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on theta-series
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ANATOLI ANDRIANOV (St. Petersburg)

To Eberhard Freitag

1. Introduction. One can hardly doubt that the main stream of fur-
ther progress in number theory goes through the study of representations of
Hecke—Shimura algebras of arithmetical discrete subgroups of Lie groups on
appropriate spaces of automorphic forms (automorphic representations) and
their interaction with each other. An important example of the interaction
arises in the case of integral orthogonal and symplectic groups. Recently ex-
plicit relations were established in [An06] between zeta functions of integral
quadratic forms in two and four variables corresponding to the harmonic
eigenvectors of genera 1 and 2, respectively, and symplectic zeta functions
of theta-functions weighted by the eigenvectors. The general links of auto-
morphic representations of Hecke—Shimura algebras of orthogonal and sym-
plectic groups as well as underlying relations between the Hecke—Shimura
algebras themselves may be provided by transformation formalism, which
expresses images of symplectic harmonic theta-functions under the action
of Hecke operators through the action of automorph class rings of relevant
systems of quadratic forms on harmonic coefficients of the theta-functions.
By the transformation formalism we mean an explicit answer to the natu-
ral question whether the images of various theta-series and theta-functions
of integral quadratic forms under symplectic Hecke operators are again lin-
ear combinations of similar theta-series or theta-functions. Unfortunately,
the foundation of the formalism (for the last version see [An96]), although
quite strong, cannot be considered satisfactory, because it is based in its
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core on a rather elaborate limit passage exploiting factorization of certain
standard polynomials (the Rankin polynomials) over Hecke—Shimura rings
of the symplectic group in parabolic extensions (see, e.g., [An79], [An86],
[An87]). At the same time, all that is really necessary for an elementary
foundation of the formalism is just a simply formulated property of certain
finite trigonometric sums, called the interaction sums or iSums. The main
purpose of this paper is to analyze relations of iSums with the action of
regular Hecke operators on general theta-functions.

The idea to complete a draft of this paper by an elementary section on
the action of elements 7™ (p) appeared during a discussion of the problem
with Professor Eberhard Freitag in Heidelberg at the end of 2008. Many
years ago Professor Freitag had discovered a quite different and surprisingly
simple approach to the explicit transformation formulas for positive definite
quadratic forms of level 1 based on the theory of singular modular forms
([Fr81]). It would be desirable to join the advantages of the two approaches
and finally close the problem.

Notation. We fix the letters N, Z, Q, and C, as usual, for the set of
positive rational integers, the ring of rational integers, the field of rational
numbers, and the field of complex numbers, respectively.

If A is a set, AT denotes the set of all m x n-matrices with elements in A.
If A is a ring with the identity element, 1,, denotes the identity element of
the ring A”. The transpose of a matrix M is denoted by M. For two matrices
S and N of appropriate sizes we write

S[N] = 'NSN.

2. Theta-series and theta-functions of nonsingular quadratic
forms. The interaction sums are certain trigonometric sums appearing as
coefficients in formulas for the action of Hecke operators on theta-functions
and theta-series of integral quadratic forms. In this section we shall recall
the basic definitions and properties of theta-series and theta-functions.

Let

(2.1) a(X) = LXQX = LQIX] (X = (a1,...,am))

be a real quadratic form in m variables with matrix Q = *Q. The form
is nonsingular if det q = det @ # 0. Speaking of quadratic forms, we shall
mainly use the equivalent language of their matrices. If the form (2.1) is posi-
tive definite, then for n = 1,2,... the theta-series 0(Z; Q) of Q of genus n
is defined to be

(2.2) 0(Z;Q) =0"(Z;Q) = > e{Q[N]Z},

Nezp
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where the variable Z belongs to the (Siegel) upper half-plane of genus n,
(2.3) H'={Z=X+V-1YeCl|'Z=2Y >0},
and where we use the abbreviation

e{A} — 7 —10(A)
with o(A) denoting the sum of the diagonal entries of a square matrix A.
The theta-series is obviously convergent absolutely and uniformly on subsets
of H" of the form
(2.4) H ={Z=X+V-1Y e€H"|Y >¢l,} withe >0,

and therefore it defines a holomorphic function of Z. If, in addition, the form
q is integral, i.e. the matrix @) belongs to the set

(2.5)  E™={Q=(Qij) € Zy, | Qij = Qji, Qui € 2Z (i,j =1,...,m)}
of even matrices of order m, then the theta-series has Fourier expansion
0(2:Q) = Y r(AQ)e{AZ}
A€E", A>0

with constant Fourier coefficients expressing the numbers of integral rep-
resentations of the quadratic form with matriz A by the form q, i.e., the
number of solutions of the equation Q[N] = A in integral m x n-matrices N.

In the general case, when the form q may be indefinite, the series (2.2) is
not necessarily convergent. Following an approach due to C. L. Siegel (see,
e.g., [Si44]), we introduce certain additional variables in the definition of
theta-series, which provides their convergence. For a real symmetric non-
singular matrix @ of order m, we define the majorant space M(Q) of Q
by
(2.6) M(Q)={H cR” |H="H,H>0,  HQ 'H = Q}.
The set M(Q) is a homogeneous space of the real orthogonal group of the
form q with matrix @,

O(q) = 0(Q) = Or(Q) = {U e R} | 'UQU = Q},
operating on M(Q) by the rule
OQ)>U:Hw '"WHU (HeM(Q)).

Now, for Z = X ++/—1Y € H" with n > 1 and H € M(Q), we define the
theta-series of QQ of genus n as a function in variables Z and H given by the
series

O(Z;H,Q) =0"(Z;H,Q) = Y e{Q[N]X +V—-1H[N]Y}.
Nezp

This series converges absolutely and uniformly on products of the sets (2.4)
and compact subsets of M(Q), and therefore defines a real-analytic function
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on H" x M(Q). If Q is positive definite, then M(Q) reduces to a single point
H = @, and the last theta-series coincides with (2.2).

It turns out to be convenient to add also certain “linear” variables to
the definition of theta-series. Let ) be again a real nonsingular symmetric
matrix of order m, and H € M(Q). For V;,V, € C*, we define the theta-
function of genus n of the pair Q,H with translations V = (V1,V32) as a
function of the variables V € C3!, Z € H", and H € M(Q) given by

27 O\V,Z;H,Q)=0"(V,Z;H,Q)

NeZm

The series converges absolutely and uniformly on products of the set (2.4)
and compact subsets of C5 xM(Q), and so it defines a real-analytic function
on C3!, x H" x M(Q).

Finally, in certain arithmetical applications there appear theta-functions
of a more general kind, namely theta-functions with harmonic coefficients
defined by the series

= ) P(N-1)e{Q[N - Vo] X + V=1H[N - V3]Y +2'V1QN — "V1QV4},
Nezm

where P is a vector-valued polynomial harmonic form relative to the pair
(Q, H) in the sense of [An95, §4] or [An96, §1]. If the P factor is identically
equal to 1, the theta-function (2.8) turns into (2.7).

To simplify notation we shall restrict our considerations to the one-
dimensional case of theta-functions with polynomial-valued harmonic fac-
tors, although the main results remains true for vector-valued harmonic
factors (see [An96]). First we briefly recall the relevant definitions. A poly-
nomial function P : C]* — C is said to be a harmonic form of weight d if it
is harmonic in mn variables in the sense that

T ’P(X) 0
% (9)° 7
and satisfies the condition
P(XA) = (det A)?P(X) for all A e GL,(C).

Let q be a nonsingular quadratic form (2.1) with matrix @, and let H €
M(Q). Since H is positive definite and Q7 '[H] = Q, there exists a real
invertible matrix S of order m such that

1s 0
H =1SS and Q:tS( >S,
0 -1
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where (s,1) is the signature of q. We set S = (:gj) with S4 € R? and

S_ ¢ Rl . If P, is a harmonic form of degree d on C™ and P_ is a harmonic
form of degree d’ on CJ", we say that the polynomial function P = Py g on
C' defined by

C™ 5 X s P(X) = P (S, X)P_(S_X)

is a harmonic form of weight (d,d’) relative to the pair Q, H. It follows from
the definition that the harmonic form P of weight (d,d’) satisfies

(2.9) P(XA) = (det AP P(X)  for all A € GL,(C).

According to [An95, Theorems 4.1-4.3], we can formulate the following
theorem.

THEOREM 2.1. Let @Q be an even nonsingular matriz of even order m =
2k with signature (s,1), let g be the level of Q, i.e., the least ¢ € N such that
the matriz qQ~1 is even, and let H € M(Q). Then the theta-function (2.7)
of Q of genus n > 1 satisfies the functional equation

(2.10) OV - M, M(Z); H,Q) = jo(M,Z2)0(V,Z; H,Q)
for each matriz M = (é g) in the group
A B
(2.11) I'T(q) = {M = <C D> € Sp,(Z) ’ C =0 (mod q)},

where M(Z) = (& §)(Z) = (AZ + B)(CZ + D)™,
(2.12)  jo(M, Z) = yq(det D)(det(CZ + D))5~D/2|det(CZ + D)/,

and xq s the character of the quadratic form with matriz Q).

More generally, under the same assumptions, let P be a polynomial
harmonic form of weight (d,d') relative to the pair Q,H. Then the theta-
function (2.8) satisfies the functional equation

(2.13) Op(V - "M, M(Z); H,Q) = jo,p(M,Z)0p(V, Z; H,Q)
for each M = (4 B) € I (q), where
(2.14) jo.p(M, Z) = jo(M, Z)det(CZ + D) det(CZ + D)

and Z is the complex conjugate matriz of Z.

We recall here that the character of an integral nonsingular quadratic
form in an even number m of variables with matriz @@ of level q is the
Dirichlet character modulo ¢ satisfying the conditions

(2.15) Xo(=1) = (~=1)™2,

_1ym/2 de
(2.16) xcg(p):((”dtQ

. > (the Legendre symbol)
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if p is an odd prime not dividing ¢, and

2.17) w =2 S of o)

ReZm /27m
if ¢ is odd.

3. Symplectic Hecke operators. Following the general pattern of
the theory of Hecke operators on modular forms (see, e.g., [An87, Ch. 4], or
[An96, §2]), we now recall the basic definitions and simplest properties of
(regular) Hecke-Shimura rings and Hecke operators for the groups I (q).
Let us denote by

Ho(q) = H(IE(q), Yo' (q))

the Hecke—Shimura ring of the semigroup
A B

S(g) =M = € Zs,

0 () { ( C D> 2n

ged(det M, q) =1, C =0 (mod Q)} (J” N (—(LL 10”))

M I, M = pu(M)Jyn, (M) >0,

relative to the group Ij'(q) (over C). The ring Hg(q) consists of all formal

finite linear combinations with complex coefficients of the symbols 7(M),

which are in one-to-one correspondence with double cosets I (¢)M I (q) C

X3 (q). It is convenient to write each of the symbols 7(M), also called the

double cosets, as the formal sum of the different left cosets it contains (more

precisely, of the corresponding symbols),

(3.1) T(M)= Y (I'M) (I'=Ig(a), M€ Z3(q)
M'er\I'MT

Then each element T' € H{(¢q) can also be written as the formal linear

combination of different left cosets,

(3'2) T= ZCOZ(F(?(Q)MO) (Ca € C)

These linear combinations can be characterized by the condition of invari-
ance with respect to right multiplication by elements of I}'(q):

T~ = an(Fg(q)Moﬁ) =T forall y e I{(q).

In this notation, the product in Hy(g) can be defined by

TT = ca(I3(q) M) Zﬁ: (I3 (q)Mp) = Z; Cally(T3(q) Mo M)
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The ring H{ (¢) is a commutative C-algebra generated over C by a count-
able set of algebraically independent elements. As a set of algebraically in-
dependent generators one can take, for example, double cosets of the form

Tn(p) = T(diag(]‘7" '717p7"' 7p))7
S—— ——

n n

Zn(p2) = T(dia’g(]"“ "]‘7p"“ 7p7p27"'?p2’p7’ ° "p))

n—i 7 n—1i 7

(3.3)

(1 <i<n),

where p runs over all prime numbers not dividing ¢ (see [An87, Theorem
3.3.23)).

In order to define Hecke operators on theta-functions and theta-series we
introduce certain linear spaces containing theta-functions. For fixed m,n €N
we denote by § = §m,n the space of all complex-valued real-analytic func-
tions

F=F(V,Z):C0 x H" — C
and define an action of the semigroup X (¢) on these spaces by the Petersson
operators
(34) X0 (qQ)>M:F=FV,Z)— F|;M = jop(M,2) 'F(VM, M(Z)),
where j = jg p(M, Z) is defined by (2.14). It is well-known that the function
det(CZ + D) does not vanish on X(¢g) x H" and hence neither does any
of the functions jQJ?(]\IL Z). It M= (A5) and M, = (éi gi) belong to
Z}‘lg(q) and M’ = (é, g,) = M M7, then an easy direct computation shows
that

(C-M(Z)+ D)(C1Z+ D) =C'Z+ D" (ZeH"),
and
xq(det D') = xo(det(CBy + DDy)) = xg(det DDy)

= xq(det D)xg(det Dy),
since C' = 0,, (mod ¢). These relations imply that the functions jg p(M, Z)
satisfy the relations of automorphic factors, i.e.,

jQJ:’(M’ M1<Z>>jQ,P(M17 Z) - jQJ:’(MMlv Z)

for all M, M; € X (q), Z € H". This implies that the Petersson operators
map the space §p , into itself and satisfy the rule
(35) F‘jM’le :F’JMMl (Fe@mm, M,Ml S Eg(q))

It allows us to define the standard representation T +— |;7" of the Hecke-
Shimura ring H{ (q) = H(I{(q), X§(q)) on the subspace

(3.6) ST (9) = Fnm(I5'(q))
= {F € §um | Flyy = F for all v € I (q)}
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of all I'}(g)-invariant functions by Hecke operators: the Hecke operator |;T
on the space §(I3(q)) corresponding to an element of the form (3.2) is de-
fined by

(3.7) FiT =) ¢oF|iMo  (F=F(V,2) € Fnm(I5(q))),

where |; M, are the Petersson operators (3.4) corresponding to j= j¢, p(M, Z).
The Hecke operators are independent of the choice of the representatives
M, € I (q) My, and map Fp m (L (q)) into itself. It follows from the defini-
tion of multiplication in the Hecke-Shimura rings and (3.5) that the Hecke
operators satisfy

(3.8) 7)1 = ;7T for all T, T" € Hg(q).

Hence, the map T'— |;T is a linear representation of the ring H{(¢) on the
space §n,m(I7'(q))-

In the particular case of the trivial harmonic factor P = 1 of weight
(d+,d_) = (0,0), we obtain the Petersson operators and Hecke operators
with the automorphic factor j = jgo(M, Z) of the form (2.12).

In the notation and under the assumptions of Theorem 2.1, the theta-
functions O%(V, Z; H,Q) and ©™(V,Z; H,Q) = O7(V,Z; H,Q), viewed as
functions of V' and Z, belong to the space §pm (L (¢)). The target of this
paper is to establish when the images of the theta-functions under the Hecke
operators can be written as finite linear combinations with constant coef-
ficients of similar theta-functions. We shall see later that the general case
of an arbitrary harmonic form P can usually be reduced to the particular
case of the trivial form P = 1. First we shall express these images as infinite
sums with explicitly written coefficients.

We begin with two technical remarks. By definition, each matrix M €
X¥(q) satisfies the relation ‘M J,M = p(M)J,, where u(M) is a positive
integer coprime with ¢g. The number p(M) is called the multiplier of M.
Clearly,

W(MM') = u(M)u(M') (MM € 55(q)), (M) =1 & M € I3(q).

It follows that the function M — p(M) takes a constant value on each left
and double coset of M modulo the group I'§'(¢). Hence, one can speak of the
multiplier of the corresponding cosets, u(Ig'(¢)M) = p(I§(q)MIF(q)) =
pu(M). We shall say that a nonzero formal finite linear combination 7' of
left or double cosets modulo I'{'(¢) of matrices in X§(q) is homogeneous
with multiplier u(T) = p if all cosets entering T with nonzero coefficients
have the same multiplier p. It is clear that each finite linear combination
of cosets is a sum of homogeneous combinations with different multipliers,
called homogeneous components, and these components are uniquely deter-
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mined. This allows us, in particular, to reduce the study of arbitrary Hecke
operators |T to the case of T" homogeneous.

Another reduction is related to a specific choice of representatives in
the left cosets I'§'(¢)M C X (q). According, for example, to [An87, Lemma
3.3.4], each of the left cosets contains a representative of the form

A B
(3.9) M= (o D> with A, B,D € Z", '"AD = u(M)1,, 'BD = 'DB.

Such representatives are convenient for computing the action of Hecke op-
erators and will be referred to as triangular representatives.

PROPOSITION 3.1. Let @ be an even nonsingular matriz of even order
m = 2k with signature (s,l) and level q, H € M(Q), and let P be a poly-
nomial harmonic form of weight (d,d") relative to the pair Q, H. Then the
1mage

(3.10)  OH(V,Z; H,Q)|;T an@n V,Z: H,Q)|;M,
= anm,p (Mo, 2)7'0p(V - "My, Mo(Z); H, Q)

of the theta-function O}(V,Z; H,Q) € Fnm(L§(q)), considered as a func-
tion of V.= (V1,Va) and Z, under the action of the Hecke operator (3.7)
corresponding to a homogeneous element T' € Hy(q) of the form (3.2) with
multiplier (T) = w(M,) = p and with triangular representatives My,

A, B

M, = ( “ “) (Aa, Bay Do € ', "Aq Do = ply, '‘BaDa = 'DoB,),
0 D,

can be written in the form

(3.11)  O3((V1,Va), X +V—1Y; H,Q);T
= Z I(N’Q’T)P(:U’_I(N_:U"/?))

NeC™(Q/u)
x e{u 'QIN — pVa] X + V=1 'H[N — pVa]Y
28 (Vi) QN — (Vi) Q(uVa)},

where
(312)  C"(Q/u) = {N € Z | i\ QIN] € E},
(3.13) I(NV,Q,T) = Z Coz.]Q( a)” e{“ QN] - tDaBa}7

a, N-tDq=0 (mod )
(314)  Jjo(Da) = xq(|det Dal)ldet Dq|™.
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Proof. We follow the proof of [An96, Proposition 2.1] with a minor cor-
rection at the end. For brevity, we introduce the notation

(3.15)  e{V,Z,H,Q;N}
= e{Q[N — WX + V-1H[N - W)Y +2'V,QN — 'V1QVs}

for the exponential factor in the generic term of the series (2.8), where
V = (V1,V2). An easy direct calculation shows that these exponents satisfy
the identity

(3.16) e{V'M,M(Z),H,Q;N}
=e{BD'Q[N|}e{uV, Z,u~ ' H,p~'Q; NA}

for each matrix M of the triangular form (3.9).
By (3.4) in notation (3.15), we obtain

310 OpVZH QT = X bV Z QY )
= Y D cafo.p(Ma, Z)'P(N = Va- 'Da)e{V My, Mo(Z), H,Q; N}.
NezZm «
Since, by (2.14), (2.12), and (2.15), we can write
jo.p(My, Z) = xq(det Dy)(det Do) ™D/ |det Dyl det(Dy)? det(Dq)
= x(|det Dy|)|det Da|™? det(Da) e = jo(Dy) det(Da) e,
it follows, by (2.9), that
JQ.p(Ma, Z) "' P(N = V2 'Da)
= jo(Da) " det(Da) "I P(u N A 'Do — V2 'Da)
= j@(Da) 'P(n"'NA, = Vo).
Hence, by using (3. 16) with M = M,, we can rewrite the sum in (3.17) as

3 Y cajo(Da) ef BaDy ' QINTYP(1 (N Ay — puVa))

NeZm o

!

xe{uV, Z,y " H,p7'Q; NAy}.

Collecting all the terms with a fixed matrix NA, = uN'D;! = N € VAL
and using the obvious relation

e{BaDy 'QIN]} = {D; ' Qlp""N Do) Ba} = e{u *Q[N] Do Ba},
we get the relation
Or(V,ZH QLT = > {3 cajo(Da) e{uQIN'DaBa}}
Nezm o, NAZ‘ezm
x P(u= (N = pVo))e{pV, Z,u~ H, p'Q; N}.
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Hence, since the condition N Al € Z™ is clearly equivalent to the condition
N'D, =0 (mod p), the sum in parentheses coincides with I(N,Q,T), and
by omitting tildes, we obtain the formula

Or(V. 2 H,Q)|;T

= Y I(N,QT)P(u (N — uVa))e{uV, Z,u " H, "' Q; N}
Nezm

= > I(N,QT)P(u (N — pa))e{n Q[N — puVh]X
NezZm
+V=1p T HIN — pWa]Y + 2" (uVi)p QN — (uW)p™ ' Q(uVa)}.
To complete the proof it remains to show that
(3.18) I(N,Q, T)=0 if NeZ" but N ¢ C"(Q/n).

To this end, we use the last relation for the case of P identically equal
to 1, i.e. for the theta-function (2.7). In this case, since Hecke operators
map the corresponding subspace of Ij'(¢)-invariant functions into itself, we
conclude that the right-hand side of the relation is invariant with respect to
every Petersson operator [j( ' ﬁ) with j = jo(M, Z) of the form (2.12) and
B = 'B € Z, which transforms a function F((V1,V3),Z) to the function

ns

F((Vi + VB, V), Z + B). In particular, by taking Vo = 0, we get

> I(N,Q T)e{p 'QINIX +vV=1u "H[NJY + 2" (uV1)p ' QN}
Nezm

= > IV, QT)e{u ' QIN|(X + B) + V=T 'H[N]Y +2'ViQN}
Nezm

= > I(N.Q.T)e{n'Q[N|B}

Nezm

x e{p 'Q[N|X +V—1p 'H[N]Y +2'ViQN}.
Hence, by the uniqueness of the Fourier expansion of the analytical and
periodic (in Vi) function ©((V1,0),Z; H,Q)|;1, we obtain the equality of
the corresponding Fourier coefficients,

I(N,Q,T)e{n 'QIN]X +V-1u 'H[N]Y}
— I(N,Q, T)e{s " QIN|Ble{u " QINIX + V=1 *H[N]Y}

forall N € Z". If u='Q[N] ¢ E™, then, clearly, there is an integral symmetric

matrix B of order n such that o(u 'Q[N]B) ¢ 2Z and so e{u 'Q[N]B}
# 1. The relations (3.18) and formula (3.11) follow. m

We call the trigonometric sums I(NN,Q,T) defined for homogeneous
T € Hy(q) by (2.13) and extended by linearity on the whole of H{j(q) the
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interaction sums (or, in a modern fashion, just iSums) (of genus n), because
the sums link certain structures related to orthogonal and symplectic groups
(see, e.g., [An96]).

Of the elementary properties of iSums we record here only the following
simple lemma.

LEMMA 3.2. The iSums I(N,Q.,T) for N € C"(Q/u) and T € Hy(q)
are independent of the choice of triangular representatives in expansions
(3.2) of T and satisfy the relations

I(AN~,Q,T) =I(N,Q[A,T) for all A € GL,,(Z) and v € GL,(Z).

Proof. The independence of the choice of representatives easily follows
from the definitions. If T" is a homogeneous element of the form (3.2) with
triangular representatives M, satisfying pu(My) = p(T") = , then by (3.13)
we obtain

I(AN%,Q.T)
= > cajQ(Da) " e{n *QN[N] - *(Da"y)Ba 'y}
a, AN t(Dq ty)=0 (mod )
—i(wawr(" V) = revann
0 Y

since T is invariant under right multiplication by elements of I}'(g). m

4. Siegel operator and Zharkovskaya mapping on theta-func-
tions. The Zharkovskaya mapping and commutation relations for Hecke
operators and Siegel operators were originally introduced in the situation
of holomorphic modular forms of integral weight for congruence subgroups
of the symplectic modular group I'™ = Sp,,(Z) (see, e.g., [An87, §4.2.4]).
Here we shall use as a model the standard definitions of the Siegel oper-
ator @ and the Zharkovskaya map ¥ acting on theta-functions of integral
quadratic forms. This will allow us to link the action of Hecke operators on
theta-functions of different genera and the corresponding interaction sums.
It should be noted that although the proofs for theta-functions are similar
to those for modular forms, the final formulas can differ due to different
customary normalization of Hecke operators.

Throughout this section, @} is the matrix of an integral nonsingular
quadratic form q(X) in an even number of variables m = 2k, (s,[) is the
signature of q, g the level of @), and x¢ the corresponding Dirichlet character
modulo q.

For a function F': C3j}, x H" — C and 0 < r < n, we define the Siegel
operator @™ by
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(4.1) (F|@™"\(V', Z"

= 11m 9y n T > Y n— Y
A= oo v S SN L /A 15 W T
if 1 <r < n and the limit exists, where V' = (V/,VJ) € C}! and Z’ € H';
by

(4.2) F|¢™ = lim F(05:,v/—1X-1,)

A——+o00

when the limit exists; and by
(4.3) F|p™"™ = F.

If F is a theta-function (2.7) of genus n of a pair (Q, H) with H € M(Q),
then the limits (4.1) and (4.2) exist and equal the theta-function of genus r
of the same pair,

(44) (OM"" (V' Z';H,Q)=0"(V',Z';H,Q) (V' eCy,Z'eH")

if 1 <7 <n,and O"¢™ = 1. Actually, the theta-function (2.7) converges
absolutely and uniformly when V and H are in fixed compact sets and Z
belongs to a set H? of the form (2.4) with a fixed ¢ > 0, and so the limit
can be taken termwise. For the exponent (3.15) we clearly have

z' or
") H,Qi (N1, N
(L VAS DY H > Qi (M 2)}

= lim_e{V=T - H[Nal}e{(V{. V), Z', H, Qs N1}

B e{(V],V]),Z',H,Q; N1} if No =0",
o if Ny 2 07
For n > r > 1, the Zharkovskaya homomorphism related to the action

of Hecke operators on theta-functions of genus n of the quadratic form in
m = 2k variables with matrix @),

(4.6) o =08 HE (g) — Hp(a),

can be defined as follows. If T' € H{j(q) is of the form (3.2) with triangular
representatives M, of the form (3.9), then after replacing each representative

M, by (tU b o )M with suitable U, € GL,(Z) we may assume that the

block D,, of Ma has the form D, = ([Z) D,,) with D!, € ZI (see, e.g., [An87,
Lemma 3.2.7]), so that

Ay O Bl
(4.7) M, = <( <) (D,* ’;))>,

0 (i

(45) lim e {(VDOZL o ‘/'2/’ O:Ln—r)’ <

A—+400

where
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A B
M= (0 Do) € Sha) with (M) = L)
0 D,

Then we put
(4.8) w(T) = Wy (T anm I (q) M),

where jg has the form (3.14). It can be easily verified that the linear combi-
nation (4.8) belongs to the ring H{(¢), and that the mapping T+ ¥™"(T')
is a C-linear homomorphism of rings. For r = 0 and » = n we set

(4.9) wmOT) =w5(T) = cajo(Da)™!, WD) = G(T) =T.

It is clear that the Zharkovskaya homomorphism with r > 1 maps homoge-
neous elements of H{j(¢) to homogeneous elements of the same multipliers.

PROPOSITION 4.1 (Zharkovskaya commutation relation for theta-func-
tions). Let Q be a nonsingular even matriz of an even order m = 2k with
signature (s,1) and level ¢, H € M(Q), and let T € H{(q). Then the follow-
ing commutation relation holds for the action of the Hecke operator [;T with
i=Jo(M,Z) of the form (2.12) on the theta-function (2.7) of genus n:
(4.10) ((@";D)|@"™")(V', 2" H,Q) = ((&"|@™")[{%™"(T))(V', Z': H,Q)

= (0w (T)(V',Z';H,Q)
if n>r>1, where V' = (V],V)) € C5, and Z' € H", and
(4.11) (e";1)|@™° = (0"@™0) . w™(T) = w™(T).

Proof. It suffices to assume that n > r > 1, since the degenerate case

r = 0 directly follows from conditions (4.2), (4.3), and (4.9). We may assume

that 7" is homogeneous with u(7T) = p and with triangular representatives
M, of the form (4.7). By (3.10) with P =1 and (4.1), we obtain

lim (@”|jT)(‘~/, Z\;H,Q)

A——+o00
_ 1 . —1 Tt .
Jim > > cajo(Ma, 20) 7 e{V Mo, Ma(Zy), H, Q; N},
Nezm o
where
A o
V=(V,00, V50 ) and Z = e )
Wi 2 Onr) ’ (oa—r V-1 A-lnr>
By (3.14) and (3.16), the last expression can be written as
I o B.D, V,Zy,w 'H,p'Q; NA,
*iT”Ngzsza:c jo(Da)”'e{BaD;'Q[NYe{uV, Zy, i~ H, p~ ' Q; N Ao},

where p = pu(T) = u(My). According to (4.5), this limit is equal to
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D Y cajo(Da)'e{BaDS QN]}
NeZp « -
X lim e{uV, Z, p T H, n7'Q; NAL}

= Y D cajo(Da) 'e{BaD; QIN:, O}, ]}
NieZ™ o
xe{u(V{,V3), Z', " H, ' Q; N1 AL}
By the obvious relations
e{BaD;'QIN1, 07, ]} = e{B,(Dy) "' QIM1]},
and formulas (3.16) with M = M/ , we arrive at the sum

Y D caja(DoDi) el (V{, V3) My, M(Z"), H,Q: N1}
NieZ™ o

= cado(DR) O (], V5), Z'; H,Q)|; M,

= (O"|(w™"(T)(V], V3), 2" H,Q). =

The Zharkovskaya homomorphism (4.4) is not always epimorphic (see,
e.g., [An96, Proposition 3.3]).
The following useful lemma is an elementary consequence of definitions.

Lemma 4.2, If T € Hy(q) and N € C"(Q/p), where n > r > 0, then

(4.12) I((N,0.),Q,T)=I(N,Q,v™"(T)),
where W =Wy is the Zharkovskaya homomorphism; moreover,
(4.13) (0}, Q,T) = w™°(T).

Proof. In order to prove (4.12) we may assume that 7" is a homogeneous
element of the form (3.2) with triangular representatives M, of the form
(4.7), where p(My) = p(T) = p. By (3.13) we have

D! -1
HN,00,).Q.1) = > )
o w0 ) (D) =0 mod ) ¢
(e 0 ()
X e .
0 0 *
= > cadQ(Dy) " iq(Dy) " e{n *Q[N]'D, B}

o, N tD!, =0 (mod )
= I(N,Q,v""(T)).
Formula (4.13) directly follows from (3.13) and (4.9). =
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5. Automorphic expansion of interaction sums and explicit for-
mulas. We are going to investigate here the role played by iSums in deduc-
tion of finite formulas for the action of Hecke operators on theta-functions.
Since these sums do not depend on harmonic factors in the definition of
theta-functions, for their investigation one can use theta-functions (2.7)
without harmonic factors.

In this section we again assume that () is the matrix of a fixed integral
nonsingular quadratic form q(X) in an even number m = 2k of variables,
(s,1) is the signature of q, ¢ the level of @, x¢ the corresponding Dirichlet
character modulo ¢, and H € M(Q).

We shall say that an integral m X m-matrix D is an automorph of the
matriz Q) (or an automorph of the form q) with multiplier p = p(D) if

p'Q[D] € E™ and det u 'Q[D] = det Q.
The set of all automorphs of @@ with multiplier o will be denoted by
(5.1)  AQ.p) = {D ez |y QD] € E™, det y~1Q(D] = det Q}.
The set A(Q, 1) may be empty (see, for example, Proposition 6.2 below). It
is clear that
A(Q, )A™ = A(Q, ), where A™ = GL,(Z),

and so the group A™ operates on each of the sets A(Q, p) by right multiplica-
tion. Since all automorphs of A(Q, i) are integral matrices of determinants
+4™/2 it follows that each set of classes of automorphs A(Q, pt)/A™ is finite.

PROPOSITION 5.1. Let T be a homogeneous nonzero element of Hg'(q)
with multiplier ;1(T) = p. Then the following three conditions are equivalent.

(1) The action of the Hecke operator |1 with j = jo(M,Z) on the theta-
function (2.7) of genus n = m is given by
(5.2)  O"(V,Z;H,Q)iT

> dD,Q,T)O™(uD™V, Z;p  HID], u'Q[D))
— { DeA@Q,n)/A

if A(Q,p) #0,
0 if A(Q, ) =10,
where A = A™, with some coefficients ¢(D,Q,T) depending only on
D, Q, and T.
(2) The formula (5.2) is valid with the coefficients of the form
(5.3) c(D,Q,T)=I1(D,Q,T),

where I1(D,Q,T) are the iSums (3.13).
(3) (The automorphic expansion of iSums) For each matric N € C™(Q /)
in the set (3.12) with n = m the following formulas hold:
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3 I(D,Q,T) if AQ,p) #0,
(5.4) I(N,Q.,T) = { peA@, /A, DIN
0 if A(Q,p) =9,

where the condition D | N means that the matriz D~'N is integral.

Proof. By (3.11) with n = m and P = 1, we can rewrite the left hand
side of (5.2) in the case A(Q,u) # () in the form

>IN, QT)e{p 'QIN — pVo]X + V=1p'H[N — pVo]Y
NeC™(Q/u) , . , .
+25(puV)p QN — (V) Q(pVz2)}

= > dD,QT)O™uD 'V, Z;p  H[D], u~'Q[D]).
DeA(Q,u)/A

By setting here Vo = 07, we get the relation

> I(N,QT)e{p 'QINIX +vV-1p 'H[N]Y +2'V1QN}
NeC™(Q/n)
= Y ¢D,QT) Y ef{u'QIDNIX + -1y 'H[DNJY
DEA(Q, 1)/ A Nezzy:
+ 24 uD V) M 'DQDN}.

Collecting in the last sum the terms with DN = N e 27 we can rewrite it
in the form

(X dD.Q el QINIX +V=1uT HINY} {2 iQN}.
Nezp DEAQu)/A
D-1INeZm
If N € A(Q,p)/A, then the condition D™IN € Z™ with D € A(Q, p)/A
implies NA = DA, i.e., N = D. Therefore, the coefficient of e{2'V1QD} in
the last sum is equal to

¢(D,Q,Te{y QD)X +v—1pu *H[D]Y}.

Comparing it with the corresponding coefficient on the left, we get (5.3).

From (3.11) and formula (5.2) for the case A(Q, ) # (0 with coefficients
of the form (5.3) we get the identity

Y I(N,QT)e{n ' QIN — pVa] X + V=1 'HIN — pV]Y
NeC™(Q/p)
+2 (V) QN = M) p ' Q(uVa)}
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= Y I(D,QT)0™uD 'V, Z;p *H[D],u"'Q[D))

DEA(Q, )/ A
= Y. ID,QT) Y e{p ' QDN - uD 'Vp]X
DeA(Q, n)/A N'ezy

+V—=1p 'H[D][N' — uD~'W,]Y
+ 2" (uV)p ' QDN = H(pVi) ' Q(uVa)}
= > (X 10.QD)e{n QN - ualx
NeC™(@Q/p) DeAQ,n)/A, DIN

+ VLT HIN = pWa]Y 4+ 2 (uVi)u QN — H(uVi)p ' Q(uVa)
because clearly N = DN’ € C™(Q/n) if D € A(Q,u) and N’ € Z". By
putting here Vo = 0 and comparing the Nth Fourier coefficients of the first
and last series, by the uniqueness of the Fourier expansion of the analytical
and periodic (in Vi) function (©™[;7)((V1,0), Z; H,Q), we obtain the first
case of (5.4). If A(Q, ) = 0, then it is easy to see that the second case of

(5.2) and (3.11) with n = m and P = 1 imply the second case of (5.4).

Finally, if (3) is true, then in the case A(Q, ) # (), by (3.11) with n = m
and P =1 and (5.4), we obtain

orv.zHQLT= Y (Y 1pQD)
NeC™(Q/n) | DEA(Q. 1)/, DIN

x e{u 'QIN — Vo] X + V—=1p "HIN — pla]Y
+2' (V) QN — H(pW)p Q(uV2)}

= > 101 > e{u'QIN - ualX

DeA(Q,n)/A N=DN' ,N'eZm

+V=1p T HIN = pWa]Y + 28 (uVi)p QN — H(uVi)p ' Q(ua)}

= > ID.QT) ) e{p 'QDN' —puDVo]X

DEA(Q, 1)/ A N'ezy:
+V—=1p 'H[D][N' — uD~'Va]Y

+ 2" (uV)p ' QDN = H(pVi) T Q(uVa)}
= > I(D,QT)O"(uD~'V, Z;p ' HID], p' Q[D)).
DeA(Q, )/ A
But if A(Q,u) = 0, the second case of (5.4) and formula (3.11) imply the
second case of (5.2). =

Let us now turn to an arbitrary genus n > 1.

PROPOSITION 5.2. Let T be a homogeneous element of H{(q) with mul-
tiplier u(T) = p, satisfying the condition
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(5.5) T e Wénn(HS”(q)) if n < m,

where Wg’n is the Zharkovskaya map (4.6). Suppose that the element U™™T
€ Hi'(q), where, for n < m, lllg’mT s an inverse image of T wunder the

map &Pgl’", satisfies at least one of the equivalent conditions (1), (2), or (3)
of Proposition 5.1. Then the following two assertions hold:

(1) (Automorphic expansions of iSums of genus n) For each matrizx N €
C™(Q/ ) the following expansions of the iSums hold:

> I(D,QUGTT) if AQ,p) # 0,
(5.6) I(N,Q,T) =1 DeA@,n)/ADIN
0 if A(Q,p) =10,
where A = A™ = GL,,,(Z) and the condition D |N means that the matriz
D™'N s integral.
(2) (Explicit formulas for the action of |j7' on a theta-function of genus

n with a harmonic form) For each polynomial harmonic form P on C
relative to the pair (Q, H) satisfying (2.9),

(5.7) OBV, Z;H,Q)|;T

> ID,Q¥5" Ok, 1 p(wD TV, Z; T HID), T QID)),
— ) DeA@,p)/A

)

depending on whether A(Q, p) # 0 or A(Q, ) =0, where j = jo p(M,Z) is
the automorphic factor (2.14), and

(Plu'D)(X) = P(i"'DX) (X € CI).
Proof. If n > m and N € C"(Q/u), then it is easy to see that there is

a matrix v € GL,(Z) such that Ny = (N’,07,,) with N € C™(Q/u). By
Lemmas 3.2 and 4.2, we obtain

(5.8) I(N,Q,T)=1I((N",0",),Q,T)=I(N,Q,w"™T),
and, by (5.4) for the case A(Q, p) # 0, we have
I(N',Q,o™™T) = > I(D,Q,¥™™T)

DEA(Q.u)/A™, DIN'

= > I(D,Q,u™™T),

DeA(Q,u)/A™, DIN

since the conditions D| N’ and D |N are clearly equivalent, which proves
the first case of (5.6). But if n < m and N € C"(Q/u), then clearly N’ =
(N,07_,) € C"™(Q/p) and, by (5.5), ™ T € H{'(q). Hence, by the first

rYm—n
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case of (5.4), we can write

I(N',Q,uy™T) = > I(D,Q,wy™(T))
DEA(Q,u)/A™, D|N

= > I(D,Q,w™T).
DeA(Q,p)/A™, DIN
On the other hand, by (4.12),
(5.9)  I(N',Q,¥™™T) = I(N,Q,w"™"(W"™T)) = I(N,Q,T).

These arguments prove part (1) if A(Q,un) # 0. But if A(Q,u) = 0, then
by (5.8) and the second case of (5.4) we see that I(N,Q,T) = 0 for all
N € C"(Q,un) if n > m. But if n < m and N € C™"(Q/n), then again
N'=(N,0p_,) € C™(Q/p) and, by (5.5), ¥""T € H{'(g). By the second
case of (5.4) we have I(N’,Q,WS’mT) = 0, which, by (5.9), implies the
second case of (5.6).

Part (2) follows from (1) and Proposition 3.1. Indeed, from (3.11) and

the first case of (5.6) we get the formula
Op((V1,V2), X +V=1Y; H,Q)|;T
. ( 3 1(D, Q,W”’mT))P(/fl(N —uVa))
NeC™(Q/p) DeA(Q,u)/A, DIN
% e{ ™ QIN — pVAIX + V=1 HN — uVa]y
+2'(pV)uT QN = H(pV)p T Q(uV2)}
= Y ettty Y PN - )
DEeA(Q,u)/A N=DN', N'eZn
x e{u ' QIN — wVa)X + V=T p H[N — pVa]Y
+2(pV)p T QN = H(ph)pT Q(uVa)}
= Y I(D,QU™T) Y P(u'D(N'—puD"'Vy))
DeA(Q, 1)/ A N'ezy
% e{u ™ QID]IN' — D™ Va]X + /=1 p~ HIDJIN' — uD~"Va]y
+ 2" (uV)p ' QDN = H(pVi) ' Q(uVa)}
= Y ID,QUT)O, . p(uD 'V, Zip T H D], i~ Q[D)),
DeA(Q,p)/A
which proves the first case of (5.7). The second directly follows from the

second case of (5.6) and formula (3.11). =

In this section we have deduced several reformulations of transforma-
tion formulas for the action of Hecke operators on theta-functions by using
quite formal computations. However, for real proof of certain basic formulas
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one cannot escape arithmetical considerations. In our work [An86, Theorem
1] formulas (5.2) were completely proved, although, for accuracy, it should
be noted that, as follows from the proofs of that theorem and related lem-
mas, their formulations must be completed by the statement that all sums
over classes of automorphs are set to be zero when the corresponding au-
tomorphs do not exist, just as above in the formulations of Propositions
5.1 and 5.2. The proof of the formulas is heavily based on a complicated
technique of explicit factorizations of certain standard polynomials (Rankin
polynomials) over symplectic Hecke-Shimura rings under their parabolic
embeddings, which was earlier developed in [An79, Chapter 2] and later de-
tailed in [An87, §3.5]. Perhaps, it could be useful to write now a simplified
exposition of the proof, but it would require plenty of time without any
new method or results at the end. As we have seen above, formulas (5.2)
imply (5.3), (5.4), (5.6), and (5.7). On the other hand, in order to justify
all these formulas it would be sufficient to prove independently the elemen-
tary formulas (5.4) for fairly simple trigonometric sums I(N, @, T'), which,
in general, has not been done yet. In the rest of this paper we consider some
cases where the formulas can be proved elementarily without using parabolic
embeddings.

6. Action of Hecke operators corresponding to 7" (p). In this sec-
tion we preserve the assumptions and notation of the previous section. In
particular, @ is the matrix of a fixed integral nonsingular quadratic form
q(X) in an even number m = 2k of variables, ¢ the level of @, xg the
corresponding Dirichlet character modulo ¢, and H € M(Q). By using an
elementary approach, we shall prove the formulas (5.7) for the action of the
Hecke operators |37 (p) with p prime not dividing ¢ on theta-functions (2.8)
of genus n with harmonic coefficients. Similar formulas for theta-series (2.2)
of positive definite quadratic forms (without harmonic coefficients) were
proved in [An80] and by another method in [An87, §5.2.2]. Here we general-
ize the approach used in [An80]. According to the approach of the previous
section, we consider first the case when the harmonic form P equals 1. We
start with direct formulas for the action of the operator corresponding to
T™(p) on the theta-function (2.7).

PROPOSITION 6.1. For each prime p not dividing the level q of Q, for
every n = 1,2, ... and for each N € C™(Q/p) the corresponding iSum can
be written in the form

(6.1) I(N,Q,T"(p))
n—r(N)

:XQ(pT(N))p—r(N)k—i-r(N)(r(N)-i-l)/Q H (1+XQ(p)pV+r(N)—k)’
v=1
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where r(N') = r,(N) is the rank of N over the field ¥, = Z/pZ; the action of
T (p) with j = jo(M,Z) on O™(V,Z; H,Q) is given in the same notation
by the formula

(6.2)  O"(V,Z;H,Q);T"(p)

n—r(N)
= > (xRN T (1 4y (p)p T H))
NeC™(Q/p) 21

xe{pV, Z,p ' H,p~'Q; N},

where the notation (3.15) is utilized.

Proof. 1t is well known (see, e.g., [An87, §3.3]) that a decomposition
(3.2) of T™(p) with p prime not dividing ¢ into left cosets modulo the group
I'(q) can be taken in the form

n trH—1
" n p- D B
03 mw-> > (mal ) ])
a=0 DeA™\ A" DR A"
BeB(D)/=(mod D)

where A" = GL,(Z), D2 = D] (p) = (1"60‘ P'?a ), B ranges over a system of
representatives for the set

B(D)={BeZ"|'BD = 'DB}
modulo the equivalence relation
B=DB (mod D) & (B—-B)D 'cz

Moreover, a system of representatives for A"\ A" DA™ can be taken in the
form

(6.4)  A™\A"D"A

—{ Dz

X € Py—an(p) with £(x) = <f) © SL"(Z)}’

X

where P,_on(p) is a system for representatives for the set of all matrices
x € Z® which can be completed to a matrix (%) € SL,(Z) modulo the
equivalence relation

(6.5) x=~x' (modp) & x=Cx" (mod p) with C € GL,,_«(Z/pZ).

Note that the rank of every x € P,_q ,(p) over F), is n — a.
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By using the decomposition (6.3) and formulas (3.13), we have
(6.6) I(N,Q,T"(p))

-y ) jo(D)e{p*QIN]'DB)
a=0 DeA™M\A"D" A" N D=0 (mod p)
BEB(D)/=(mod D)

m

= xo )~ > e{p°BQIN]'D}
a=0 DeA™M\A"D?A™ N tD=0 (mod p)
BeB(D)/=(mod D)

since the character xgo = Xél is real. If we take the system of representatives
for AM\A"D2A™ in the form (6.4), then, since B(Dle(x)) = B(D})e(x), it
follows that a system of representatives for B(D[le(x))/=(mod D}e(x)) can
be taken in the form

0 0

(BoD/=mod D0 = {5 = (0 1) | =8z betw,

For D = D7e(x) = (px) in the set (6.4), the condition N'D = 0 (mod p)
is clearly equivalent to the congruence N ‘x = 0 (mod p). Thus, with these
systems of representatives we find that the last sum is equal to

Zn: xq(p®*)p~**
a=0
" 2 o{p2( 5 )cIQINI (Do) |

xePn—a,n(p)v Ntx=0 (mOdp)
B/=BeLg /pLg
=3 xo@™p " > e{ B'RQ[N]'x/p}
a=0

XEPy—a,n(p), N 'x=0 (mod p)
B/="B'e7g [pLg

=D xe")p™" > prlet i
2
a=0

XEPy—a,n(p), N tx=0 (mod p)

_ Z X0 (poz)pfakJroz(oHrl)/2RZ(]\[)7
a=0

where

Ro(N) = > 1,

XEPn—a,n(p), N tx=0 (mod p)

since each of the matrices XQ[N]!X/p, together with the matrix Q[N]/p, is
even, and the number of symmetric matrices B’ in Z2 /pZ2 is p™@+D/2 Tt is
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clear that R} (ANB) = R[(N) if A, B are integral matrices of order m and n,
respectively, with determinants prime to p. Therefore R (N) = RZ(( 10’" 8)),
where r = r,(N) is the rank of N over [F,. It clearly follows that R (N) =0
if » > o, and RJ(N) is equal to the number of elements of P,,_q n—r(p)
if r < «. It is well known that the last number can be computed by the
formula

_ %) r< g
(6.7) #(Pn_am_r(p))_Son—a(p)cpa—r(p) ( = )

(see, e.g., [An87, Lemma 3.2.18]), where ¢, (7) = (x —1)(2? —1)--- (2% — 1)
and ¢o(z) = 1. Thus we arrive at the formula

n a —ak+a(a+1)/2 @n*T(p)
08 1T ZXQ Pn—a(p)a—r(p)

pﬁ(ﬁ+1)/2%ir(p)

_ r 77"k+r(r+1)/2 0, B(r—k)
= XxX\p )p xX\p)p
) R R R
= xo)p TR TT (U + xop™™ %) (r=rp(V)),
7=1

where we have exploited the identity
b 2BBH)/20 (1)

(6.9) wp(T)pp—p(x

b
H (1+272)

following by an easy induction similarly to the binomial formula. This proves
formula (6.1).

Finally, formula (3.11) for P = 1 and 7' = T"(p) with the notation (3.15)
can be written in the form

O™V, Z; H,Q)[;T"(p)

=0

= Z Z <XQ(pr)p—rk+r(r+1)/2 H(l + XQ(p)p'H—fr—k))
r=0 NeC™(Q/p), rp(N)=r Y21

x e{pV, Z,p ' H,p~*Q; N},

which is, in fact, formula (6.2). m

PROPOSITION 6.2. Let Q be the matrixz of an integral nonsingular quad-
ratic form in an even number of variables m = 2k, q the level of Q, and
Xq the corresponding Dirichlet character. Let p be a prime number not di-
viding q. Then the set A(Q,p) of automorphs is empty or not depending on
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whether xo(p) = —1 or xq(p) = 1. In the latter case,
(6.10) O©™(V,Z; H,Q)|;T™(p)

k
=p*[[a+p™) > "D 'V.Z;p 'H[D],p'Q[D)),
i=1 DeA(Q,p)/A™

where j = jo(M,Z) and A™ = GL,,(Z).

Proof. To examine the existence of automorphs of () with multiplier p,
we use the language of quadratic spaces with quadratic form q modulo p
in the sense of [An87, Appendix 2|. Let (V, f) be a quadratic space over
[F, = Z/pZ associated to the quadratic form q(X) modulo p. We recall that
in this case V can be considered as the set of m-rows over F,, and f : V — [,
is a quadratic function given by

f(u,. .. um)) =q(ug,...,u,) mod p.

A quadratic space (V', f’) is called a subspace of (V, f) if V/ C V and the
restriction of f to V' is equal to f’. The bilinear scalar product u-v € I, of
u,v € V is defined by

u-v=flut+v)—f(u) - f(v).

Two vectors u,v € V with u-v = 0 are called orthogonal. A space (V, f) is
said to be the direct (or orthogonal) sum of subspaces (V1, f1),...,(Vi, ft),

t
(V. f) =BV, f),
i=1

if each v in V is uniquely of the shape v = v; + -+ + v; and f(v) =
fi(vi)+---+ fe(vt). A nonzero quadratic space with zero quadratic function
is called isotropic. A quadratic space (V, f) is said to be degenerate if it
contains an isotropic direct summand, otherwise it is called nondegenerate.
If p does not divide the determinant det q = det () or the level of (), then
the corresponding quadratic space (V, f) is nondegenerate.

A set of vectors of the quadratic space (V, f) is said to be isotropic if the
vectors are linearly independent and span an isotropic subspace. According
to [An78, Lemma 5.2] or [An87, Proposition A.2.14], the number i(V, f;r)
of different isotropic sets of r vectors in a nondegenerate quadratic space
(V, f) over F), can be computed by the formulas

6.11)  i(V, f;7)
(" = xo®@) P + xq(p)) if r =1,

r—1

PR = xo@) (0 + xo) [TV~ 1) it > 1,
i=1
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where & = m/2 and xq(p) is the character (2.15)-(2.17) of the form q. In
particular, for r = m/2 = k we obtain
(6.12)  i(V, f; k)
0 if xq(p) = -1,
=< (p—1)(P°+1) if xo(p) =1and k =1,
pFEDREE 1) + DT (°*F ) — 1) if xo(p) = 1and k> L.

Returning to automorphs, we first note that if they exist, the set A(Q, p)
is contained in a single double coset modulo A = A™:

(6.13)  A(Q.p) C ADI'A with DI = DP'(p) = (1’“ 0 )

0 p-Ig
In fact, if D € A(Q, p), then det D = p*, and so the elementary divisors of
D (see, e.g., [An87, §3.2.1]) have the form p°,... p°" where 0 < ey < --- <
em and e; + -+ + e, = k. Since p does not divide det ), it follows from
the properties of elementary divisors and the definition of automorphs that

the elementary divisors of the matrix pD =1, i.e., pt=¢m, ... p'=®, coincide
with those of D. Therefore, 0 < e, < 1, and so e; = --- = ¢; = 0 and
€k+1 = - = €y = 1, which proves (6.13). From (6.13) and (5.1) we can
write

(6.14)  A(Q,p) ={D € ADJ’A| p~'Q[D] € E™} = AD;? AN C™(Q/p).
Thus, each automorph of A(Q,p) can be written in the form D = UD*V
with U,V € A, and the rows uy,...,u,, of ‘U satisfy the condition

E™ = 'WE™V 3 p” 'V QIDIV T = p (U DFQU DY,

which means, as is not difficult to see, that the rows uy,...,u; considered
modulo p form an isotropic set of k vectors of the space V = (Fp),, with
quadratic function given by the form q modulo p. Hence xgo(p) = 1. Con-
versely, if xg(p) = 1, then there is an isotropic set of k integral m-rows
considered modulo p, which can be completed to a matrix ‘U € A so that
the matrix UD}" belongs to A(Q,p). This proves the first assertion.

Let us now assume that xg(p) = 1 and consider the sum

(6.15) S@p)= Y, ©"pD'V,Zp 'H[D],p 'Q[D])
DEA(Q.p)/A
(with A = A™). By (6.14) we have
AQ,p)/A = (ADF" AN C™(Q/p))/ A

According to (6.4) with n = m we can write

AD}M A A = {MNADP A} = {'e(x) D} | x € Pem(p)},
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where as above e(x) = (%) € SLy(Z). The condition D € C™(Q/p) for D
of the form ‘e(x)D" is clearly equivalent to 'x € C*(Q/p). Hence

(6.16) A(Q,p)/A = {"e(x)D} | x € Pym(p), 'x € C*(Q/p)}-

Thus, the sum (6.15) can be written in the form
(6.17) S(Q,p) = > 6™ (pD~'V, Z;p~ ' H[D],p~'Q[D))
De(ADA/DNC™(Q/p))/ A
= > O™ (p(Dy) M e(x) 7V, Z,p H[ 'e(x) D}';
x, '%€ 1Py m (p)NCH(Q/p) o
pQ'e(x)Dy')
= > Y efp ' QUe(x) DI (N — p(Df) ™! e(x) T Va)| X
X, 'X€ Py, m (p)NC* (Q/p) NELT!
+V=1p " H['e(x) DI*(N = p(D") ™M e(x) T Va)lY
(x

+2- Wie(x) 'p(DP) p Q[ te(x) DTN
— Wie(x) " p(DP) p Q[ e (x) DY p(DI) T e(x) MR}
= > > efp lQIle(x)DPN — pValX

x, 1XE 1Py () CH(Q /p) NEZ:
VI H () DPN — pValY + 24 (V) Q e(x) DN
— "pV)p ' Q(pV2)}
= Y B(N)e{pV, Z,p ' H,p7'Q; N},

Nezm
where the notation (3.15) is again used, and where

(6.18) BH(N) = > 1.

X, 'x€ "Po,m (0)NC*(Q/p)
Nete(x)Dzm

It N = te(x)Dz/QN’ with 'x € Pn(p) N C*(Q/p) and an integral ma-
trix N’, then the matrix
P Q[N] = p~H 'N'DJe(x)Q "e(x) D' N
_ p_1 tN/DZ@ (fQ ix fQ tf) PPN’ — i (p_ij tx )E\Q tﬁ/\) e
XQix xQ'x XQix  pxQx
is clearly even. Hence, ®(N) = 0 unless N € C™(Q/p), and we can rewrite
the expression (6.17) for the sum S(Q,p) in the form

(6.19)  S@p)= > BN)e{pV,Zp 'H,p 'Q;N}.

NeC™(Q/p)
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If N € Z and the rank r,(IN) of N over F, is r, then there is a matrix
U € A = GL,(Z) such that UN = DJ'_ N’  where D" = DI_ (p)
and N’ is an integral matrix. By transposition of the representative system
(6.4) for &« = m — r, we conclude that U~1D™_ = te(z)Dm_ U’, where
z € P, ,(p) and U’ € A. Therefore

(6200 N=U"'D"™ N'='ts(z)D" N"
(z € Po(p), N" =U'N' € Z).

In addition, the condition r,(NN) = rp(x) is equivalent to the condition that

the r x m-block Ny of the matrix N” = (ﬁiﬁ) satisfies
2

i

(6.21) rp(NY) = rp<( i >> =rp('e(z)"'N) =1

PNy
It is easy to see that the matrix z = 2(IN) € P.,,(p) in the factorization
(6.20) is uniquely determined by N, and the condition N € C™(Q/p) is
equivalent to 'z € C"(Q/p). We define a partial order on the union of the
sets Po.m(p) by setting x <y if each row of x is congruent modulo p to a lin-
ear combination of rows of y. This implies in particular that r,(x) < r,(y).
If z=2(N) < x € P, pn, then there is an integral r X a-matrix v such that
vx =z (mod p). It is clear that r,(v) = r,(z) = r. One can easily see that
there exists a matrix V € A satisfying V = (Y ?) (mod p) and such that
Ve(x) = e(z). Hence,

N = 'e(z)D"_ . N" = 'e(x)'VD"_ N"

= le(x) Dy _o(Dpy o)~ VDR N" = e(x) D (N

m—«

with N € Z7. Vice versa, if N = 'e(x)D?_, N, where x € P, ,,(p) and
N € 77, then txN; = tzN; (mod p), where N is the upper a x m-block
of N, which implies, by (6.20), that z < x. These arguments show that the
sum (6.18) can be written in the form

(6.22) H(N) = > 1.
X, 'x€ Py m (P)NC*(Q/p)
z(N)=x

In order to compute this sum we return to the language of quadratic spaces.
For z € P, (p) we denote by V(z) the subspace of V spanned over F,, by
the rows of z. Then the condition z(N) =< x means that V(z(N)) C V(x),
and the condition ‘x € C*(Q/p) means that the space V(x) is isotropic.
It follows that @(N) is equal to the number of different isotropic subspaces
of V of dimension k£ which contain V(2(V)). Since xg(p) = 1, there are
i(V, fik)/#(GLg(F,)) > 0 isotropic subspaces of dimension k, and every
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basis of V(z(NN)) can be completed to a basis of an isotropic subspace of
dimension m/2 in exactly

1 if r =k,
, k—1
i(V, f;k) % ,
hASMER'R EAY (k—1)/2—7(r—1)/2(,,0 2(k—i) _ ) k—r
W= @+ )" =)/ + 1)
i=r
Hl1<r<k
ways. Two completed bases wvi,...,Vy,Veg1,..., Ve and vi,...,V,,
Viii,--., V) with £ > r span the same space over I, if and only if
1 B
(Vs s Vi, Vi gy oo, V) = (Vl,...,VT,VT+1,...,Vk)<0kiT D)’
"

where B is an r x (k — r)-matrix over I, and D € GLj_,(F,). Therefore,
an easy calculation shows that the number @(IV) of different isotropic sub-
spaces of (V, f) of dimension k& = m/2 which contain V(z(N)) is equal
to

i(V, f;m/2)
i(V, f;7)p =) #(GLg . (Fp))
B i(V, fim/2)
iV, frr)prk=n) plk=n) (k=r=0/2 [T (pi — 1)
1 if r =k,
. k—r '
= (p~t+1) ifr<k.
i=1
Thus we finally get
_ r(N
(6.23) P(N) = [T @' +1) if xqlp) =1 and #(N) < £,
=1

where 7(N') = r,(N). Substituting this in (6.17), we obtain

(6.24) > e™pD 'V, z;p 'H[D],p QD))
DeA(Q,p)/A
= > e{pV,Z,p ' H,p~'Q; N}
NeC™(Q/p),r(N)=k
k—r(N)

+ > I @' +Ve{pV, Zp ' Hp ' Q; N}.

NeC™(Q/p),r(N)<k =1
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On the other hand, by formula (6.2) with n = m, we have
(6.25)  O™(V,Z;H,Q)[;T™(p)
_ Z (XQ(pr(N))pfr(N)kJrr(N)(r(N)Jrl)/Z

NeC™(Q/p) i

H (1+ g™ 7H)

X e{pV, Z,p 'H,p~'Q; N}.

Let us now compare this formula with (6.24). If »(N) = r,(N) = m/2 =k,
then the coefficient of e{pV, Z,p ' H,p~'Q; N} on the right side of (6.25)
is

m—r(N)
p—r(N)k+r(N)(r(N)+1)/2 H (1 +pv+r(N)—k)
y=1
k
bl 1/21_[ +p") =p [[(1+p7),
=1

but if (V) < m/2 = k, on replacing of v by i = v+ r(N) — k the coefficient
can be written in the form
k

p—r(N)k+7"(N)(r(N)+1)/2 H (1 +pz)
i=14r(N)—k
k 0
— p T (N)ktr(N) N)+1)/2<H 1+ p° ) ( H (1 +pi)>
i=1 i=1+r(N)—k

—r(N
_ p—r(N)k+r<N)<r<N>+1)/2+k(k:+1)/2(ﬁ 14+p- )( H (14 pt) )
i=1 7j=1

where in the last product we have set ¢ = 1—j. Similarly to the first product,
we can rewrite the second product in the form

—r(N

k—r(N
H (1+p'7) = H T 41)

i=1 i=1
—r(N
:p—(k’—r(N) Y(k—r(N)— H pj + 1

Thus, the whole coefficient is equal to
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p—r(N)k—H"(N)(r(N)—l—l)/2+k(k+1)/2—(k—r(N))(k—r(N)—l)/Q

k—

k r(N
x(Hl—i—p )( 1;[ 1+p1])
k —r(N
AT 0

i=1
Comparing the corresponding coefficients, we arrive at (6.10). m

It is not difficult to deduce from (5.6) with n = m and N = 0 and (4.9)
that for xo(p) = 1 the set A(Q,p)/A™ of classes of automorphs of Q) with
multiplier p modulo the group A™ = GL,,(Z) consists of

k—1
#(AQ,p)/A™) =[]+ 1"
i=0
elements.

In order to consider the action of the Hecke operators corresponding to
the elements T™(p) with n # m, we have to compute the images and inverse
images of these elements under Zharkovskaya homomorphisms.

LEMMA 6.3. Let n > r > 0 and let p be a prime not dividing det Q).
Then

n—r

(6.26) 75" (T (p) = [[ (1 + x@)p™ " )T" (),

=1
where k = m/2; in particular, if 1 < k < n and xg(p) = —1, then
Py (T(p)) = 0, and T"(p) & ¥, (Hi(q)); otherwise, the product in (6.26)
is not zero and T" (p) € !PCST(H”( ))-

Proof. Let us present the element 7" (p) in the shape (3.2) with trian-
gular representatives M, of the form (4.7) for r =n —1 > 1. Then it is not
hard to see that D/ = +1 or =+ p, and that in the notation of the definition
of the Zharkovskaya homomorphism for » = n — 1 we have the expansions

> @y eMy) =1 (p),

a, DI/ =+1
S @y oMy =p" T (p).
a, D!/ =+p
Hence
w5 T (p) = (1 + " (xo(p)P") T (p)
= (14 xo@p" "I (p).
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This formula clearly remains true also for n = 1 with T7°(p) = 1. Then (6.26)
follows by iteration. If » < k < n and x¢g(p) = —1, then the factor on the
right corresponding to ¢ = k — r (and only in this case) equals zero. The
rest is clear: since the sets of generators (3.3) are algebraically independent,
it follows that each homogeneous element of H{j(¢) with multiplier p is a
constant multiple of 7"(p). =

We can finally prove the following formulas for the images of theta-
functions under the action of Hecke operators corresponding to elements
" (p).

THEOREM 6.3. Let () be a nonsingular even matriz of an even order
m = 2k with signature (s,l), q the level of Q, and xq the character of
the corresponding quadratic form; let H € M(Q), and P be a polynomial
harmonic form on CI* of weight (d,d') relative to the pair Q,H. Finally, let
p be a rational prime not dividing q. Then the following explicit formulas
hold for the action of the Hecke operator |;T™(p) with automorphic factor
J = Jjo,p of the form (2.14) on the theta-function (2.8) of genus n with
harmonic coefficient form P:

(6.27)  OB(V,Z; H,Q)[;T"(p) = p" " ™V/2 ¢ (n, m)

x > O p(pD 'V, Z;p ' H(D],p ' QID))
DEeA(Q,p)/A™
if xq(p) = 1, where
k
(1+pH ifn>k,
1

(n

&(n,m) = if n =k,

N

- 1+p7Y ifn<k,
=1
(Plp~'D)(X) = P(p~'DX),

and
(6.28) Op(V,Z; H,Q)[;T"(p) =0 if xo(p) =—1 andn > k.

Proof. If xq(p) = 1, then by Proposition 6.2 the set A(Q, p) is not empty
and the relation (6.10) holds. In this case, by Lemma 6.3, the elements
T = T"(p) satisfy the condition (5.5) of Proposition 5.2, and according to
that proposition and Proposition 6.2, for every n =1,2,...,

(6.29) OB(V.Z: H,Q);T"(p) = > I(D,Qu5™(T(p)))
DeA(Q,p)/A™
X Of 1 p(pD~'V, Z;p~ HID), p~' Q[ D).
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Then (6.27) follows from (6.10), (6.26) and (6.29) by considering the four
cases: n >m, m>n >k, n =k, or n < k. For example, if n > m, then

n—

10,0051 )) = 1(D.Q. ( T] (1+57) 1)

=1
- (AT (THe )

n—m
et rmm) (et )/24m)k T (14 p

=1

=p

which proves (6.27) in this case. The other cases can be handled similarly.

If xo(p) = —1, then by Lemma 6.3 the condition (5.5) of Proposition
5.2 for T = T"™(p) is satisfied unless n < k = m/2. In this case, looking at
(6.2), one can note that the rank r(NN) = r,(/N) modulo p of each matrix
N € C™(Q,p) is less than k = m/2, since otherwise among the rows of the
matrix ‘N modulo p there are k rows which form an isotropic set of k vectors
in (V, f), contrary to (6.12). Therefore, each term of the sum on the right
of (6.1) and (6.2) contains a product including a factor with n—r(N) >~ =
k —r(N) > 1, which is zero. In particular, I(N,Q,T™(p)) = 0. Then (6.28)
follows from Proposition 5.2. =

Appearance of a power of p on the right of (6.27) in contrast to similar
formulas for theta-series of positive definite quadratic forms obtained in
[An80] and [An87] is due to different normalization of Hecke operators.
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