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Abstract In this paper we establish some algebraic properties of special L-values attached to
Siegel modular forms of half-integral weight, often called metaplectic modular forms. These
results are motivated by some “exercises” left by Shimura to the reader in his marvellous
book “Arithmeticity in the Theory of Automorphic Forms”.

1 Introduction

This paper is the continuation of our earlier work [1], concerning special L-values attached to
Siegel modular forms. In the previous work we considered Siegel modular forms of integral
weight, and in this paper we consider the half-integral weight situation. As we mentioned in
our previous papet, the origin of these two works is the work of Shimura on the algebraicity
of these special L-values (both in integral and half-integral situation). Indeed, Shimura, in
his admirable book “Arithmeticity in the Theory of Automorphic Forms” [10], establishes
various algebraicity results of these special L-values. These results are established over an
algebraic closure of Q (see for example Theorem 6.1 below), and Shimura leaves it as an
“exercise” to the reader to establish more accurate results (i.e. exact field of definition and
a Galois reciprocity law, see [10, p. 239, Remark 28.13]). We believe that it is important to
have these results documented in the literature and this is exactly the goal of this and our
previous work. Our main results are Theorems 6.2 and 6.4 below, which rely in turn to the
definition of some particular automoprhic periods (see Theorem 5.2). The structure of this
paper is very similar to the previous one [1], and for this reason we have shortened quite a lot
of proofs which are similar to the previous work. However there are a few technical points
that need to be settled differently than in the previous paper. We finally mention that similar
questions can be considered for Hermitian modular forms, and we refer to our paper [2] for
more on this.
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Notation Our main reference is the book of Shimura [10], and hence we have adopted most
of the notation used there. There is only a few notational differences, perhaps the one worth
emphasizing, is that we use the L notation for our functions (L-functions) where in [10] the
zeta notation, Z, is used.

2 Siegel modular forms

In this section we introduce the notion of a Siegel modular form of integral and half-integral
weight both from a classical and adelic point of view. This section is very similar to the
corresponding one in our previous paper [1]. We follow closely the book of Shimura [10,
Chapter I].

0 —I,
I, O
tative ring A with an identity the group Sp,(A):={« € GL,(A)|'an,a = n,}. The group
Sp, (R) acts on the Siegel upper half space H,,;:={z € M, (C)| 'z =z, Im(z) > 0},

For a positive integer n € N we define the matrix 7,:= ( ) and for any commu-

ag by

a-7:= (agZ + by)(caz +de)”!, a= ( ) € Spp(R),
Co dy

where %, iS an n X n matrix.

Let now F be a totally real field of degree d, discriminant Dy and we denote by O its
ring of integers. We write oo for the set of archimedean places of F, f for the finite ones and
we set G := Sp, (F). We write G 4 for the adelic group and we decompose Gp = GrG
where Goo := [[,coo Gv and Gy := [],<¢ G, For a fractional ideal b and an integral idealc
of F we define the subgroup of G4,

’
vef

D[b™", bel := |x € Galay < Oy, by < by, cx < bey, dy < Oy, Vo € f},

[T3PAL]

where we use the notation “<” of Shimura, x < [ meaning that the v-component of x
is a matrix with entries in the fractional ideal I. Strong approximation for G implies that
Gp = GgD[b™!, bc] for any b, c and g € Gy. We define 'Y (b, ¢) := G NgD[b™!, belg™'.

We denote by M, the adelized metaplectic group, and write p : My — Gy for the
canonical projection to G . Further we write C? for the theta group defined for example in
[10, Appendix A2.3] and '’ = G N C? We note that D[b~!, be] c C? if b~! < 207! and
be C 20.

For anelement o € I'? and z € H we write &, (z) for the 1/2-weight factor of automorphy
as defined for example in [10, Theorem 6.8]. Forak € %Z we define the factor of automorphy

. X det(csz —i—da)k, kelZ, o €G,
Jo ()" = K :
he (2) jo (D™, k¢ Z, o €.

Given a Hecke character ¥ of F of conductor dividing ¢ we define a character on D[b™!, be]
by ¥ (x) = l_[vlc Yy(det(dy)y) and a character, which we still denote by ¥, on I'? by
v() =gy,

We now write Z¢ := [, .o Z and H := [[,coo Hy. Elements k € $Z¢ will be called
weights, if k € 78 ork = (ky) € %Zd and ky, € Z + % for all v, in which case we say that
k is a half-integral weight. For a function f : H — C and a weight k € Z¢ (resp. k € %Zd
and half-integral), we define,

(flr) (@) := ju(2) ¥ f(az), z € H.
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fora € G (resp. « € I'?). Here we write z = (2y)yeoo With z, € H, and & € G« and define
Ja @ =TT, Jo, (20"

Let now I' be group of the form I'?, g € G¢ as above and v a Hecke character. Moreover
we fix a weightk € %Zd, and in the half-integral case we will be also assuming that ' € T'?.
Then we define,

Definition 2.1 A function f : H — Cis called a Siegel modular form of weight k (or often
called a metaplectic modular form if k is half-integral) for the congruence subgroup I" and
Nebentypus y if

(1) f is holomorphic,

@) fley =¥ (y)f forally e,
(3) f is holomorphic at cusps.

The last condition is needed only if F = Q and n = 1, which is then the usual condition of
elliptic modular forms being holomorphic at cusps. The above defined space we will denote
itby M (I, ¥).

For any y € G, we define p, (z) = 1 ifk € 74 and Py (2) to be any branch of the square
root of j, (z)" if k is half-integral, where we write u = (1,...,1) € 7¢. Then we have a
Fourier expansion of the form (see [10, pp. 33 and 73])

Py @7 (flwy)@) = ) cls, 5 eas(s2),

se6

where & a lattice in Sy = {s € M,(F)|s =%, s, > 0, Yv € 00}, and e (x) =
exp(2mi Y, tr(xy)). An f is called a cusp form if c(s, y; f) = O forany y € G and s
with det (s) = 0. The space of cusp forms we will be denoted by S (I", ¥). For a subfield
L of C we will be writing M (T, ¥, L) (resp. S (T, ¥, L) for the subspace of My (T, ¥)
(resp. Sk (I', ¥)) whose Fourier expansion at infinity (i.e. y = 1 above) has coefficients in L.
Finally we note that for an element o € Gal(Q/Q) we may define (see [10, pp. 35 and 73]
an action on My (T, ¢, Q) by acting on the Fourier coefficients of the expansion at infinity.

We now turn to the adelic Siegel modular forms. We refer the reader to [9, Chapter II]
and [10, pp. 166-167] for details. For a weight k € %Zd, wesetGy = Gp,and p = 1ifkis
integral and Gy = My, and p as above, if k is half-integral. Then

Definition 2.2 ([10, p. 166]) A function f : Gy — C is called adelic Siegel modular form
of weight k if
(1) flaxw) = Y w)jk_ OF) fora € G, w € p~1(D) with weo (i) =1,
(2) For every p € Gy there exists f, € Mi(I'?, ), where I'?:=G N pDp~!, such that
f(py) = (fpley) (@) for every y € Goo.
Herei := (il,,...,il,) € H. We write My (D, v) for this space. Strong approximation
theorem for Sp,, gives My (D, ) = My ('Y, ) for any g € G, where in the half-integral
case we assume that ['Y C I'’. We define the space of automorphic cusp form S (D, ¥)
to be the subspace of My (D, ¥) that is in bijection with Sx(I"'?, v) for any ¢ € Gy in the
above bijection. Using the above bijection we also define My (D, ¥, L) for any subfield L
of C and an action of Gal(Q/Q) on My (D, ¥, Q).
(-1
Finally forg € GL,(F)s and s € Sy, we set x4 := g stq71 ) and obtain an adelic
q
g-expansion (see [10, pp. 167-168]),
£(xg.s) = det (go)Mdet @)1 ) c(x, g; DeaoiiqTg)en(ts),

TeSt
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where for the definition of ey to [10, p. 127], and in the case of half-integral we view x4 s
in My using the canonical lift Py < My of the adelic Siegel parabolic Py . Finally, in the

half-integral weight situation, we set u(z, g; f) := |det (q)liﬂc(r, q; ).

3 A reciprocity law on Eisenstein series

In this section we recall a theorem proved in [1] concerning the action of the absolute
Galois group on some Siegel type Eisenstein series. We start by fixing some notation. Let
k e %Zd be a weight and let b be a fractional ideal and ¢ an integral ideal of F. Further we

consider a Hecke character x of F with infinity type xoo(x) = xoo [X00 |”‘] and of conductor
dividing ¢. Moreover in case that k is half-integral we assume that b and ¢ are such that
D[b~!, be] € D[2071, 20].

We write Ep(x,s):=Ea(x,s; x,¢), x € Ga, s € C, and E} (x, s) for the two adelic
Eisenstein series of Siegel type defined as in [10, pp. 131-132]. Moreover we define,

Le@s, ) TT™P Leds —2i, x2), k €24,

Dp(x,s) = Ej(x,5) X
a(x, ) ALx,8) 1‘[(”+1)/2L (4s —2i — 1, %%, k¢z4,

)

and write D(z, s; k, x, ¢) for the corresponding to Dy (x, s) classical Siegel modular form.
For a number field W we follow the notation in [10] and write N} (W) for the space of
W -rational nearly holomorphic forms of weight k (for the meaning of r we refer to [10]).
The theorem below is due to Shimura [10, Theorem 17.9].

Theorem 3.1 (Shimura) Let ® be the Galois closure of F over Q and let k € %Zd be a
weight with ky, > (n + 1)/2 for all v € oo and ky — ky € 27 for every v, v € oco. Let
u e %Zwithn +1—ky < pu<kyand|u— "+1 |+ "+1 —ky € 2Z for all v € 0. Exclude
the cases

() p=m+2)/2, F=Qand x*> =1,
2) w=0,¢c=0and x =1,
B)O0<pu<n/2c=0and x> =

Then D(z, u/2; k, x, ¢) belongs to JT'BNr(CDQab) wherer = (n/2)(k —|u—(n+1)/2lu —
"'Hu) except in the case wheren = 1, u =2, F=Q, x =landn > 1, u = (n + 3)/2,
F = Q, x% = 1. In these two case we have r = n(k — . + 2)/2. Moreover we have that

B=m/2)Y  coolky + ) — de where

[+ 1D/ M =, if2u+ne2Zandp > A;
B [n2/4], otherwise.

In [1, Theorem 3] we have proved the following reciprocity laws of the action of the Galois
group Gal(Q/®) on Eisenstein series, extending previous results of Feit [4]. Below g(-) is
a Gauss sum (see [1] for the normalization), and C is a fixed primitive 8¢/ root of unity.

Theorem 3.2 Let k € %Zd with k, > (n + 1)/2 for every v € oo. Let n € %Z such that
n+l—ky,<u<kyand|lp—m+1/2|+m+1)/2 —ky € 2Z for all v € co. Then with
a B € N as in Theorem 3.1 we have

7P D(z, 1/2;k, X, ©) € NI (@Qgp),
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and for every o € Gal(®Q,p/ D) we have
(nﬂD(z,u/Z; k. x. C))” 7D, /2 k X%, 0
w(x) w(x?)

where w () is given as follows:

) ifkeZ® > m+1)/2:

’

ud+2uln/2]1—[n/21([n/21+1)d D;h(”) Z[n/Z])

w(x) = i""lg(x)i g(x

where p:=%= and b(n) = 0 if [n/2] odd and 1/2 otherwise.
(2) ifkeZd u<m+1)/2:
o(x) = i"lplg()()"i_d”"D;"“+3n("+l)/4,
where vi=n + 1 — u and p;:k?“.
) ifk ¢ Z and n > (n +1)/2:

(@) ifn is even
. . —dnk o 1k /24+3n(n+1) /4
o(x) =i""g(x¢)"i~"*C D} ,

(b) ifnisodd

w(x) = i"Plg(xp)" i~k C|Dp |/ FH D Ag () D 20) ([ /2]),

where p::w and b(m) = i4 if m is m is odd and 1 otherwise and
@) ifk¢Z% and u < (n+1)/2:

w(X) _ inlplg(X¢)nifdnvCD;n(z1+l—v)+3n(n+1)/4’

wherev::n+]_’uandp::k—%.

The character ¢ in (iii) and (iv) above is induced by the character on T'? defined as hy, (2)* =
& () jy ()" (see also the few lines in the proof of [ 10, Theorem 10.7]). In particular we have
that

1 PD(z, 1/2; k, %, ©)
w(x)
where @ (x) is the finite extension of ® obtained by adjoining the values of the character x.

€ N (@),

4 The L-function attached to a metaplectic modular form and the
Rankin-Selberg method

In this section we collect various results of Shimura on the L-functions associated to half-
integral weight Siegel modular forms and the Rankin-Selberg method. Everything in this
section is from the works of Shimura [7,8,10]. For notation not introduced in this section we
refer to [10].

From now on, until the end of the paper, k will always denote a half-integral weight. We
fix a fractional ideal b and an integral ideal c. We write C = D[b~!, be], with the usual
assumption on b and ¢. For an integral ideal a we write 7' (a) for the Hecke operator acting
on half-integral Siegel modular forms as defined by Shimura in [10, p. 175] or [7].
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We consider an 0 # f € Sk (C, ) with £|T (a) = A(a)f with A(a) € C for all integral
ideals a. For a Hecke character x of F of conductor f, Shimura shows (see for example [10,
Chapter V]) that the function (defined for Re(s) >> 0),

(l_[L Qs +1—2i, x)) Zx(a)x (@N (@™,

i=1

has an Euler product, which we denote by Z(s, f, x) = ]_[p Zp(x* ()N (p)~7), where yx
denotes the corresponding to y ideal class character. We will consider another L-function
denoted by L(s, f, x) and defined as

Lis, £, 0=[] 2 (X* )@ /PT)NE) ), (4.1)
p

where 7 is a uniformizer of the prime ideal p.
Fort € Sy NGL,(F) and r € GL,(F)s we define the Dirichlet series,

D, (s, £, x Z Y (det (rx)) x (det (x))c(z, rx; £)|det (x) |3~ T
xX€B/E

where B = GL,(F)f N[ ], Mn(Oy) and E = [[,cf GL,(Oy). By Theorem [10, Theorem
21.4] (and the notation there for b, 1 (), £, g,), we have the Andrianov type identity,

(/Yo (det ()2 Dye (s, £ ) A ( )Hgv<x(w/wc><nv>|nv| )

veb

=L(s,f,0) Y uM/LYWZ/P)(det(y)x(det(r'y~)O)|det (r'y~ e (x, yi b),
L<MeL,
4.2)

where for an integral ideal a we write

a@2s, pr ¥ [112 La(ds — 2i, ¥%x?), if nis odd;

n/2
Aq(s) =
o) {H,(’Hll)/z Lqa(4s —21+1,1/f2)(2), if n is even.

We now write ¢’ € Z for the sign

W) oo(®) = x xool”,

and define 1« € Z¢ by the conditions 0 < p, < 1 forall v € oo and u — [k] — ¢’ € 2Z¢. We
moreover define the weight [ := p + (n/2)u, and write 6, € M;(C’, %~ p;) for the theta
series associated to the data (x ~', u, z, r) in [10, Proposition A3.19], where p. is the Hecke

character of F corresponding to the extension F' (c%) /F with ¢ := (=2 der (27). After
writing C' = D[b/ !, b’'c’]}, we define ¢ := b + b’. Then we have (see [8, pp. 342-343]),

Theorem 4.1 (Shimura)
(4m) DD (/DN (@) T) D2 TT Tas + Gy +1)/2)

VEOO

D,:(2s+3n/2+1;f, x)
= ﬂ(S)/ f@O,(DE@, s+ n+1)/2, k=1, ¥ xpe, é§(z)kdz,
‘F

where B(s) = Idet(r)|;zs_n/zdet(T)(k+”+""/2)/2+m, I" := GN D[ eh], with h =
e~ NbeNb'¢), and F = H/T.
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In particular using the Eq. 4.2 we obtain

Theorem 4.2 (Shimura)

V/Y (et )LGs, £, ) [ ] T ( >

VEDQ

s—n—l—}-kv—i—uv)

XY (ML) /) (det () x (det (r'y ™)) Idet (rly ™ [e(z, y; £)

L<MeLl,
_ (D—I/ZN( ))n(n+1)/2 (Ar)"ds'+5 Lo lotiotn/2) o ()5 ut+ e |d t(r)|”+1 s
x [ ] &0 (@/ve) ) x (o)l ) (Ac/ Ap) ((2s — n) /4)vol (F)
veb

<f,0,D((2s —n)/4)>,
where s' = (2s —3n —2)/4, and D(s) = Ay ($)E(z,5; k — 1, pry x, '), and

<f,0,D((2s —n)/4)> = vol (F)~! / f(@04(2)D(z, (25 — n) /A8 (z)kdz.
f

In particular there exists (t, r) with c(z, r; £) # 0 such that

Les.£0 [T T (S —no b +’“°”) Ye(der (M)e(r. r: )

2
_ (Dil/zN( ))n(n+l)/ (4r )ndv +52, (kﬁmﬂ/z)det(f)v u+kt |d t(r)|"+1_2s
X H (/e () x () 7wy [P (A / Ag) (25 — 1) /4 vol (F)
veb
<f,0,D((2s —n)/4)>. 4.3)

5 Petersson inner products and periods

In this section we define some archimedean periods that we will use to normalize the special
values of the function L(s, f, /). We start by proving a lemma with respect to the action of
“good” Hecke operator T (a), relative to the group C = D[b~!, bc]. Here “good” means that
a is prime to c.

Lemma 5.1 The Hecke operators T (a), preserve My (C,, W), if W contains the values
of .

Proof Following Shimura in [7, p. 44] we consider the formal Dirichlet series f|J:=)",
[alf|T (a) (Our notation here is slightly different from the one of Shimura). Forat € S and
q € GL,(F)¢ Shimura shows in (p. 46, loc. cit.) that

c(t.q:f13) = Y e(der (' g))lder(9);" " e(r. gh™ g D)o (™ "grgh™ [ det (sh)O).
g.h

For the notation we refer to Shimura’s paper. The point which is important here is that by

Proposition 4.1 in (loc. cit.) we have that ’(-) is a rational formal Dirichlet series (i.e. has

coefficients in Q). In particular by the equation above we conclude that the c(z, ¢; f|T (a)),

which is obtained by equating the [a] coefficient in the formal Dirichlet series, is a Q(y/)

linear combination of the Fourier coefficients of f. Hence we conclude the lemma. ]
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In the following we write <-, -> for the adelic Petersson inner product (see for example [9]
for the definition) and we denote by Sx(Q) the space of weight k cusp forms with algebraic
Fourier coefficients and of any congruence subgroup.

Theorem 5.2 Let f € Si(C, V) be an eigenform for all the good Hecke operators of C. Let
D be the Galois closure of F over Q and write W for extension of ® generated by the Fourier
coefficients of f and their complex conjugation . Assume mo:=min,(ky) > [3n/2 + 1]+ 2.
Then there exists a period ¢ € C* and a finite extension L of ® such that for any g € S;(Q)
we have

)

<f,g>\7 <t7, g% >
Qf - Qfa

forall o € Gal(Q/L), where ¢’ = pop. Moreover Q¢ depends only on the eigenvalues of
f and we have <g£> € (LW)*.

Remark 5.3 We make the following two remarks,

(1) Our proof is using ideas from a result of Sturm [11, Theorem 3], and of Shimura [10,
Theorem 28.5]. We have similar theorems in the integral weight situation [1]. The proof
is very similar to integral weight situation considered in [1], and hence we will not
reproduce all the long calculations again, but only what is needed to have a logical flow
and we simply refer to our previous work for the details. Perhaps the differences that
deserve special mention are (a) the fact that we need to establish the Galois invariance
of the trace map for half-integral Siegel modular forms (see Lemma 5.4 below), and (b)
the slightly larger extension L.

(2) Indeed the number field L in the statement of the theorem, depends only the eigenspace

Vi={g e S(C,¥)IgIT (a) = Ar()g (a,¢) =1},

where {A¢(a)} are the eigenvalues of f, with respect to the good Hecke operators. L is
the composition of ® with quadratic extensions of Q and a rough estimation shows that
[L; ®] < 21 where ¢ is the dimension of V.

Proof Asin [1] we pick a half integer og so that 3n/2+ 1 < o9 < mg and mg —oq ¢ 2Z and
define u € Z¢ by the conditions 0 < p, < 1 andog—k,+uy € 2Zforall v € co. Our choice
of op implies in particular that there exists an v € 0o so that 1, # 0. We putt’ := p — k.
We now pick a quadratic character x of F so that (Y x)eo(x) = xgo |X0o| " " and of conductor
f such that c|f (see [1] for the existence of such an x) and we define / := p + (n/2)u and
v=o09— (n/2). Thenv > n+1)/2and 0 <k —[1 —vu € 274. We consider the theta
series 6, with respect to our choices of x and , and by our choices we note that 6, is a cusp
form, since u 7 0 (see [10]). By Theorem 4.2 we have

—n—1+k, v
L(ao,f,x>l_[Fn<"° oot ”)(wwc)%der(r»

2
veoo

Xy (ML) [P et () x(det (r'y~))|det (ry ™| Pe(x, y; B)
L<MeLl,
k+ptn/2u

(4n)nd.¥6+% Zv(kv+ﬂv+n/2)de[(t)s(/)u+ 5 |det(r)|}’;:+l—0()

- (D;]/ZN(e)

< [ oW/ v ) x ()| ) (A e/ Ap) (v/2)v0l (F) < f, 6, D(v/2, pe ¥ x)>,

veb

where s, = (200 — 3n —2)/4.

)n(n+l)/2
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I, (0t
"Uol(f) 2 and define B € N so that

7 PDWw/2) e ./\/,f_l(d)(@ab) with p = H%"” We set y:=n(}_, kl*lfvﬂ’ —ky) + de —
nY" (o +ky+ @y +n/2) — B, where € = n?/4if n even and (n*> — 1) /4 otherwise. Similar
to [1] we define,

B(x, ¥, T, r, £) := 8lder (NI 0 (/) (et (r)

XY u(M/LYE /) (det () x (det (r'y =) det (r'y ™ Pe(e, i ),
L<MeL,

We write § for the rational part of [heoo

and

COG Y, T, r) = (N@)" "2 TT g0 (W) () x () 700 1) (A e/ Ap) (1/2).

veb

We now claim that for every o € Gal(Q/®) we have that
B(x,v,t,r,)° =B(x°,¥°, t,r,£%) and C(x, ¥, t,r)° =C(x°, ¥, 1, r).

For C(x, ¥, 7, r) this is easy to see, since og + % is an integer, and hence our claim follows
by looking at the definition of g, in [10, p. 128]. However for B(x, ¥, 7, r, f) we need to
justify it since og € Z + % For this we rewrite

B(x, ¥, 7,1, B) = 8ldet ()57 (y/¥0)* (det (r))
x> w(M/LYWE [P et (y))

L<MeLl,

o0+3

_1
x et (r'y™M)ldet 'y )7 ldet (y N 2 ez, yi ).

1
We recall that u(z, y; £) = |det ('y~1)| . c(z, y; ), and by [10, Lemma 23.14] we have that
w(t, y; £)° = u(r, y; £7), from which the claim follows.
Writing Trll:, 2 Sk (I, ) — Sk (T, ¥) for the usual trace operator attached to the groups
I" < T, and using the properties of the inner product we obatin

<[, 6 DW/2, pr¥ x> = <f,p(6, D)2, pr ¥ X))> = <f, Trs (p(B D(v/2, pcr X)),

where p : R,’; — Sk is Shimura’s holomorphic projection operators [10, Proposition
15.6]. Moreover, since Gxn’ﬁD(v/Z) IS N,f(d?@ab), we may consider the action of
o € Gal(®Q,p/P). Then

POy P D)2, p Y x))° = pOF (x P D)2, pr Y7,
and
Tris Oy P DW/2, perx)” = Tri (0 Dv/2, pr Y x)7).

using an equivariant property of the trace, which will be shown below in Lemma 5.4. Now,
for any given f € V, there exists (t, r) such that

B(x, ¥, t.r.f) =8y (det(r))c(r, rif) #0,

and we write & for the set of pairs (z, ) for which such an f exists. In particular for such an
(t, r), we have (see [1] for details) that

<f, 0, PDW/2, pe ¥ x)> #0, and C(x, ¥, 7,r) #0.
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We now define g; , € Sp(I', ¥; ®Qgp) by
ger = Try (PO PD(w/2, pe¥x))).

and define the space W to be the space generated by g , for (tr,r) € &. We now claim that
there exists an Q¢ € C* such that any f € V and any g; ,

<<f7 8r,r> )a _ <f, g?,/r>

)

Qf Qfo

where ¢’ = pop, and o € Gal(Q/®(/det (7))).

The case of n even This case is similar to the case of n odd in the integral weight situation,
which we considered in our previous work [1]. We do not reproduce the whole calculations
but we refer the reader to that article. The only difference is that now we have to take the
element o to fix @ (y/det (t)). The same calculations (there we take € = 1) show that we can
define:

—n——n _\ —1
Q= (20 8@ R) D"V Leoo, £, ),

where

n n
 enlpli—dnv 5, kv—py—5)+3n(n+1)/4
R :=i"PY CDy

The case of n odd This case is the same with the case of n even in the integral weight situation.
We set:

— — , ky+uy+5
Qr = (BOBOORG) ™ Bond™ St =20 DRy L gy, £, )
where B(n) = i? if [n /2] is odd and 1 otherwise. Moreover
2],. _oj —2[n/2]
in\p\(i)vd (l_[ll’;/lj([)(ZU 21)d> g(V n/ )

R(Y) =
D}:/2 D?;(”)

)

where b(n) is defined as in Theorem 3.2.

As in [1] it can be shown that the C span (of the projections) of g; , with (t,7) € & is
equal to V. Since V is a finite dimensional space, we need only finitely many g; .. We define
L to be a minimal extension of ¢ such that L contains +/det(7) for a set of g , spanning
V. Since g;, € S;(Q) we have that the Q-span is equal to V(Q). We can now establish the
theorem for any g € V(Q) since after writing g = Zj Cjgr; v € V(Q), where g,V 18
the projection of g, OV, we have for all 0 € Gal(Q/L) that,

Qf Qo o Qo

<<f, g>)" B ZFO <f0’g(rf_,-,r,-,v> <t g% >
= ; .
J
We now take any g € Sx(I', ¥; Q). Since the good Hecke operators act semisimply, we have
Si(C,¥) = V@ U, for some vector space U preserved by the action of the Hecke operators.
We write g = g + g» with g; € V and g; € U. Then we have that

<<f, g>>“ _ <<f, g1>)g _ <f°,g‘l”> _ <f7,g%' >

Q¢ Q¢ Qfo - Qo

)
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where the first and the last equality follows from the fact that <f, g> = 0 and <f?, g(’/ >=0
forg € U.By Lemma 5.1 it is enough to prove this for g an eigenform for all the good Hecke
operators with a system of eigenvalues different from that of f’s. That is, there exists an ideal
a with (a, ¢) = 1 so that T (a)f = Ag(a)f and T (a)g = Ag(a)g such that Af(a) # Ag(a). By

1
[10, Lemma 23.14] we have that T (a)f” = A(a)® Y @2 ¢9 and similarly for g. But then
N(a)2
we have
N(az)®
Ar(a)? —<t7, 8% > =<T()f’,g° > =
N(a)2
1 ’ 1
/ /N i o ’ ’ N Z o
<f7, T(0)g” > = <7, Ag(a)’ (ai)]go > = <f7, 8% >Ag(a0)’ (a )1
N(a)2 N(a)2

and hence we conclude that <f?, g"/ > = (). Here we have used the facts that the good Hecke
operators are self adjoint with respect to the Petersson inner product, and that their Hecke
eigenvalues are totally real (for both facts see [10, Lemma 23.15]).

Finally taking g equal to f we obtain that Qg is equal to <f, f> up to a non-zero element
L. O

In order to complete the proof we need to establish the result on the Galois equivariance
of the trace operator. We will need the theta series 0(2):=_ o €0 (aza/2) € M Ly Q).
Note that this is the series 6 defined in [10, p. 39, equation 6.16] by taking in the equation
there, using Shimura’s notation, # = 0 and A the characteristic function of O" C F”. Note
in particular that since we are taking u = 0 we have that ¢ = 0. In particular Theorem
6.8 in (loc. cit) gives the properties of the series 6.

The following lemma is an extension of a result of Sturm in [11, Lemma 11] to the
half-integral weight situation. The following proof is an extension of our previous proof [1,
Lemma 8]. The key difference is the use of the theta series 6 to go from the half-integral
weight situation to the integral weight situation.

Lemma 5.4 Forany f € Sy (I, ¢¥; Qup)
Trlr/’]/f(f)a = Tr;/’wa (fa)7 o € Gal(q)(@ab/q))

Proof In the proof of this lemma we will make use of Shimura’s reciprocity law of the action
of G, to the space of integral weight Siegel modular forms. We will use the notation as in
[10, Theorem 10.2].

Since k ¢ Z4, we have that 6f € My, with k' = k + % € Z4 and of Nebentypus V¢,
where ¢ is as in Theorem 3.2. Moreover for any o € Gal(Q/Q) we have that (8f)° = 0f°
since 6 has Fourier expansion with coefficients in Q. We moreover observe that 6 Trll:/’ v ()=
Trll:,yw(ef) sicne we have 9|%uy =@ forally e " CTI?.

Thanks to the strong approximation for Sp,(F) we may work adelically. We write D
and D’ for the corresponding to I" and I'” adelic groups (i.e. ' = G N D). We fix elements
{gi} C Dy sothat D =|J D'g;. Fort € Z{ corresponding to o |g,, we note that

1, 0 1 0
((;' fll,,)g"((;l [In>€SPn(A)f,
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and hence by strong approximation we can find elements u; € D’ with flu; = f (ie.
Y(ui) =1),¢(u;) =1, and w; € Sp,(F) so that

L, 0 (0N _,
0 t'1,)8\ 0 ¢1,) """

As in [1] we can show that since the g;’s form a set of representatives of the classes of D’ in

D, the same holds for L ,? gi L 0 , and hence also for w; since u; € D’. We
0 /I, 0 tI,

now consider the elements (1 (1), o), (w;, id), (i, id) € G4+ x Gal(Q/Q). Then we have

—1

(GTV%:/,,/,G (fg))ovil = (Z 1//(/>(g,-)”<9f”|g,-)
=Y Yo )ONI (), 0) (g, DaE™),07h) =D ¢y (e O Iwiwi, )
= Vo@)ONIwi =Y W) w)ONw; =6 Y y(w) flw; =6Trf, , f.

So we conclude that GTrFr,.W (f”))‘f1 = GTrII:/ 1//f. But 6 is a non-zero divisor (see [10,
p. 74]. Hence we conclude the lemma. |

6 Algebraicity results

In this section we present various results regarding special values of the function L(s, f, x),
with f € Sy (C,¢), C = D[b~!, bc], and an eigenform for all Hecke operators. We recall
that we have also considered the function Z(s, f, x). For a comparison between the two we
refer to [1] where the similar situation of the integral weight case is discussed.

For completeness we start by recalling the result of Shimura [10, Theorem 28.8] regarding
algebraicity of special values. We take an 0 # f € S (C; Q), where

C={xeDb ! bla —1<c}.

We assume that f is an eigenform for all Hecke operators T (a) and we note that the 7'(q™)’s
are trivial for primes q and m € N such that q|c.

Theorem 6.1 [10, Theorem 28.8] With notation as above define mo:=min{k,|v € oo} and
assume mo > (3n/2) + 1. Let x be a character of F such that xoo(x) = xL_|xeo|™" with
t €74 Set wy:=01if [ky] — t, € 2Z and v, = 1 if [ky] — t, ¢ 27. Let op € %Z such that

(D) 2n+ 1 —ky + py <00 < ky — oy,
2) 09 — ky + py € 2Z for every v € oo if og > n,
(3) oo — 1 +ky — puy €27 forevery v € oo if og < n.

We exclude the cases

(1) oo=n+3/2, F=Q, x> =1land[k] —t € 27,
(2) O<og <n, c = O, x* = 1 and the conductor of x is O.

Then,

208,30 n(s, ko,
<f,f>
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We now take f € Si(C, ¥; Q) with C of the form D[b~!, b¢] (i.e. the standard setting in
this paper). We are interested in special values of L(s, f, x) for a Hecke character x of F of
conductor .

Theorem 6.2 Let f € Si(C, y; Q) be an eigenform for all Hecke operators. Let x be a
character of F such that xoo(x) = x._|x0o| ™" with t € Z¢. Define t' € Z¢ by (¥ x) oo (x) =
X |xool”. Set juy:=0 if [ky] — 1, € 27 and p, = 1 if [ky] — 1, ¢ 27Z. Assume that mg >
[3n/2 4+ 1] + 2 and either

(1) there exists v, v' € 0o such that k, # ky, or

(2) u#0.

Let oy € %Z be such that

(D) 2n+1—ky+ py <00 < ky — py forall v € oo,

Q) lop—n—%l+n+%—k+pe2zs

3) ifnisodd andoy =n/2+ifori =0,...n/2,i € Norifn is even and ooy = %—i—i,
i=1,...,(n+1)/2, then we assume that in Theorem 4.2 we have that A (s)/Ay(s) =
1.

We exclude the cases

() og=n+3 F=Q x>=1and [k] -t € 2Z,
2) o9 = % ¢ = O, n is odd and there is no (t,r) that satisfy our assumption such that

pr #F land x =1,
() n/2<op<n c=0and (Yyx)* =1

Let W be a number field so that £, £ € S (W) and L® C W, where ® is the Galois closure
of F in Q, and L is as in Theorem 5.2.

If we write W:=W (x ) for the extension of W obtained by adjoining the values of the
character x then,

L(oo, f, x)
wB DI ime, Gorye <£, £

ew,

where g = 7" k")"'d(""o_"z)), and m = d if [n/2] is odd and O otherwise, and w(-) is
defined by using the Theorem 3.2 as follows

(1) for oo > nandn odd, w(-) is as in Theorem 3.2 (i),

(2) for og > n and n even, w(-) is as in Theorem 3.2 (iii) (a),
(3) for oo < nandn odd, w(-) is as in Theorem 3.2 (i),

(4) for oo < n andn even, w(-) is as in Theorem 3.2 (iv).

Remark 6.3 We refer to [1, p. 171] for explicit conditions so that A¢(s)/Ap(s) = 1, in
Theorem 4.2.

Proof The proof of this theorem is very similar to Theorem 11 in [1]. We will be applying
4.2 for a proper choice of (7, r). The Gamma factors that appear in Theorem 4.2 force us to
take o9 > 2n — ky + p, for all v € oo, which is the lower bound appearing in the theorem.
With v:=0g — 5, B € N so that n_ﬁD(%) € Nj—1(®Qgp), and y as in Theorem 5.2 we
obtain for some o € Q*,

ket

7V Lo, £, x)¥e(det (M)e(z, r; ) = D" T der (ryson+ - \det ()|}~
xXa 1_[gu((lﬁ/lﬁc)(ﬂu)x(ﬂv)Iﬂvldo)(Ac/Ab)((Zao —n)/A<f, 0, (P D(v/2))>.

veb
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As in [1], conditions (i) and (ii) are imposed so that the Eisenstein series D( l’) of weight
k— u — ﬂ forv =09 — 2 are nearly holomorphic (see Theorem 3.1), and (iii) is imposed so

that (200 — n)/4) does not contribute a pole. Finally the various exclusion follows from
Varlous cases where the Eisenstein series D(3) is not nearly holomorphic.

We now note that6,, € M; (W) and 7 —# Dw/2) e /\/’k’_l(W(@ab) wherer = (k—[—vu)/2
ifv>m+1)/2andr =k —1— (n+ 1 —v)u)/2 otherwise.

Now we set P: D"("H)/ *imw(ex ) where w(-) is defined as in the statement of the
theorem. Then by Theorem 3.2 we have that

det ()0 T =B P D(v)2) € NT_,OV).

Indeed, since L is defined to be an extension of ® obtained by adjoining +/det(7) so that g, ,
(with the notation of Theorem 5.2), form a basis, we can pick our 7 so that ¢(z, r) # 0 from
the ones in the basis consisting by g, ,/. As it is shown in Shimura in [10, Theorem 20.9],

after finding a pair (7, g) so that c(t, q) ;é 0 we can modify g to get the pair (z, r) with the

+ u
desired properties. We set a:=det (1')50’”' = 2= P=1 In case where u # 0 we have that

0y D(v/2) € Ry, the space of cuspidal nearly holomorphic modular, and then we can use the
operator p : Ry — Sk of [10, Proposition 15.6] to conclude that there exists g € Sy (W) so
that <f, 6, aD(v/2)> = <f, ¢>. Then by Theorem 5.2 we have that <fq> € W. In the other
case, that is of k not being a parallel weight we can use [10, Lemma 15. 8] to conclude that
there exists a ¢ € My (W) as before. Moreover k not being parallel implies that M = Sk
(see for example [9, Proposition 10.6 (3)]). Hence we can use Theorem 5.2 to conclude the
proof. O

‘We now obtain also some results towards reciprocity laws.

Theorem 6.4 With notation and assumptions as above we have that A(oo,f, x)° =
Ao, £, x%) forall o € Gal(Q/L®), where

L(oo, f, x) =
A(oo, £, x):= — e Q.
(@0, £, 0 ﬂ”(Zvk")ereDz(”J"l)/élimw(Xllf)pr Q

Proof The proof is similar to Theorem 12 in [1]. We first consider the case where © # 0.
Then we have that 6, € S;. We recall that for o € Gal(Q/®) we write ¢’ = pop. Then
9)‘(’ "= Oyo, as it follows from the explicit Fourier expansion of 6, (see [1] for details).
Moreover arguing as in the theorem above and using the reciprocity laws for Eisenstein
series in Theorem 3.2 we have that

a

+4
_l,gDn(n-ﬁ—l)/4d€t(.L-)é()“+ M D(\)/2 WX/OI)
oWx)

ﬁDn(n+1)/4d v0u+ D 2,00 x° .
Iy t(t v
= et(z) w/2, 97" ), o € Gal(Q/L®D),
w (€Y7 x%)
Since 0, D(v/2, €Y% x7p;) € Ry, setting g:=p (0, D(v/2, €Y7 x° pr)) € Sk, we have
<f,0,D(/2, €Y xp)> = <f,q> and ¢° = p(G;D(v/Z, eﬂp,)“) for all o €

Gal(Q/L®). In particular, by Theorem 5.2 we have that
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n(n+1)/4 syt 3 —-p T ’
DYV der (1) 0t T < £,0,m1 P D(v/2. Y X pr)>
(Y x)P
;o kS
_ DYV der (o) 0t T < £, 640 PD(v/2, Y7 17 pr)>
(Y7 x%)P Qe ’

from which we conclude the proof of the theorem. For the other case we use, as in the
previous theorem, the result of Shimura [10, Lemma 15.8] to conclude theta there exist
q € My (W) = S (W) so that

ktpu+Bu

DY R et ()0 T <, 0,m P D)2, U xpe)> <[>

w (Y x)P Q2 o
For the reciprocity we use Proposition 14.13 in [10] to conclude that the above equation is
Galois equivariant. Indeed the result of Shimura gives that the space of nearly holomorphic
Siegel modular forms has an & rational basis and it is finite dimensional thanks to [10, Lemma
14.3]. So the map of Lemma 15.8 of [10] is equivariant over ®. O

We conlcude this paper by making a few remarks. In [1] we were able, thanks to a result
of Harris [5] on the rationality of Eisenstein series, to establish results without . # 0 or non-
parallel weight. Of course we had to assume that the critical value is in the range of absolute
convergence, since only then one can employ the result of Harris. However in our situation
the results of Harris in [5] cannot be applied since half-integral weight modular forms cannot
be understood using Shimura varieties. In our forthcoming work [3] we address this questions
and obtain results in this direction. We also mention a recent work of Mercuri [6], where he
obtains results in the case of « = 0 (in the notation of Theorem 6.2 above) when F = Q and
n is odd.

We mention that there is yet another integral expression of the L-values of half-integral
Siegel modular forms, namely the doubling method (see [10]). The two methods are not
equivalent and we refer to the last section of [1], where the integral weight case is discussed,
for a discussion of how the two methods compare.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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