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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 doubling method. Our main contribution
is that we include the case where the corresponding 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 QQ, and let V be 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 = {geGL(V.D): (gx,gy) = (x,»)}.

One can define automorphic forms associated with such group as in [2]. 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 C} 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
follows:
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2 T. Bouganis and Y. Jin

(A){zeC}, :zz" <1,},

(B) {zeC": z*z < 1+|%zz/2|* < 2},
(C){zeCl:z=z2z"z2<1,},
(D){zeCl:%z=—-z,z2"z<1,}.

The spaces above are the so-called bounded realizations of the symmetric spaces,
and one can with the use of the Cayley transform show that they 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 realization 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, so we will only mention here the
book [32], the more recent article [21] and the references therein 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 DD to be a definite quaternion algebra and the form (, ) skew-hermitian
(see the next section for details). There are already some works for these modular
forms (for example, [3, 16, 35, 37]), 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 realization of
the corresponding symmetric domain. In particular, when # is even, the unbounded
domain is biholomorphic to a tube domain, or what is usually called a domain of Siegel
Type 1. When # 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 realization.

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 pullback 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 € S (Kj(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 G,. Then a Siegel-
type Eisenstein series over Gy can be decomposed into several orbits, and except for
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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 particular, Theorem 4.7 for details and further notation):

E(g x h,s)f(h)dh = ci.(s)D(s, £, y)f(2),
i ooy oy FC€ % BN () = ce(5)D (s, ()

where y is a Dirichlet character, ¢, (s) is an explicit function on s, and D(s,f, y) is a
Dirichlet series which is related (see equation (3.1)) to the twisted standard L-function
L(s,f, x).

In Section 5, we review the definition of algebraic modular forms and differential
operators. 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 [32]. 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 [27, 29]. We will summarize the result there and apply it to the
Siegel-type Eisenstein series mentioned 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 [32]. Our main result is
Theorem 6.3 which gives the following.

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 € 8 (K (n), Q) be an algebraic cuspidal Hecke eigenform, and let y be
a Dirichlet character whose conductor divides the ideal n. Assume that k > 2n — 1, and
let yu € Z such that 2n —1< y < k. Then

L. £, x)
n.n(k+y)—%n(n—l) (f’ f)

cQ.

Remark 1.2 We note here that the condition on the conductor of the Dirichlet
character is not restrictive. Indeed, for f € 8 (K;(n),Q) and y of conductor m, we
can select n’ = nm instead of n since 8 (K;(n), Q) c 8¢ (Ki(n'), Q).

Most of our arguments to prove the above are straightforward generalization of
[32] from the unitary and symplectic setting to our setting. Our main contribution is
making some of the not always obvious generalizations 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 [32] rather than simply referring to the
more advanced and general theory of Harris [9, 10], Deligne [5], and 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 [32]), which is also inspired by [21].
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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, for example, [3, 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 [31, 32], 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 referred to [36]. In this work, a quaternion algebra will mean a central simple algebra
of dimension 4 over Q. After selecting a basis, we can write it in the form

B=QeQl{eQfaQ,

where

(2 =, EZ :ﬁ,(£: —f()

with «,  nonzero square-free integers. We assume in this paper that B is definite, i.e.,
«, B < 0. The main involution of B is given by

B>Bira+bl{+céE+dlEl—a+bl+cE+dlE=a-bl-cE-dlE

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 the norm are defined
by tr(x) = x + X, N(x) = xX for x € B. As usual, we write M,,(B) for the setof 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 \/«, \/ﬁ € Q, and let K = Q(&). We define the embedding

i:B> My(K),a+b{+ctE+d{ém ;:22 a(ab—_cdfg)]'

One easily checks that for x € B,

i) = Iy T | 0],

i(x)=77"(x)], T

Il
— o
o L

—_—

and i induces an isomorphism
i:B > {x e My(K) : XIJ = [Jx}.

We extend this map to an embedding i: M,(B) - M,,(K) by sending x = (x;;)
to (i(xij)). Denote I, = diag[[,...,I], ], = diag[J,...,]J] with n copies. Then, for
x € M,(B),
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i) = L), () = 1)
and i induces an isomorphism
i:M,(B) — {x e My, (K):xI,J, = I ]/ x}.

For a matrix with entries in quaternion algebra, the determinant det and the trace
tr will mean the reduced norm and the reduced trace. That is taking the determinant
and the trace 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

GL,(B) = {g € My (B) : det(g) # 0}, 5L, (B) = {g € M, (B) : det(g) = 1}.

Let A be the adele ring of Q. By a place v, we mean either a finite place correspond-
ing to a prime or the archimedean place co. The set of finite places is denoted by h. We
write A = AyR with finite adeles Ay, and x = xpXoo With x € A, xp € Ap, Xoo € R. Fix
embeddings Q - Q, and set B, =B ®q Q,. The previous definition of trace, norm,
and 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, @ M,(Q, ). If this is the case,
we fix an isomorphism i, : B, — M,(Q,) and assume i,(0,) = M,(Z,) for finite
place. B is called indefinite if B, is split for v = co and definite otherwise. In particular,
B is definite if «, f < 0, and indefinite otherwise. That is, for the infinite place, by our
assumption, B, is the Hamilton quaternion

H =R e RieRje Rij, i’=j°=-1ij=—ji,
and the map i above induces an isomorphism
i: M, (H) —> {x € My,(C) : XJ} = J\,x}.

In this paper, we consider the following algebraic groups:

0o 0 -,
G=Gu(Q)={geSL.(B):g"pg=9¢},¢=|0 (-1 0
l, 0 0

Here, n = 2m + r and we assume that 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 1, 0 0 1,
(21)  G(Q,)=x={geSL,(Q,):gl 0 6 o0 |g=[{0 6 0]},
l,, 0 O l,, 0 0

v v

with some anisotropic matrix 6 = ‘0 € SL,, (Q, ) (that is, the corresponding quadratic
form does not represent zero), and 2n = 2m, + r, for some positive integers m,,, r,,
with m, >2m and r, < 2r. In particular, G(Q, ) is totally isotropic if r = 0 or (using
(33, Lemma 1.7]) if & € Q2. In these two cases, we have m,, = n,r, = 0, and

R N e R i
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We remark here that the condition on m being the Witt index of our group G implies
that r < 3. Indeed, using a result in [13], we know that for r > 4, { - 1, is isotropic if and
only if 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 r > 4. Indeed, for v split,
this follows from [33, Theorem 7.6] and for v nonsplit (including co) from [34].

We will discuss the local archimedean group G(R) and the associated symmetric
spaces in the next subsection.

We fix an integral two-sided ideal n = (N)) of O generated by N = [],, pliv € Z. We
define an open compact subgroup K;(n) ¢ G(Ap) by Ki(n) =[], K, where

a b ¢ l, * *
K,={y=|g e f]eG(O,):y=|0 1, % | modp,
h 1 d 0 0 1,

It is well known (see, for example, [22, p. 251]) that we have a finite decomposition

G(A) = UG(Q) 1K ()G(R).
J

Moreover, thanks to the weak approximation which is valid for our group (see [22,
Proposition 7.11]), we can take ¢; such that (¢;), = 1for v|n (compare with [31, 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 I} = ¢;K;(n) t]Tl N G(Q). We can
take to = 1 so that

a b ¢ 1, * *
I=i(N)=3y=|g e f|eGO):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) - M,,(C). Then, by the Skolem-Noether theorem, there exists
« € M5, (C) with aa* =1 such that i(x) = ai(x*)a™". Let ® € GL,(B) be a skew-
hermitian form similar to ¢ above, that is, ® = y* ¢y for some y € GL,(B). Then the
group G(R) is isomorphic to

G={geGLy,(C):¢g"Hg=H,'gKg =K},

with H = i(®), K = a”'i(®). We call it a realization of G(R). Suppose that we are
given two such data (ij, @1, Hy, Ky, G1) and (i, @2, Ha, K3, G2) with @ = S*®,8S.
Again, by Skolem-Noether, there exists § with B8* =1 such that i;(x) = 71, (x)p.
Put R =i,(S)p, then H; = R*H,R, K; = 'RK,R. Therefore, g = RgR ™" gives isomor-
phism G; 2 9.

Following [23], we will define the associated symmetric space via its Borel embed-
ding into its compact dual symmetric space. In our case, we have that the semisimple
compact dual of our group is the group SO(2#) (see [12, p. 330]), and the corre-
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sponding dual symmetric space is SO(2n)/U(n). This space may be identified (see,
for example, [28, p. 6]) with the space V = L/GL,(C) where

L={UeC}: '"UKU =0}.
We set
Q={UeC?:-iU*HU >0,'UKU =0} c L,
with the action of GL,(C) by right multiplication and G by left multiplication. The
symmetric space H is defined as
H={zeC¥:U(z) € Q}, U(z):= [;],
0
for some fixed suitable 1, which we make explicit later. The following lemma is a
direct consequence of our definition for H.
Lemma 2.1 ‘There is a bijection H x GL,(C) — Q given by zx A = U(z)\.

Note that G acts on Q by left multiplication. By the above lemma, it follows that for
any element « € G, we can find a z’ € H and an A(«, z) € GL,(C) such that

aU(z) =U(Z)Ma, z).

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

Mayaz, z) = Mag, 022)A(az, z) for ag, ap € G,z € H.

We set j(a,z) = det(A(a,z)) € C*. We call A(a,z) or j(a,z) automorphy factors.
b

- . a
More explicitly, write a = 4l

-1
cz + duy "o ugy (cz + duyg).

aU(z) = [ buo] i [( buo)(cz + duo) "t

That is, az = (az + bug)(cz + dug) ‘ug,and A(a, z) = ug' (cz + duyg).
For z;, z, € H, we set

n(z1,22) == iU(z1)"HU(z3),
0(z1,22) :=det(n(z1,22)) and y(z) := n(z,2),8(z) = 6(z, z).
We now note that
U(z1)"HU(zz) = Ma,z1)*U(az1)"HU (az;)Ma, z2)

and

*

iU(az)*HU (az;) = [’7(‘”1’ @z2) :] ,iU(z1)*HU(z,) = ["(Z: z) :] :

In particular, we obtain that

Mea, z1)* n(azy, az)Ma, z2) = 4(z1, 22),
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and after taking the determinant, we have

jla,z1)0(azy, azy)j(a, z2) = 8(z1, 22).

In particular,

Ma2) n(az)A(a.z) = n(z), 8(az) = |j(a,2)|?8(2).

We now discuss the relation between different realizations of the symmetric
space J{. Given Hi, K; and H,, K, as above, we have seen at the beginning of this
subsection that we can find an R such that H; = R*H,R, K; = ‘RK,R. We then have an
isomorphism Q; = Q, given by U — RU which induces isomorphism p : J(; = H,.
Indeed, for z; € J;, there exists some z, € 3, 4(z;) € GL,(C) such that

V4 z
(2.2) R [u;] = [uozz] u(z1),

and the isomorphism can be given by p(z;) = z,.
In the following lemma, we write p also for the isomorphism §; - G, given by

p(g) = RaR™"

Lemma 2.2 Letp: G — Gz, p: Hy - H; given as above. Then:
(1) p(az) =p(a)p(z) witha € Gy, z € H;.
@ Ap(@).p(2)) = pla2)h(a 2)u(2)
3) n(p(21),p(22)) = u(21)n(z1, 22) u(22) ™" for z1, 22 € Hu.

Proof (1) It suffices to prove that [p E{ocz)] = |:’0 (ocu)p (Z)] By definition of the
02 02

isomorphism and action,

[p(az)] R [Sozl] u(az)™ = Ra [ufn] Maz) " p(az)™

Uo2

02| w2 (e
- [”(“)”(Z)]A(p(a)w(z))y(z)Mmz)m(cxz)l.

Uo2

We must have A(p(a), p(z))u(z)A(a, z) ' u(az) ™ = 1, and our desired result follows
which we also obtain (2). (3) can be computed similarly by definition of #. [ |

2.2.2 The symmetric space 3

We now apply the above considerations to some explicit realizations of G(R). 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.
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Note that the map i defined above induces the following isomorphism on Q-groups:

1:G—>6={geGLy,(K):g"0Og=0,'g¥g =¥},

0 0 0 -l 0 0 0 Jul,
1o o0 -1 o | 0 —a' 0 o0
®=lo 1, o o Y7 o 0 1 0

—

)

3
(=)
[«)
[«)

-, 0 0 0
This induces the following isomorphism on R-groups:

i:G(R) — Goo := {g € GL24(C) : " Poog = Poor CWoog = Yoo

0 0 0 -l o 0 o J
fo o, o o 1, 0 0
P=1o 1, 0o o |'Y"|lo o 1 o
Ly, 0 0 0 J. 0 0 0

Let Ko, be a maximal compact subgroup of G(R). As in the last subsection,
Q={UeC¥:-iU"¢oU >0, Uyo U = 0},

and define the symmetric space by

3=3n=3mr={2€C:U(2) €Q},U(2) = I:;O] oHo = |:120 16:|

Explicitly,

2m 2m s
3:{z:(u,v,w)::[ u v].uGCZm,ve(Cr weChr,i(z z)>0,}.

whil wl| ww+1=0,u], +viv-], U =0.

The action of Go, on 3 is given by

gz = (az +bug)(cz +dug) 'uo, Mg, 2) = ug' (cz + dug), g = [(j Z] € Goo-

For z;,2; € 3, we set (z1,22) = i(z] — 22), 8(21,22) = det(5(z1,22)) and #(z) =
1(z,2),8(z) = 8(2z,z). We will take zg =i-1, to be the origin of 3 and K. the
subgroup of G fixing zo. Then g — A(g,zo) gives an isomorphism K, = U(n) =
{geGL,(C): g*g=1,} and our symmetric space 3 = Go,/Koo. We note that we are
using the same notation K, for maximal subgroup of G, and its preimage in G(R).

2.2.3 The symmetric spaces §) and B

We now give another two useful realizations. They are much simpler than the sym-
metric 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.
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Note that G is isomorphic to

‘1, O 0
G'={geGL,(B):g"¢'g=9¢"},¢'=| 0 (1, 0 |
0 0 (-1,

By changing rows and columns, the map i induces isomorphism

i:G 56 ={geGLy,(K): g'd'g=0",'"g¥ g =¥},

o' =], ¥ =diag[1,1,1, -a, —a, —a],
and
i:G'(R) 2 Gl, = {g€GLlon(C): g Jng = Jn» '8 = lan}
Take g = 1, and the symmetric space associated with this group is
H=9,={zeCl:'2z+1=0,i(z" -z) > 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 z)=cz+d,g= |:Lcl Z]

For z), 2, € §), we set 11(z1,22) = i(z] — z2). We take zy = i, := i -1, to be the origin
of $ and K7, the subgroup of G., fixing zo. Since #(gzo) = 1(zp) =2 for g € Ko,
g~ A(g, zo) gives an isomorphism K., ~ U(n) and thus $ ~ G, /KL,.

Let T' = \/ii i 11 ,and sending g — T"'¢T’, we have isomorphism

foo" 1 Gly = Goo" = {g € GL2n(C) : g5 Po0"g = ooy '§Woo"g = Yoo}

wo_ in 0 " o_ 0 _ii’l
feo ‘[o —in]’%" _[—in 0 ]

Take 1 = 1, and the symmetric space associated with this group is defined as

with

B=B,={zeCl:2=-z,2z"<1,}.

This is a bounded domain of type Py in [14]. The action of Go." on B and the
automorphy factor is given by

gz=(az+b)(cz+d)" Mg, 2)=cz+d,g= [i Z]
For z1,2; € 9, we set 7(z1,22) = i(zf 22 — 1). We take zg = 0 to be the origin of B

and Ko." the subgroup of Go." fixing 2. Since 1(gzo) = 1(2¢) = —i for g € Koo, g —
Mg, z0) gives an isomorphism K"~ U(n) and thus ) ¥ G."/Ks". The relation
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between §) and 9B can be given explicitly by the Cayley transform
f_);)‘B:zH (Z—i)(z+i)_1.

Letz;,z; € B, a € G(R) as above, and dz = (dz,; ) be a matrix of the same shape
as z € C}; whose entries are 1-forms dzj,;. Comparing

a2 11w ol[zz 1] [ztz2-1 zt+Z]| [gza-1 2zt -2
1 -Z1 0 -1, 1 -2 B Zz+t21 1—t2122 B Z2— 21 l—tzﬁz ’

[azl 1 :|* [1,, 0 ] [azz 1 ] _ [(oczl)*(azz) -1 (az;)* - (oczz)*]

1 —0(721 0 —1,1 1 —?Zz XZy — XZ1 1-— t(OtZ])(?Zz)

and using the fact (which can be obtained from the property of U(z))
<7 L[ 1 |[Ma,2) 0
1 -z| |1 -az 0 Ma,2) |’

XZp — &z = tA(OC,Z])_l(Zz - Z])A((X,Zz)_l.

we have

Therefore,
d(az) = Ma,z) - dz-Aa,2) ™
Since the jacobian of the map z — az is j(a, z) ™", the differential form

dz = 8(z) " [T1(i/2)dznk A dzni]
h<k

isan invariant measure. If we have another realization J (e.g., 3, ) with identification
p : H — B, we then define dz := d(p(z)) with z € I to be the differential form on J.
Clearly, this is also an invariant measure.

2.3 Doubling embedding

We keep the notation as before and consider two groups

0 0 -l
Gm:{gEGLnl(B):g*¢lg:¢l}>¢1: 0 Clr 0 >
Iy, 0 0
0 0 -l
G"z:{geGan(B):g*¢2g:¢2}>¢2: 0 ('1r 0 >
ln, 0 0

with ny = 2my + r, ny = 2m, + r. We always assume that m; > m, > 0. Weset N = ny +
ny = 2my + 2my + 2r, and consider the map
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12 T. Bouganis and Y. Jin

Ganan—>Gw:{gEGLN(B):g*wg:a)},w:[%l ((;):I’
—P2

by sending g x g» + diag[gi, g2]. Note that R*wR = Jy/, := [ 0 _1N/2:|,

lN/Z 0
with

Iy, O 0o 0 0 0

0 12 0 o -¢' o

Ro|0 0 0 1, 0 0

0o 0 -1, O 0 0

0 -12 0o 0 -¢' o
0 0 0 0 0 1,

Composing the above map with g = R™'gR, we obtain an embedding
p:Gy x Gy, = GY > Gy = {g € GLy(B) :g*]N/zg: ]N/Z}-

We can thus view G, x G, as a subgroup of Gy. To ease notation, we write G,, x Gy,
as its image in Gy under p and 8 x y for f € G,y € Gy, as an element in Gy under
the embedding p.

Now we consider a special case of this embedding, namely the case where
my = my = m, ny = np = 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 = Gyeo» @1 X g2 — R7'diag[g1, 2]R,

with
[1,,, 0 0 0 0 0 O 01
0 1/2 0 0 0o 0 -1 0
0 0 1/2 0 0 1 0 0
o 0 0 0 1, 0 0 0
R=Ro = 0 0 0 —1om 0 0 O ol
0 —1/2 0 0 0o 0 -1 0
0 0 —1/2 0 0 1 0 0
[0 0o 0 0 0 0 0 Iy

where the entries with +1,+1/2 should be understood as +I,, i%l,. Let 3,35 be
symmetric spaces associated with G, GNoo. We are now going to define an associated
embedding of symmetric space ¢ : 3 x 3 — 3y. We first define the embedding

0 0 0

Jdu o71. o o <1, o
QIXQZ”)N’U‘XU”’Rl[o1 3(12]"’: 01 0 0
o 0 0 J,
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Let z; = (uy,v1,w1),22 = (42,v2, w2) € 3. The image of U(z;) x U(zz) € Q1 x Qy
under this map is

[ u V1 0 0
W]tvljin %1 0 1
0 1 —WzV;]:ﬂ %)
0 0 —Jutr  ~Tuva| [A(z1,2,)
! o _0 0 |7 |B(anz2) |
0 1 wav, I, W2
i’ 2 2 f
—wivi/,, —w
— " 2 0 2
[ 0 0 Tin 0 |

We then define the embedding of symmetric space as
1:3%x3 53N, axz e Az1,22)B(z1,22) 7S,

where S := diag[1,1/2,1/2,1].
Explicitly, if we write wy? := 1+ wyw,, w() := 1 — wyw,, then

I(Zl, Zz) =
uy — ‘V1W2WOW1 tV1]:n V1W1_1W0W1 —V1W2W0 —V1W1_1W0W1W2V;
2wowrvi ], 2wowy wowo —2WowiWav)
—2wywowi 1]}, wilwiwowy  —2w,wy 2wy wow wyv3
i vawowivil,, =T Vawows  —JVawo  —Jntaln + I Vawowiwav;

Here, we note that we have “normalized” our embedding by S so that : maps the
origin of 3 x 3 to the “origin” of 3n. Thatis, 1(z¢ x zo) = i - 1y =: Zy, where zy and Z,
are the origins of 3 and 3, respectively.

For example, in the case where r = 0, then the embedding is quite simple, namely
1(z1,22) = diag[uy, —u; |, where in the case of r = 1, it is given by (note that in this case

Wy =wy = 1)
1t o 1 i i

u = iy, bl -3 V1)

~ i, i 0 -v;

Haz)= 0 i iv?

m 2

iy > t, 7/ 8 v 1y = 1y =
5 ImVail 3 mV2 3 mVa  —us = 5],vav;

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

Proposition 2.3  For g1, g2 € Geo, 21,22 € 3, we have:
M) g1z, §222) = p(g1> 82)1(21, 22).
2) j(p(g1,82)1(21,22)) det(B(z1,22)) = j(&1,21) j(g2, 22) det(B(&1z1, §222)).-
(3) 8(1(z1,22)) = | det(B(z1,22))|28(21)8(z2).
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Proof By our definition of embedding and the action,

1(§122, £222) - R! U(giz1) 0
1 0 JU(gzzz)

- 0 L [U(z1) 0 Mg, z1) 0 -1 .
IR1 gl RRI 0 B ) 1S
[0 gz] [ 0 3U(zZ)H 0 Mgz Plamez)

:|B(g121,g222)_15

A(g1,21) 0

-1
—— | B(@z1, 225)7S.
0 A(gz’zz)] (gl 1 &2 2)

S_IB(Zl, Zz) [

We must have

Ap(81>82), 1(z1,22)) 7' B(21, 22) [’l(ggzl) @

and the desired result follows. Taking the determinant, we also obtain (2).
Suppose z1 = §120, 22 = g220 for g1 € Gioo, 2 € G20 With zg the origin of 3; or 3,.
Then
8(1(z1,22)) = 8(p (81> 82)1(20,20)) = i (p(81> 82)» (20> 20))| >(1(205 20))
= 1j(81,20) j(g2> 20) det(B(2o, 20) "' B(81205 8220) )| *8(20)d(20)
= |det(B(Zl,Zz))|_26(21)6(22). ]

1
] B(gi121,222) 'S =1,

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 e Nif forall y € T,

f(y2) = j(7.2)"f (2).

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

Denote the space of such functions by M (T). Here, we are using the realization
(Geo» 3) for our symmetric space. In fact, the definition is independent of the choice
of realizations in the following sense. If we choose another realization J{ (e.g., 9, B)
with identification p : 7 — 3, then with notation as in equation (2.2), to a function
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f:3 - C, we associate a function g on I by setting g(z) = det(u(z))* f(p(2)).
Then f : 3 - Cis a modular form if and only if g : 5 — C is a modular form.

We write S := S(Q) := {X € M,,(B) : X* = X} for the (additive) algebraic group
of hermitian matrices. We use S* (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 My, (a). Denote eo, (z) := exp(2miz) for z € Cand A = Jtr. For f € M (T)
and y € G, there is a Fourier-Jacobi expansion of the form

(fler)(@) = 3 e(z,p, fiv,w)e(A(i(n)u)), z = (v, w) € 3.

TeSH

In particular, for y = 1, we simply write

f(z) = Z c(mv,w)e(A(i(T)u)).

TeSH

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

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, z) := j(gz>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(Ay) x 3 — C, f(gn, z) is holomorphic in z,
(2) for & € G(Q), koo € Koo, and k € Ky(n),
f(agkook) = j(koor20) “£(g),
or equivalently,
(2’) viewed as a function f : G(Ap) x 3 - C, for a € G(Q), k € K;(n), we have
f(agnk, az) = j(a,z) f(gn, 2).
We will denote the space of such functions by My (K;(n)).

We call f € My (K;(n)) a cusp form if

f(ug)du =0,
[U(Q)\U(A) (1g)

for all unipotent radicals U of all proper parabolic subgroups of G. The space of cusp
forms will be denoted by 8 (K;(n)).
It is well known that the above two definitions are related by

Mi(Ki(m) = @ Mi(T/ (V). Su(Ki(n)) = @ ST/ (N)).
J J

Write f < (fo, fi>..., fn) for the correspondence under above maps. Here, f;(z) =
£(t;,2) = j(g.» 1) €(t;z) withz = g, - i.

When n = 2m, r = 0, then the Fourier-Jacobi expansion becomes the usual Fourier
expansion. For x € Q,,v € h, define e,(x) = eo(—y) with y € U2, p~"7Z such that
X=y€Z,. Set ex(x) = €co(Xco) [Tyep €v(xy). Let feMi(Ki(n)). For ge G(A),
we write it as g = ytjkpocke with y € G(Q), k € Ki(n), koo € Koo. Take t; of the
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form qoj Gg?j with g; € GL,,(By), 0j € S(Ap) and poo = |:q5° qum] with goo €
] (o]
GLj (Boo )5 000 € S(R). Set g = gjGoo> 0 = 0j0co, then f has a Fourier expansion of the

form

£(g) = j(keor20)™* 3 det(ge) (7, 4:F) ece (A(q"79)20) €4 (A(70)).

N

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.m) = [ S@REIE) Az,

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

f.h) = f £(2)h(e)dg.
BB = e oneemymme. @M(E1de

Here, dg, an invariant differential of G(A), is given as follows: dg = dgndgo., where
dgy, is the canonical measure on G(Ap,) normalized such that the volume of K;(n) is
land dgeo = d(gooz0) With dz an invariant differential of 3.

Viewing f, h as functions f, g : G(Ap) x 3 - C, we have

(f,h) = f(g,2)h(g,2)d(z)*dgndz.

—/G(Q)\(G(Ah)/Kl(n)X3)
Again, these integrals are well defined if one of f,h is a cusp form. If f <> (fj),h <
(hj), then
(£,8) = (55, ).
j
3.2 Hecke operators and L-functions

In the rest of the paper, we make the assumption that all finite places v with v + n are
split in B. We define the groups

E=]]GLn(9,), M={x€GLu(B)n:x, € Mu(0,)}.
veh

Let X = [], X, be a subgroup of G(Ay,) with X, = K, if vjn and X, = G, if otherwise.
Define the Hecke algebra T = T(K;(n), X) be the Q-algebra generated by double coset
[Ki(n)&K;(n)] with & € X. Given f € My (K;(n)), the Hecke operator [K;(n) &K (n)]
acts on f by

(FIK (M€K ()])(g) = 3 f(gy™),

yeY

where Y is a finite subset of Gy, such that

Ki(n)éKi(n) = U Ki(n)y.

yey
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We say that f € §x(K;(n)) is an eigenform if there exist some numbers A¢(&) c C
called eigenvalues such that

fI[Ki(n)éKy(n)] = Ag(E)f forall € € X.

We use the notation I(&) := det(r) if £ € G(Op)diag[#,1,7]G(Oy) with r € M. For a
Hecke character y, we define the series

D(s.f, ) = > Ae(E)x " (1(E))I(E)™", Re(s) > 0.
EeKi(n)\X/Ki(n)

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

(1) L(s,f,x) = Au(s, x)D(s, £, ), An(s y) = ﬁLn(ZS - 2i, ).
i=0

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

Define T, = T(K,, %, ) be the local counterpart of T so T = ®,T,. Obviously, T,
is trivial if v|n. For v 4 n, by our assumptions, we can identify the local group G, with
local orthogonal group, as in equation (2.1). Such local Hecke algebra is discussed in
[33] where a Satake map is constructed

@:Ty > Qtry ety 1 oty 1,

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

+1 +1
Afyseo Oy e

The L-function then has an Euler product expression

L(s,f, 1) = [[ Lp(s. £, %),
pin

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

[T x(p)p 222 T (1= @i px(p)p™ " 27) (1~ o x(p)p™ ™))
i=1 i=1

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

= n—-2—s - n-sy\~!
Lp(s,£,) = [T((A = aipx(P)p" ) (1= aipx(p)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 [33,
Proposition 17.4]).

Remark 3.1 We first note that for p not dividing n, the local L-factors defined
above are given in [31, Theorem 16.16] or [33, Proposition 17.14]. These agree with
the Euler factors of the Langlands L-function defined by the (standard) embedding
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LG, = 802,(C) = GL;,(C) (with a suitable normalization on s). Here, LG, denotes
the connected component of the L-group of G, which can be identified with SO,, (C)
(see, for example, [37, Appendix B]).

In this paper, our starting point is an eigenform f for the Hecke algebra related to
Ki(n) (i.e., the analog of I} (N) in the classical GL, setting). As it is noted above, this
Hecke algebra is locally trivial for primes dividing n and, hence, the corresponding
Euler factor is also trivial. On the other hand, if we denote by K any congruence
subgroup with the property that there is an n such that K;(n) c K (as, for example,
of the form Kp(n), the analo of the classical To(N)) and we further assume that
our f is an eigenform for the Hecke algebra corresponding to such a K, then since
Sk(K) c Sk(K;(n)), we may consider the above L-function viewing f € Sx (Kj(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
pn.

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 with 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
[38] gives a definition 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 [38, 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 x € G, we write

a a b o o
as as by 3 o
x=|g &£ e H L
h hy L d d,
hs hy I d; 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 G, is defined as

P;:{x€61a2:g2:h2:h3:h4:lz:d3:0}.
Clearly, we have P} = G,,. We define a projection map 7; : P, = Gy, by

ay 0 bl C1 Cy

a; as by ¢ ¢y a b o
&g 0 e fi fif~>l& e fi]
hy 0 L d d, h L d
0 0 0 0 dy
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In particular, if = 0, then n = 2m. In this case, the parabolic subgroup for f = 0,

Pnzzp,‘;:{[i’ Z]EG,,:C:O},

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

E(x.s) =E'(x,s50) = >, (yx,s),
yeP,\G,

with

9(x,5) = yn(det(d,)) ™ j(x,z0) ™' det(dy)[5*| (2, 20)|' ™,

if x = pkkoo € P,(A)K;(n)Ks and ¢(x,s) = 0 if otherwise. Let J, € G,(A) be an
element defined by J, = J,, for v € h and Joo = 1. We set Ef (x,s) = E;(xJ;,",s). Then
we have the following proposition (see, for example, [3]).

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

E} ([3 Gf] ) = Y c(h g s)en(A(ho)),

heS

where q € GL,,(Bp) and o € S(A). The Fourier coefficient c(h,q,s) #0 only if
(g*hq)y € T(Q,) N My, (") for all v € h. In this case, we have

c(h,q,5)=A(n)x(det(qn)) " det(qee )’ det()[s" ™" an(qn hqn, 5, x)E(qooqios Bys + 1,5 = 1).

Here: .
(1) A(n) € Q is a constant depending on n.
(2) Ifh has rank r, then
M7 La(2s —4m +2r +2i +1, %)
7% La(2s - 2i, x?)
where Py, 4 »(X) € O[X] and Py, g , = 1if det(h) € 2"*'Z. Here, p is the prime corre-
sponding to v.
(3) Let p be the number of positive eigenvalues of h, q the number of negative
eigenvalues of h, and t = m — p — q, then for y € SX,, h € Seo,
[;(2s —2m+1)
Teg(s+ DTp_p(s 1)

an(q hq,s, x) = [1Pnar(x (P)P™°),
P

&y hs+1l,s-1)=

w(y,h,s+1,s-1),

where

m-1
T (s) = ™" D [ I(s - 2i),meZ,

i=0

and w is holomorphic with respect to s + I, s — 1. In particular, when p = m,

E(y, h,21,0) = 222" (2mi) > T} (21) det(h) = e(iM(hy)).
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For g € G(A), writeitas g = ytjkpookeo withy € G(Q), k € nKo(n)1™", koo € Koo>
andtj = 1494 s Poo = o Gooffen .Setq = §jqoo> 0 = 0000, then by modular-
0 qj 0 doo
ity property, E; (g, s) can be written as

E[(5) = j(keor20) ™ Zh:C(h,q,S)EA(A(hU)),

with ¢(h,q,s) in the above propositions. We are interested in the special values
E;(g,s) for s = I. From the Fourier expansion, we have the following proposition by
counting poles and degree of 7 in those Gamma functions.

Proposition 4.2 Assume that 1 > n—1. Then the Fourier coefficients c(h,q,1) #0
unless h > 0 and in this case

det(qm)’lc(h,q, 1) =C-ex(ir(g*hq)).

Here, up to a constant in Q, C = y(det(qn))™"|det(q) 2™ "~". In particular, E} (g, 1) is
holomorphic in the sense that when viewed as a function on G(Ay) x 3, E[ (gn,2,1) is
holomorphic in z.

We note, in particular, that the proposition implies that also E;(g, 1) is holomor-
phic in the above sense since Ej (x,s) = E;(x];1, 5).

4.2 Coset decompositions

Let
p:GyxG, =GN, @I XD+ Rildiag[gl,gz]R,

be the doubling embedding defined before. To ease the notation, we may omit the
subscript 7. 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 7, be the element of Gy given by

,, 0 0 0 0 0
0 1, 0 0 0, 0

o 0o 1, 0 0o o [n 0] .n

“"“lo 0 ¢ 1, 0 0 ’ef‘[o O]EB’“'
00, 0 0 1, 0

e 0 0 0 0 1,
Then 7 form a complete set of representatives of Py\Gn /G x G.

Proof This can be proved similarly to the proofs of Lemmata 4.1 and 4.2 in [30]. Let
W ={weB}:wJ,w* = 0,rank(w) = N}, then Py\Gy = GLy\W. Therefore, it suf-
fices to find representatives of GLNy\W/G x G. Let w = [al by a ay by cz] €
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 y] with

x:[al %-rbz(_l az]>)/=[—61 —%+bzf_l C2]>x¢1x*:)"/)2)’*-
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Multiplying by some element in GLy, we can assume that

0 0 €y 0 0 ey
xP1x* = yy =10 (I, Olor|[O 0, 0[,0<t<m
e, 0 0 e, 0 0

Let V = B" with standard basis {¢;} and denote x; be the ith row of x. Let U be
the subspace of V spanned by basis ¢; with i <tor m +r<i<m+r+tand U* the
subspace spanned by other basis, so V = U @ U*. Let 0 be the restriction of ¢; on U
and 7 the restriction on U*, then we can write (V, ¢;) = (U, 0) @ (U*, 7). Assume
x¢x* is given by the first matrix as above, let U be the subspace of V spanned by vector
x;withi <morm+r<i<m+r+t andlet U’ be the subspace spanned by other x;.
We also denote U* = {v € V: u¢v* = 0forany u € U}, then V = U @ U*. Then there
exists an automorphism y of (V, ¢) such that Uy = U, Uy = U*. Now U’y c U* is
a totally #-isotropic subspace; thus; there exists an automorphism y’ of (U*, %) such
that U'yy’ € ¥ i rerr1cicn BEi. Viewing y’ as an automorphism of (V, ¢) and putting
g1 = yy’, we have (similarly for y)

; 0 0 0 O 1 0 0 0 O
0 0 0 0 u 0 0 0 0 o
xg1=|{0 0 1 0 O],yg2=(0 0 1 0 O
0 0 0 I, O 0 0 0 1, O
0 0 0 0 w 0 0 0 0 v
We further modify
0 0 0 1, O 0 0 0 -1; O
0 1 0 0 O 0 0 0 0 u
gr&al0 01 0 Oflsoxg1r=|10 0 1 0 O
-1, 0 0 0 O , 00 0 O
0 0 0 0 1 0O 0 0 0 v
Therefore,
o 00 -1, 0 -1 0 0 0 O
000 0 0 0 u 0 0 u
w(gixg)=| 0 00 0 0 0 0 - 0 0
» 00 0 0 0 O O 1 O
000 0 0 0 v 0 0 v

!
By our assumption rank(w) = N, we must have [z Z,:| is of full rank. If x¢;x* equals

the second matrix as above, then by the same argument, we can obtain a similar result
but without the term 1in the middle of xg; and yg, which contradicts the assumption
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-1
a b u u o
rank(w) = N. Suppose [c d] = [v v'] , and multiplying
-1; 0 0 0 0
0 a 0 0 b
0 0 -{' 0 0f|eGLy,
0 0 0 1; 0
0 ¢ 0 0 d
on the left, we then get the desired form in the proposition. ]

Put V; = 7,(G, x G,)7;* n Py. Then, by straightforward computation,

0 0 -1
Vi={BxyeP,xPy:tm(P)=me(y)rct ke =0 1 0
1 0 0

To simplify the computation, we may also use the modified representatives 7, =
7i(1y x (ke X ym2s)) for 0 < t <m. Put V; = 7,(G, x G, )7;' n Py. Then

Vi={BxyeP,xP,:m(p)=m(y)}

One easily shows that (compare with Lemma 4.3 in [30])

P, x Py = U Vi((€ % Lame2¢) x 12y) = U Vi(lan % (&% Lym-ar)),
£€G2t+r fGGZH‘r

PN#(Gyx Gp) = |J PYE((Ex Lame2e)Bxy) = U PVE(B % (& X Lam-2:)y)s
&Bsy &Bsy

where & runs over Gy, and f3, y run over P:\G,,. In particular,

PY%,,(Gu xGy) = |J PNm(Ex1,) = |J PV En(1, x §).
EEGn EGGn

We denote K;(n) =[], K, be the open compact subgroup of G,(Ay) defined
before. We also consider the open compact subgroup of Gy, Ki¥ (n) = [1,en KY with

KN(n) = {y = |:ccl Z] e Gn(A,) N My(O,) 1y =1y mod nv}.

Proposition 4.4  Assume n is coprime to (2) and ({). Then, for v|n, 7,,(Ex1)7,} €
Pn(Q,)KY ifand only if € € K,
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a b ¢
Proof Let £=|g e f|eG, where blocks has size (m,r,m) x (m,r,m). We
h 1 d
calculate that
[ * * * * k]
* * * * *
_ 1 1 * * * * *
In(Ex DT =, -1 —d+1 4 X ol
g Cem) U 2 o
| a-1 b c —c _Th( 1]

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

* * * * * *

* * * * * *

* * * * * *

0 0 0 pn puz pui|
0 0 0 pm pa P23

0 0 0 pa par ps3

such that pi,(&x1)7,! e KN. 1t is obvious that pi3 = p3 =0modc and ps; =
1 mod ¢. Comparing the third and fourth columns, we have

pu(=d +1) + pra(=C7'f) + pisc = 0mod n, pud + p12 (¢ f) + p13(—c) =1 mod n;
pa(=d +1) + pa(=C7'f) + pasc = 0mod n, paid + p2a({7'f) + p23(—c) = 0 mod n;

pai(=d +1) + p3p (=7 f) + pasc = 0mod n, pard + p32 ({7 f) + p33(—c) = 0 mod n.

This forces py; =1 mod n and p,; = p3; = 0 mod n. Comparing the second and fifth
columns and using our assumption on n, we have

pu(=D) + pra(~¢""(e = 1)) + pisb = 0 mod n, pu (1) + pra(e +1) + p13(~b¢) = 0 mod 1;
(=) + p2a(={ " (e =1)) + pasb = 0 mod 1, pa1 (1C) + paz(e +1) + pas(~b¢) = 2 mod n;

p31(—l) +p32(—(_1(8 - 1)) +p33b =0 mod n,p31(l() +p32(€ + 1) +p33(—b() =0 modn.

The second line shows that p,, = e = 1 mod n and then p;; = p3; = 0 mod n by other
formulas. Therefore, p € Py (Q,) n KY. From the above identities, we already have

d-l=f=c=l=ze-1=b=0modn.
The claim ¢ € K, then follows from the above identities together with

pi(=h) + pia(~{'g) + pis(a—1) =0modn,i =1,2,3. n
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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 (Ay) as g, :=1, the identity matrix, if v + n, and 0, =
T if v

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

E(g,5) = E{(g07,551), g€ Gn(A).
By decomposition of Gy. we can write
E(gs)=) 2 ¢(ye.s)= ) Eu(g.s).
t=0 yePNy\Pn7:(GxG) t=0

Assume g = h x g with h, g € G(A), and let f € S;(K;(n)) be a cusp form.
We are going to study the integral

E(g x h, s)E(h)dh.
L(@)\cm)/m(nwm (g <k )i(h)

Proposition 4.5 Assume that t < m, then

E,(g x h,s)f(h)dh = 0.
L(@)\G(A)/Kl(n)m (g o s)E(h)

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

/G Z Z S(T:((Ex Lrnoar)Bg x yh), s)f(h)dh

QNGB Ki(MKes g6y, ByePi\G

- [ S Y $(F((Ex Lynae)g x yh), s)E(h)dh

PAGI/K(WKes geG,.,, yeP\Gy

= 7:(&ng x yh), s)f(nh)dndh.
fU:(A)P,i(Q)\G(A)/Kn(n)Koe fU:(@)\Uf(A)gZ,;(/)( ((Gng xyh), s)E(nh)

Since ¢ normalizes U; and 7,(n x 1) € P,, this equals

= 7:(Eg x yh),s)f(nh)dndh,
fra(A)P;(@)\G(A)/Kl(n)Km [Um@)\ut(A)g(p( (g x yh).s)f(nh)

which vanishes by the cuspidality of f. [ ]
Therefore,
E(g % hs)E(h)dh = | E,(g x h,s)E(h)dh
fG(Q)\G(A)/Kl(n)Koo (¢ k) G(Q\G(A)/Ki(n)Keo (8 )

) fG(A)/KI(n)Km ¢(Tm (g x h),s)E(h)dh.

The infinite part is calculated in following lemma.
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Lemma 4.6 For k + Re(s) > 2n + 1, we have
i 8 (o o), ) o) = cx(5) - o),

with
2o T(s+k-2n+3)[(s+k-2n+5)...T(s+k-1)
[(s+k-n+2)T(s+k-n+3)...T(s+k)

ck(s) = a(s)n

n(n1) qu.;;r(s+k—n+1—t—2j)
T2, T(s + k= 2j)

=a(s)n

where n = 2q + t with g € Nand t € {0,1} and a(s) is a holomorphic functionons € C
such that a(1) e Q forall A € Q.

Proof Note that

J(Fm(goo X Moo )> 20 X 20) = j(Fm» §ooZo X MooZ0) j(goor 20) j(Moor 20).
Put w = heo 20, Z = goo 20, then since
F9) = i(hewr 20) € (hec)s j(Emaz x ) = 3(w,2),
the integral becomes

J'(gomZo)_k(?(Z)%fs5(W,Z)_k|5(w,Z)Ik_55(W)Tf(W)dW~

This kind of integral is calculated in [31, Appendix A2] and [14]. In particular, it is
shown there that for k + Re(s) > n + 3,

f3 8(w,2) H[8(w, 2)| 8 (w)* f(w)dw = Tu(s) f(2)8(2) ",

where € (s) is a function on s which does not depend on f. Indeed, as it is explained
in [31], the quantity ¢k (s) is independent of f and it is equal to

Cr(s) = a(s) f% det(I +zz)"**dz,

where dz is the invariant measure on the bounded domain and is given as dz = det(I +
2Z)""*1dz, and a(s) is a holomorphic function on s such that a(1) € 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, p. 46] from which we obtain that

ooy T(2A+1I(21 +3)...T(24 +2n - 3)

) =l T @A s n ). T(2h s 2n-2)

where A =s+k—-n+1.

Setting now s %, we obtain that

k+s

J(8oes20) *8(2) [3 8(w,2) K3 (w, )~ 8(w) F* f(w)dw =

(s = £)/2)j(ge0r20) " £(2) = e (s)E (- geo)»
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where we have set i (s) := S ((s — k)/2). |

By changing variables, it remains to calculate
. (h x1),5)f(gh™")dh.
ooy Bu(En(x1,9(eh™)

Note that for v|n, ¢, is nonzero unless h, € K,. Hence, it remains to consider the
integral over [],;, K,\G(Q, ). These unramified integrals are well known by [19, 33,
37]. Indeed, by the Cartan decomposition, we can write

G(QV) = ]_[ Kel ..... em, >

€ls.ens em, €7
0<er<...<em,

..... e,,,v = K‘Vdiag[pil) RIS ) pf/mv b lrvap;21> RIS ) p;e’"v ]KV)

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

¢v(%m(l’lv X 1)) = (XV(pV)p;S)el+...+emV'

Assume that f is an eigenform such that f|[K,,, . ., ]=A¢(Ko,....c,, )f- Then the
integral over K,\G(Q, ) contributes a Dirichlet series

Z Af(Kel ..... emv)(Xv(pv)p;5)61+--.+emv.

€15enes em, €L
0<er<-<em,

In conclusion, we obtain

[T X AKeen,)O(po)p, )" - £(g) = D(s. £, 0)E(g).

vin ep,..., em, €Z
0<ei<...<em,

We summarize the discussion in the following theorem.

Theorem 4.7 Let f € 8} (Ki(n)) be an eigenform, and assume that n is coprime to
(20). Then

E(g x h,s)f(h)dh = ci(s)D(s. £, )f(g)-
](;(Q)\G(A)/Kl(n)l(oc (g )E(h) k(s)D( 0E(g)

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, Section IIL.7],
automorphic forms are interpreted as sections of certain automorphic vector bun-
dles. The canonical 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
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gives three characterizations 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 [32], 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 [25], where one
“tensors” a given embedding ki : Kj x --- 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 [5, 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 into a unitary
group, after a choice of an 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 the 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 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 Kj, i =1,...,n, be imaginary quadratic fields and consider the CM algebra
Y =K x--xK,and Y' = {yeY:yy? =1} with p induced by the nontrivial invo-
lutions (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 i = 1,..., n, and define the
embedding

h:Y' = G(T),(31, ... yn) = diag[y1,.. ., yul.

Back to our general considerations, we select an imaginary quadratic field K which
is different from 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) — M;,(K). Denote the image of T
in M5, (K) by 7 and the unitary group

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

U(n,n):{geGLG((C):g* [i~01,, 0 ]g:[i'oln .0 ]}

-i-1, —i-1,
Its action on the bounded domain (see, for example, [32]),

B={zeM,(C):1-2z"2>0},

isdefinedby gz = (az + b)(cz +d) " forg = [LZ Z], with the obvious block matrices.

The two factors of automorphy are given by A(g,z) = ¢’z +d, and p(g,z) = cz +d.
The embedding M, (B) - M,,(K) induces an embedding i : G(T) - U(T) which
is compatible with natural inclusion ¢ : 8 — B. We will view G(T) (resp. B) as a
subgroup (resp. subspace) of U(T) (resp. B) under this embedding.

Lemma5.1 (1) Yisspanned by Y* over Q. In particular, there exists an element € Y*
such that Y = Q[B] and By, ..., Bn, B, ..., B are pairwise distinct.
(2) There is a unique w € B which is a common fixed point for h(Y").

Proof The first part can be shown exactly as [32, 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 #(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),wehavethat U(n) - U(n) x U(n) diagonally, i.e.,a — (a,a).
In particular, we have an embedding h(Y') = U(n) < U(n, n). Assume now that
there is another point z € B which is a fixed point of #(Y"). Then we must have that
z = aza ' for every element diag[a, @] € (U(n) x U(n)) n h(Y"). But for such a point
we have that a*a = 1and hence @' = a. That is, z = az'a. Since a € U(n) = U(n) x

U(n), we may diagonalize it, say with eigenvalues 1;,i =1, ..., 2n, and hence we must
have z;; = 0 for every A; # A;. Taking a to be the element obtained from § above, we
have that z has to be the origin. |

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 example, take
T = diag[{ - 1,4, - 1,,—( - 1,,,]. This is the group G’ in ection 2, and we have described
its embedding into unitary group and the action on B explicitly there. Let h and Y be
as above, and one easily checks that 0 is the fixed point of #(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 allows us to view our group as a subgroup of a unitary group,
and hence an embedding 95 — B. Our next aim is to relate the just-defined CM-points
in B with the well-studied, as in [32], CM-points of J. It is here that we employ the
idea of Shimura, which was used in [25] (see also [26, Section 7]) to study CM-points
in general type-C domains.

Let w € B c B be a CM-point fixed by h(Y') c G c U(n, n). Then, for such a
point, we have that

Ao, w)p(x,w) = p(xa,w), aeh(Y"), xeC™,
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where A(a,w) € GLy,(C) and p(x,z): C*" x B - C*" are the maps defined in
[32, §4.7]. In this way, we can obtain an embedding Y — Endc(C?*") by sending
a +— 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®q Y 2 §:=8; x -+ x 8§, into End(C*"), where
8; = KK;. Indeed, we set

h(B®a)p(x,w) = p(Bxa,w) = p(xBa,w) = p(xap, w).

That is, the point w can be seen as a fixed point of 8' ®g R, where 8' = {s ¢
8 | ss? =1} with p the involution on 8 induced by the complex conjugation on KK;.
Hence, w is a CM-point in B defined in [32, §4.11] for unitary groups. In particular, w
has entries in Q by [32, Lemma 4.13].

Remark 5.2 Following [32, Section 4], let Q = {K, ¥, L, T, {u;};_,} be a PEL type
and F(Q) family of polarized abelian varieties of PEL type. The abelian varieties in
F(Q) are parameterized by B. More precisely, there is a bijection

N\B - F(Q),T={yeU(T):Ly=L,u;y—u;€L}.

As in [24], we can define Q' = {B, V', L, T,{u;}5_,} for quaternions, and F(Q’)
are parameterized by B. The natural inclusion F(Q') - F(Q) is compatible with
B — B. Moreover, similar to [6, 25], we actually have an embedding of canonical
models between I'\*B and I'"\ B for certain congruence subgroups I', I”.

As we have remarked, CM-points for unitary groups have been extensively
studied in [32, Chapter II]. We recall some of their properties. For a ¢S8!,
we put y(«) := A(h(a),w) € GL,(C), ¢(a) := u(h(a),w) € GL,(C), and ®(«) =
diag[y(a), ¢(«)] € GL,,(C). We can then find B, C € GL,(Q) (see [32, p. 78]) such
that for all a € 8,

By(a)B™" = diag[y1(a),.... yu(@)], Ch(a)C" = diag[¢r(a),..., $u(a)],

for some ring homomorphism ¢;, y; : § - C, where we have Q-linearly extended y
and ¢, from 8' to 8. We set

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

Poop(w) = B~ diag[ps(y1, @), ..., ps(¥n, ®)]B € GL,(C),

where the CM periods ps(y;, ®) € C* and ps(¢;, @) € C* are defined as in [32,
p- 78]. Actually, we should remark here that the periods ps(y;, @), ps(¢;, ©) are
uniquely determined up to elements in Q" but this is sufficient for our applications.
We now use the fact that w € 8 ¢ B is a CM-point for both (Y, k) and also for
(8, h). Note that y(a) = ¢(«) for a € Y! c 8! Indeed, for & € G(R), we have that
. a b d -¢

(see [25, equation (2.18.9)]) [c d] = [—b =
that A(a, z) = p(a, z) since 'z = —z. In particular, the values y(a) = ¢(a) = A(ar, w) =
p(a,w) for a € Y', that is, the restrictions of ¢ and y to Y, are independent of the

], and hence, in particular, we have
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choice of the field K. Furthermore, we note that y(«) = ¢(«) forall a« € K with o =1
seen as elements of U(n, n), i.e., aly, € U(n, n).
In the following lemma, we use the notation Iy, ]y, Js; as defined in [32, p. 77].

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

ps(vi, @) = py(Ress)y(yi), @) = py(Ress v (¢:), @) = ps(¢i, @),
where @' = Resg/y¢ = Resg/yy € Iy.

Proof Letuswrite ® = Z;’zl ®; with @ € [, and @’ = Z;’zl (DS-, with Q); € I;. Then
we have that ®; = Infgj/Kj(d);). Indeed, first, we observe that ¥ = Z;’zl Ress /x@; €
Ik (see [32, p. 85]), where ¥ as in Remark 5.2. Moreover, we know that @ = ¢ + y with
¢, € Is asabove, and we have seen that y = ¢ when restrictedto K viaK = Y ®g K =
8. But, on the other hand, we have seen that y = ¢ when restricted to Y, from which
we obtain that ®; = CD} ®T+ CD;. ® 7, where 7 is a fixed embedding of K — C (i.e., a
CM type for K). Since 8 = K ®q K, the claim that ®; = Infs /x, (P)) now follows.

The statement of the lemma is now obtained from the inflation-restriction proper-
ties of the periods (see [32, p. 84]):

ps(wi, @) = [ ] ps, (wij» ®;) = [ px,(Ress k; (wij), @) = py (Ressy (vi), @),
i j=

where y;j € Jg, induced by y; € Js = U;’Il Js, Similarly follows also the other
equality. [ ]

The above lemma shows that we have po (W) = Poop (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 [32, 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, i) chosen above.

(2) p(yw)GL,(Q) = Ay, w)p(w)GL,(Q) forall y € 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, (K;) x -+ x M, (K;) with K; CM fields and
the condition that n = ¥;_; n;[K; : Q] and assume that there exists an embedding
h:Y'> G(T) where Y':={y e Y | yy? =1} with the involution on Y induced by
complex conjugation and transpose. Then one can show as above that #(Y' ®g R) has
a unique fixed point w € B. Picking as before an imaginary quadratic field K disjoint
from all K;, we can see that the point w € B — B corresponds to an abelian variety A,,
with endomorphism ring equal to Y ®q K. In particular, we have that A,, is isogenous
to A" x - x A%, where the abelian variety A; has CM by the field 8; := KK;.
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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(7) 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:%B - Vand g € G, define (f|og)(2) = w(A(g,2)) ' f(gz). For a congruence sub-
group T, the space of modular forms M,,(T) consists of holomorphic function with
the property f|,y = f for all y € I. Put M, = UM, (T') where the union is over all
congruence subgroups, and

A, = U{g_lf:f € M,,,0#ge M.},

Ay(T) ={heAy:hl,y=hforyeT},

where e runs over Z and 7, denotes the representation defined by 7.(x) =
det(x)®w(x).

Definition 5.1 Let W be a set of CM-points which is dense in B. Put P, (w) =
w(p(w)) forweW.

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

(2) We set M, (Q) := M, n2A,(Q), and M, (T, Q) := M, (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) be Q-rational representation. Denote A, A, (T) for
modular function spaces for unitary group as in [32, §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,,, thenits pullback f o 1 € 2, is a quaternionic modular form.
Moreover, f € A, (Q) and f o1 is finite, then the pullback f o1 € A, (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 realization of the symmetric
spaces discussed in Section 2. Indeed, with the notation of Section 2.2, suppose we
are given two of these realizations (i, @1, Hy, K3, 1) and (i, @,, Hy, K3, G2 ), with
ij = iy both induced from an algebraic embedding M, (B) - M,,(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 : H; — H; as
defined there is algebraic, in the sense that maps algebraic points of 3, to algebraic
points of H,. We also conclude from this that 4(z), as defined in the same equation, is
algebraic if z is. In particular, given any realization J(, there is a bijection p : H{ — ‘B.
We define the CM-points on I to be the inverse image with respect to p of the CM-
points of B.

As we have discussed, every vector-valued modular form g : H — V corresponds
uniquely to a modular form f : B — V by the rule g(z) = w(u(z)) ' f(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 y(w) € GL,(Q). Hence, we can
use the same periods B, (w) for both f and g.
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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 k 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 c(z, f).

Proposition 5.5 (1) For congruence subgroup T, we have My (T) = M (T, Q) ®g C.
(2) For every f € My and o € Aut(C/Q), we have c(t, f°;0,w) = c(1, f;0,w)°, for

all T and w. o
(3) Let r = 0, n = 2m (the Tube Domain case), and f € My, then f € My (Q) if and
only if c(7, f) € Q for all 7.

(4) For congruence subgroup T and o € Aut(C/Q), we have Sk(T')? = Sx(T) and
Sk(r) = Sk(r, Q) ®@ C.

Proof This can be proved similarly as [32, Propositions 11.11, 11.15, and 26.8]. See also
[20, Proposition 7.2] for (1) and [6] for (2) and (3).

We briefly explain the proof for (3). Let r=0,n=2m, and f € My(T) for a
congruence subgroup T. Let V be the model of T'\3 defined over @, then 2/y(T) can
be identified with the function field of V. By the same method in [32, Sections 6, 7],
one can show that g € 2 (T') if and only if g has algebraic Fourier coeflicients. We will
reduce our problem for f € My to 2, similarly to what is done in the proof of [32,
Proposition 11.11].

Let W be a dense subset of CM-points in 3. We first assume that
det(p(w))*f(w) € Q for all we W where f is finite. Note that there exists a
function U € 2A;(Q) on 3 holomorphic in w with det(U)(w) # 0. Indeed, denote
JH for the unbounded realization of B via the Cayley transform, and we can simply
put U(z) = R(z) for z € 3 = H with R the function in [32, Proposition 9.11]. We set
g = det(U) ¥ £, and note that

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

But now we have that U(w)'p(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 € Ao(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 € My has algebraic Fourier
expansion, then g € 2,(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). [

We end this subsection by giving a definition for adelic modular forms. Let f € M}

be an (adelic) modular form of scalar weight k, i.e., we are taking w = det®. We say
that f is algebraic, denoted by f € M (Q) if for a dense subset W of CM-points in 3,
Pr(w) H(gng) € Qforallw e W. Since j(g, w) € Q for CM-point w, this is the same
as all component f; under correspondence f <> (fo, ..., fy) are algebraic.

Proposition 5.6 (1) Let K=K;(n) or Ko(n), then M;(K)=Mi(K,Q) ®g
C,8x(K) = 8x(K,Q) &5 C.
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(2) Let r=0,n=2m, and feMy, then f e My(Q) if and only if the Fourier
coefficients c(7, 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 G,. By explicit computation
of Fourier expansion, we have E;(g,[) € M;(Q). Clearly, we also have E;(g,[) €

Mi(Q).
5.3 Differential operators and nearly holomorphic functions

In this subsection, we summarize some of the result of [29] (see also [32, 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 bounded realization of our
symmetric space, but thanks to the remark above, we can transfer the definitions from
one realization to the other. We set

B={zeClh:%2=-2,2"2<1,}, T={zeCl:2=-2z}, n(z) =1-z"z

Here, ¥ is the tangent space of ‘B at the origin 0.

Given a positive integer d and two finite-dimensional complex vector spaces W and
V, we denote by M1;(W, V) the vector space of all C-multilinear mapsof W x --- x W
(d copies) into V and S;( 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 ® ¢, M1;(T, V)} by

[(w® 1) (a)h](uy, ..., uq) = w(a)h(‘awa,..., auga),

for a € GL,(C),h e M1;(%,V),u; € . In particular, taking d =1 and w the trivial
representation, we define the representation {7, $;(%)} of GL,(C) by [t(a)h](u) =
h(‘aua) forh e $;(T),ueX.

Take an R-rational basis {¢, } of T over Cand foru € ¥ = Y, u,¢,. For z € B, write
z=3,2v&. For f € C*(B, V), we define Df,Df,&f € C°(B,8(T,V)) by

(i)f)(u):zuv%, (®f)(u) Zuvaf » (€f)(w) = (D) ('n(2)un(2)).

We further define ©7 £, f, €% f by
Dif =004, D=0, ¢lf=eetlf, D =D f=Cf = f.
And, define D¢ f € C> (B, S4(T, V)) by
D4f = (0o t)(n(2)) e [w(n(2))f].

We now recall the important fact, due to Hua, Schmid, Johnson, and Shimura (see, for
example, [27]), that the representation {7¢,S;(T)} is the direct sum of irreducible
representations and each irreducible constituent has multiplicity one. In particular,
for each GL,,(C)-stable subspace Z c S;(%), we can define the projection map ¢ of
S4(%) onto Z. Define D% f € C(B,Z® V) by DZf = ¢,0 f.
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Lemma 5.7 With notation as above, we have:

1) 7D f e A (Q) for every f € Ao (Q).
(2) Let Z be a GL,,(C)-stable subspace of S;(T). I f € A, (Q), then

7P (w) DL f (w)
is Q-rational for any CM-point w.

Proof The proofis the same as the one in [32, Theorems 14.5 and 14.7] (see also [27,
Sections 5 and 6]). Indeed, as we have a natural inclusion B — B, we can reduce our
problem to unitary case. For example, for (1), denote D f for the differential operators
in unitary case. The lemma is proved for this case in [32, Theorem 14.5]. Let p be the
complex dimension of B, and we can take p elements g1, . . ., g € Ao (Q) such that g; o
€, ..., gp o earealgebraically independent. Put f; = g; o e. As shown in the last section,
gioe€Ao(Q) s0 9/df,...,0/df, are well-defined derivations of o (Q). For every
feAy(Q),wehave D f = ¥;(0f/0f))Dfj.NowD(f;) = (Dg;) o eand 7' Dg; is Q-

rational. This proves our assertion. ]

We now set r(z) := -5(z)'z. Let d be a nonnegative integer and {w, V'} the
representation as before. A function f € C* (B, V) is called nearly holomorphic of
degree d if it can be written as a polynomial in r, of degree less than d, with V-
valued holomorphic functions on B as coefficients. We denote the space of such
functions by M (B, V). Let M% 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
M4 (T). An exact same argument in the proof of [32, Lemma 14.3] shows that this
space is finite-dimensional over C.

Suppose V is Q-rational. A function f €M% is called algebraic, denoted by
fend(Q), if Po(w)f(w) is Q-rational for we W={g-0:ge G(Q)}. Put
N4 (1,Q) = N4 (Q) N M4 (T). The proof of the following lemma is the same as the
one in [32, Theorem 14.9].

Lemma 5.8 Let Z be an irreducible subspace of Sp(T). Then n PDZLf e ‘ﬁigprz (Q)
for every f € N4 (Q). Here, 1 is the restriction of T 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,z) = j(gz» z0)*f(gng.) with
z=g,-0¢B. Then D;f, DZf is defined as applying differential operators on z € B.
A functionf : G(Ap) x B — Cis called nearly holomorphic if it is nearly holomorphic
in z € B. We can then define the space N¥ and of nearly holomorphic modular forms
as before. Similarly, we can define subspace Nﬁ (Q). These definitions are equivalent
to all components in the correspondence f < (fi, ..., f,) being 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
with group G, n = 2m of weight I and character y.
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Proposition 5.9  Assume | > n -1, and let y € Z such that n -1 < y < . Then:

(W) Ei(g.p) € n“N;"(l_”)(@) with a = m(l - p).

(2) Denote €;(g,s) = An(s, Y)Ei(g>s, x)- Then € (g, u) € ﬂﬁfN;"(F”) (Q) with p =
m(l+p)—m(m-1).
Proof For this, we use [27, Theorem 2D], which classifies the irreducible represen-
tations of (77, S,,,(%)). In particular, for p € Z and a weight g, we can define the
operator Al by APf = (DZf)(y) with w = det?, Z = Cy c S,y (T), and y = det?/?,
Here, the square root of the determinant denotes the Pfaffian of the skew-symmetric
matrix. Then

ANY(@) < AN (@),

We have shown that E;(g,1) € M;(Q), so AYE;(g,1) € 7P N'? (Q). Take p = | — ,

P
then by the explicit formula in [27, Theorem 4.3], we have

APE, (g, 4) = C-Ei(g u), withCeQ .

This concludes the proof of the proposition. [ ]

6 Main results

We now recall that we have established the integral representation of the L-function:
L(s,f, x)f(g) = ck(s E(gx h,s)f(h)dh.
L0 =) [ (g b))
Here, €4 (g,5) = An(s, Y)E(g,5); E(g,5) = Ex(go™',s) forg e Gy(A)and o = 1ifv +
n, 0 = T, if v|n, where Ex(g, s) is the Siegel-type Eisenstein series defined on Gy of
weight k and N = 2n.
We first prove a lemma which is the analog of [32, Lemma 26.12] in our setting.

Lemma 6.1 Let f € N¢(Q) be an algebraic nearly holomorphic form associated with
group Gy. Then there exist g;,h; € N¢(Q) associated with group G, such that

fg xh) = g ().

j=1
Proof Write
£(g x 1) = j(goo X hoo» 20 x 20) *f(gh X hn, 2 x W)

with z = geo20, W = hoo2o € 3m,r- By definition, f(z, w) := f(gn x hn, z x w) is nearly
holomorphic in z x w. Similarly to the proof of [32, 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 e N¢(Q) (resp. f e N¢(Q)) as a function in g or h.
Let {g;}., bea Q-rational basis of N¥(Q). For each fixed h, we have f(g x ) =

Y 518j(g)h;(h) with h;(h) € C. Since g; are linearly independent, we can find e

points g1, .. ., g such that det(g;j(zx)) # 0. Solving the linear equations f(g, h) =

jk=1
> 5.1 8j(zk)h;j(h), we find functions h; € N{.
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It suffices to prove that {h;} are algebraic. Since W = {g -z : g € G(Q)} is a dense
subset of 3, ,, we can take g; such that g;jzo € W. We easily calculate the period

P (20 x z0) = P (z0) B« (20); hence,
P (zo x 20) 'f(gn x hn) = Ze:‘Bk(Zo)flgj(gh)‘l‘k(Zo)flhj(h)-

j=1
By algebraicity of f, g;, we have P« (o) 'h;(h) € Q, and thus for all w = hoozg € W,
we have Bx(w)'h;(h) € Q. Hence, h; € N¢(Q), which completes the proof. |

Before stating the main theorem, we need to establish one more result.

Proposition 6.2  Assume that k > 2n — 1, and let y € 7 such that 2n —1 < y < k. Then
there exists a function T(g, h) with T(g, h) € NZ'(k_") (Q) x M (Q) such that

(T(g,h),£(h)) = (€(g x h, u), £(h)).

Proof This is the analog of Lemma 29.3 proved in [32] 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 [32] to cover our case. We follow the notation of Appendix
A8 in [32] and write g for the real Lie algebra of G := G(R). We then have the familiar
decomposition of the complexification g¢ = t¢c @ p, @ p_ where tis the Lie algebra of
the fixed maximal compact subgroup K = U(n). Finally, we write {( for the universal
enveloping Lie algebra of g¢, 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(xk™) = p(k)f(x) for all k e Kc K, and x € G. As in [32],
there is a bijection between C*(3, V') and C*°(p) which we denote by f — . 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 [32]) that a {{-module Y is called unitarizable if there exists a positive-
definite hermitian form {, }:Y xY — C such that {Xg, h} = —{g, Xh} for every
gheYand X eg.

Let us now take p = det® for some k > 2m — 1. Then we have that for any nonzero
f € H(p), the t{-module structure of {1/ depends only on the weight k, and that such
amodule is unitarizable. This follows exactly as in [32, Theorem A8.4] 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 v is
given by (see [27])

m tap

vz(s) =[] (s-i+2n-1).
h=1 i=1
For the notation, we refer to [27] 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 T\G
is compact and f(yx) = f(x) for all y € I. This is the analog of [32, Lemma A8.5],
which covers the unitary case. But again, the existence of such a g and a discrete I can
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be derived from the existence of such elements in the unitary case, say T and g (the
content of Lemma A8.5 and the natural closed embedding G — U(n, n). In particular,
we may take I := T N G 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 consideran f € N 4(Q) for any d € N such that $(f is unitarizable,
then there exists an element q € M (Q) such that (f, k) = (g, h) for all h € S. This is
a rather general result and can be obtained exactly in the same way as it is done in [32,
Lemma A8.7] in the unitary and symplectic case with little changes.

We can now complete the proof of the proposition. First, we note that unitarizable
$-modules behave well with respect to the doubling mapping. Let us write G; with
i =1,2 for groups of type similar to G, and we insert the index i to all notations.
Assume we have a doubling embedding G; x G; = G, 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 {,-module L, f is unitarizable, then the {; x £l
module A*4Lf is unitarizable with respect to both variables. This follows similar to
[32, Lemma A8.11]. Hence, in order to complete the proof, it is enough to show that
the Eisenstein series € (g, #) 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 5.9 that the Eisenstein series €, (g, 4#) on Gy with N = 2n are obtained
from holomorphic ones of weight I > N —1 = 2n — 1 by applying the Shimura—Maass
operators A‘;’ . 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 [32, §A8.8] and more generally in [7]. [

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

Theorem 6.3  Let n be an ideal in 7, and assume that all finite places v with v + n are
splitinB. Let f € S;(Ki(n), Q) be an eigenform with k > 2n — 1, and let  be a Dirichlet
character whose conductor divides the ideal n. Let y € Z such that 2n —1 < u < k, then

L(w- £, x)
gi(k+p)=3n(n-1) (£, 1)

€Q.

Proof We prove the theorem following an idea used in the proof of [32, 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, u) by T(g, h) holomorphic in & such that the
integral can be rewritten as

c(w)L(p. £, E(g) = (T(g, h), £(h)).

By Lemma 6.1, we have

TPT(g ) = 3 g (e (h),
j=1
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with g; € N:(k_”)(@),hj e Mi(Q), and B = n(k + p) — n(n —1). We note here that,
indeed, h; € M (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 k variable
since they are obtained as the solutions of a linear system where the “constant” vector
consists of holomorphic functions.

Then the above equation can be written as

W}[wt'(g) = i(h],f) g](g)
=1

Since we are assuming k > 2n — 1, we may apply [8, Corollary 2.4.6] and write
Mi(Q) = 8x(Q) ® £4(Q) as a direct sum of space of algebraic cusp form and the
space of algebraic Eisenstein series. In particular, we can find h’ € 8x(Q) such that
(h;j,f) = (h}, f). Let w = goozg be a CM-point with period Py (w), then by defini-
tion, P (W) 'g;(gnge) € Q. Therefore, at g = gngoo, we can further find some h" €
Sk (Ki(n), Q) such that

L L D) (g, g.) = ) 1)

Denote
V= {f e Sk(Ki(n)) : f|T¢ = ()}, V(Q) =V n 8k (Ki(n), Q)
for the space consisting of eigenforms with the same eigenvalues as f. Since

Sk(Ki(n)) = 8x(Ki(n),Q) ®5 C and Sk(Ki(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 8k (Ki(n),Q)) =V(Q) ® U for some Q-rational
vector space U (compare with the first few lines of the proof of [32, Theorem 28.5]).
With w = g..zo as above, let h,, be the projection of h" to V(Q), then for all f € V(Q)
and any CM-point w = ges2¢, We have

k()L £, x) £(gh - goo)
n Tlw) 0

For a fixed y, we can choose w such that (h,,,f) # 0, since L(y, 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’) € 7P c; (u)'L(u, f, x)Q and
thus (h, h’)/(f, f) € Q. Choose g.. such that f(gngo.) # 0. Then, by algebraicity of f,

we have
-1
ck(WL(pfx) _ (h.f) (f(gh-goo)) T
b (£, f) (£.£) \ Pr(w) ’
and the result follows from the value of ¢; (¢) in Lemma 4.6. ]

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

(1) As it was discussed in Remark 3.1, if f is assumed to be an eigenform in
Sk(K) for some K o 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
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L at the absolute convergent range (larger than 2x — 1), we can extend our results to
include such missing Euler factors. Indeed, if we consider a p[n and write L,(p~*) =
Py(x(p)p~®)™" for such an Euler factor, then for an integer u >2n -1, we have
P,(x(p)p~*) # 0 since both the complete and the partial L-functions 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
[38]; however, to the best of our knowledge, there is no result on their algebraicity,
that s, 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 above stems from the celebrated
Deligne’s conjectures [4]. 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. 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 Remark 3.1, the explicit form of the Euler
factors at infinity (i.e., T'-factors) such that a functional equation is satisfied, is not
known (see [38, 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 ck(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
[32] for Hermitian and Siegel modular forms and also by Bocherer and Schmidt [1,
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 I, (s + k) := 7" [T" 0 T(s +
k - 2i) (see [3, Theorem 3.8]), and hence for the L-function is (using the notation of
Lemma 4.6 and write n = 2g + ¢ with ¢ € {0,1}),

o M T(s +k—n+1—1t=2j) nl

- [(s+k-2i)=
9, T(s + k- 2j) HO

L(s)=cp(s)Tu(s+k)=a(s)n

3n(n—
2

h 971 n—1
"TIr(s+k-n+1-t—2j)[]T(s +k-2i),

j=0 i=q

a(s)m

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 [3,
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 normalization of the Satake parameters) have no poles, we find that
the critical values are at the interval

{ueZ:2n-1-k<u<k}

https://doi.org/10.4153/50008414X23000184 Published online by Cambridge University Press


https://doi.org/10.4153/S0008414X23000184

40 T. Bouganis and Y. Jin

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

Let it 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<
y < k, and not for the whole range indicated above. The condition on the weight
k >2n —1is required since in our proof we need to be able to separate algebraically
the cuspidal part from the Eisenstein part, that is, M (Q) = 8;(Q) @ £, (Q). For this,
we rely on a celebrated result of Harris in [8] which holds under the assumption that
k >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
[32, Theorem 2712]. The restriction of the range 2n —1< p < k is due to the use of
nearly holomorphic Eisenstein series (see Proposition 6.2 and Theorem 5.9) and the
nonvanishing L(y, f, y) # 0 used in the proof above.

We mention here that in the split case (r = 0), we can obtain algebraicity result
in [15] for n+1< y < k. The techniques there are very different to the ones used
here and are modeled to the seminal paper of Bocherer and Schmidt [1], and rely
on the use of some holomorphic differential operators (no use of nearly holomorphic
Eisenstein series) and some further assumptions on nonvanishing 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.f, x) ) ) L(p £, 1%)
nn(k+y)—%n(n—1)G(X)n(f) f) ﬂn(k+y)—%n(n—l)G(Xo)n<fa)f0> >

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
pullback still preserves the Galois properties. The same problem also occurs in [32] for
unitary groups. When our group Gis a split (i.e., r = 0), £° 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 [32, 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 characterize 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
[32, 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, the more refined results require

the understanding of the action of Gal(Q/Q) on (%) € Q in the notation used

in the proof of the theorem.

(4) Finally, we mention that as in [30, 32], we can also applying the pullback of
Siegel Eisenstein series for two different groups G, x G,. 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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