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Action of Hecke operators on products of Igusa
theta constants with rational characteristics
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Introduction. In 1980 H. Yoshida ([Yo(80), p. 243]) proposed a two-
dimensional analog of the famous Shimura-Taniyama relation between
Hasse zeta functions of elliptic curves over the field of rational numbers and
Hecke zeta functions of elliptic modular forms. To confirm the Yoshida con-
jecture, R. Salvati-Manni and J. Top have considered in [SM-T(93)] a num-
ber of products of four Igusa theta constants with rational characteristics
which (in part hypothetically) are eigenfunctions of all regular Hecke oper-
ators with Andrianov zeta function coinciding (up to a finite number of Eu-
ler factors) with the Hasse zeta function of an appropriate two-dimensional
Abelian variety.

In this paper we begin to study the transformation properties of prod-
ucts of an even number of Igusa theta constants with rational characteristics
considered as Siegel modular forms. More specifically, we investigate their
transformations under modular substitutions and under the action of regular
Hecke operators. For this we interpret products of theta constants as multi-
ple theta functions of sums of squares and then apply explicit transformation
formulas for the action of modular substitutions and regular Hecke opera-
tors on theta functions of integral quadratic forms (obtained in [An(95)]
and [An(96)], respectively). In particular, if the class number of the sum
of 2k squares is equal to one, we obtain explicit transformation formulas
expressing images of the products of 2k theta constants with rational char-
acteristics under the action of regular Hecke operators in the form of linear
combinations of similar products (Theorem 4.1).
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In forthcoming works we intend to investigate the question of construc-
tion of common eigenfunctions for all regular Hecke operators on spaces
spanned by products of theta constants with rational characteristics and,
possibly, compute the corresponding zeta functions.

Notation. We reserve the letters N, Z, Q, R, and C for the set of positive
rational integers, the ring of rational integers, and the fields of rational
numbers, real numbers, and complex numbers, respectively. A" is the set of
all m x n-matrices with entries in a set A, A™ = A7, and A,, = Al.

If M is a matrix, !M always denotes the transpose of M. If the entries
of M belong to C, then M is the matrix with complex conjugate entries.
For a symmetric matrix Q we write Q[M] = M QM if the product on the
right is defined. 1, is the unit g x g-matrix, and

_ 0 1y
o -
We denote by

E™ ={Q = (gap) €Z} | 'Q = Q, q11,922, - - - , Gmm € 27}

the set of all even m X m-matrices, i.e. of matrices of integral quadratic

forms in m variables q(X) = 1 - XXQX, where ‘X = (21,...,2p).

We recall that the level of an invertible matrix @ € E™ (and of the
corresponding form) is the least positive integer ¢ satisfying ¢qQ—! € E™.

1. Products of theta constants as theta functions for sums of
squares. Let m = (m’,m") € Cy; with m’, m” € C, be a complex 2g-row
vector, and let Z belong to the upper half-plane of genus g:

ng{Z:X+iY€C2\tZ:Z,Y>O}.

The Igusa theta constant with characteristic m is defined by

Om(Z) =Y exp(ri{f(n+m’)Z- ‘(n+m’)+2n+m') 'm"})

neZy
If the product AB of two matrices A and B is defined and is a square matrix,
then clearly BA is also defined and is a square matrix with the same trace
as that of AB. It follows that the theta constant can be rewritten in the
form
(1.1) 0(Z)= > e{Z - '(n+m)(n+m’)+2- 'm”(n+m’)},
ncZg

where for a square matrix A we set
(1.2) e{A} = exp(mi - o(A)),

and o(A) denotes the trace of A. Hence, it is easy to see that the product
of r theta constants with characteristics my,..., m, can be written in the
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= > oDyt mp)(y +m)) 42 ' +m))) )
ni,...,n.€%Zy j=1

= Y e{Z- N+ M)(N+M)+2-"M"(N+ M)},
Nezy

where we set

n; m’1 m’l’

N=|:], M=|:|, M=
n, m m,

A product of the form (1.3) will be called a theta product of genus g with
characteristic matriz M = (M', M"). The following criterion for the vanish-
ing of theta products is a direct consequence of the Igusa result on vanishing
of theta constants ([Ig(72), Theorem 1, p. 174]).

LEMMA 1.1. The theta product with characteristic matriz M =(M', M")
€ Cy, is identically O if and only if there is a row m; = (m}, mf) of M
satisfying

2m; € Zog, 2m)'m] ¢ Z.

The main purpose of this paper is to study the action of Hecke operators
on the products of theta constants with rational characteristics. The action
of Hecke operators on theta functions of integral positive definite quadratic
forms of the form

(14) OV, Z;Q)= > e{Z-QIN - Vo] +2-'ViQN - 'V1QVa},
NeZg

where V = (V1,V5) with V4,V € Cj, is the characteristic matriz of the
theta function, Z € HY, and where () is an even positive definite matrix of
order r, i.e. the matrix of an integral positive definite quadratic form, was
considered in [An(96)]. The series (1.4) converges absolutely and uniformly
on compact subsets of the complex space C5/ x HY and therefore determines
a complex-analytic function on that space. The formula (1.3) implies that
a product of theta constants can be expressed through the theta function
(1.4) of the quadratic form q,(X) = 2%+ - -+ 22 with the matrix Q, = 21,
by the formula
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e{—"M"M"} [[ b, (2)

j=1

=y e{%Z(Q-lr)[N—i—M'] +2-t<% M”>(2‘1T)N

NGZ:7

tr1
+ <§M”)(2-1T)M’}
1 " / 1 .
:9<<§M ,—M>,§Z,Qr>,

which we shall use in the form
13 0z = [[m,(2) = s00) - 0(VO1), 3 2:0, )
j=1

where, for M = (M', M""), we set
(1.6) S(M) = e{tM”M’}

(L.7) V(M) = (Vi(M

N | —

= (3ar-w)
14 0 B
=M ( 0 2-1 > Ja-
The following property of the function §(M) on rational M is an easy con-
sequence of the definition:

(1.8)  &(M + M) =8(M) if dM € Zy, and M; € 2dZ5, with d € N.

2. Modular transformations of theta functions and theta prod-
ucts. Here we shall recall basic transformation formulas for the theta func-
tions (1.4) of integral positive definite quadratic forms and then specialize
the formulas to the case of sums of squares.

First of all, note that for any matrix U € GL,(Z) we have UZ; = 7Z
and so, by replacing N by UN in (1.4), we get the identity

(21) OV, Z;Q)= Y e{Z-QIUIN U Vo] +2- (U 'W)Q[UIN
NGZ;

= (UTV)QUITVa}
— 6(U~V, Z,Q[U)).
In the case Q = Q, it implies the formula
(2.2) 0(Z,UM)=0(Z,M) forevery U € E,,
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where
(2.3) E,.=E(Q,)={U €GL.(Z) | 'UU =1,}
is the group of units of Q... In fact, by (1.5) and (2.1), we have

0(2,UM) = e{ {UM")UM'} - © <V(UM), % 7 Qr>
— o{'M"M'} - (—)(V(M), % z; QT[U—l]) —0(2, M).

Next we mention that the function @(V, Z; Q) is quasiperiodic with re-
spect to the lattice (Q—lzg, Zy) C Cy,. More exactly, for every T € Q_IZQ
and T € Zj, we have
(Vi + T, Va+T2), Z;Q)

= > e{Z-QIN-Va—Ta] +2- (Vi + T))Q(N — T» + T»)
Nezr
— Vi +T)Q(V2 + T2)}
=e{'ViQTh — "T1QV> + 'T1 QT } - O((V1, V2), Z; Q),
since N’ = N —T5 ranges over Ly along with N, and the matrices 'TiyQN' are
integral for all N/ € Zg. In particular, using the above identity with @ = Q.,

and (1.7), we conclude that for each integral r x 2g-matrix S = (S5’, S") we
have

(24)  6(Z,M+5)
—e{!(M" + S")(M'+5')} - © <V(M) FV(S), 5 2 Q)
=e{'(M" +5")(M'+5") —"M"S5" +'S"M' — 5" 5"}
e (V(M), 57 Qr>

=e{2-'S"M'}-0(Z, M).

The following formulas for integral symplectic transformations of theta
functions with respect to the variable Z are particular cases of those proved
in [An(95), Theorems 3.1 and 4.3].

Let Q be an even positive definite matrix of even order r» = 2k, and ¢ the
level of @. Then the theta function ©(V, Z; Q) of genus g of the matrix @
satisfies the functional equation

(2.5)  det(CZ+D)™*.0(V,(AZ + B)(CZ + D)™ ;Q)
= Xq(M)-8(V - "M, Z;Q)
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. __ (A B\ .
for every matrix M = ( s D) in the group
A B
20) R ={M=(5 7) ez
where J, is the matrix (0.1), with the character x of the group defined by

A BY) [1 if g =1,
Xe\\c D))" \xoldetD) ifqg>1,

where xq is the real Dirichlet character modulo ¢ satisfying xo(—1) =
(—1)*, and

t/\/ng/\/l =J,, C=0 (modq)},

1)k de
xq(p) = <(1)+tQ

for each odd prime p not dividing q.

) (the Legendre symbol)

Specialization of these formulas to the case of sums of squares allows us
to prove the following lemma.

LEMMA 2.1. The product (1.5) of an even number r = 2k of theta con-
stants satisfies the functional equation

(2.7)  det(CZ+ D) *.0((AZ+ B)(CZ + D)™, M)

=xr(M)O(M)o(MM) -0(Z, MM),

A B) in the group

C D

(2.8) rgo(2):{/w= (é g) Engfg(l)’BEC’EO(mod2)},

where
(2.9) Xr(M) = xq, (M) = X (det D)

with the nontrivial Dirichlet character x4 modulo 4, and where § is the func-
tion (1.6).

for every matriz M = (

Proof. By (1.5) we can write
det(CZ + D)% .0((AZ + B)(CZ + D)™, M)

— 5(M) det (20(% Z) 4 D) -

co(van. (a(22) + 15) (2c(L2) + p) a))

Since, clearly,

, A B A 1iB _
MZ(C, D/):<20 QD):WMLUIEFOQ(ZI)
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with w = (109 21, ), and the level of @, is 4, by the formula (2.5) for the

matrix M’, the last expression is equal to
1
00xa, (M) -0 (VN M) § 70,

By (1.7) and 'M'JM’ = J in the form J!(M')" T~ = M, where J = J,
is the matrix (0.1), we have
VM) (M)t = Mw ' T (M) T ww™ T = Mw " Mww™ T
=V(MM,).
Hence,
det(CZ+ D) *-60((AZ + B)(CZ+ D)~', M)

= 0(M)xq, (det D) §(MM) §(MM) - © <V(MM), % Z; QT),

which together with (1.5) for MM in place of M and with the above for-
mulas for xq, proves the lemma. m

Now we recall some definitions. The general real positive symplectic group
of genus g consists of all real symplectic matrices of order 2g with positive
multipliers:

(2.10) G’ =GSpy (R) = {M € R3] | ‘MJ,M = p(M)Jg, p(M) > 0},

where J, is the matrix (0.1). It is a real Lie group which acts as a group of
analytic automorphisms on the g(g-+1)/2-dimensional open complex variety
HY by the rule

A B
C D

By acting on the upper half-plane HY, the general symplectic group also
operates on complex-valued functions F' on HY by Petersson operators of
integral weights k,

GY5 M= ( > . Z v M(Z) = (AZ + B)(CZ + D)~' (Z e HY).

(2.11) GY> M= (é g) L F o FlyM = det(CZ + D) F(M(Z)).
The Petersson operators satisfy the rules
(2.12) FlxkMM' = (Flp MM (M, M € GY).

Let {2 be a subgroup of GY commensurable with the modular group of
genus g, 'Y = I'§(1), x a character of £2, that is, a multiplicative homo-
morphism of {2 into nonzero complex numbers with kernel of finite index in
(2, and let k be an integer. A complex-valued function I’ on H is called a
(Siegel) modular form of weight k and character x for the group {2 if the
following conditions are satisfied:
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(i) F' is a holomorphic function in g(g + 1)/2 complex variables on HY.
(ii) For every matrix M € (2, the function F' satisfies the functional
equation

(2.13) FlpM = x(M)F,

where [; is the Petersson operator of weight k.

(iii) If g = 1, then every function F|,M with M € I'! is bounded on
each subset of H! of the form H! = {z + iy € H' | y > ¢} with
e>0.

The set M (12, x) of all modular forms of weight k and character x for

the group (2 is a finite-dimensional linear space over C.

THEOREM 2.2. The product of an even number r = 2k of theta constants
with rational characteristic matrix M € éZgg, where d € N, satisfies the
functional equation

(2.14)  0(Z, M)|[xM = xps(M)O(Z, M) for every M € I'9(d) N T (2),
where
r9(d) = {M € 237 | 'MJI,M = Jy, M = 154 (modd)},
is the principal congruence subgroup of level d of the modular group I'Y =
I'9(1), I'5y(2) is the group (2.8), and where
(2.15) Xt (M) = xp (M)e{S(M) MM}
with
20 swo= (5" 70 o) M= (e D)

the matriz S(M) is symmetric.

If the product 8(Z, M) is not identically zero, then the function x s :
M — xp (M) is a character of the group I'9(d) NI'$(2) coinciding with X,
on I'9(2d?); the theta product is a modular form of weight k and character
Xm for the group I'9(d) N I§(2).

Proof. Since M € I'§,(2), by the definition of the Petersson operators of
weight k, we can rewrite the functional equation (2.7) in the form

6(2, M)|xM = x,(M)3(M) 5(MM) - 0(Z, MM).
Since M = (é g) € I'(d) and the matrix dM is integral, we conclude that

so is the matrix

T = (T, T") = MM~ M = M(M ~ 15)) = (M", M") (Aélg bl )
g

= (M'(A—1,) + M"C,M'B+ M"(D —1,)),
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where M = (M’, M""). Therefore, by (2.4), we get
O Z,MM)=0(Z,M+T)=e{2-"T"M'}-0(Z,M).
The equation (2.14) follows with
Xt (M) = X (M)S(M) SOIM) {2 - {(M'B + M"(D — 1,))M').
In order to prove (2.15), it is sufficient to show that
(2.17)  S(M)S(MM)e{2- (M'B+ M"(D —1,))M'} = e{S(M) MM}
with S(M) defined by (2.16). Set

A B
M:129—|—(C, D,)

Then, by (1.6), we have

/ 1" 1+ A B’ ))
s(MM) =5 (', M) (Lo ,
oty = (arary (G4 T

=e{'(M"+ (M'B'+ M"D"))(M' + (M'A" + M"C"))},
whence
S(M)s(MM)e{2- (M'B+ M"(D—1,)M'}
=e{'M"M' — (M" +(M'B'+ M"D"))(M' + (M'A" + M"C"))}
xe{2 - (M'B' +M"DM'}
=e{'(M'B'+ M"D"\M' —"M"(M'A’" + M"C")}
x e{—"(M'B'+ M"D")(M'A" + M"C")}.
By standard properties of traces of square matrices, the last expression can
be rewritten in the form

t / /
e{tM/(M/B/+M//D/)_tM//(M/A/+Ml/0/)}e{_ (M(g,))M(é,)}
r /
efone (% ) - ()
B B 1,-ANi, o (A=1) p oy
—e{<D_1g _C>MM < o >(B,D 1,) MM

_ [(B+'B—A'B 'D—ADY,
—e{(D—1g—ctB —cwp ) MMy

which proves (2.15)—(2.17). To prove that the matrix S(M) is symmetric,
we note that the g x g blocks A, B, C, and D of every matrix M = (2 g)
with '"MJ,M = J, satisty

(2.18) A'B=B'A, C'D=D'C, A'D-B'C=1,
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(see, e.g., [An(87), p. 6]). It follows that S(M) can be written in the form

_ (B+'B-A'B 'D—A'D
(2.19) son= (25707 P
and is symmetric.

If 6(Z, M) is not identically zero, it follows from (2.12) and (2.14) that
the function xp : M — x (M) is multiplicative. If M € I'9(2d?), then
S(M) is, clearly, divisible by 2d?. Therefore, S(M)!M M is integral and
divisible by 2, and so e{S(M)MM} = 1. The rest for g > 1 follows from
the definition of modular forms; condition (iii) for g = 1 follows from [Ig(72),
Corollary, p. 176]. =

3. Action of Hecke operators on theta functions. Here we shall
recall basic notions and facts related to Hecke operators and specialize the
transformation formulas of general harmonic theta functions under the ac-
tion of regular Hecke operators obtained in [An(96)] to the case of theta
functions (1.4). For details and proofs see [An(87), Chapters 3 and 4], and
[An(96), §5].

Let A be a multiplicative semigroup and 2 a subgroup of A such that
every double coset 2 M2 of A modulo {2 is a finite union of left cosets 2M’.
Consider the vector space over a field, say C, consisting of all formal finite
linear combinations with coefficients in C of symbols (2M) with M € A
which are in one-to-one correspondence with left cosets £2M of the set A
modulo (2. The group {2 naturally acts on this space by right multiplication
defined on the symbols (£2M) by

(2M)w = (PMw) (Me A weN).
We denote by

the subspace of all {2-invariant elements. The multiplication of elements of
H(£2, A) given by the formula

(D aa(2Ma)) (D bs(2N5)) = D anbs(2MaN)
a el a,p

does not depend on the choice of the representatives M, € 2M, and
Ns € 2Npg, and turns H(£2, A) into an associative algebra over C with
the unity element (£21y;), called the Hecke—Shimura ring or HS-ring of A
relative to §2 (over C). The elements

(3.1) (M)=M)g= > (2M;) (MeA)
M;eQ\QMN

are in one-to-one correspondence with the double cosets of A modulo 2,
belong to H(f2, A), and form a basis of the ring over C. For brevity, the



Products of theta constants 123

symbols (2M) and (M) will be referred to as left and double classes (of A
modulo {2), respectively.
We consider the semigroup

29 =GINZY = {M €L | 'MIM = p(M)Jg, n(M) > 0}
and its subsemigroups

D9 = {M € £ | ged(u(M),q) = 1},

o ={m= (& 5)esio=0modn)}.
(3.2) Ego(q):{/\/l: <é g) € Xs BECEO(modq)},

X9(q) = {M Sy

M= (u(/\gl)lg 109> (modq)}

with ¢ € N. According to [An(87), Lemma 3.3.5] and similar facts for the
groups I3, (q), for every ¢,¢' € N with ¢| ¢’ the semigroups satisfy

(3.3) SN X =TI (@) X(d") = 29(d") ¥ (9),
(3.4) SN Xy = I(9)29(q) = 29(¢") 5o (a),
where

(3.5) rgo(q):{M: (é g) efgzrgu)’BECEO(mdq)}.

If (2 is a subgroup of finite index of the modular group 'Y, then the pair
(§2, X9) satisfies the conditions of the definition of HS-rings, as also does each
pair (2, A) with 2 C A C X9, and we can define the corresponding Hecke—
Shimura rings H ({2, A). We shall say that a group {2 satisfying I'9(q) C
0 C I'Y is g-symmetric if 2X9(q) = X9(q)S2. For such 2 the HS-ring

Hreg(£2) = H(2, R(£2)) with R(£2) = 2X9(q) = X9(q)12

is called the regular HS-ring of the group {2 of level q. According to Theorem
3.3.3 of [An(87)], all regular HS-rings for given genus g and level ¢ are
isomorphic to each other. In particular, by (3.3) and (3.4) with ¢’ = ¢, the
groups I'J(q) and I'$(q) are g-symmetric, and the regular HS-rings of the
groups I (q), It (q), and I'Y(q),

H(q) = Hreg (15 (0)) = H(I5 (2), 25 (2)),
(3.6) Ho(q) = Hreg (150 () = H(I50(2): £50());

H(q) = Hreg(I(q)) = H(I(q), ¥7(q))

are naturally isomorphic. For example, the isomorphism of the first and
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third rings can be defined as follows. Let

= aa(I§(q)Ma) € Hi(q),

where the left classes (I'§(¢) M) with a, # 0 are distinct. Using (3.3),
without loss of generality one may assume that all representatives M, of
the left cosets I'{(q) M, belong to X9(q). Then, obviously, we have

(3.7) T=> aa(I(QMa) € H(q),

and the map 7" — T is a homomorphic embedding of the ring H{(q) into
HI(q). In fact, it is a ring isomorphism, with inverse

Zbﬁ (I (q)Ng) — Zbﬁ (IY(q)N3).
Note also that the map
(3.8) Mis M =w " Mw with w=w9(q) = L0
0 ¢q-1,
defines an isomorphism of the pair I'§ (¢%) C X3 (¢?) with the pair I (q) C
28,(q), which induces an isomorphism
(3.9) w = w(q) : H(4*) — Hio(d®).

The ring isomorphisms allow one to transfer various constructions from
one ring to another. For example, the Zharkovskaya homomorphisms W9 =
e M (q) — Hg(g), where g > n > 1, k is an integer, and x is a Dirichlet
character modulo ¢ satisfying x(—1) = (—=1)*, can be naturally carried over
to the corresponding HS-rings of principal congruence subgroups, so that
we get the homomorphisms

gor =gt HI(q) — H"(q) (9>n=>1)
satisfying the commutative diagram

HY(q) ——=H(q)

w’*l lw’*

Hi(q) —>H"(q)

We recall that the Zharkovskaya map from genus g to genus n,
(3.10) wor =i Hi(a) — He(a),

can be defined in the following way. Let 77 = Y"_ ao(I§(9)Ma) € H{(q).
One can assume that each representative M, € I'J(q)\X§(q) is chosen in
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the form
!
My = ( Oa ZB;Z) with D, = (%0‘ 5,,), D, 7.

If A = ("~ *) and B, = (P« *) with r x r-blocks A/, and B, then

A B -
A AR
and we put

(3.11) W) =) aaldet Dy ~Fx (et DY) (I3 (@) My,).

Hecke—Shimura rings act on modular forms and on theta functions by
means of a linear representation given by Hecke operators.
First, consider the space F = F(r, g) of all real-analytic functions

F=F\V,Z):Cy, xHY - C

with even r = 2k and define an action of the semigroup X (q), where ¢ is
the level of an even positive definite matrix @) of order r, on F by

(312) X9(q) 3> M= (é f));

F s FIM = j(M, Z) Y F(V - M, M(Z)),

where
](M’Z) :]Q(M,Z) = XQ(M) det(CZ+ D)kv

X is the character associated with the matrix @ defined in the previous
section, and M(Z) = (AZ + B)(CZ + D)~ !. It is easy to see that

JM,MA(Z)) - (M, Z) = j(MM', Z)
for all M, M’ € X§(q) and Z € HY. Hence,
(3.13) FIMIM' = FIMM'  (FeF, MM € X5(q)).

This property of the operators |M allows one to define the standard rep-
resentation of the Hecke-Shimura ring H{(q) = H(I§(q), X§(q)) on the
subspace

F(I§(q) ={F € F|Fly=F, vy € I{(q)}

of all I'J(q)-invariant functions of F. Namely, if

(3.14) T=Y aulf(g)Ma) € Hi(q)

and F € F(I§(q)), then the function
(3.15) FIT =) aaF|Ma
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does not depend on the choice of the representatives M, € I'{(q)M, and
again belongs to F (I} (q)). The operators |T are clearly linear. The map
T — |T is linear and, as follows from (2.12) and the definition of multipli-
cation in HS-rings, it satisfies |T'|T" = |TT’. Thus, we get a linear represen-
tation of the ring H§(q) on the space F (I} (¢)). The operators |T" are called
the Hecke operators.

By (2.5), the theta function ©(V, Z;Q) with an even positive definite
matrix @ of even order r = 2k and level ¢, considered as a function of V'
and Z, belongs to the space F(IJ(q)). By the above, its image

(3.16) OV, Z; Q)T =) aaj(Ma, Z2) 'OV - My, Ma(Z); Q)

under the action of the Hecke operator corresponding to (3.13) does not
depend on the choice of the representatives M, € I'J(q)M, and again
belongs to F(I(q)). The formulas in [An(96), Theorem 4.1] express the
image of a theta function under the action of Hecke operators as a linear
combination with constant coefficients of similar theta functions. In order
to formulate the theorem we have to recall two related reductions.

The first reduction relates to each of the HS-rings H (2, X') with 2 C I'9
and X C XY9. By the definition of the semigroup X9, each matrix M € 39
satisfies '"MJ,M = u(M)J,, where p(M) is a positive integer called the
multiplier of M. The multipliers satisfy

p( MM = p(M)p(M') (MM e X9),  uM)=1 if Mel’.

It follows that p takes the same value on each left and each double coset of
) modulo {2, so one can speak of the multipliers of the cosets. We say that
a nonzero formal finite linear combination T of left or double cosets of X
modulo {2 is homogeneous of multiplier u(T) = p if all the entering cosets
have the same multiplier u. It is clear that every finite linear combination
of cosets is a sum of homogeneous components having different multipliers,
and the components are uniquely determined. In particular, this allows one
to reduce the consideration of arbitrary Hecke operators |T' to the case of
homogeneous T'.

Another reduction is related to a special choice of representatives in left
cosets 2M when I (¢) C 2and in ¥ C X§(q). By Lemma 3.3.4 in [An(87)],
each of the left cosets contains a representative of the form

(3.17) A4:(é g)

with A, B, D € Zg, 'AD = u(M)1,, '‘BD = 'DB.

Such representatives are often convenient for computations with Hecke op-
erators and will be referred to as triangular representatives.
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The following particular case of Theorem 4.1 in [An(96)] expresses the
images of theta series (1.4) under the action of regular Hecke operators in the
form of linear combinations of similar theta series with coefficients explicitly
given in terms of certain trigonometric sums.

THEOREM 3.1. Let Q) be an even positive definite matrix of even order
r =2k and level q. Let

T = Z aa(Fg(Q)MQ)

be a homogeneous element of the Hecke—Shimura ring H{(q) with p(T) = p.
Assume that for g < r the element T belongs to the image of the ring H{(q)
under the Zharkovskaya map (3.11) from genus r to genus g with k = r/2
and with character x = xq defined in Section 2,

(3.18) T=w7% (T with T"€Hylq) (9 <r).

Then the image of a theta series (1.5) under the Hecke operator |T' can be
written in the form

(3.19) OV, Z;Q)|T
= Y I(D,Qu(T)euD™V, Z; i QID)),

DeA(Q,n)/A
where
AQ,p) ={D € Z] | det D = 4"/ p'Q[D] € E"}, A= A" =GL(Z),
v o (D) if g>r,
(3.20) v (T)=wl, (D)= T if r=y,
T € (wf}gzij)*l(T) if g<r,

and I(D,Q,T"), for T' written in the triangular form
- Az B .
= Zﬁ:bﬁ (FO (a) ( o DZ )) € Hy(a) (“AgDg = pl,),

are trigonometric sums defined by
(3.21) 1(D,Q.T")
= > bs|det Dg|~"*x5" (|det Dg|)e{n*Q[D] ‘DpBg},
B; D*Dg=0 (mod u)
with e{...} being the exponent (1.2).

As to the condition (3.18), it follows from [An(87), Proposition 5.1.14]
that it can be replaced by a more explicit condition of the following lemma.

LEMMA 3.2. In the notation of the theorem, a nonzero homogeneous el-
ement T € H{(q) with multiplier u(T) = p belongs to the image of the ring
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Hi(q) for r > g under the Zharkovskaya map (3.10) from genus r to genus
g with k = r/2 and x = xq if and only if either g > k, or g < k and
xqQ(p) = 1 for each prime p entering the prime factorization of p with an
odd power.

It is sometimes convenient to rewrite the above transformation formulas
in a somewhat different form. In order to do this we have to make several
preliminary remarks. We shall say that an even matrix Q' is similar to
a nonsingular matrix @ € E", Q" ~ @, if it can be written in the form
Q' = p~1Q[D] with D € A(Q, i), where p is coprime to the level ¢ of Q. Tt
easily follows from the definition that the relation of similarity is symmetric.
Besides, it is clearly reflexive and transitive. Thus, the set of all nonsingular
matrices of E” is the disjoint union of s-classes

{Q}={Q €E" Q' ~Q} (QEE, detQ #0).

It is easy to see that all matrices of the s-class of a matrix () have the same
signature, determinant, level, and divisor as ). Further, we recall that two
matrices @, Q" of E" are said to be equivalent, Q ~ @', if Q' = Q[U] with
U e A" = GL,(Z). All matrices equivalent to a matrix () form the e-class
of Q,
e{Qt={Q" =Q[U] | U € 4}.

According to the reduction theory of integral quadratic forms, the s-class of
every nonsingular matrix ) € E” is a finite union of e-classes:

h(Q)

s{Q} = | e{@;}-

j=1
The quantity h(Q) is called the class number of Q.

Now we can reformulate Theorem 3.1 in the following form:

THEOREM 3.3. With the notation and assumptions of Theorem 3.1, the
formula (3.19) can be rewritten in the form

(3.22) OV, Z;Q)|T
Q)
=D S I(D.QU(T)ewuD V. Z,Q;),
j=1 DeR(Q,nQ;)/E(Q;)

where Q1, ..., Qnq) 18 a system of representatives of all different e-classes
contained in the s-class of @,

RQ,Q)={MeZy|QM]=Q} (QQ €E")
1s the set of all integral representations of Q' by Q, and
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E(Q)=RQ,Q) (Q €E", detQ #0)
denotes the group of all units of Q’.
In particular, if the class number h(Q) of @ is equal to 1, then (3.22)
takes the form

(3.23) O(V,Z;Q)|T = > I(D,Qw(T)OuD™'V, Z,Q).
DER(Q,nQ)/E(Q)
Proof. 1t is an easy consequence of the above definitions that the sums
(3.21) are independent of the choice of representatives in the decomposition
of T" and satisfy

(3.24) I({UDU’,Q,T") = I(D,Q[U],T") for all U,U’ € GL,,(Z)

(see [An(96), Lemma 3.1]). From (2.1) and (3.24) we conclude that the
term of the sum on the right of (3.19) corresponding to a matrix D €
A(Q, 1) depends only on the coset DA. On the other hand, each of the
matrices p~1Q[D] with D € A(Q, u) is similar to @ and so is equivalent
to one of the matrices Q1,...,Qnq), say, p~'Q[D] ~ Q;. This means that
p1QID]U] = p~1Q[DU] = Q; with U € A. By replacing D by DU, we
can assume that D € R(Q,Q;). If D’ = DU’ is another such matrix, then,
clearly, Q;[U’] = Q;, whence U’ € E(Q;). This proves the formulas. =

Note that the sums (3.21) were explicitly computed in [An(91)] and
[An(93)] for certain generators of the rings H{(¢) including, in particular,
all generators of H}(q) and HZ(q).

4. Action of Hecke operators on theta products. Here we shall
consider the action of regular Hecke operators on products of an even number
r = 2k of theta constants with rational characteristics considered as modular
forms, assuming that the class number h(Q,) of the sum of r squares is equal
to 1.

Let F' belong to the space M (£2) = My (£2,1) of modular forms of
integral weight £ and trivial character x = 1 for a subgroup {2 of finite
index in the modular group 19, and let

T =) a.(2Ma) € H(2, 59).

Then, as easily follows from the definitions of modular forms and HS-rings,
and the properties (2.12), (2.13) of the Petersson operators (2.11), the func-
tion

(4.1) FIT = F|[xT = aaF|sMa

does not depend on the choice of the representatives M, € 2M, and again
belongs to the space M ((2). These operators are called the Hecke operators
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(of weight k for the group 2). The Hecke operators corresponding to ele-
ments of regular HS-rings are called regular. It follows from the definition of
multiplication in HS-rings and from (2.12) that the map T+ ||T is a linear
representation of the ring H(f2) on the space My (£2).

According to Theorem 2.2, if r = 2k, M € 1Z§g, then the theta product
0(Z, M) is a modular form of weight & and character x, for the group
I'9(2d?). Assuming in addition that d is even, we have
(4.2) 0(Z, M) € M (I9(2d?)).

In this case the action (4.1) of the ring H9(2d?) on the modular form
0(Z, M) is correctly defined. In order to compute the corresponding im-
ages we also assume that h(Q),) = 1 and use the formulas (3.23) for the
image O(V', Z)|T' =0V, Z',Q,)|T’, where V' = V(M), Z' = 1Z, and

(4.3) T'=)  aall§ (M) € H(4)

is a homogeneous element of multiplier x(7") = u coprime to d.
Under the assumptions of Theorem 3.3, by (3.23), we get

(4.4) oWV, ZHT’
= Y D@ (T)eED V!, 7).
DGR(Q’I‘M'LQT‘)/E(QT)
If M), = (C, ) € X§(4), then by (3.12) and (2.15) the left-hand side of

(4.4) can be rewritten in the form

O, 20T =3 ania, (Mo, Z) 1OV ML, Mi{Z'); Q)

Set

A, B Al 2B
Mg = ( ) wIMlw = ( < 0‘) cw I XI(4)w e X, (2),
Co D, 1Cl, D, 0 0o

where w = w9(2) = (15’ 2_1) (see (3.8)). Then it follows directly from the
definitions that A

jQr (Mlcw Z/) = XT(MOé) det(COcZ + Da)k7
where x, is the character (2.15), and also
VML = V(M) -TML = Moty ML, = MpMG w ™, = V(M - M),
where M} = uM_ ', and we have used the relations (1.7) along with the
fact that t/\/l JgM' = puJy, and finally,

M(Z) = 5 Ma(Z)
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Hence, the left-hand side of (4.4) can be written in the form
> aaxr(Ma) " S(MM) det(CoZ + Do)~

« 5(MM;;)8<V(MMZ),%

=D aaxr(Ma) " S(MMG) (2, MM;) |k Ma,

M (2))

where we have used (1.5) and the definition (2.11) of Petersson operators.
On the other hand, since, clearly, uD 'V (M) = V(uD~1 M), the right-hand
side of (4.4) can be rewritten in the form

) I(D, Qw9 (T")) 3(uD~M) 6(uD =" M)
DeR(Qr,pQr)/E(Qr)

x O (V(uD_lM), % Z>

= 2 I(D, Qw9 (T")) 8(uD~1M) 6(Z, uD~"M)
DeR(Qr,nQ:)/E(Q)
= ) I(uD~", Q. W+ (T')) 5(DM) 6(Z, DM),

DEE(Q’I‘)\R(QT‘HU‘QT)
since D +— pD~! maps R(Q,, uQ,) into itself and sends right cosets modulo
E(Q,) to left cosets. Hence, (4.4) takes the form

(45) > aaxr(Ma) " O(MME) 0(Z, MM}) [ M.

= > I(uD~",Q,, w9 (T")) 6(DM) 6(Z, DM).
DER(Qr)\R(QrnQr)

The linear combination
Z (W T (4w - w ML w) = Z ao(I§(2)My)

belongs to H{,(2), being the image of 7" under the map (3.9) for ¢ = 2.
According to (3.4) for ¢ = 2 and ¢’ = 2d?, we can assume without loss of
generality that all representatives M, € I'J,(2)M, belong to the semigroup
X79(2d?). Then the linear combination

T =Y an(I'(2d*)Ma,)
belongs to the ring H9(2d?), it is a homogeneous element of multiplier

w(T) = u, and each such element has this form for a homogeneous ele-
ment 7" € H{(4) of multiplier u(T") = p. For p € N we denote by [u]9 and
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[1]g the 2g x 2g-matrices

(4.6) Wz(’”"olg f) [Mg:(log u-019>‘

Since M, € X9(2d?), we have M, = [u]? (mod2d?), hence M, = [u],
(mod 2d?), that is,

M}, = [ulg +2d°N with N =N, € Z3

(it is easy to see that the map GY > M — M* = p(M)M™! is an anti-
automorphism of the semigroup X7). It follows that MM, = M[u], +2dR
with the integral matrix R = (dMN) = (R, R"”). Since the matrix dM is

integral, by (1.8) we obtain §(MM}) = §(M|[u]y) and by (2.4) we have
6(2.MM:) = e(dd (R M'))0(Z, Mul,) = 6(Z. Ml ).

Therefore, since clearly x,(M,) = 1 for M,, € X9(2d?) with even d, we
can rewrite (4.5) in the form

(4.7)  6(Mlulg) O(Z, M[plg)|lxT
- Z I(uD™*,Q,, w9 (T")) 6(DM)6(Z, DM).
DEB(Q)\R(Qr,1Qy)

After these considerations we come to the following theorem.

THEOREM 4.1. Let r = 2k € 2N be such that the class number h(Q,) of
the sum of r squares is equal to 1, g € N, and M € ézgg with d € 2N. Let

T =) as(I(2d°)Ma) € HO(2d°)

be a homogeneous element with multiplier u(T) = u, such that for the cor-
responding element

T' = aa(I{ () (wMaw™)) € Hi(4)  with F(log 2.019>

there ezists an element of the form W9 (T") € H{(4) defined by (3.20). Then
the theta product @(Z, M) is a modular form of the space My (1'9(2d?)), and
its image under the Hecke operator ||yT is again a linear combination of
theta products:

(4.8)  6(Z,M)|.T
= > IuDThQnwr(T)6(Z, DM,
DeE(Q)\R(Qr,uQr)

where I are trigonometric sums defined by (3.21), i € N is an inverse of u
modulo 2d?, and [fi], is defined by (4.6).
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Proof. The first assertion follows from Theorem 2.2. The formula (4.8)
follows from (4.7) if we note that for D € R(Q., u@,),
5(DM) = e{'M" 'DDM'} = e{u'M" M} = 5(M]u],)
by (1.6), and replace M by M[p],. =

As to existence of elements ¥9"(T"), specialization of Lemma 3.2 to the
case () = @), and xo = x4 gives us the following lemma.

LEMMA 4.2. Under the notation of Theorem 4.1, the element W97 (T") €
Hy(4) exists if and only if either g > k, or g < k and each prime p entering
the prime factorization of u = p(T') with an odd power satisfies p = 1
(mod4).
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