngq, = 1 if det(h) € 2™TZX. Here p is the prime
corresponding to v.

(3) Let p be the number of positive eigenvalues of h, q the number of negative eigenvalues
of h, t =m —p—q, then fory € SL h € Sy

['y(2s —2m +1)

Fo—q(s + DI—p(s = 1)

an(q"hg, s, x) = ) I Poas " )™,

§(yah73+las—l): W(y,h,S—i-l,S—l),

where
m—1
Ty (s) = a0~ T I(s - 2i),m € Z,
i=0
and w is holomorphic with respect to s +1,s — . In particular, when p = m,

£(y, h, 21,0) = 2272 (22T -1 (2]) det(h) 2 e(iA(hy)).

For g € G(A), write it as g = vtjkpockoo With v € G(Q), k € nKo(n)n™!, koo € Koo and

tj = G 039 | o= | Qoo Tooloo | gep g = ¢jo0, 0 = 0j0s then by modularity
0 q; 0 doo

property, Ej (g, s) can be written as

Ef(9,5) = j(koo,20) 7" Y c(h, q, )ea(A(ho)),
h

with c(h, ¢, s) in above propositions. We are interested in the special values Ej(g, s)
for s = [. From the Fourier expansion, we have the following proposition by counting
poles and degree of 7 in those Gamma functions.
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Proposition 4.2. Assumel > n—1. Then the Fourier coefficients c(h, q,l) # 0 unless
h > 0 and in this case

det(goo) e(hy q,1) = C - eac(iA(g"hg)).
Here, up to a constant in Q, C' = x(det(qn))~!|det(q) flm_l_l. In particular, Ej(g,1)
is holomorphic in the sense that when viewed as a function on G(An) x 3, E/(gn, 2,1)

is holomorphic in z.

We note in particular that the proposition implies that also E;(g,[) is holomorphic in
the above sense since Ef(z,s) = Ej(z.J;, ', 5).
4.2. Coset Decompositions. Let

p:Gnx Gy — Gy, g1 x g2 — R 'diag[g1, g2] R,

be the doubling embedding defined before. To ease the notation we may omit the
subscript n. Denote Py for the Siegel parabolic subgroup of Gy and P! = P! the
t-parabolic subgroup of G.

Proposition 4.3. For 0 <t < m, let 1+ be the element of Gy given by

[1, 0 0 0 0 O

0 1, 0 0 0, 0
o 01, 0 0 o0 (1 0] o
"0 0 e 1y, 0 0 ’et_[o O]EBW

0 0, 0 0 1, 0

¢ 0 0 0 0 1,

Then 1, form a complete set of representatives of PNv\Gn/G X G.

Proof. This can be proved similarly to the proof of lemmata 4.1,4.2 in [32]. Let W =
{w € BYy : w,w* = 0,rank(w) = N} then Py\Gy = GLy\W. Therefore, it suffices
to find representatives of GLy\W/G x G. Let w = [ a1 by c1 as by o ] c W of
column size (m,r, m, m,r,m). The condition w.J,w* = 0 is equivalent to wR*wRw* =
0. Explicitly, wR* = [ x Yy ] with

z=[a Y4+bl?t aly=[-a =%+l e z¢1r" =ydoy”

Multiplying by some element in GLy we can assume

0 0 e 0 0 e
xprx* =ypoy* = | 0 (I, 0 or 0 0, 0 |,0<t<m.
e;, 0 0 eg 0 0

Let V = B" with standard basis {¢;} and denote z; be the i-th row of z. Let U be
the subspace of V' spanned by basis ¢; with i <torm+r <i<m-+r+tand Ut
the subspace spanned by other basis so V = U®UL. Let 0 be the restriction of ¢1 on
U and 7 the restriction on UL then we can write (V, ¢1) = (U,0) @ (U*,7). Assume
x¢x* is given by first matrix as above, let U be the subspace of V' spanned by vector x;
withi <morm+r <i<m-+r-+tand U be the subspace spanned by other z;. We
also denote U+ = {v € V : ugv* = 0 for any v € U} then V = U @ U*. Then there
exists an automorphism ~ of (V,¢) such that Uy = U, Uty = Ut. Now U~y c UL
is a totally 7-isotropic subspace thus there exists an automorphism +" of (U L n) such
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that U'vy" C >, t1ri1<icn Béi Viewing 4 as an automorphism of (V,$) and put
g1 =77 we have (similarly for y)

; 0 0 0 O 1 0 0 0 O
0 00 0 wu 000 0 o
zg1=|0 0 1 0 0 |,y2=]10 0 1 0 O
0 00 1 O 0 00 1, O
0 00 0 v 0 00 0 o
We further modify
0 00 1, 0 0 00 —1; O
0 1.0 0 O 0 00 0 wu
g1 — g1 0O 01 0 O0)soxzg7 =10 01 0 O
-1 0 0 0 O 00 0 O
0 00 0 1 0 00 0 w
Therefore
000 -1, 0 —-10 0 00
000 0 0 0 w 0 0
w(grxg)=]10 00 0 0 0 0 —C 0 0
00 0 O O O O 1 0
000 0 0 0 v 0 0

/
By our assumption rank(w) = N, we must have [ Z :j, ] is of full rank. If x¢pix*

equals the second matrix as above, then by the same argument we can obtain a similar
result but without the term 1 in the middle of zg; and yge which contradicts the

/
u ou

-1
assumption rank(w) = N. Suppose [ a b } = [ , ] , multiplying
c d v v
—-1; 0 0 0 0
0 a O 0 b
0 0 —¢' 0 0] eGLy,
0 0 0 1; 0
0 ¢ 0 0 d
on the left we then get the desired form in the proposition. O

Put V; = (Gy, x Gp)7, 1N Py. Then by straightforward computation

0 0 -1
Vi={8x~vye PfZ X P,’; sk (B) = m(y)ket, ke =1 0 1, 0
1; O 0

To simplify the computation, we may also use the modiﬁed representatives 7, = 7(1,, X
(ke X lop—9t)) for 0 < ¢t < m. Put V, = Te(Gn X Gp) T 1A Py. Then

Vi={Bx~ € P, x Py :m(B) =m()}
One easily shows that (compare with Lemma 4.3 in [32]):

P! x P! = U Vi((€ X 1am_g¢) X 1a,) = U Vi(lan % (€ X lom_2t)),
£€Gatyr £€Gatyr
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PN#(Gn x Gn) = | PY7R((E x Lam-20)B x 7) = | PVA(B x (€ X Lam—20)7).
&8 &8y
where £ runs over Gogir, 8,7 Tuns over P:\G,,. In particular,

PN7 (G x Gp) = | PYan(E x 1) = | PVn(1ln x €).

We denote Ki(n) =[], K, be the open compact subgroup of G, (Ay) defined before.
We also consider the open compact subgroup of Gy, K{¥(n) = [],c, K2 with,

kX ={r=] ¢ h]eona)n @) =1y moan, |,

Proposition 4.4. Assume n is coprime to (2) and (¢). Then for v|n, 7, (€ x 1)7,,1 €
Pn(Qu)KY if and only if € € K,.

a b c
Proof. Let £ = | g e f | € G, where blocks has size (m,r,m) x (m,r,m). We
h U d
calculate that
I * * x k|
* * ok
. 1 * * ko k
(X DT = |, I —d+1 d % o
¢ty —¢He=1) ¢ ¢l % 0
| a—1 b c —c %C 1 |

Suppose 7, (€ x 1)7.1 € Py(Q,)KY, then there exist p € Py(Q,), say

* k%
* k%

* k%

0 0 0 pi1 pi2 p13 |’
0 0 0 pa1 p22 D23

0 0 0 p3s1 p31 ps3

such that p7, (¢ x 1)7.8 € KN. It is obvious that p13 = pe3 = 0 mod ¢ and p33 =
1 mod ¢. Comparing the third and fourth columns we have

p1i(—d+1) 4+ pi2(=¢ ' f) + prze = 0 mod n, p11d + p12(¢ " f) + pr3(—c) = 1 mod n;
po1(—d + 1) + pao(—C ' f) + paze = 0 mod n, pard + paa (¢ f) + pas(—c) = 0 mod n;

p31(—d + 1) + ps2(—C 7' f) + pssc = 0 mod n, ps1d + p32(¢" f) + pa3(—c) = 0 mod n.
This forces p11 = 1 mod n and p2; = p31 = 0 mod n. Comparing the second and fifth
column and using our assumption on n we have

p1i(—0)+p12(—¢ He—1)) +p13b = 0 mod n, p11(I¢) +pi2(e+1) +p13(—b¢) = 0 mod n;
po1 (=) +p22(—C H(e—1)) +p23b = 0 mod n,p21 (1) + paz(e+1) +paz(—b¢) = 2 mod n;
p31(—1) +ps2(—¢ He—1)) +ps3b = 0 mod n, p31(I¢) +pa2(e+1) +ps3(—b¢) = 0 mod n.
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The second line shows that poos = e =1 mod n and then p13 = p32 = 0 mod n by other
formulas. Therefore, p € Py(Q,) N KN. From above identities we already have
d—l=f=c=l=e—1=b=0modn.
The claim ¢ € K, then follows from above identities together with
pir(=h) 4+ pia(—C1g) + pis(a — 1) = 0 mod n,i = 1,2, 3.
O

4.3. Integral Representation. Let y be a Hecke character whose conductor divides
the fixed ideal n. Recall that we write N = 2n. We define 0 € Gy (Ayp) as 0, := 1, the
identity matrix, if v {n and o, = 7, if v|n.

We then consider the weight k& Siegel-type Eisenstein series (twisted by 7,,) on Gy
defined as

E(g,s) == Ef(go ", s:x), 8€Gn(A),

By decomposition of G we can write

E(g,S) = Z Z (ZS('YQ,S) = ZEt(gvs)'
t=0 ’YGPN\PN%t(GXG) t=0

Assume g = h x g with h,g € G(A) and let f € Si(K7(n)) be a cusp form.
We are going to study the integral
/ E(g x h, s)f(h)dh.
GQN\G(A)/K1(n) Koo
Proposition 4.5. Assume t < m, then

/ Ei(g x h,s)f(h)dh = 0.
G(Q\G(A) /K1 (n) Koo

Proof. Let Uy be the unipotent radical of P.. Then the integral equals

Z Z Qb(%t((g X 12n—2t)ﬁg X ’yh)a S)f(h)dh

/G(@)\G(A)/Kl (WKoo ecGayyr BrePING

S 3 G(((E X Lozl x 1), $)E(h)dh
Koo £€Gatrr yEPI\Gp

/Pﬁ\G(A)/Kl (n)

/ / Z &(7e(éng x yh), s)f(nh)dndh.
Ut(A) P (QN\G(A)/ K1 (n) Koo JUL(Q\U(A) "¢

Since £ normalizes Uy and 7¢(n x 1) € P, this equals

> 6(7u(€g x yh), s)f(nh)dndh,
&

which vanishes by the cuspidality of f. O

/Ut(A)Pﬁ(Q)\G(A)/Kl (n) Koo /Ut (@\U:(A)
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Therefore
/ E(g x h,s)f(h)dh = / E..(g x h,s)f(h)dh.
G(Q\G(A) /K1 (n) Koo GQ\G(A)/ K1 (m) Koo
-/ O(Fmlg x h), )£ (h)dh.
G(A)/K1(n) Koo

The infinite part is calculated in following lemma.

Lemma 4.6. For k+ Re(s) > 2n+ 1 we have,
/ oo (Tm(Goo X hoo)y )E(hn - hoo)dhoo = cx(s)f(hn - 9oo),
G /K

with

n<n271>1“(3+k—2n+3)F(s+k—2n+5)...F(s+k—1) B
I(s+k—-n+2(s+k—-—n+3)...T'(s+k)
) winn [T9Zg D(s + k —n+1—t — 2j)
7'[' 2 .
[T/ (s + k - 27)

ck(s) = afs)m

a(s

where n = 2¢+t with ¢ € Nand t € {0, 1} and «(s) is a holomorphic function on s € C
such that a(\) € Q for all A € Q.

Proof. Note that

j(%m(goo X hoo)7Z0 X ZO) = j(%m)goozo X hooZO)j(gmazO)j(homZO)'

Put w = heo20, 2 = goozo then since
Fw) = j(hoo, 20) (hoo), j(Tm, 2 X w) = 8(w, 2),

the integral becomes

k+s

2 f(w)dw.

s—

j@w%r%u>féaww*MWwW*&m

This kind of integral is calculated in [33, Appendix A2] and [14]. In particular it is
shown there that for k + Re(s) > n+ 3

Lawa*waw%MMvaww:a@ﬁ@aaﬂ,

where ¢ (s) is a function on s which does not depend on f. Indeed as it is explained
in [33] the quantity ¢(s) is independent of f and it is equal to

cr(s) = a(s) /%det(f + 22)*thdz,

where dz is the invariant measure on the bounded domain and is given as dz = det(I +
22)7"*dz, and a(s) is a holomorphic function on s such that a()\) € Q for all A € Q
(actually it can be made precise but we do not need it here). But this last integral has
been computed in [14, page 46] from which we obtain that
~ nn=1)  TEA+1DI2A+3)...T(2\ 4+ 2n — 3)
Gi(s) = ()™ ,
FCAX+n)I'2A+n+1)...T(2A+2n - 2)
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where A\=s+k—n-+1.

Setting now s — Sgk we obtain that.

k+s

> f(w)dw =

3(goon 20)5(2) 7" /3 5w, 2) 18w, 2)|**5(w)

(5 = £)/2)j(go0, 20) " F(2) = ci(s)E(hn - goo),
where we have set cx(s) := ¢ ((s — k)/2). O

By changing variables, it remains to calculate
/ On (% 1),)E(gh™)lh
K1(n)\G(An)

Note that for v|n, ¢, is nonzero unless h, € K,. Hence it remains the consider the
integral over Hv’m K,\G(Qy). These unramified integrals are well known by [19, 36, 40].
Indeed, by the Cartan decomposition, we can write

G(Qv) - H Kel,..l,emva

€15y€my EL
0<e1<...<emy,

Kel,...,emq, = deiag[pqc;lv "'7pqc;mv7 17'1,7]91761’ "'ap;emv]Kva

where m,, is the local Witt index of G(Q,) and p, the prime corresponds to v. Note
that by definition of ¢,

Do (T (ho x 1)) = (xw(po)py *) T teme

Assuming f is an eigenform such that f|[Ke, . e, ] = A(Ke,,....c,,, )T Then the integral
over K,\G(Q,) contributes a Dirichlet series

Z Af(Kel*"’emq,)(Xv(pv)pgs)el'i_"""emv'

€1, ,my EL
0<e1<...<emy

In conclusion, we obtain

[T 3 e Olpopy ) H4em - £(g) = D(s, £, x)E(9):

vin €1,...,em, €Z
0<e1 <. .<Zemy

We summarize the discussion in following theorem.

Theorem 4.7. Let £ € S}!(K1(n)) be an eigenform and assume n is coprime to (2¢).
Then

/ E(g x h,s)f(h)dh = c(s)D(s, £, x)f(g)-
GQ\G(A) /K1 (n) Koo
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5. ALGEBRAIC MODULAR FORMS AND DIFFERENTIAL OPERATORS

In order to move from the analytic considerations discussed so far to algebraic questions,
we need to discuss the notion of an algebraic modular form in our setting. The notion of
algebraic modular forms on Hermitian symmetric space is well understood. There are
mainly four characterizations of algebraic modular forms: via Fourier-Jacobi expansion,
CM points, pullback to elliptic modular forms and canonical model of automorphic
vector bundle. For example, in [20, II1.7] automorphic forms are interpreted as sections
of certain automorphic vector bundles. The canoncial model of automorphic vector
bundles then defines a subspace of algebraic automorphic forms (see also [9, 10]). It is
also proved there that this definition is equivalent to the definition in terms of values
at CM points. In [6], Garrett gives three characterisations of algebraicity for scalar
valued modular forms via CM points, Fourier-Jacobi expansion and pullback to elliptic
modular forms. They are also proved to be equivalent.

However, in this work, instead of simply referring to the results of Harris as in [9, 10] we
have decided to offer a definition of algebraic modular forms via CM points using the
rather more explicit language of Shimura as in [35], without need to refer to the more
advanced and general theory as developed by Deligne, Milne and others. Indeed our
approach of the definition of CM points and the underlying periods follows an idea in
the first works of Shimura on the subject ([26]), where one “tensors” a given embedding
h:Kix...x K, — G, of CM field K;, with another CM field K, disjoint to the K;’s
to obtain a point whose associated abelian variety is of CM type (see also [4, proof of
Theorem 6.4]). In this way we will be able to define and study the CM points in our
case by considering an embedding of our group in to a unitary group, after a choice of a
imaginary quadratic field. However we will show that our definition of CM points and
the attached periods is independent of the choice of the auxiliary imaginary quadratic
field. This should be seen as our main contribution in this section which we believe it
is worth appearing in the literature and could be helpful to other researchers, thanks
to its rather explicit nature and basic background, Finally we will show that in certain
case, when the underlying symmetric space is a tube domain, i.e a Siegel Domain of
Type I, our definition is equivalent to standard definition using Fourier expansion.

5.1. CM points. We introduce the following setting, with some small repetition of
what we have discussed so far.

We let B to be a definite quaternion algebra over Q, T* = —T € M,(B) a skew-
hermitian matrix and define the algebraic group

G:=G(T):={geSL,(B):¢g"Tg=T}.

Let K;, 1 = 1,...,n be imaginary quadratic fields and consider the CM algebra Y =
Kix..xK,and Y! = {y € Y : yy? = 1} with p induced by the nontrivial involutions
(i.e. complex conjugation) on each K;. We are interested in embeddings h : Y — G(T).
Clearly h(Y') C G(T)(R) and (Y ®g R)* is a compact subgroup of G(T)(R). Let us
show that there always exists such an embedding.

Without loss of generality we may write T' = diag|ay, ..., a,] in diagonal form. We
then select as imaginary quadratic fields K; := Q(a;), for ¢ = 1,...n, and define the
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embedding
h: Yl - G(T)7 (yla 7yn) = diag[yla 7yn]

Back to our general considerations, we select an imaginary quadratic field K which
is different from the K;’s above, and splits B. It is easy to see that that there exists
always such a field K. We now fix an embedding M,,(B) — Ms,(K). Denote the image
of T in My, (K) by T and the unitary group

U(T):={9€GLo(K):g"Tg="T}.
We note that the group of R-points of U(7T) is isomorphic to

—1-1, —1-1,
Its action on the bounded domain, (see for example [35]),
B={z¢€ M,(C):1-2"2> 0},

is defined by gz = (az+b)(cz+d)~! for g = { CCL Z ] , with the obvious block matrices.

The two factors of automorphy are given by A(g,z) = ¢z + d, and u(g, z) = cz + d.
The embedding M, (B) — Mas,(K) induces an embedding i : G(T') — U(T) which
is compatible with natural inclusion ¢ : B — B. We will view G(T') (resp. B) as a
subgroup (resp. subspace) of U(T) (resp. B) under this embedding.

Lemma 5.1. (1) Y is spanned by Y' over Q. In particular there exists an element
B €Y such that Y = Q[B] and B, ..., Bn, BY,. .., Bh are pairwise distinct.
(2) There is a unique w € B which is a common fived point for h(Y'!).

Proof. The first part can be shown exactly as [35, Lemma 4.12], and for the second
part we adapt an idea of the proof of that lemma. Without loss of generality we can
assume that the origin 0 of B is a fixed point for h(Y!) and our task is to show that
it is the unique fixed point. We note that the maximal compact subgroup in G(T')(R)
fixing the origin is isomorphic to U(n), and hence with respect to the embedding
G(T)(R) < U(n,n) we have that U(n) — U(n) x U(n) diagonally, i.e. a — (a,a).
In particular we have an emdedding h(Y!) < U(n) < U(n,n). Assume now there is
another point z € B which is a fixed point of A(Y'!). Then we must have that z = aza !
for every element diagla,a] € (U(n) x U(n)) N h(Y!). But for such a point we have
that a*a = 1 and hence @' = . That is z = az'a. Since a € U(n) < U(n) x U(n)

we may diagonalise it, say with eigenvalues A;, ¢ = 1,...,2n and hence we must have
zij = 0 for every A\; # A;. Taking a to be the element obtained from 3 above we have
that z has to be the origin. O

We call a point fixed by some h(Y!) as above a CM point, and we note that this
definition does not depend on the choice of the field K. For an example, take T" =
diag[¢ - 1, ¢ - 1, —C - 1,,]. This is the group G’ in section 2 and we have described its
embedding into unitary group and the action on ‘B explicitly there. Let h and Y be as
above, one easily checks that 0 is the fixed point of h(Y!) and thus a CM point.

We now want to attach some CM periods to our CM points. We will do this by relating
our definition with the notion of CM points of unitary groups. Indeed, our selection of
the field K allow us to view our group as a subgroup of a unitary group, and hence an
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embedding 6 — B. Our next aim is to relate the just defined CM points in B with the
well-studied, as in [35], CM points of H. It is here that we employ the idea of Shimura
which was used in [26] (see also [27, Section 7]) to study CM points in general Type C
domains.

Let w € B C B be a CM point fixed by h(Y!) € G C U(n,n). Then for a such a point
we have that
Ao, w)p(x,w) = p(za,w), a€h(Yh), zeC™

where A(a, w) € GL2,(C) and p(z, 2) : C2* x B — C?" are the map defined in [35, 4.7].
In this way we can obtain an embedding Y — Endc(C?") by sending o — A(a, w)
where we have used the fact that Y is spanned by Y! over Q. We now extend this to
an injection h of K ®gY =2 S := 81 x ... xS, into End(C?") where S; = KK;. Indeed
we set

h(B @ a)p(x, w) = p(Bra, w) = p(zfo, w) = p(raf, w).

That is, the point w can be seen as a fixed point of S'®@gR where S = {s € S | ss” =
1} with p the involution on S induced by the complex conjugation on K K;. Hence w
is a CM point in B defined in [35, 4.11] for unitary groups. In particular, w has entries
in Q by [35, Lemma 4.13].

Remark 5.2. Following [35, Section 4], let Q = {K,V, L, T,{u;}{_;} be a PEL-type
and F(Q) family of polarised abelian varieties of PEL-type. The abelian varieties in
F(Q) are parametrised by B. More precisely, there is a bijection

M\B = F(Q),T ={yeU(T): Ly = L,uyy —u; € L}.

As in [25], we can define ' = {B, V', L,T,{u;}_,} for quaternions and F(?') are
parametrized by ®B. The natural inclusion F(Q) — F(2) is compatible with 8 — B.
Moreover, similar to [6, 26] we actually have an embedding of canonical models between
'\B and I"\B for certain congruence subgroups I',T".

As we have remarked, CM points for unitary groups have been extensively studied in [35,
Chapter II]. We recall some of their properties. For a € S! we put () := A(h(a),w) €
GL,(C), ¢(a) := p(h(a),w) € GL,(C), and ®(a) = diag[t)(a), ¢(a)] € GL2,(C). We

can then find B,C € GL,(Q) (see [35, page 78]) such that
By(a)B™! = diag[thi(a), ..., vn(a)], Cp(a)C™t = diagpi(a),...,du(a)], YacS,

for some ring homomorphism ¢;,1; : S — C, where we have Q-linearly extended v and
¢, from S to S. We set

Poo(w) := C diag[ps(¢1,®), - ., ps(¢n, P)]C € GL,(C),

poop(w) = Bildiag[pS(d}h (I))a B 7ps(¢n, (I))]B € GLn((C)y
where the CM-periods ps(¢;, ®) € C* and ps(¢;, ®) € C* are defined as in [35, page
78]. Actually we should remark here that the periods ps(v;, ®), ps(¢;, ®) are uniquely

determined up to elements in @X, but this is sufficient for our applications.

We now use the fact that w € B C B is a CM point for both (Y, k) and also for (S, h).
Note that 1(a) = ¢(a) for a € Y C S'. Indeed, for a € G(R) we have that (see [26,

eq. 2.18.9]), [(z Z] = [—db _ac] and hence in particular we have that A\(«, z) = u(a, 2)
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since %z = —z. In particular the values (o) = ¢(a) = Mo, w) = p(a,w) for a € Y1,

that is the restrictions of ¢ and 1 to Y are independent of the choice of the field K.
Furthermore we note that 1)(a) = ¢(«) for all « € K with aa@ = 1 seen as elements of
U(n,n) i.e. aly, € U(n,n).

In the following lemma we use the notation Iy, Jy, Jgj as defined in [35, page 77].

Lemma 5.3. With notation as above, for all 1 < i <n, we have that

ps(¥i, ®) = py (Ress y (¥3), ®') = py (Ress )y (¢4), ®') = ps(¢s, ),
where @' = Resg/y ¢ = Resg y1p € Iy.

Proof. Let us write ® = 3% | ®; with ®; € Is; and ' = 70, @7, with @} €
Ig;. Then we have that ®; = Infs  k, (®). Indeed first we observe that ¥ =
Z?:l Ress, /x®j € Ik (see [35, page 85]), where ¥ as in the Remark 5.2 above. More-

over we know that ® = ¢ + ¢ with ¢, € Is as above and we have seen that ¢ = ¢
when restricted to K via K — Y ®g K = §. But on the other hand we have seen that
¥ = ¢ when restricted to Y, from which we obtain that ®; = ®; ® 7 + @, ® 7, where 7
a fixed embedding of K — C (i.e. a CM type for K). Since S; = K; ®g K the claim
that ®; = Infs, /,(®}) now follows.

The statement of the Lemma is now obtained from the inflation-restriction properties
of the periods (see [35, page 84]):

ps(¥i, ®) = [ [ ps; (Wij, ®5) = [ [ p; (Ress, jx, (Wi5), @) = py (Ressy (v4), @),
j=1 Jj=1

where ¢;; € Js; induced by ¢; € Js = U?Zl Js;. Similarly follows also the other
equality. O

The above lemma shows that we have poo(w) = pocp(w) for w € B and they are
independent of the choice of the imaginary quadratic field K we chose above (and
hence of the embedding to the unitary group). We then simply define p(w) = poo(w) =
Poop(w) for the period attached to CM point w € B. By [35, Proposition 11.5] and the
definition of periods we immediately have

(1) The coset p(w)GL,(Q) is determined by the point w € B independently of the
embedding (Y, h) chosen above,

(2) p(yw)GLn(Q) = Ay, w)p(w)GLn(Q) for all v € G(Q).

Remark 5.4. Even though the definition of a CM point in B given above is enough for
our applications, we mention here that there is a more general definition as follows. We
may take Y above as Y = M,,, (K1) X...x M, (Ks) with K; CM fields and the condition
that n = >°7_, n;[K; : Q] and assume there exists an embedding h : Y1 — G(T') where
Y!:={y €Y | yy? = 1} with the involution on Y induced by complex conjugation
and transpose. Then one can show as above that h(Y! ®gR) has a uniques fixed point
w € B. Picking as before an imaginary quadratic field K disjoint from all K; we can
see that the point w € 28 — B corresponds to an abelian variety A,, with endomorhism
ring equal to Y ®g K. In particular we have that A,, is isogenous to A}* x ... x Als
where the abelian variety A; has CM by the field S; := KK;.



ALGEBRAICITY OF L-VALUES ATTACHED TO QUATERNIONIC MODULAR FORMS. 29

5.2. Algebraic modular forms. We keep the notation from before. In particular we
write G for G(T') and we have an embedding i : G — U(T) as above. For the following
considerations we need to augment our definition of modular forms from scalar valued
to vector valued.

We start with a Q-rational representation w : GL,(C) — GL(V). Given a function
f:9B — Vandg € G define (f|,9)(2) = w(\(g, 2)) "1 f(gz). For a congruence subgroup
I', the space of modular forms M, (I") consists of holomorphic function with the property
floy = f for all v € T. Put M, = |J M, (') where the union is over all congruence
subgroups, and

o =My 'f:feM,,0#g€M},

Ay (T) ={h €Ay, : h|yy = h for v € T},
where e runs over Z and 7. denotes the representation defined by 7.(z) = det(z)w(z).

Definition 5.5. Let W be a set of CM points which is dense in B. Put P, (w) =
w(p(w)) for w € W.

(1) An element f € 2l is called algebraic, denoted as f € 2, (Q), if P (w) L f(w) is
Q-rational for every w € W where f is finite.

(2) We set M, (Q) := M, NA,(Q), and M, (', Q) := My,(T") N M, (Q).

We can compare the definition for our group with the unitary group. Let w : GL,(C) x
GL,(C) — GL(V) in be Q-rational representation. Denote A, A, (T") for modular
function spaces for unitary group as in [35, 5.3]. The composition of w with the diagonal
embedding GL,, - GL,, x GL,, gives a representation w : GL,(C) — GL(V). Clearly
if f € A, then its pullback fo: € 2, is a quaternionic modular form. Moreover,

f € A,(Q) and f o is finite then the pullback f o € 2, (Q).

Even though we have provided a definition of algebraicity for modular forms on the
bounded domain B we can transfer it also to the other realisation of the symmetric
spaces discussed in section 2. Indeed, with the notation of section 2.2 suppose we are
given two of these realisations (i1, ®1, H1, K1,G1) and (ig, Po, Ha, K2,G2), with i} = iy
both induced from an algebraic embedding M,,(B) — Ma, (K ), where K is an imaginary
quadratic field which splits B. In particular the matrix R in Equation (2.2) has algebraic
entries and hence we obtain that the bijective map p : H1 — Ho as defined there is
algebraic, in the sense that maps a algebraic points of H; to algebraic points of Ho.
We also conclude from this that p(z), as defined in the same equation is algebraic if z
is. In particular given any realisation H there is a bijection p : H — 2. We define the
CM points on H to be the inverse image with respect to p of the CM points of 5.

As we have discussed every vector valued modular form ¢g : H — V, corresponds
uniquely to a modular form f : 8 — V by the rule g(z) = w(u(z))~1f(p(2)). So it is
enough to now observe that if w is a CM point of H, which by definition means p(w)

is a CM point of 9B, and we have established above p(w) € GL,(Q). Hence we can use
the same periods B, (w) for both f and g.

In particular, the algebraicity as defined for bounded domains can be transferred to
the unbounded domain 3. Let now f : 3 — C be a weight & modular form defined
in section 3, we can take its Fourier-Jacobi expansion. We denote the Fourier-Jacobi
coefficients by ¢(7, f;v,w). When r = 0,n = 2m, we simply denote it by ¢(7, f).
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Proposition 5.6. (1) For congruence subgroup T' we have My (T') = Mg(T',Q) ®g C.
(2) For every f € My, and o € Aut(C/Q) we have c(r, f7;0,w) = c(7, f;0,w)?, for all
T and w.

(3) Let r = 0,n = 2m, (the Tube Domain case) and f € My then f € M(Q) if and
only if c(t, f) € Q for all T;

(4) For congruence subgroup T' and o € Aut(C/Q) we have Sp(I')° = Si(T) and
Sk(I) = Sk(T,Q) ®@ C.

Proof. This can be proved similarly as [35, Proposition 11.11, 11.15, 26.8]. See also [20,
Proposition 7.2] for (1) and [6] for (2),(3).

We briefly explain the proof for (3). Let r = 0,n = 2m and f € M(T") for a congruence
subgroup I'. Let V be the model of T'\3 defined over Q then 2(y(T") can be identified
with the function field of V. By the same method in [35, Sections 6,7], one can show
that g € Ao(I") if and only if g has algebraic Fourier coefficients. We will reduce our

problem for f € My to 2y similarly to what is done in the proof of [35, Proposition
11.11].

Let W be a dense subset of CM points in 3. We first assume that det(p(w)) ™% f(w) €

for all w € W where f is finite. Note that there exists a function U € ;(Q) on 3
holomorphic in w with det(U)(w) # 0. Indeed, denote #H for the unbounded realization
of B via Cayley transform, we can simply put U(z) = R(z) for z € 3 < H with R the
function in [35, Proposition 9.11]. We set g := det(U)~*f, and note that

g(w) = det (U(w)~"p(w))" det(p(w)) ™ f(w).

But now we have that U (w)_lg(w) is Q -rational since this holds for the function R in
unitary case. That is g(w) is Q-rational for every CM point w where g is finite thus
g € Ap(Q). Since f = det(U)*g we obtain that f also has algebraic Fourier expansion.

For the other direction, we keep the same notation. If f € Mj has algebraic Fourier
expansion then g € (Q). For every CM point w we may choose the function U above
such that U is finite at w and U(w) is invertible. If f is finite at w then so is g and
g(w) is Q rational. The equality of g(w) as above then shows that det(p(w)) =% f(w) is

Q-rational, and hence f € My(Q). O

We end this subsection by giving a definition for adelic modular forms. Let f € M,
be a (adelic) modular form of scalar weight k, i.e. we are taking w = det?. We say
that f is algebraic, denoted as f € My (Q) if for a dense subset W of CM points in 3,
PBr(w) f(gng) € Q for all w € W. Since j(g,w) € Q for CM point w, this is the same
as all component f; under correspondence f <> (fo, ..., f5) are algebraic.

Proposition 5.7. (1) Let K = K;(n) or Ko(n) then My(K) = Mk(K,@)@)@(C,Sk(K) =
(2) Let r = O,n = 2m and f € My, then f € My(Q) if and only if the Fourier
coefficients c(t,q,f) € Q.

Let r = 0,n = 2m and keep the notation for Eisenstein series in previous sections. Let
E;(g, s) be a Siegel Eisenstein series for group Gj. By explicit computation of Fourier
expansion, we have E;(g,1) € M;(Q). Clearly we also have E(g,l) € M;(Q).
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5.3. Differential operators and nearly holomorphic functions. In this subsec-
tion, we summarise some of the result of [31], (see also [35, Chapter 3|) on differential
operators on type D domains and then apply these operators to Siegel-type Eisenstein
series. We will be working with the the bounded realisation of our symmetric space
but thanks to the remark above we can transfer the definitions from one realisation to
the other. We set

B={2eCl:l2=—222<1,}, T:={2€Cl:2= -2}, niz):=1-2%.
Here ¥ is the tangent space of 98 at the origin 0.

Given a positive integer d and two finite-dimensional complex vector spaces W and V/,
we denote by My(W, V') the vector space of all C-multilinear maps of W x ... x W
(d copies) into V and Sy(W, V') the vector space of all homogeneous polynomial maps
of W into V of degree d. We omit the symbol V if V = C. Given a representation
w : GL,(C) — V we define a representation {w ® 7¢, M14(%,V)} by

[(w® 7 (a)h)(u1, ..., ug) = w(a)h(lauia, .., ‘auga),

for a € GL,(C),h € M14(%,V),u; € . In particular taking d = 1 and w the trivial
representation, we define the representation {7,51(%)} of GL,(C) by [r(a)h](u) =
h(faua) for h € S1(%),u € T.

Take an R-rational basis {€,} of T over C and for u € T =) u,€,. For z € B, write
z=73, ze. For f€C®(B,V) we define Df,Df,Cf € C(B,5(F,V)) by

N = Y wpt, @)W =gl @) = @) ().

We further define ®4f, " f, ¢4 f by
Dlf =001y, Dl =Dy, elf—eetlf, Df =D f=¢f=f.
And D% f € C=(B, S4(T,V)) by
DLf = (weT)(1(2)) e w(n(2)f)-
We now recall the important fact, due to Hua, Schmid, Johnson and Shimura (see
for example [29]), that the representation {7¢, S;(%)} is the direct sum of irreducible
representations and each irreducible constituent has mulitplicity one. In particular for

each GL,,(C)-stable subspace Z C S4(%) we can define the projection map ¢z of Sy(%)
onto Z. Define D2 f € C®(B,ZV) by DZf = ¢0%f.

Lemma 5.8. With notation as above we have,

(1) 71Df € A (Q) for every f € A(Q).

(2) Let Z be a GL,,(C)-stable subspace of Sq(%). If f € A,(Q) then
TP, (w) T IDZ f(w)
is Q-rational for any CM point w.
Proof. The proof is same as the one in [35, Theorem 14.5, Theorem 14.7] (see also [29,

Sections 5 and 6]). Indeed, as we have a natural inclusion 8 — B we can reduce our
problem to unitary case. For example for (1), denote D f for the differential operators
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in unitary case. The lemma is proved for this case in [35, Theorem 14.5]. Let p be
the complex dimension of B, we can take p elements g1,...,g, € Ao(Q) such that
g1 0€, ..., gp 0 € are algebraically independent. Put f; = g; o e. As shown in last section
gjoe € Ap(Q) so 9/df1,...,0/0f, are well-defined derivations of A(Q). For every
f € Ay(Q) we have Df = >-;(0f/0f;)Df;. Now D(f;) = (Dgj) o € and 7 Dg; is

Q-rational. This proves our assertion. O

We now set r(z) := —n(z)"'z. Let d be a nonnegative integer and {w, V'} the represen-
tation as before. A function f € C*°(B,V) is called nearly holomorphic of degree d if it
can be written as a polynomial in 7, of degree less than d, with V-valued holomorphic
functions on B as coefficients. We denote the space of such functions by M4(B, V). Let
‘)’ti be the space consisting of functions satisfying the modular properties as in M, but
now replacing the holomorphic condition with nearly holomorphic. For a congruence
subgroup I' we can similarly define the space 1% (I"). An exact same argument an in
the proof of [35, Lemma 14.3], shows that this space is finite-dimensional over C.

Suppose V is Q-rational. A function f € MY is called algebraic, denoted as f € M (Q),
if ‘Bi(w)_lf(w) is Q-rational for w € W = {g-0: g € G(Q)}. Put ML(T,Q) =
N4 (Q) N N4(T"). The proof of following lemma is same as the one in [35, Theorem
14.9].

Lemma 5.9. Let Z be an irreducible subspace of Sp(T). Then nPDZf € ‘ﬁi‘g;z Q)
for every f € ML(Q). Here 77 is the restriction of TP to Z.

We now extend the above definitions to adelic modular forms. Let f € M, and viewing
it as a function on G(Ay) x B by setting f(gn, 2) = 7(g-, 20)*f(gng.) with z = g.-0 € B.
Then @kf,ﬂff is defined as applying differential operators on z € B. A function
f : G(Ap) x B — C is called nearly holomorphic if it is nearly holomorphic in z €
6. We can then define the space ./\/',g and of nearly holomorphic modular forms as
before. Similarly, we can define subspace Ng(@) These definitions are equivalent
to all components in the correspondence f < (fi,..., fn) are nearly holomorphic or
algebraic nearly holomorphic.

We now apply the differential operators to Siegel-type Eisenstein series and show that
it is nearly holomorphic for certain values of s. We will keep the notation of section
4, and so in particular E;(g, s) is the Siegel-type Eisenstein series associated to group
Gp,n = 2m of weight [ and character x.

Proposition 5.10. Assume l >n —1 and let p € Z such that n —1 < u <. Then
(1) Eylg, ) € 7N H(Q) with & = m(l - p);

(2) Denote €(g,s) = An(s,x)Ei(g,s,x). Then €(g,un) € ﬂﬁAflm(l_“)(@) with B =
m(l + p) —m(m —1).

Proof. For this we use [29, Theorem 2D] which classifies the irreducible representations
of (7™, Spp(%)). In particular for for p € Z and a weight ¢ we can define the operator
AP by APF = (DZF)(1) with w = det!, Z = Cyp C Spp(T) and ¢ = det?’?. Here
the square root of the determinant denotes the Pfaffian of the skew-symmetric matrix.
Then
_ ; _
APNHQ) € 7#™PN TP (Q).
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We have shown that E;(g,1) € M;(Q) so ATE(g,1) € memg(@). Take p =1 — p,
then by the explicit formula in [29, Theorem 4.3], we have

APE,(g,p) = C - Ey(g, 1), with C € Q~.
This concludes the proof of the proposition. O

6. MAIN RESULTS

We now recall that we have established the integral representation of the L-function,
Lis £08(0) = cxls) | &(g  h, 5)E(h)dh.
GQN\G(A)/K1(n) Koo

Here €4(g,s) = Au(s,x)E(g,s); E(g,s) = Er(go~',s) for g € Gy(A) and o = 1 if
vin, o =T, if v|n, where E(g, s) is the Siegel-type Eisenstein series defined on G
of weight k and N = 2n.

We first prove a Lemma which is the analogue of [35, Lemma 26.12] in our setting.

Lemma 6.1. Let f € Ng(@) be an algebraic nearly holomorphic form associated to
group G n. Then there exist g;,h; € Nd(@) associated to group G, such that

f(gxh)= Zg]

Proof. Write

f(gxh) =7(goo X hoo, 20 X zg)_kf(gh X hp,z X w)
with 2 = goo20, W = hoo20 € 3. By definition, f(z,w) := f(gn X hn, z X w) is nearly
holomorphic in z X w. Similarly to the proof of [35, Lemma 26.12], one can show that

it is also nearly holomorphic in z and f(z,w) is nearly holomorphic in w. Therefore
f € NA(Q) (resp. f € N4(Q)) as a function in g or h.

Let {g;}5_; be a Q-rational basis of NA@Q). For each fixed h we have f(g x h) =
> 5-18j(9)h;(h) with h;(h) € C. Since g; are linearly independent we can find e

points g1, ..., ge such that det(gj(zk))ik:l # 0. Solving the linear equations f(g,h) =
> %-18j(z)h;(h) we find functions h; € N

It suffices to prove {h;} are algebraic. Since W = {g-z0 : g € G(Q)} is a dense
subset of 3,,,, we can take g; such that gjzo € W. We easily calculate the period

PBr (20 x 20) = Pr(20)Pr(20) hence
PBr(zo X 20)~ Y (gn x hn) hn) = Z‘Bk (z0)~ gj gh)mk(zo) 1h]‘(h).

By algebraicity of f, g; we have ‘Ifk(zo)_lhj (h) € Q and thus for all w = heozo € W we
have Py (w) ~1h;(h) € Q. Hence h; € N(Q) which completes the proof. O

Before stating the main theorem we need to establish one more result. Namely we show
that
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Proposition 6.2. Assume k > 2n — 1 and let p € Z such that 2n — 1 < u < k. Then

there exists a function T(g,h) with T(g,h) € /\/Zn(kfﬂ) (Q) x M(Q), such that

(T(g,h),£(h)) = (€(g x h, p), £(h)).

Proof. This is the analogue of Lemma 29.3 proved in [35] in the unitary case. Actually
it is even simpler in our case since we do not need to involve some more complicated
differential operators needed in the unitary case. Here we simply indicate some changes
to the proof in [35] to cover our case. We follow the notation of the Appendix A8 in
[35] and write g for the real Lie algebra of G := G(R). We then have the familiar
decomposition of the complexification gc = tc @ p+ @ p— where t is the Lie algebra of
the fixed maximal compact subgroup K 2 U(n). Finally we write { for the universal
enveloping Lie algebra of gc, and K¢ = GL,(C) for the complexification of K.

Given a representation (p, V') of K¢ we write C*°(p) for the functions f € C*(G,V)
such that f(zk™!) = p(k)f(z) for all k € K C K¢, and z € G. As in [35] there is a
bijection between C*°(3,V) and C*°(p) which we denote by f — fP. We also write
H(p) for the functions in C°(p) such that Yf = 0 for all Y € p_. These functions
correspond to holomorphic functions in C*°(3, V).

Recall (see [35]) that a -module ) is called unitarizable if there exists a positive
definite hermitian form {, } : Y x Y — C such that {Xg,h} = —{g, Xh} for every
g,h €Y and X € g.

Let us now take p = det” for some k > 2m — 1. Then we have that for any nonzero
f € H(p) the U-module structure of {f depends only on the weight k, and that such a
module is unitarisable. This follows exactly as in [35, Theorem AS8.4] where the cases
of unitary and symplectic groups are considered. What needs to be explained is the
bound on the weight k. For this there are two remarks that one needs to make: first
that the bound follows from the fact that in our Type D setting the function %y is
given by (see [29]),
m  T2p
vz(s) =[] (s —i+2n—1)

h=11i=1

For the notation we refer to [29] since what is important in the proof is the fact that
Yz(—k) # 0 which is satisfied for the selected bound on k. The other remark is the
existence of a nonzero g € H(det) and a discrete subgroup I' of G such that I' \ G is
compact and f(yz) = f(z) for all v € I'. This is the analogue of [35, Lemma A8.5]
which covers the unitary case. But again the existence of such a g and a discrete I' can
be derived from the existence of such elements in the unitary case, say I' and g (the
content of Lemma A8.5 and the natural closed embedding G < U(n,n). In particular
we may take I' := I'NG and g as the restriction of g to G.

The importance of considering {-module structures which are unitarizable becomes
clear from the following result on holomorphic projection. Namely, if we still write
p = det®, and consider an f € N, g(@) for any d € N such that {{f? is unitarizable, then
there exists an element ¢ € M (Q) such that (f,h) = (g,h) for all h € Sj. This is a
rather general result and can be obtained exactly in the same way as it is done in [35,

Lemma A8.7] in the unitary and symplectic case with little changes.
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We can now complete the proof of the proposition. First we note that unitarizable
$I-modules behave well with respect to the doubling mapping. Let us write G; with
1 = 1,2 for groups of type similar to G, and we insert the index ¢ to all notations.
Assume we have a doubling embedding G; X G1 < Go is of the kind considered
in this paper, and we write A for the corresponding embedding of symmetric spaces.
Then if f € Hy(p) such that the LUs-module s f is unitarizable then the {; x £; module
A*$Lf is unitarizable with respect to both variables. This follows similar to [35, Lemma
A8.11]. Hence in order to complete the proof it is enough to show that the Eisenstein
series €(g, 1) belongs to a unitarizable $l-module, since then when we pull it back with
respect to the diagonal embedding we can keep the one variable constant (the variable
g in the statement of the proposition) and take the holomorphic projection with respect
to the other. This final claim follows from the fact shown in Proposition 5.10 that the
Eisenstein series €(g, ) on Gy with N = 2n are obtained from holomorphic ones
of weight I > N — 1 = 2n — 1 by applying the Shimura-Maass operators Af . But
these operators are well known to be obtained as operators of the universal enveloping
algebra. Indeed this is shown for the symplectic and unitary case in the first few lines
of [35, A8.8] and more generally in [7]. O

We can now prove the Theorem on the algebraicity of the L-values (we remind the
reader here of the Remark 1.2 made in the introduction).

Theorem 6.3. Let n be an ideal in Z and assume that all finite places v with v{n are

split inB. Letf € Si(K1(n),Q) be an eigenform with k > 2n—1, and let x be a Dirichlet
character whose conductor divides the ideal n. Let y € Z such that 2n —1 < u < k,

then
L(p, £, x) =
Wn(k—l—u)—%n(n—l) <f, f> €Q

Proof. We prove the theorem following an idea used in the proof of [35, Theorem
29.5], which allows us to cover also the non-split (i.e. non-tube) case. By the above

Proposition we can replace (g x h, ) by T(g, h) holomorphic in k such that the integral
can be rewritten as

() L(p, £, x)f(g) = (T(g, h), £(h)).

By Lemma 6.1 we have
e

7 PT(g,h) =Y gi(g)h;(h),
j=1

with g; € N;(k_”)((@),hj € My(Q), and 8 = n(k + u) — n(n — 1). We note here
that indeed h; € M x(Q), as one can see in the proof of Lemma 6.1 that the analytic
properties of the h;’s follow from that of the restricted function on the h variable
since they are obtained as the solutions of a linear system where the “constant” vector

consists of holomorphic functions.

Then above equation can be written as

Mf@) — i<hj,f> -gi(g).
j=1

B
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Since we are assuming k > 2n— 1 we may apply [8, Corollary 2.4.6] and write M (Q) =

Sk(Q)®EL(Q) as a direct sum of space of algebraic cusp form and the space of algebraic

Eisenstein series. In particular we can find h’; € S(Q) such that (hy;,f) = (hl,f). Let
W = goozo be a CM point with period By (w) then by definition P (w) 'g;(gngso) € Q.

Therefore at g = gngoo we can further find some h” € S;(K;(n), Q) such that

Wf(gh “ goo) = Pr(w) (W, f).

Denote
V= {f € Sp(Ki(n)) : £|Tg = MO}, V(Q) = V N Si(Ki1(n), Q)

for the space consisting of eigenforms with same eigenvalues as f. Since Si(K1(n)) =

Sk(Ki(n),Q) ®g C and Si(K1(n),Q) is stable under the action of Hecke operators, we
obtain that the eigenvalues A(¢) € Q. Hence we have V = V(Q) ®g C. We may now

write Sg(K1(n),Q)) = V(Q) ®U for some Q-rational vector space U (compare with the
first few lines of the proof of [35, Theorem 28.5]). With w = g2 as above, let h,, be

the projection of h” to V(Q), then for all f € V(Q) and any CM point w = goo2p We
have

7P B (w)
For a fixed p, we can choose w such that (h,,f) # 0, since L(u,f,x) # 0, thanks to
the Euler product expansion and absolute convergence for such an g > 2n — 1. Such
h,, span V(Q) so for any h,h’ € V(Q) we have (h, h') € mPc;(u) ' L(u, f, x)Q and thus
(h,h’)/(f,f) € Q. Choose g such that f(gngeo) # 0. Then by algebraicity of f, we

have
cx (WL, x) _ (B, £) <f(gh 'goo)>_1 cT
™ <f7 f> <f7 f> B ('U}) ’
and the result follows from the value of ¢;(p) in Lemma 4.6. O

Remark 6.4. We finally give several remarks on our main theorem.

(1) As it was discussed in Remark 3.3 if f is assumed to be an eigenform in Sj(K) for
some K D Kj(n) then the L-function above is only the partial L-function corresponding
to such an f. However in our case since our result are for values of L at the absolute
convergent range (larger than 2n—1), we can extend our results to include such missing
Euler factors. Indeed if we consider a pln and write L,(p~*) = Py(x(p)p~*)~! for such
an Euler factor then for an integer p > 2n — 1 we have P,(x(p)p™*) # 0 since both
the complete and the partial L function are absolutely convergent there. Hence if one
further knows that P,(x(p)p~*) € Q then one can simply “add” the Euler factor to the
algebraicity result above. As it was mentioned above the existence of the correct Euler
factors has been established by Yamana in [41], however, to the best of our knowledge,
there is no result on their algebraicity, that is, it has not yet been established that
P,(X) € Q[X] even though such a result is expected to hold.

(2) Of course the motivation for a theorem as the above stems from the celebrated
Deligne’s conjetctures [5]. These conjectures are related to critical values of motivic L-
functions and are of central importance in modern number theory. This critical values
can be defined by the I'-factors appearing in the functional equation of the motive.
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Of course in our setting and to the best of our knowledge we do not have a motive
corresponding to our automorphic object f. As it is often the case in such situations
one attempts to define the critical values by looking at the I'-factors of the automorphic
object. However similarly to the Remark 3.3 the explicit form of the Euler factors at
infinity (i.e. I'-factors) such that a functional equation is satisfied, is not known (see
[41, Theorem 5.2]).

The next best thing one can do is to “declare” as the right I'-factors the ones that
are obtained by combining the expression c(s) derived by the reproducing kernel in
Lemma 4.6 and then include the I'-factors which give good analytic properties to the
Siegel type Eisenstein series. Such an approach is taken for example by Shimura [35] for
Hermitian and Siegel modular forms and also by Bocherer and Schmidt [3, Appendix]
in the Siegel modular forms case. In our case, since we are taking k > 2n the I'-factors
for the Siegel-type Eisenstein series are T, (s + k) := 7"~ D [["2 T(s + k — 2i) (see [2,
Theorem 3.8]) and hence for the L function is (using the notation of Lemma 4.6 and
write n = 2¢ +t with ¢ € {0,1}),

3MTUHﬁ$Hs+k—n+l—t—2ﬁ”4

L' (s) := cp(s)Tn(s+k) = as)m [ r(s+k—2i) =

[T (s + k — 2j) Pl
3n(n—1) ! n-l
a(s)m 2 HF(S—{—k—n—I—l—t—Qj)HF(S—{—k:—Qi),
J=0 i=q

where, we recall, a(s) is a holomorphic function for all s € C. It is worth mentioning
here that in the case of n even, the above I'-factors agree with those computed in [2,
Theorem 8.2] where a very different method was used involving theta series and an
Eisenstein series of different group and weight.

Declaring now as critical values the integral values of s such that I'(s) and I'(2n—1—s)
(note our normalisation of the Satake parameters) have no poles we find that the critical
values are at the interval

ez :2n—1—k<u<k}

In particular the values in our theorem above are all within the critical range (in the
above sense).

Let is now explain a bit more the assumption in our theorem, namely that we are
assuming k > 2n—1 and why we obtain results only for the critical values 2n—1 < u < k,
and not for the whole range indicated above. The condition on the weight £ > 2n — 1
is required since in our proof we need to be able to separate algebraically the cuspidal
part from the Eisenstein part, that is My(Q) = Sp(Q) @ & (Q). For this we rely on a
celebrated result of Harris in [8] which holds under the assumption that & > 2n — 1.
We remark that the case of r = 0 (split case) and r # 0 (non-split case) are very
different, and a similar phenomenon shows up also in the unitary group for the case of
U(n,n) and the case U(n,m),n # m as for example in Theorem [35, Theorem 27.12].
The restriction of the range 2n — 1 < u < k is due to the use of nearly holomorphic
Eisenstein series (see Proposition 6.2 and Theorem 5.10. above) and the non-vanishing

L(u,f,x) # 0 used in the proof above.
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We mention here that in the split case (r = 0) we can obtain algebraicity result in [15]
for n4+1 < p < k. The techniques there are very different to the ones used here and are
modelled to the seminal paper of Bécherer and Schmidt [3], and rely on the use of some
holomorphic differential operators (no use of nearly holomorphic Eisenstein series) and
some further assumptions on non-vanishing eigenvalues. We simply mention here that
these techniques seem to be particular to the split case (especially the holomorphic
operators) and it is not known how they can be applied to the non-split case, which is
the main case of interest of this paper.

(3) One may expect a refined result of above theorem. That is for o € Gal(Q/Q),

L(p, £, %) _ L(p, £7,x7)
ﬂ_n(k+,u)—%n(n—1)G(X)n<f’ f) W”(k"‘ﬂ)_%”("‘1)G(X‘7)n<f‘7, f‘7> 7

where G(x) is certain Gauss sum. It is known that the Fourier coefficients of Siegel
Eisenstein series have these nice Galois properties, but it is not clear whether its pull-
back still preserve the Galois properties. The same problem also occurs in [35] for
unitary groups. When our group G is a split (i.e. 7 = 0), £f7 can be simply defined
as the action of Gal(Q/Q) on the Fourier coefficients of f. In this setting, our Lemma
6.1 has a refined version as in [35, Lemma 24.11] for Case UT there (the split unitary
group) and we actually obtained the above refined algebraicity result in [15]. In the
general case treated in this paper, which of course includes the case of non-split groups
(r # 0), we have to characterise the algebraic modular forms using CM points and thus,
when pulling back the Eisenstein series, we can only prove our Lemma 6.1 over Q as
in [35, Lemma 26.12] for Case UB, which includes the non-split unitary groups. And
of course as it is clear from the proof of Theorem 6.3 above the more refined results

require the understanding of the action of Gal(Q/Q) on (f%:ig;;’)) € Q in the notation

used in the proof of the theorem.

(4) Finally we mention that as in [32] and [35], we can also applying the pull-back of
Siegel Eisenstein series for two different group G,, x G,s. This will give the Klingen
Eisenstein series and thus the algebraicity result for the Klingen Eisenstein series can
also be obtained.
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