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Thetanulls and differential equations

V.V. Zudilin

Abstract. The closedness of the system of thetanulls (and the Siegel modular
forms) and their first derivatives with respect to differentiation is well-known in
the one-dimensional case. It is shown in the present paper that thetanulls and their
various logarithmic derivatives satisfy a non-linear system of differential equations;
only one and two-dimensional versions of this result were known before. Several dis-
tinct examples of such systems are presented, and a theorem on the transcendence
degree of the differential closure of the field generated by all thetanulls is estab-
lished. On the basis of a study of the modular properties of logarithmic derivatives
of thetanulls (previously unknown) relations between these functions and thetanulls
themselves are obtained in dimensions 2 and 3.
Bibliography: 26 titles.

Introduction

Theta functions is a classical domain of mathematics, marked with beauty. Many
results in mathematical analysis, algebraic geometry, differential equations, and
other areas owe their existence to its development. There are quite a few mono-
graphs (sound examples are [1]-[3]) and papers dedicated to theta functions, of
which a small part can be found in our list of literature.

The first systematic study of one-dimensional theta functions was carried out by
Jacobi (see [4], [5]), although his notation is distinct from the following notation,
which was used in later papers of Frobenius, Krazer, Wirtinger, and other authors:

co
91(z,q) =2 (1) sin(2n + 1)
n=0
= 2q1/4 sin z — 2q9/4 sin3z + 2q25/4 sinbz — - - - 7

Va(z,q) = 2 Z q(m'l/z)2 cos(2n + 1)z
n=0

1/4 25/4

= 2q Cosz+2q9/4cos3z+2q cosbHz + -,
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U3(z,q) = 1—1—2261"2 cos2nz = 1 + 2gcos 2z + 2¢* cos 4z + 2¢° cos 6z + - - -,

n=1
Va4(2,q9) =1+2 Z(—l)”q”2 cos 2nz
n=1

=1—2¢gcos2z + 2¢* cos4z — 2¢° cos 6z + - - - . (0.1)

The functions (0.1) are entire functions of the z-variable for each |¢| < 1. The
parameter ¢ is related to the modular parameter 7 by the formula ¢ = €™, Im 7 > 0
(see [6]; §21.1 and §21.7). Each function (0.1) satisfies the differential heat equation

99(z,q) _ 10%(z,q)

q8q24822

(see [6]; §21.4). In addition, the ratios of theta functions (0.1) make up a closed
system with respect to z-differentiation (see [6]; §21.6).

In formulae containing theta functions with the same parameter ¢ this parameter
is usually dropped, as if it were a constant rather than a variable. Consistent with
this ideology is the definition of the thetanulls (or theta constants)

J2 = U2(0), U3 = 93(0), U4 = 94(0) (0.3)

as the values of even theta functions (0.1) at z = 0. Of course, the functions (0.3)
are not constant: they depend on the g-variable.

Back in 1848, Jacobi [7] showed that each thetanull in (0.3) satisfies the same
third-order differential equation. Jacobi’s equation has the following form in terms
of é-differentiation:

(9% 6%0 — 159 - 60 - 629 + 30(69)%)” + 32(0 - 629 — 3(69)%)°

d 1 d

= 400(0 - 0%9 — 3(60)%)°,  b=q = ——

( (69)%)", qdq i dT
(see, for instance, [8]). A hundred years later, Mahler [9] proved a result on the
algebraic independence of functions ¥, v, 6?0, which showed, in particular, that
none of the thetanulls satisfies a second-order algebraic differential equation with

coefficients in C[7] or C[g]. We can formulate Mahler’s result in [9] as follows.

Mabhler’s theorem. The variable T and the functions ¢ = €™, 9;, 89;, and §29;
are algebraically independent over the field C for each j = 2,3,4.

(0.2)

(0.4)

Let X be the differential closure of the field generated over C(g) by the functions
(0.3) with respect to d-differentiation. By Mahler’s theorem the transcendence
degree of K over C(q) is 3 (see also [10] and [11] on this issue). The bulkiness
of (0.4) makes it expedient to discuss the choice of the generators of the field K, a
system of three elements of K algebraically independent over C(q), such that the
differential equations for them are possibly simple.

The first example of such a system, the logarithmic d-derivatives of thetanulls

o0y o0y 00,
¢2— 7927 ¢3— 1933 ’¢4— 1947

was presented by Halphen [12] in 1881, who proved the following result.

(0.5)
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Halphen’s theorem. The functions (0.5) satisfy the system of differential equa-
tions

d(rha + 3) = 4o, 6 (V3 4 14) = 41P3iby, 6(V4 4 2) = 4Patba. (0.6)

Writing (0.6) in a less compact form

S = 2(21b3 + Yarhs — P3rhy),
0tpg = 2(Varhs + h3ihy — Yarhy), (0.7)
0y = 2(P2thy + P31Py — Parh3)

one can see the closedness of the system (0.5) with respect to o-differentiation. The
thetanulls (0.3) are connected with the functions (0.5) by the well-known relations

1 1 1
Pz — Py = 119%’ Yo — Py = 11931, g — g = 11937 (0.8)

which (in slightly distinct notation) can be found, for instance, in [13]; Chapter 11,
formula (93.6).

Another example of a ‘simple’ system of generators of X was obtained by Rama-
nujan [14] (1916).

Ramanujan’s theorem. The functions

Plg)=1-24 Z o1(n)q"”,
. =t . (0.9)
Q(q) =1+240) o3(n)g",  R(q) =1-504)  o5(n)q",

n=1

where o (n) = de d¥, satisfy the system of differential equations

5p = (P? - Q), 5Q = %(PQ — R), SR = %(PR— Q?). (0.10)

12

The algebraic independence of the functions (0.9) follows from above-mentioned
Mabhler’s result, and their algebraicity over X is obvious from the formulae

0 2n
2y 1 q . 5’(92 5’(93 5194
P(g") =1 24n§:1j a2 _4<§2 + 9 + . (0.11)

(see, for instance, [6]; §21.41),
1 1
AP = 2@+ 5400, R = S08-0h03+ Y+ 0 (012)

(see, for instance, [15]; Kapitel 111, Hilfssatz 1.1g, where there is a minor misprint,
r [16]; Chapter 6, Exercise 4, without misprints); we drop the parameter g of
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thetanulls on the right-hand sides of (0.11) and (0.12). The fact that the Ramanujan
functions in (0.11) and (0.12) depend on ¢ is not a serious problem: in view of the
formulae

(93(0)+93(0)),  9i(q%) = V3(q)Va(q)

(NN

(93(0)—03(),  V3(¢%) =

N —

93(¢%) =

(see [16]; Chapter 1, §1.8) the differential closure of the field generated over C(q)
by the functions 9¥2(q¢?), 93(¢?), and ¥4(q*) with respect to d-differentiation is the
same (up to an algebraic extension) as K.

Our interest in thetanulls and their differential properties originated from the
following result of Nesterenko [17], [18] in transcendental number theory.

Nesterenko’s theorem. For each qo € C, |qo| < 1, the collection

q0, P(q0), Q(q0), R(qo) (0.13)

contains at least three algebraically independent numbers over the field Q.

Of course, one can replace the collection (0.13) by qo, f1(qo), f2(q0), f3(qo) for
each choice of a system of generators fi, fa, f3 in the field X (although the above
result was established specifically for the Ramanujan functions!). One consequence
of Nesterenko’s theorem is the algebraic independence over QQ of the quantities 7, ™,
and I'(1/4).

The proof of this result is technically not simple; it is based upon ‘nice’ alge-
braic properties of the non-linear system of differential equations (0.10) and ‘nice’
arithmetic properties of the expansions (0.9). We shall not elaborate on this, but
point out instead that the system (0.7) and the expansions of the functions (0.5)
in powers of ¢ have similar ‘nice’ properties (see [19]).

Whether there are other examples of such ‘nice’ systems of functions and non-
linear differential equations connecting them, is an open question. In [20] the author
shows a way to the derivation of such systems of differential equations (similar to
Halphen’s system) using second-order Fuchsian linear differential equations, but
their solutions, by contrast to the functions (0.5), do not seem to have ‘nice’ arith-
metic properties.

In the present paper we obtain closed systems of partial differential equations
for multidimensional thetanulls and their logarithmic derivatives and study the
algebraic and modular properties of these systems.

We now fix a dimension (genus) g and define a g-dimensional theta function by
means of a series:

9(z,T) = Y exp(ri'nTn + 2i'nz), (0.14)
nez9
21 Ti1 --- Tig
z= e CI, T = ,

Zg Tgl ce ng
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where T is a symmetric complex matrix with positive definite imaginary part (the
space §), of such matrices of order g(g + 1)/2 is an open subset of Sym_ (C) and
is called the Siegel upper half-space). We write vectors as columns and use the
superscript ¢ to denote transposition: thus, nz is the scalar product of the vectors n
and z.

Note that the series (0.14) converges absolutely and uniformly in z and T on
each compact subset of C9 x §),, that is, it defines a holomorphic function on this
set (see [3]; Chapter II, Proposition 1.1).

With each matrix T € §), one can associate the lattice Lp = 7TZ9 4779 C C9.
The theta function has the property of quasi-periodicity with respect to L, namely
([3]; Chapter II, §1),

Iz +7Tm + mn) = exp(—mi'mTm — 2i'mz)d(2), n,m e 7.

Along with the function (0.14) we consider its shifts by half-periods of the lat-
tice L, theta functions with characteristics

Ya(z,T) = Z exp(mif(n + 3a')T(n + 3a’) + 2i'(n + 3a’) (2 + Za"))
nez9

= oxp(Ta’ + /(= + Fa))0( + 3T’ + 3,7,

a=(a',a") e 7,

which we shall also call theta functions. The property of the quasi-periodicity of
the functions (0.15) with respect to the lattice L (see [3]; Chapter II, §1) allows
one to consider only functions with characteristics @ € Z29/2729. In particular,
for g = 1 we obtain the collection of functions (0.1) (where ¥;(z, q) has a constant
coefficient). We point out at the very beginning that we shall often think of the
set & = 7%9/2729, its quotients and subsets as of systems of Z29-vectors with
components zeros and ones.

Similarly to the one-dimensional case we shall drop the parameter T in our
notation for theta functions and define the thetanulls as the values of even theta
functions (0.15) at the point z = 0. Since

Va(—2) = (-1)1®04(2), where |a|="‘a'a” (mod2), a=(a’ a")ecZ*

(see [1]; Teil 2, Kapitel 7, § 1), the function ¥4 (2) is even if and only if the integer |a|
is even and it is odd otherwise (see [2]; Chapter V, §1, Theorem 1). We say that
the characteristics of even theta functions are even and denote the set of even
characteristics by &%, and we say that the characteristics of odd theta functions
are odd (and leave the corresponding set without notation of its own). A simple
calculation shows (see [1], Teil 2, Kapitel 7, §3, Satz IV) that the number of even
characteristics is 2971(29 + 1).
We shall consider the differential operators

1 0 . 1 0

§ii= - =19  Op=— =G Gk=1,...,9, §F£Fk
5= i g i ey Ok 9, 1%
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and various partial ‘logarithmic’ derivatives of the thetanulls:

Oipl . .
Vagi = Yah(T) = 25—= =tdar;,  a€f, jk=1....9 (0.16)
a
Theorem 1. The functions (0.16) satisfy the system of differential equations
1 *
V2 - 015 ik = —Va - VaisVa ik — & v Z Vaists Vaiss,
Jkls jl’k17l1731
1 *
- - _1)\la,b| 94 .
- Njkls - 2972 Z ( 1) ﬁb ) Z wba]l’ﬁwb,hsu
beR™ Ji,k1,l,81
CLGR*, j;k,l,s:l,,..,g, (017)

la,b| ='a’b” —'a” (mod ?2), a=(a,ad")ecZ*, b= b")ecZ%,

where " is summation over all possible permutations of the set {j,k,l,s} and
Njris 1s the number of these permutations.

The differential closure (with respect to ¢;,-differentiations, j,k = 1,...,g) of
the field generated over C(T) = C(7jx)j,k=1,..,4 by the thetanulls has, in view of
Theorem 1, a finite transcendence degree over C(T). A precise calculation of the
transcendence degree of this differential field has been carried out in a joint paper
of Bertrand and the present author.

Theorem [21]. The transcendence degree over C(T) of the differential closure (with
respect to ;i -differentiations, j,k = 1,...,g) of the field generated over C(T) by
the thetanulls is 29> + g.

The system (0.17) can be written in a more compact form if one takes into
consideration the quadratic (in z € CY) forms

wa = 77Da,('z> = tZ\I/aZ, Vo, = <wa,jk)j,k:17,..,gv ac ﬁ*7 (018)
(S = (5(,2) = tZAZ, A = (5jk‘>j,k:1,4..,g- (019)

Of course, ¢ in (0.19) has sense only when applied to an appropriate object: a
function meromorphic in T € §, or a quadratic form in z with coefficients that
are T-meromorphic functions (only these cases are of interest for us). We can
define in a natural way the operations of multiplication of quadratic forms by a
T-meromorphic function and of (tensor) multiplication of two quadratic forms —
which produces a homogeneous polynomial of degree 4 in z (a quartic). In this
notation the system (0.17) can be written as an equality of quartics:

1 %
53 2 (DU~ 200 0L, ac R (0.20)
beR*

Vi G1hg =

Despite the symmetry of (0.20), it is only remotely similar to Halphen’s system:
first, the functions involved in (0.20) have plenty of algebraic relations between
them, and second, the singular locus of this system contains the zero loci of all
thetanulls (for information about the latter the reader is advised to address [2];
Chapter 5).

However, it has been shown in [22] and [23] that for ¢ = 2 one can write down
a system similar to (0.7).
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Ohyama’s theorem. Let ay,as,as,as € Z*/27* be even characteristics located
‘at the vertices of a non-degenerate parallelogram’ (that is, a1 — as = a3 — a4
(mod 2Z%)). Then the corresponding functions Va, , Va,, Vas,Va, satisfy the differ-
ential equation

8(Va, TVarTVas+¥as) = (Va, +as +as+¥a, )’ —2(5, +12, +va, +12,). (0.21)

Unfortunately, no system of differential equations for the functions (0.18) similar
to Halphen’s is known so far for g > 2. If g = 3, then our results (see §6) give one
a system of differential equations in which the J-derivatives of the functions (0.18)
are expressed as rational functions of these functions, with denominators of degrees
at most 9.

Our exposition is organized as follows. In §1 we present two proofs of Halphen’s
theorem. Our attention to this result is not accidental: in subsequent sections we
draw an analogy between these proofs and the derivation of systems of differential
equations in the cases ¢ = 2 and ¢ = 3. In §2 and §3 we list properties of
multidimensional theta functions necessary for what follows, and in §4 we prove
Theorem 1. The case g = 2 (but not only it) is discussed in §5 and §6, where
among other things we prove Ohyama’s theorem. In §6 we also discuss the case
g = 3 and the problems of the derivation of systems of differential equations ‘without
denominators’ for the functions (0.18), and in §7 we present another example of a
system of differential equations, of a distinct ‘structure’ from (0.20). We devote §8
to modular properties of the functions (0.16) and multidimensional generalizations
of relations (0.8).

The author is grateful to Prof. Yu.V. Nesterenko, who initiated my multidi-
mensional activities in theta functions, for his permanent attention and to Prof.
D. Bertrand, fruitful discussions with whom were not only useful for the present
work, but have also brought us to the joint paper [21]. This work was carried out
as the author was at a post-doctoral position at Institut de Mathématiques, Uni-
versité Paris VI and Centre E. Borel, Institut H. Poincaré, Paris. The author is
obliged to the staff of these institutions for their hospitality and friendly working
ambience. Separate thanks are due to the Ostrowski Fellowship for the sponsorship
of the work.

§1. Two proofs of Halphen’s theorem

Heat equation (0.2), which holds for each theta function contains information
about the expansions of the functions (0.1) in power series in z.

Lemma 1. The following expansions hold in the neighbourhood of z = 0:
2 .
0(2) = ;- (1= 2052+ 205 +0uy)=*) +O(), =234

Proof. We write down even theta functions (0.1) as the sums of the first terms of
their Taylor expansions at z = 0:

0i(2) =9, - (14 a;22 + b;z*) + 0(2°), j=2,34,
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where a; = a;(q) and b; = b;(¢q) are functions of the g-variable; after that we use
heat equation (0.2):
1 " 1 2 4
—Zﬁj (2) = —519]- “(aj +6b;27) + O(2%),
579](2) = 579] —|— (519] . CLj + 19]' . 5aj)22 —|— 0(24),

J=2,3,4

hence
1

—519]' . (aj + 6bj232) + 0(22) = 5’19] + (519] . CLj + 19]' . 5(1]')22 + 0(24), j = 2, 3,4
Dividing both parts by ¥;, j = 2,3, 4, we obtain

—la- —3b;22 + 0(2*) = o + (Yja; + da;)z* + O(2Y) | =2,3,4

o i j =W j g J ) J =49, %
Comparing the coefficients of similar degrees of z we see that
1 2, .
a; = —21/)]', bj = —g(z/}jaj + 5aj) = g(’g/}j + 6¢j)7 ] = 2,3,4, (11)

as required.

Proof of Halphen’s theorem. We shall use only the addition formulae

Da(z + y)02(z — )93 = V3(2)03(y) — V3(2)93(y),
D3(z + y)Vs(z — y)93 = ¥3(2)03(y) + 93 (2)93(y), (1.2)
D4z + y)da(z — )93 = 93(2)93(y) — 93(2)95(y)

(see [3]; Chapter I, §5, Table 3), or more precisely, the duplication formulae

02(22)03 = J3(2) = 04(2),  93(22)03 = U5(2) + V3(2),

1.3
P4(22)0% = 93(2) — 9A(2), (1:3)

which can be deduced from (1.2) by setting y = z.
Taking account of the expansions

9;(22) =9 - (1 +4a;2* + 16b;2%) + o(z4),

j =234
193‘(,2) = 193‘? (14 4a;2* + (6(1? +4b;)2*) + o(2%),

(the coefficients a; and b; are as defined in (1.1)), we set equal the coefficients of

20,22, 2% in duplication formulae (1.3):

95— 03 +097 =0,  3as —V3a3 +Ijas =0, (1.4)
1693by = 93 (6a3 + 4b3) — 95 (6a3 + 4b,),
1693b3 = 95(6a3 + 4by) + 95 (6a3 + 4by), (1.5)
1693by = 93(6a3 + 4bs) — 95 (6a3 + 4by).
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Solving the linear system for equations (1.5) with respect to ﬁ?bj, j=2,3,4, we
obtain

03b2 = (192@2 + 20303 — 207a3),

V3b3 = — (20503 + V303 + 297a3), (1.6)

6(
1
7.9ib4 — 6< 21920/2 + 21930/3 + 794@4)

Substituting in (1.6) equalities (1.1) established in Lemma 1 we obtain a system
of differential equations connecting the functions (0.5):

2

S03(U3 +60) = (%+w% 203¢7),
2

gﬁé(wi + 0v3) =

2
S0a(VE + 0va) =

3( 205 + 9303 + 203073),

2
3( V33 + 20505 + U05);

hence

VE; 9% 95 h VE; 95
sur=2( g - ). ova=2(S2ud+ Shut). owi—2( et - ug).
2 2 3 3
(1.7)
We can now write (1.4) as follows:

U5 — 95 +05 =0,  U3ha — U503 + 94ths = 0.

This gives us, in particular, expressions for the ratios of the fourth powers of the
theta functions:

05 o — iy 0F e — s

03 s — s’ 05 3 — s
which easily allows us to deduce the system (0.7) from (1.7). For example, for the
first equation in (1.7) we have

(1.8)

(V2= 0 2 =3 o\ (¥ — 1) — ¥stha(ez — )
6%_2(1/13—?/)41#3 ¢3—¢4¢4)_2 3 — 1Py
= 2(h21p3 + hothy — 1P31)y);

in a similar way we process the second and the third equations in (1.7). To complete

the proof of the theorem we point out again at the equivalence of the systems (0.7)
and (0.6).

We shall now prove identities (0.8). To this end we write (1.8) as follows:

@bsﬁ—%w _ wzl;ém _ ¢219—3¢3 — (q); (1.9)
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we shall use the system of differential equations (0.7) just established and the
relations

8(07%) = —49;° - 605 = =497, j=12,3,4,

J

to prove that »(q) = const. This is a consequence of the following chain of equali-
ties:

5z = 0(05* (3 — 1ha)) = =05 (A2 (b3 — th4) + Otpg — Oeby)
= =205 (2002 (13 — 1) + (Yotp3 + Y3tha — Yotpa) — (Yarba + 3tha — 1Patfs)) = 0.

Note now that 93 = 14+2¢+0(¢?), 94 = 1—2¢+0(¢?), and therefore ¢3 = 2q+0(q?),
g = —2q + O(¢?), and 93 = 16¢q + O(q?); hence

_Ys—ty 1

that is, ¢ = 1/4. This proves identities (0.8).

A wvery simple proof of Halphen’s theorem. The general addition formula for theta
functions yields the relations

1 . .
95(2)05(2) = 5 (9;(22)9;(0)9%(0) + 95 (0)9k (22)9k(0)),  Jik=2,3,4, j#k
(1.10)
(see [6]; Exercises 1 and 2 to Chapter 21).
By Lemma 1,
)0 (2) = 30 - (1= (s + )2
16 4
+ 16090 + (W + D)2t + S0, + )2t ) + 00,
i k=234
05(22)0,;02 + 920, (22) 0 I )
R = 9207 - (1= (5 + )22
16 16
g W H ) 0y + )zt ) + O,
(1.11)

Substituting the expansions (1.11) in identities (1.10) and comparing the coeffi-
cients of 2% we obtain the system of differential equations (0.6).

Remark. Of course, Halphen himself gives in [12] a simple proof of his theorem.
The main advantage of the ‘long’ proof are identities (0.8) obtained on its basis.

§2. Expansions of theta functions

Let g be a fixed dimension, let g-dimensional theta functions (with characteris-
tics) be as defined in (0.15), and let 8 be the set of even characteristics. In this
section we prove the following multidimensional generalization of Lemma 1.
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Lemma 2. The following expansions hold in the neighbourhood of z = 0:
2 2
Va(2) = Vo - (1= 200 + 502 + 2000 ) +O(="),  ac R,

where the quadratic forms g, a € 8%, and 0 are defined by (0.18) and (0.19). In
addition,

0ikVa,im + Ya, jkVa,im = 010a.km + Va,jiVa,km, dikVa,im = Oim¥a,jk,
(2.1)

ac R, g klm=1,...,g.
We use the symbol O(z"), n =0,1,2,..., to denote the class of functions f(z)
holomorphic at z = 0 with Taylor series starting from power n, that is,
gmattmy

mi Mg

(0) =0, mi+ -+ my <n.

It is easy to verify that O(z™)+0(z*) = O(z™™{™k}) and O(z")-O(2F) = O(z"*F)
(here we use the standard notation for O-symbols).

As in the one-dimensional case, for the proof of Lemma 2 we require a multidi-
mensional analogue of the heat equation for the functions (0.15).

Lemma 3 ([1], Teil 1, Kapitel 1, §5, Satz XIII). Each function (0.15) satisfies the
differential equations

1 02

(5jk’l9a(z,T) = —Zm
J

Va(z,T), jk=1,...,9, a€cZ%. (2.2)

This can be verified directly for the series (0.15).
The following technical result has no immediate relation to theta functions.

Lemma 4. Let V(z) be a homogeneous polynomial of degree four in the vari-

ables z1,...,24; let © = (@jr)jk=1,..9 and ¥V = (Vjr)jk=1,.,4 be symmetric square
matrices. Assume that
=, -2V L k=1,....q. 2.3
aZj aZk Pik - 2¥Z, I ) y g ( )
Then 1
V(z) = E(tzéz)(tzlﬂz) (2.4)
and
CikVim = Qj1Vkm = PimW¥ki = Cri¥jm = PrkmWVji = Cim¥jk, 2.5)
L kilm=1,...,g. ’
Proof. We represent the polynomial V' (z) in the ‘symmetric’ form
g
V(z)= D ULy 2172, (2.6)

l1,l2,l3,l4=1
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where vy, 1,151, = Vo(1,1,5151,) fOr each permutation o of the indices l1,12,(3,l4. Then

o2V o2 9
- Viql51314 Rl Rlo Rl <1
8z]~8zk azjﬁzk E, 1020364701 ~l2~l3~lg

llal27l37l4:1

g g g
= E Vikisly Pl 21y T E ViloklyZla 2y + 00+ E Vi1lajk 2l Zla
l3,l4=1 l2,l4=1 l1,l2=1
g g
= E (Vjkisty + Vjigkiy + -+ Viglyjk)Z1s 21, = 12 E Vjklaly Zls 2y -
l3,l4=1 l3,l4=1

Comparing the coefficients of the resulting quadratic forms and the right-hand sides
of (2.3) we obtain

1 :
Viklsly = 1_2§0jkwl3l47 ]7k7l3vl4 = 17"'39' (27)
Hence
1 g
V(z) = B Z DUyl Vigly 21y 215 215 214
l1,l2,l3,l4=1
1 g g 1 . .
= E< Z 90l1l2zllzlz) ( Z wlgl4zlszl4> = E(Z@Z)(Z\I/z),
l1712:1 l3,l4=1

which proves (2.4). Equalities (2.5) follow by (2.7) and the symmetry of the coeffi-
cients of (2.6).

Proof of Lemma 2. This proof does not depend on the particular even characteris-
tic a, therefore we shall not indicate it by the subscript.
The expansion of an even function in a power series has the following form:

Iz)=9-(14+U(z)+V(2)) + 0(z%), ¥ = 9(0), (2.8)

where U(z) is a quadratic form (a homogeneous polynomial of degree 2), V(z) is a
quartic (a homogeneous polynomial of degree 4), and the coefficients of these forms
are meromorphic functions of T € §,.

We apply Lemma 3 to the expansion (2.8). We obtain

ik 0(2) = 60 + 050 - U(z) + 9 - 65U (2) + O(2"),
(92 82U(z) GQV(z) 4 .77k: 17"'795
0z; 8zk19(z) = (8zj 0z + 0z; 8zk) +0(=%),

therefore (we divide both parts of (2.2) by ¥)

Vi + YiU(2) + 855U (2) + O(2*) =

1/0%U(z)  0°V(z) 4
_Z<azj 9o | 0z 8zk> O (99
5L k=1,...,g.
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Comparing homogeneous components in (2.9) we obtain

02U (z)
= —4); L k=1,... 2.10
(9Zj azk ¢jk‘7 j7 Y 797 ( )
0%V (z)
= —4(1); d; ,k=1,...,9. 2.11
8Zj aZk (wij(z) + ]kU(z))7 Js ) y g ( )
Relations (2.10) mean that
U(z) = 220z = —2. (2.12)
The substitution of (2.12) in (2.11) yields
0%V (z)
= 8(Yjk + 0;1)'2¥ k=1,...
8zj 3zk S(wjk + jk) ¥z, Js ’ » 9,

therefore by Lemma 4,
2 2 2 2
Viz) = —(tz\I/z)2 + —(tzAz)(tz\I/z) = —1/}2 + =oY
3 3 3 3
and

(Vi + 01)Vim = (Vi1 + 61)Vem = -+ = Wim + O1m)Vjik, Jhklm=1,...,g.

The proof of Lemma 2 is complete.

§3. Riemann relations

This is the formula used in most applications.

D. Mumford

The quotation from [3] prefacing this section relates to the Riemann relations [3];
Chapter 11, §6, which have the following form for the theta functions (0.15):

t0 g z21+2z0+23+ 2 21+ 29—23—2
(_1)(C+d)a Q9a-i-c'i‘d( 1 22 : 4)19a+0( 1 22 : 4)

21— 22+t 23— 24 21— 29— 23+ 24
><19(1,—|—d 2 190, 9

1

Y] (—1)ll(—1) €+ g, a(21) 0t e(22) Dby alz3)06(24),

beR (3.1)
a,c,d c 8 =7%/27%

(see [1]; Teil 2, Kapitel VII, §10, Satz XXXVIII). In fact our main attention in
what follows will be focused on a special case of the Riemann relations:

(1) €+ v a(2)are(2)Vara(2)0a(2)

1 t, ’ / 17
Y] (1)@ Pl(=1) T 9 s oy a(22)061(0)061a(0)95(0),
beR (3.2)
a,c,dc R,

which can be deduced from (3.1) by setting zq = 2z, 25 = 23 = 24 = 0.
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Lemma 5. For each even characteristic a there holds the identity

1

9h(=) = o

55 O (=11 (22)03(0). (3.3)

bec R*

Proof. 1t suffices to set ¢ = d = 0 in (3.2) and to observe that all the terms on the
right-hand side that correspond to odd characteristics are vanishing.

For the symmetric square matrix of order 29-(29 + 1) corresponding to rela-
tions (3.3) we introduce the following notation:

1 a
M = 2_g<(_1)| ’bl)a,beﬁ*’

To study its properties we require two simple auxiliary results (from the theory of
character sums).

Lemma 6. There hold the identities

229 ifa =0,

S (1ol = { i ac s (3.4)

ben otherwise,

Proof. The case a = 0 is trivial: the sum involves 229 terms, each equal to 1.
If @ # 0 then we choose a characteristic ¢ such that the quantity |a,c| is odd
(it suffices to consider a characteristic with a single one at the jth place, where
a;+, 7 0) and multiply the sum on the left-hand side of (3.4) by (—1)!*¢l = —1:

B Z(_1)|a,b| _ Z(_l)\a,b|+|a,c\ _ Z(_1)ta’(b”+c”)_t(b’+c’)a//

ber beR bec R
= o (-lertel = 3 (pyle (35
ber ber

(we change the order of summation b + ¢ — b). The right-hand and the left-hand
sides of (3.5) have distinct signs, which completes the proof of (3.4).

Lemma 7. There hold the identities

3 (-l = { 2@+ fa=0, ach (3.6)

o (=1)lel. 2971 otherwise,

Proof. 1If a = 0, then each term on the left-hand side is equal to 1, so that the sum
is equal to the number of terms. Assume that a # 0 and consider the sums

Sp= > (=pler g = N (1)l (3.7)

b: |b| is even b: |b| is odd
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By Lemma 6, S, —S_ =0, that is, S, = S_. Note now that
(_1)\a,b| _ (_1)ta/b//_tb/a// _ (_1)t(al+b/)(a//+b//)(_1)ta/a//(_1)tb/b//
— (1)l ¥l (= p)lel (- 1)l

Hence (3.7) can be written as follows:

Se= (=Dl 30 (cpletl, 5o —(cplel 3T (e,

b: |b] is even b: |b] is odd
Consequently,
Se 450 = (-1 Y (-l = (-l Sl
ber ber
S AP SRR ML)
b: |b| is even b: |b| is odd

= (_1)|a| (29—1(29 +1) — 229 4297129 4 1)) - (_1)|a| .99,

Thus, Sy = S_ = (—1)l%l. 291 which completes the proof of (3.6).

Lemma 8. The matriz M satisfies the relation
2 1
M* = §(M+E), (3.8)

where E is the identity matriz of order 2971(29 + 1).

Proof. Using Lemma 7 we consider the scalar product of the lines of the matrix M
with indices a and c:

2% Z (_1)|a,b| . (_1)|c,b| _ 2%9 Z (_1)\a—c,b|

ber* beR*
{ 2-9-1(2041)  ifa=c,

(—1)le=el. 2791 otherwise,

1 N 1 i
— 4 = ifa=-c
291 2 ’

] e . (3.9)
5 (—=1)l*cl otherwise.

In view of the symmetry of M (the product of two lines is the same as the product

of a line and the corresponding column) relations (3.9) are equivalent to matrix
identity (3.8).

Corollary. There holds the identity

(M . iE)l - 19—6(1\4 - iE) (3.10)
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Proof. In fact, by Lemma 8 we obtain

1 \2 1 1 9
(M— —E) M’ —-M+—FE = —E,
1 2" T 167 T 16

which yields (3.10).

Remark. We shall use the scheme of the proof of Lemma 8 in what follows; this is
why we prefer to carry it out in detail, without referring to literature for the ready
properties of the matrix M (see, for instance, [24]; §2).

Since M is a symmetric matrix, it has a diagonal Jordan form. Hence all eigen-
values A of M satisfy the quadratic equation (cf. (3.8))

1
A= 5(A+ 1),

sothat A\=1or A = —

N[

Lemma 9. The multiplicities of the eigenvalues \y = 1 and Ay = —% in the
characteristic polynomial of M are

N C e V[ VN C s VR

3 3 ’

(3.11)

respectively.

Proof. This is a simple exercise in linear algebra. If s; and so are the multiplicities
of the zeros A1 =1 and Ay = —%, respectively (the characteristic polynomial of M
has no other zeros), then s; + sy = 2971(29 +1). The trace of a matrix is preserved
by the transition to the Jordan form. The Jordan form of a symmetric matrix M
is a diagonal matrix, with diagonal containing s; entries equal to A\; and sy entries
equal to \o. Hence tr M = 511 + s2 X0 = 51 — %82. On the other hand the diagonal
entries of M are equal to 279, so that tr M = 279-2971(29 +1) = 1(29+1). Solving
the system of differential equations

1 1
s1+ 8y =2971(29 + 1), s1— 582 = 5(29 +1),

we obtain the quantities in (3.11), which completes the proof.

§4. Proof of Theorem 1

Using Lemma 2 we can write expansions for the theta functions on the right-hand
and the left-hand sides of the identities from Lemma 5:

2 2 4
91 (z) = 01 . (1 — 2q+ Y2+ §5wa) +O(2%)
L (1-8va+ SR+ S00a) +OGT), aes, (D

32, 32 )
Dp(22) =Dy - (180 + S+ Efwb) +O(25, besg.
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Substituting (4.1) in (3.3) and comparing homogeneous components of degree 4 of
the resulting expansions we arrive at the formulae

1 1 1

4 - 2 _ = _1\la,bl g4 = 2 *

Vo - 5(8045 + 8d¢ha) = o > (—1)leblyy S (3205 +3200p), @€ R (42)
be g*

We now write relations (4.2) in the matrix form. To this end we consider the

(column) vectors
X = (Vg 92)acss and Y = (U - 6q)acs-- (4.3)

In the notation (4.3) relations (4.2) take the following form after simplifications:

1
gX+ZY:M(X+Y),

therefore

o) - x s S 1e)

:—X+4<M—%E>X: (4M — 2E) X, (4.4)

where we use Lemma 8 and the corollary to it.
Relation (4.4), upon recalling (4.3), give one the system of differential equa-
tions (0.20). The system (0.17) follows from it and relations (2.1) in Lemma 2.
The proof of Theorem 1 is complete.

§5. Further generalization of Theorem 1

Exposing the (not the most simple) proof of Halphen’s theorem we established in
fact the one-dimensional version of Theorem 1 (the system (1.7)) and, in addition,
used relations between thetanulls and the functions (0.18) resulting from the com-
parison of the free terms and the coefficients of the second-order terms. The last
procedure has a multidimensional analogue: we can very well compare the homoge-
neous components of degrees 0 and 2 after the substitution of the expansions (4.1)
in identities (3.3):

1
4—_
19a—29

ST Db = o0 S ()M, aefy (5)
beRy beRo
However, the ensuing expressions for various ratios of thetanulls do not have a
form as simple as (1.8). And what system of equations for the 1-functions can be
obtained if one uses the scheme of the simple proof of Halphen’s theorem? This is
the question we answer in §5.

We fix the characteristic ¢ € &, ¢ # 0, and return to Riemann relations (3.2),

setting for this occasion d = 0:

(—1) e 92, (2)9%(2) = 2% Z(—l)a’b|(—1)tc/b”19b+c(2z)19b+c(0)19%(0),( |
beR 5.2
ac R
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Note that summation on the right-hand side of (5.2) proceeds now only over the
characteristics b such that b and b + ¢ are even. Associated with a characteristic
c € 8\ {0} is the subgroup {0, c} C K of order 2. Elements of the form (a,a+c) of
the quotient group K. = &/{c} will also be called characteristics; we shall identify
them with an arbitrary member of the corresponding pair. Only characteristics with
both a and a+c even are themselves even. We denote the set of even characteristics
in the group K. by K. In what follows, selecting and fixing one representative in
each pair (a@,a+c) € K. we shall identify the group K. and its subset K with some
subsets of R.
Setting

‘t r_ 1

Oa(z) =% Yate(2)Va(2),

~ telal! 1

0a(z) =i 2 (19a+C<2z)19a(0) + 19a+C(0)19a(2z))7 (5.3)
a € R,
and collecting the terms corresponding to the characteristics b and b + ¢, we can
write (5.2) as follows:

1 ~
02 (z) = 5o > (=1)*PlGy(2)0, @€ R (5.4)
beR:

Alongside (5.4) we require another, ‘degenerate’ special case of the Riemann rela-

tions: ]
0a(2)a = 555 > (~1)*¥64(2)0,  ac Rz, (5.5)

bER:

which can be obtained by setting d = 0, z; = 23 = 2z, 29 = 24 = 0 in (3.1) and
collecting the terms on the right-hand side corresponding to the characteristics b
and b+ c.
As in the preamble to the proof of Theorem 1, we now study the properties of
the symmetric matrix
1
M =M, = 99—1 (<_1)‘a7b|)a,beﬁ;;

(of yet unknown size) corresponding to identities (5.4) and (5.5).
First of all, we calculate several auxiliary sums.

Lemma 10. There hold the identities
2971(2971 4 1) ifa=0 ora=ec,

> Q—l)ablzz(_1ﬂal.{ (—1)foel 4 1) 20-2

beR*:b+cecR*

otherwise,
ac R (5.6)

Proof. For a fixed characteristic a € K let S, be the sum on the right-hand side
of (5.6); in addition, we consider the sum

So=— > (-t

bER* :b+cg R
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By Lemma 7,
297129 +1) ifa=0,

29-1 otherwise.

S, —S5_ = (=1)lal. { (5.7)

Since
(_1)\a,b| - (_1>|0| (_1)|b| (_1)|b+c| (_1)|a+c,b|,

the sums S, and S_ can be written as follows:
Sp= (=D 3 (plerer, s —(cpldl 3T (—pleted,
beR*:b+cER* beR*:b+cg A
Hence

Si 4 5= = (1)l 37 (~)lered
be R*

_ (_1)|c| . { 297129 + 1) if a = c,

5.8
(—1)latel . 291 otherwise, (5:8)

where we use Lemma 7 again.
Adding equalities (5.7) and (5.8) we see that S, is equal to the right-hand side
of (5.6), which completes the proof.

Corollary. The set & consists of 2972(297 + 1) elements.

Proof. We consider identity (5.6) for @ = 0 and obtain on its right-hand side the
number of elements of the set {b € 8 : b+ ¢ € & }. It remains to divide this
quantity by 2.

Lemma 11. The matrix M = M, satisfies the relation
1
M? = 5(M + E),
where E is the identity matriz of size 2972(2971 +1).
Proof. Using Lemma 10 we consider the scalar product of the columns of the

matrix M with indices a,d € &% (the case a + ¢ = d (mod 2Z29) is impossible
by the definition of K} !):

1 “ 1 1 “
> 2971(_1)| bl 29_71(_1>|al,b| = 1 > (—1lardd

be R} beER*:b+cER*
1 { 29-1(20-1 1 1) ifa=d,

T 929-1 (_1)|a+d\ .2971 otherwise,
1 1 .
1 29—1+§ ifa=d,
_— 1
2 o= (—1)l®dl otherwise.

Taking account of the symmetry of M (the product of two lines is equal to the
product of a line and the corresponding column) one establishes the result of the
lemma.
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Corollary 1. There holds the identity

- 2e) ().

Proof. This can be proved in the same way as the corollary to Lemma 8.

Corollary 2. The matrix

(M—E)(M-i— %E)

1S equal to zero.

Proof. This expression is a representation of M? — %(M + F) as a product of linear
factors.

Now, following the earlier pattern, one should consider the multiplicities of the
eigenvalues 1 and —% in the characteristic polynomial of M. We leave this to the
reader as a simple (especially so after the proof of Lemma 9) exercise.

Theorem 2. For a fixed characteristic ¢ € K, ¢ # 0, and for the corresponding
set R the functions (0.18) satisfy the system of differential equations

193+J9¢215(¢a+c + ¢a)
1 a tcl a// 17
= 5o 2 (DD @G G (e + )
bERY

+ 492 | 92 aretba — 202 0% (Yate + Va)?, ac 8. (5.9)

In addition, the thetanulls and the functions (0.18) are connected by the relations

1 a tc/ a// 1 *
19(21+CQ9(21 - 99—1 Z (_1)| 7b|(_1) (a”+b )19%)+c192> ac Rcy
bERY (5.10)
]. t ./ al/ 1
Varela(are +%a) = 5o D (1)U (=1) @G 05 (Wbre + vo),
bea: (5.11)
a € R

Proof. By Lemma 2 we obtain

Vate(z)Va(z) =04 - <1 —2(Ya+te + Va)

8 2 2
+ gUasetia + 3 (Yare +¥a) + 300are 1)) +0(z"),

t. 1

02(2) = (—1)'" 02, o(2)02(2) = 02 - (1= A(are + va)
+ 13_61/)a+c¢a + 13_6(77Z)a+c + ¢a>2 + %5(¢a+c + ¢a)> + O(zG)a

~ R ]_

0a(2) =" S (Varo(22)Va + Vate¥a(22)) = ba (1 — 4(tbare + Va)

‘t ’r_ 1

Oa(z)=1°°

- gwa—l—cqba + E(T/Ja—l—c + ¢a>2 + E6(¢a+c + ¢a)> + O(z6)7
3 3 3 (5.12)

a € R,
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Taking account of the equality 62 = (—1)<'@"92_ 92 a € &%, substituting (5.12)

at+c” a’
in identities (5.4) and (5.5) and comparing the homogeneous components of degrees

0, 2, and 4, we obtain relations (5.10), (5.11), and

9?1 (4¢a+cwa + 4(¢a+c + ¢a)2 + 5(¢a+c + wa))
= D (1) 408 (<204 et + (Vbte + Pb)° + 6(Vbte + b)),

29-1
beR:

9121 (4wa+cwa + (wa—i—c + %)2 + 5(wa+c + ¢a>)

= 2;_1 > (1) @Y65 (dvprctn + (Vore + Y1) + 8(Wbsc + Vb)),
beR (5.13)

ac R,

respectively. By analogy with the proof of Theorem 1 we consider now the (column)

W = (93¢a+cwa)aeﬁga X = (ei(wa-f-c + wa)Q)aGRZ’
Y = (93(5(?,%_,_0 + ?’ba))aeﬁ;'

Written in the matrix form relations (5.13) yield

vectors

AW +4X +Y = AM(—2W + X +Y), (5.14)
AW+ X+Y =MAW + X +Y). (5.15)

By (5.14) we obtain

(M- iE)Y —2(M+ 1E)W— (M — E)X.

2
From Lemma 11 and Corollary 1 to it we see that
8 1 4
Y = §<M+§E>W+ S(M-E)X. (5.16)
Since

5(93(¢a+c + ¢a)) =207 (Yate + Va)® + 020(Vate + Va), a€ R,
d-differentiation of relations (5.11) brings us to the matrix relation
2X+Y =M(2X+Y).
Subtracting it from (5.15) we obtain
AW — X = M(4W — X)), (5.17)
therefore

1 1 1 1 1 1 1
M —E) — SMAW — X)) + - SMX = (AW — X)) + - SMX
( +SE)W = IMUAW = X) + oW+ 1AW = X) + SW + 5
1
_ gW + M- B)X. (5.18)
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Substituting (5.18) in (5.16) we obtain
Y =4W +2(M - E)X, (5.19)

which corresponds precisely to the system (5.9). The proof is complete.

Remark. Of course, the system of differential equations (5.9) can be written on the
basis of (2.1) in a ‘customized form’ for the functions (0.16). However, we content
ourselves with the customization (0.17) of Theorem 1.

Proof of Ohyama’s theorem. We demonstrate now that for ¢ = 2 Theorem 2 yields
Ohyama’s theorem. We fix an arbitrary characteristic ¢ € Z*/2Z*, ¢ # 0. The
corresponding set K consists of three elements, which we denote by ai, as, as; for
convenience, we order these elements so that the first line of the matrix M = M,
contains only positive integers:

(11
M=g|1 1 -1, (5.20)
1 -1 1

Setting
ej :gaj7 S] :waj-l-c—'_waj? Pj :waj-i-cwaj? .7: 1,2,37
we write the system of differential equation (5.9) (or (5.19)) in the following form:

0765, = 467 P, — (0157 — 0555 — 0353),
6265 — 402P5 + (6252 — 6352 — 0252), (5.21)
62655 — 402P; + (6252 — 6352 — 0252).

Relations (5.10) and (5.11) now look as follows:

02— 02— 02 =0, 02, — 025, — 0255 = 0,

therefore 5 g 5 g 5 g
2 — 53 1— 53 2 — 51
= = .22
% Z I (5.22)
so that
01ST — 0355 — 0355 = 07(S1 — S5)(S1 — S3)
= —05(Ss — 51)(S2 — S3)
= —03(S3 — 51)(S3 — S2). (5.23)

Substituting (5.23) in equations (5.21) and canceling out thetanulls we obtain the

system
051 =4P; — (51 — S2)(S1 — S3),

58y = 4Py — (S — S1)(Sa — S3), (5.24)
§S3 = 4P5 — (S5 — S1)(S5 — Sa).
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In our notation one can deduce Ohyama’s system (0.21) from (5.24) by the addition
of two arbitrary equations:

5(51 + Sg) = 4P +4P, — (Sl — 52)2,
6(81 + 53) - 4P1 + 4P3 - (Sl - 83)2,
5(82 —|— 83) - 4P2 —|- 4P3 - (82 - 83)2,

because every two of the three pairs {a1,a; + ¢}, {as, a2 + ¢}, and {as,as + ¢}
give one the system of vertices of a parallelogram.

Thus, for g = 2 Ohyama’s theorem is a consequence of Theorem 2. Note that this
method of the proof of (0.21) is distinct from the original method of [22] and [23],
which we expose in the next section.

What can one say about the quantity (5.22), a two-dimensional analogue of (1.9)?
Denoting it by » = s, differentiating its first definition in (5.22), and taking
account of (5.24) we obtain
0S5 — 685 —251(S — S3) (4P, — S3) — (4P; — 53)
N 07 N 07
Carrying out similar differentiation for the second and the third definitions we
conclude that

Ox

(4P — SF) — (4P — 53) (4P — S3) — (4P — SF)

5 = 5 : (5.25)
The fact that the quantities in (5.25) are equal is also, similarly to our derivation
of (5.22), a consequence of the equality

07 (4P, — S7) — 03(4P, — S3) — 03(4P5 — S3) = 0,
which we established in the proof of Theorem 2 (see (5.17)). Note that
4Pj - 5]2 - _(djaj—kc - ¢aj)27
therefore the quantity (5.25) is distinct from zero (for otherwise the four theta-
nulls are related by the equality ©192 = const -394, which is impossible). For
d-differentiation (5.25) we must abandon our ‘cozy nook’ of six functions and enter

the ‘large world’ of the ten functions (0.18). Wary of boring the reader by lengthy
calculations we present the final result:

Oy =

2(4P; — S2)(X — 255 — 251) — 2(4P3 — S2)(¥ — 253 — 254)

6% = 7
_2(4P — S2)(X — 2851 —285) — 2(4P3 — S3)(X — 283 — 255)
03
_ 2(4P, — S3)(% — 25, — 285) - 2(4P; — S2)(Z — 28, — 255) (5.26)
03 T

where ¥ is the sum of all 10 (in the case g = 2) functions (0.18). The quantity (5.26)
is also distinct from zero in general. We interrupt here the procedure of differenti-
ation of s and return to the generalization of identities (0.8) for ¢ = 2 and g = 3
in §8.
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§6. Forwards to new differential equations

We were far from exhausting all the resources of the Riemann relations in our
proofs of Theorems 1 and 2; we wish to make up for this in the present section: the
object of our study here are identities (3.2). To avoid cumbersome calculations we
shall rely upon the scheme tried in §3 and § 5.

Summation on the right-hand side of (3.2) proceeds only over the characteristics
b € 8 such that

b,b+c,b+dec K. (6.1)

We now fix two characteristics
c,de R, c#d, c#0, d#0, (6.2)
satisfying the additional condition
le,d| =0 (mod 2). (6.3)
Since
(—1)lbretdl — (_qyled(_1)lbl(_q)lb+el(_q)lbrdl

it follows by (6.1) and (6.3) that b+ c+d € K*. As in §5, we shall identify

the quotient group Req = R/{0,c,d,c + d} (and its subsets) and subsets of &

by picking one element in each coset. The set of even characteristics .ﬁ: a C Re,d

consists of the cosets such that (6.1) holds (and therefore also b+ ¢ + d € K*).
Setting now

Oa(z) = (—1) (C/+d/)a”ﬁa+c+d(z)19a+c(z)ﬁaer(Z)ﬁa(z)>

ga(z) _ ea(O) ) 1(19a+c+d(22) 19@—&-0(22) 19a+d(2z) ﬁa(Qz))7

4\ Yatectal0) Uatc(0) Va+a(0) Ua(0)
a € R 4,
we can write (3.2) as follows:
1 a ~ *
ba(2) = 5o > (-1)""0h(2), acfi, (6.4)
beERE 4

In fact, the consistency of (6.4) (the independence of the sum of one’s choice of
representatives of cosets in R q) is a consequence of the relation

t 1 1

Vat2e(2) = (—1)2 € Jq(2), a,e c 7> (6.5)

(see [1]; Teil 2, Kapitel 7, § 1). Hence it is an easy verification that if conditions (6.1)
and (6.6) are fulfilled, then the quantity (—1)I%®10,(2) is preserved by the replace-
ment of bby b+c¢, b+d, or b+ c+ d.
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As in the proofs of Lemmas 8 and 11 we can show that the symmetric square

matrix
1

B . _1)\la,b]
hl——hﬁqd-—-Qg_z(( 1) )abeﬁgd

corresponding to relations (6.4) satisfies the equality

1
M? = 5(M+E)

and the set &Y ; consists of 2973(2972 + 1) elements.
For the simplicity of notation we set
00 = ‘90(0) = (_1) (CI—'—d/)aN19a+c+d79a+c79a+d19&7
Sa = Yatcrd T Yatre + Vatrd + Va, ac ﬁz d- (66)
1 K
Pa = 5(52 - ¢¢2z+c+d - wi—l—c - wi—l—d - ¢Z)7
Theorem 3. Assume that the characteristics (6.2) satisfy additional condition

(6.3) and let Req be the corresponding set of even characteristics. Then there
the following system of differential equations holds in the notation (6.6):

1 4
_ _1)la:b] 2 _ 9,52 *
0adSa = 3= > (~n)letlo,p, + 50aPa = 0aS¢, achiy (6.7
beﬁzﬁd
and in addition,
- > (—1)*Plg ac &
a — 29_2 b c,d’
beﬁ;d (6 8)
0o S = — > (—1)*bl,s ac R '
ara = 992 bbb, c,d:
beR? ,
Proof. By Lemma 2 we obtain
2 2 2 6
Oa(z) =0 (1 — 25, +4Pa + S(S2 —2P.) + gasa) +O(2%),
ac R,
~ 8 8 e,d
Gu(z) =0 (1 — 25, + (52— 2Pa) + gésa) +0(2%),
(6.9)

Substituting the expansions (6.9) in (6.4) and comparing the coefficients of the
homogeneous (in z) components of degrees 0, 2, and 4 we obtain relations (6.8)
and the equality

8p 1 2g2 250\ _ 1 _plaslg (_16p  8ga 8
9a<3Pa+ =52+ 3&%) = 52 be; (—1) 9b( 3 Po+ 550+ 355,,),
c,d
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Setting
W = (0aFa)acs: X = (0aS2)acs: Y = (0adSa)acs: ,

and writing (6.10) in the matrix form:

8 2 2 16 8 3
W+ -X+-Y=—MW+ -MX + -MY
3 * 3 * 3 3 * 3 + 3 ’

we see that

(M— iE)(X+Y) - 2(M+ %E)W

therefore g .
Y = g(M+ 5E)W—X. (6.11)

The return to the earlier notation in (6.11) completes the proof.

One ‘deficiency’ of (6.7) is the following feature: the sum on the right-hand
side contains sums of pairwise products of functions (0.18) (cf. the systems (0.20)
and (5.9)). It is this feature that obstructs the derivation in the case ¢ = 3 of a
system without denominators, similarly to the proofs of Halphen’s and Ohyama’s
theorems. Unfortunately, using other special cases of the Riemann relations one
can improve upon the system (6.7) only superficially, distorting its inner symmetry.

If g = 2 then the set R ; consists of a single element, therefore the matrix M is
a scalar: M = 1. Hence all theta-coefficients in equations (6.7) cancel out and we
obtain (0.21):

6Sq = 4Py — S2. (6.12)

This gives us yet another proof of Ohyama’s theorem.

We demonstrate now how, for ¢ = 2, one can derive from the system (0.21)
differential equations for each function (0.18). Associating with the pairs (0,0),
(0,1), (1,0), and (1,1) the integers 0, 1, 2, and 3, respectively, we shall express
a characteristic @ = (a’,a’") € Z*/2Z* as a pair of integers, the first of which
corresponds to a’ and the second to a”.

For g = 2,

& = {00,01,02,03,10, 12,20, 21, 30, 33}.

It is an easy calculation that for various choices of the characteristics (6.2) one can
obtain precisely 15 distinct equations of the form (6.12), which correspond to the
collections of characteristics

{00,01,02,03}, {00,01,20,21}, {02,03,20,21}, {00,02,10,12}, {01,03,10, 12},
{00,03,30, 33}, {01,02,30,33}, {00, 10,20,30}, {02,12,20,30}, {01,10, 21,30},
{03,12,21, 30}, {00,12,21,33}, {02,10,21,33}, {01,12,20,33}, {03, 10,20, 33};

moreover, each of the 10 thetanulls is involved in precisely 6 of them. Summing all
these equations we obtain

0 Z wa - - Z ”%21 +% Z wawb- (613)

acRh* acr* a,beR”
a#b
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Each characteristic ag € 8" can be grouped together with the remaining 9 even
characteristics into three ‘parallelograms’:

ap,ai, az, as, ap, a4, 0as, g, ap, ar,asg, ay (614)

(note that there exist just two ways to form such quadruples). Each quadruple
in (6.14) satisfies equation (6.12). Adding these equations we obtain

200a, +0 > ta

acR*

=202 — > U2+ 20a; Y VYa+2(ta,Vay + VYa,Vas + Yastas)

achR* ac R
a#ag

+ 2(¢a4¢a5 + wa4¢0-6 + was waG) + 2(¢a7wa8 + wa7w09 + was wag)' )
(6.15

Now, subtracting equation (6.13) from (6.15) we see that

1
5¢ao - - ¢21,0 + djao Z /lvba - 6 Z Q/Jawb + (djal 77D112 + T/’al 77D113 + T/Jazlbag)

aiﬁ* a,bif*
+ (waﬂ/)as + waﬂ/)lle + w0«5 1/)‘16) + (¢a7wa8 + ¢a7¢a9 + was wag)
= 2, — %( a0+ Va, o+, - %(wao + Yoy + oo+ Vay)?
1 1
+ 5(%,0 + ¢a1 + ¢a2 + w03>2 + i(djao + wa4 + ¢a5 + 7/%16)2

+ 5 (o + Yar + Vs + V) (6.16)

To complete the ‘customization’ of Ohyama’s system of equations we present here
all possible partitionings into quadruples (6.14) for each even characteristic ag:

ag {ag,a1,a3,a3} {ao, a4,as, a6} {ag,a7,as,a9}
00 {00,01, 02,03} {00, 10,20, 30} {00, 12,21, 33}
{00,01, 20,21} {00,02,10,12} {00, 03, 30, 33}
01 {00,01, 02,03} {01,10,21,30} {01, 12,20, 33}
{00, 01, 20,21} {01,03, 10,12} {01, 02, 30, 33}
02 {00, 01, 02,03} {02, 12,20, 30} {02, 10, 21, 33}
{02,03, 20,21} {00,02,10,12} {01, 02,30, 33}
03 {00,01, 02,03} {03,12,21,30} {03, 10, 20, 33}
{02,03, 20,21} {01,03, 10,12} {00, 03, 30, 33}
10 {00, 02,10, 12} {01, 10,21, 30} {03, 10, 20, 33}
{01,03,10,12} {00, 10,20, 30} {02,10,21, 33}
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12 | {00,02,10,12} | {03,12,21,30} | {01,12,20,33}
{01,03,10,12} | {02,12,20,30} | {00,12,21,33}
20 | {00,01,20,21} | {02,12,20,30} | {03,10,20,33}
{02,03,20,21} | {00,10,20,30} | {01,12,20,33}
21 | {00,01,20,21} | {03,12,21,30} | {02,10,21,33}
{02,03,20,21} | {01,10,21,30} | {00,12,21,33}
30 | {00,03,30,33} | {02,12,20,30} | {01,10,21,30}
{01,02,30,33} | {00,10,20,30} | {03,12,21,30}
33 | {00,03,30,33} | {02,10,21,33} | {01,12,20,33}
{01,02,30,33} | {00,12,21,33} | {03,10,20,33}

Each partitioning into quadruples (6.14) gives rise to an equation (6.16), and for
each even characteristic ag the choice of partitionings can be made in two ways.
Hence equations (6.16) produce 10 quadratic relations of the form

(Yay + Vay + Vay)® + (Yas + Va5 +Vas)? + (Yar + Vag +Vay)?
= (waf + 'Qbag + ¢a§)2 + (¢az + ¢a§ + ¢a§)2 + (1/)&; + lﬂag + ¢a3)2

(we denote by asterisks elements from the second partitioning). Calculations show
(see also [22]; Proposition 4.1) that for ¢ = 2 the ideal I of the ring Q[zq4]aecs
generated (in accordance with the above table) by ten homogeneous polynomials
of the second degree

Yao = (Ta, + Ta, + xas)z + (Tay + Tas + xaa)Q + (Ta, + Tag + ':E(lg)Q

— (Tar + Taz + fL’a;)Q — (Tay + Taz + xag)Q — (Taz + Tay + xa;)z, ag € 8",

has dimension 6.
In fact, using the two partitioning into parallelograms one can write the sys-
tem (6.16) in the following compact form:

2 2
5%:—2%—%2%—%(2 wb) +EZ(Z%) ,  a€f, (6.17)

bec R* becR* G3a “bed

where summation ) -, proceeds over all six parallelograms containing the char-
acteristic a € R*.

Theorem 4. Let g = 3 and let R, 4 = {a1,az2,a3} be the set corresponding to
a fized pair of characteristics (6.2) satisfying (6.3). Then the following system of
differential equations holds in the notation (6.6):

5S. — 4P _SZ o %(Saz _Sas)Pa1 +(S03 _Sﬂq)Paz +<Sa1 _Saz>Pa3
ay a al 3 Sa2 . Sa3 9
5S.  — 4P _52 . é(sﬂq _Sas)Pal +(Sa3 _Sal)PGQ +(Sa1 _Saz>Pas
az — a2 as 3 Sa3 _ Sal Y
4 (Sa, — Say)Pa, + (Say — Say)Pay + (Sa; — Sa,)Pa
S e = 4Pa Q2 = 2 3 1 3 1 2 1 2 3
Sa; o~ Say 7 3 Sa: — Sa,

(6.18)
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Proof. Simple calculations show that if g = 3 then the set R 4 consists of three
elements. Without loss of generality we can assume that the elements aq,as, as
are ordered so that the matrix M = M, 4 has the form (5.20). By Theorem 3 we
now obtain the system of differential equations

4
0a,05a, =400, Pa, — 901521 - g(empal — OayPa; = Oay Pas),

4
0as6Sa, = 400, Pa, — 04,52, + g(ealpal —0OayPa, — 0a, Pa,), (6.19)
4

0ay0Sa; = 400, Pay — 0oy 52, + 3

(901P¢11 - 9a2P02 - Haspas);

relations (6.8) can be transformed in this case to the following form:

Sas — Say  Say — Say  Say — Sa,

Oa, Oa, Oas (6:20)
Relations (6.20) show that
Oa, Pa, — 0a,Pa, — Oa, Pa,
(Saz — Sas)Pal + (5(13 — Sal)Paz + (Sal — Saz)Pas
= 9a1
Sa, — Sas
(SGQ - Sas)Pal + (Sa3 B Sal)PGQ + (Sal B Saz)Pas
= —€a2
Say — S,
—0 (Sa2 — Saa)Pal + (Sa3 — Sa1)Paz + (Sal — SGQ)PG3
Sar = Saz (6.21)

Dividing both parts of (6.19) by appropriate thetanulls and using (6.21) we obtain
the system of differential equations (6.18). The proof is complete.

Without enlarging on differential equations for each function (0.18) in the case
g = 3 we indicate a method of their derivation from (6.18). Fixing the pair of
even characteristics a1, as and the corresponding characteristic ¢ = a2 — a; in the
pair (6.2) we consider even characteristics as, ay = as + ¢ and as, ag = a5 + c.
Each of the quadruples

{a17a27a’37a4}7 {0’170’270’570’6}7 {a’37a’4aa’5aa’6}

corresponds to the vertices of a parallelogram, so that the system (6.18) enables us
to write down differential equations for the quantities

5(¢al + wag + wag + wa4)’ 5(wa1 + wCLQ + ¢a5 + ,Qba(j)’ (5(wa3 + wa4 + wa5 _I_ wa6)7

which bring us to differential equations for §(vq, + ¥a,) and 6(¢a, + Va,) with
denominator of degree 3. In particular, we obtain an equation for

0(2%a; + 2%a, — Va5 — Yau) (6.22)
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with the same denominator on the right-hand side. In a similar way we deduce
equations for

5(2’%1 + 21%3 - waz - ¢a4), 5(21/%11 + 2¢a4 - wag - wa;),), (623)

each with denominator of degree 3 (depending on the equation). Adding these dif-
ferential equations for the quantities in (6.22) and (6.23) we obtain an equation for
01q, with denominator of degree 9 on the right-hand side. Of course, the freedom
in our choice of as, as,as,... means that we can obtain several equations for the
function 14, , which gives us many algebraic relations between the functions (0.18).
Recall, however, that there exist 36 even characteristics for g = 3; for this reason
the combinatorial problem of the description of all these algebraic relations lies
beyond the scope of this work.

§7. Systems of characteristics and theta-relations

In this section we perform an audit of the special cases of Riemann relations (3.1)
encountered before. First of all, we give legal status to additive systems of charac-
teristics, of which a special case in dimension g = 2 we have called a parallelogram.

Characteristics a,b € & = Z2?9/2729 are said to be syzygetic if |a, b| is an even
integer. For a pair of syzygetic characteristics we can define the quantity ab = ‘a’b”
(mod 2); since ab + ba = |a,b| (mod2), it follows that ab = ba. In addition,
aa = |al.

By an additive group of characteristics 2 C & we mean an additive subgroup
of R with pairwise syzygetic elements. In such a group one can find [/ basic vectors
ai,...,a; (in more than one way) such that d={a1a1+- - -+a; : aq,...,=0,1};
in that case (—1)1%@l =1 for all j,k = 1,...,1. The number of elements of the
additive group U is 2!, we call [ its dimension and write dim2 = I. We point out
straight away that dim®A < g (see [1]; Teil 2, Kapitel 7, §8). The above-defined
commutative operation of multiplication of syzygetic characteristics is distributive
over addition in the additive group .

An additive system of characteristics & is a set of even characteristics such
that their various pairwise sums make up an additive group; such a system can
be represented in the form & = a + A C K*, where a is an arbitrary element
of & and 2 is the corresponding (uniquely defined) additive group. The dimension
of an additive system is by definition the dimension of the corresponding additive
group (dim® = dim®), and its cardinality is 29" ®. Each even characteristic is
an additive system of dimension 0. An additive system of maximum dimension g is
called a Gopel system; examples of such systems in dimension g = 2 were discovered
in connection with Ohyama’s theorem.

Lemma 12. The number of additive systems of dimension | < g in Z29 /2729 is
(229 — 1)(22972 — 1) .- (2209=14D) _q)
2t—-12-t-1)---(2-1)
In particular, the number of Gopel systems is
(22 — )22 = 1) (22— 1)
(29 —1)(29-1—-1)---(2—-1)

29711 (297 4 1.

=29+ 1)(29 +1)--- (24 1).
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Proof. This is in effect a purely combinatorial fact: the number of additive groups
of characteristics of dimension [/ in R is

(2% = 1)(29 2 — 1) (207D 1)
(21 _ 1)(21—1 _ 1) . (2 — 1)

(see [1]; Teil 2, Kapitel 7, §8). For such a group 2 the quotient group K/ is
isomorphic to Z2972 /27292 therefore the number of the corresponding additive
systems is equal to the number of even characteristics in the last group, which is
29==1(29=! 1-1). This completes the proof.

Corollary. The number of additive systems of dimension | < g in 7Z?9/27%9 con-
taining a fixed even characteristic a is

(22972 - 1) .. (22(9—l+1) —1)

(29—l_|_1)(29_1). 2L —1)(21—1)---(2-1)°

Proof. We point out first that the number s, of additive systems in question does
not depend on one’s choice of @ € &*. Since the cardinality of &* is 2971(29 + 1)
and each additive system consists of 2! characteristics, it follows that

B 2L 5 B »
C 297120 4 1)  2971-1(29 4 1)

Hq a € R*,

where s is the total number of additive systems of dimension [. Using now the
precise value of s calculated in Lemma 12 we arrive at the required result.

All arguments below are valid only for g > 3. We fix an element ¢ € K distinct
from zero (and therefore we fix also the quotient R = £/{0, ¢}). Returning to the
notation (5.3) in §5 we can write relations (3.2) (or (6.4)) as follows:

t g/ 1 11 1 ~ ~
Z (—1)l@bl+d (a”+b )5(9b+d(z)9b + Op+abp(2)),(7.1)
bER
ac R, de?,

where ® = 9. = R, + a C R, for some (any) a € 8.
We now transform (7.1) into the following form:

1 ~ ~
Oa+td(2)0a(2) — 29—1 (0a+d(z)9a + ‘9a+d6a(z))
]- t gl 1 " ]_ ~ ~
= 53 Z (—1)labl+d (a”+b )5(9b+d(z>9b + Opyafp(2)),
bER] (7.2)
b#a.,a+d

ac R, de?;



32 V. V. Zudilin

next, we multiply both parts of (7.2) by (—1)/%40, 4 and sum over d € D \ {0},
using (only on the left-hand side) formulae (5.4) and (5.5):

-2 2 L 5 2
2(29 — 1) (HQ(Z)QG — FQG(Z)HG
1 ~ ~ ~
= Z (_1)|6| (9111 (2)0as0a; + 0a,0a,(2)0as + Oa,0asba; (Z)),

292
6={a,a1,a2,a3} (73)
a € R,

where summation on the right-hand side proceeds over all 2-dimensional additive
systems & = {a,a +d,a + e,a+d+ e} in K and the quantity
|&| = |d| + |e| + de (mod 2)

is independent on one’s choice of an element a € & and generators d, e of the
corresponding additive group & 4+ a C K.
Setting z = 0 in (7.3) we obtain
1 22972 -1)(2971 - 1)
3 291

1 k
02 - 29—2 Z (_1)|®|9a19a29a3, a € R..
62{0,0170270'3}

(7.4)
Multiplying both parts of (7.3) by 64, both parts of (7.4) by 6,(z), and adding the
resulting relations we obtain

1 1 ~ 1 ~
2(2972 — 1) (93@)03; +3 (1 - F)ea(z)ag‘;) = 5973 Y be(z), acK

&>a
(7.5)
where
~ 0a(2)  0a,(2) 0Oq,(2)  0q,(2)
= (-1 ©] aVa1Vas%asz * 1 2 3
9@(2) ( ) 040 1‘9 26 3 ( ea + 001 + 9(12 + ‘9a3 )

® ={a,a1,as,a3} > a.

Recalling our definitions (5.3) and proceeding from two-dimensional additive
systems & in K. to three-dimensional systems § = {a,a + c: a € &} in K, we can
rewrite (7.5):

(2972 = 1)(=1)\ 0% (2)03 4 05 (2)02
(2973 —1)(2972 - 1)

+ 3.99-2 (_1)|a’c‘ (19@+c(2z)19a + §a+c79a(2z))193+c19i
1
= 573 Y 95(22),  ac&, c#0, (7.6)
§o{a,a+c}

where on the right-hand side we have summation proceeding over all additive sys-
tems § ={a,a+c,a+d,a+e,a+c+d,a+c+e,a+d+e,a+c+d+e}in K
and

195(Z) _ (_1)\c|—|—|d|—|—|e|—|—cd—|—de+ec H Iy - l Z ﬁb(z) ) (77)
b

8 U
beg beg
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Lemma 13. The quantity

05 = ¥5(0) = (—1)lcltlditleltedtdetecy 9\ Doradare

X 19a+c+d79a+c+e?9a+d+e"9a+c+d+e (78)

s independent on one’s choice of an element a of the additive system § and gen-
erators c,d, e of the corresponding additive group § + a.

Proof. In view of the symmetry of the quantity (7.8) relative to the generators
c,d, e of the additive group § + a, it suffices to verify the invariance of ¥z after
the replacements of @ = b+ ¢ by b (the independence of one’s choice of an element
of the additive system §) and ¢ = b+ d by b (the independence of one’s choice
of generators in the additive group § + a). This invariance can be established by
direct calculations using formula (6.5). We leave the details to the reader.

Lemma 13 shows that the quantity (7.7) is well-defined. We have thus proved
the following result.

Lemma 14. There hold the relations

(2972 = 1)(=1)| W7 ()9035 ()03

L (2973 —1)(2972 - 1)

(—1)1PH(94(22) 0 + Das(22)) 9303

3.29-2
1
= 3573 Y 95(22), a,be &, a#b, (7.9)
$>{a,b}

where summation on the right-hand side proceeds over all additive systems § D {a, b}
of dimension 3 in R and the functions Vz(z) are defined by (7.7). In particular, for
g = 3 there hold the relations

(D)2 (2)0205(2)05 = > 95(22),  a,beR, a#b.
$D{a,b}

Proof. Tt suffices to set b = a + ¢ in (7.6).

We proceed now to summation of relations (7.9) over all b € £ \ {a}. For the
left-hand sides we use the following consequence of Riemann relations (3.1):

Y (DR, = (20 - 1)05(2)05,  ac &,

ber”
b#a
d o (—nletlyy = (27— 1)9%, ac &,
beR”
b#a
(=)l (22) 95 = 2904 (2) — Ya(22)05,  ac€ K"

beR”
b#a
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Hence

3 ((29—2 1)1 M2 (2) 0202 (2) 03

beg”
b#a
2972 _1)(2073 — 1) .
+ ( 3. )2(9—2 ) (1) (94(22)05 + ﬂaﬁb(Qz))ﬁiﬁi)
TP -9 ) g (2977 12972 - D297 1) 7
B 3 Va(2)0a + 3.20-3 Va(22)V,,
a € . (7.10)

The number of additive systems § O {a,b} of dimension 3 in & = Z29/2729
is equal to the number of 2-dimensional additive systems & > a in Rp_o =~
72972 /272972 which by the corollary to Lemma 12 is

2204 1
@-DE-1)

(2973 4+ 1)(2971 — 1)

The cardinality of the set £ \ {a} is
297129 1) —1=(297"1 +1)(29 — 1).
Hence summing the right-hand sides of (7.9) for b € 8 \ {a} we obtain

229-4 1
1 (22-1)(2-1)
(229—2 _ 1)(229—4 _ 1)
(22-1)(2-1)

= (D@ ) - (2 -

=@+ -1

terms, each corresponding to some additive system § > a of dimension 3 in K. The
number of such additive systems is by Corollary to Lemma 12 equal to

(229—2 _ 1)(229—4 _ 1)

(23 -1)(22-1)(2—-1)

sy = (2973 4+ 1)(29 — 1)
Consequently,

7
(22) A Z Uz(22) 593 Z Vz(22), ac R
l;;e;éﬁ* §D{a,b} Saa $2a

(7.11)
Combining (7.10) and (7.11) we obtain the following result.

Lemma 15. The following relations hold:

(272 - (@ -

(27— (2 - 1)
3

3.7.29-3
Z U5(22), ac R, (7.12)

Foa

D) I (2)9E + a(22)97

a

= 29_3
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where summation on the right-hand side proceeds over all additive systems § > a
of dimension 3 in 8 and the functions Vz(z) are defined by (7.7). In particular, for
g = 3 there hold the relations

Oa(2)0h = ¥5(2z), acf
$2a
For an additive system § in K of dimension dim § = 3 let Sz and Pz be the sum
of the functions ¥, b € §, and the sum of all their pairwise products, respectively.

Relations (7.12) enable one to deduce another system of differential equations for
the functions (0.18).

Theorem 5. The functions (0.18) satisfy the system of differential equations

2 1 1
8 Sty = — = 13 — 82 E P. *
Yat? 3(3 294)79””293(292—1)(291—1>39a793 voest
(7.13)

where summation on the right-hand side proceeds over all additive systems § > a of
dimension 3 in 8 and the functions Uz are defined by equalities (7.8). In addition,

21

8 __ *
O ey v DAL
$2a
" (7.14)
8 _ *
Yata = 8(20-2 —1)(20-1 —1)(29 — 1) Szaa VS, @R

Proof. For each additive system § of dimension 3 in K we set

(S5)* = (Z %)2, S3=) va

acey acy
and use in both parts of (7.12) the expansions (4.1) with remainders in O(z°):
20-2 _1)(29-1 — 1
VB = Dy (1 e+ S0+ Do)
3 3 3
(2973 —1)(2972 - 1)(2971 - 1)

+

93 . (1 — 8t)g + 3—321/13 + %5%)

3.7.929-3
1 4 4 N
=D (1—53+§5§+§553), ac R
§3a
Hence
(2972 -2 =27 - 1) ¢ .
- 05 =) 5, ack, (7.15)
$2a
2972 — 1)(2971 —1)(29 — 1 1
3-7 8
3F3a (7.16)

(2973 —1)(297 2 —1)(2971 - 1)
3-7
9—2 _ g—1 _
n (2 1)3(2 1)

93 (T4 + 1164,)

1
05 (1002 + 0vba) = 5 Y U5(S3 +6595),  ac K
2
Foa (7.17)
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Relations (7.15) and (7.16) bring us to (7.14); d-differentiating (7.16) we obtain

(2972 —1)(2971 —1)(29 — 1)
3-7

ﬁi(&ﬁi + 0g) = % Z 193((53)2 —f-(sSg), a € R".
e (7.18)

Multiplying (7.18) by 4 and subtracting (7.17) we see that
2
513 2973 —2)(2972 — 1)(297 1 — )52 +2973(2972 — 1)(2971 — )93 090a

1
:52195((53)2—»5%), aGﬁ*,

F3a

which brings us to the system of differential equations (7.13).
Corollary. For g = 3 the functions (0.18) satisfy the system of differential equa-

tions - .
8 _ 8 2 *
Vq0tha = _gﬂaﬂba + 3 gaﬁgpg, ac R, (7.19)

where summation on the right-hand side proceeds over all Géopel systems § > a, the
functions 9z are defined by (7.8), and Py is the sum of all pairwise products of the
functions ¥y, b € §F. Moreover,

1
0o = 05 Vota=g) U5S;,  acf (7.20)

KT Foa

Note that, according to the corollary to Lemma 12, the number of the Gopel
systems involved in summation in (7.19) and (7.20) is 30.

§ 8. Modular nature

Thus far, we took no account of the modular properties of the thetanulls and
their logarithmic derivatives. This was an affordable luxury because we were inter-
ested only in differential equations for these functions. In addition, we left open
the question on the existence of relations expressing thetanulls in terms of their
logarithmic derivatives (for ¢ = 1 examples of such relations are formulae (0.8)
established in §1).

We consider the one-dimensional case first. The action of the group SLy(R), the
group SLy(Z), and each its congruence subgroup

Ir'c {(é (1)) (modL)} C SLy(Z)

(of level L) on the upper half-plane $; = {7 : Im 7 > 0} is defined by the formula

T =T =

at + b a b
—_ = SLo(R).
cr+d’ " ( d>€ 2(R)
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A holomorphic function F(7) on $; is called a (holomorphic) modular form of
weight w with respect to I if

F(yr) = (et +d)"F(r) for all v = (i Z) el (8.1)

and for each v € SLy(Z) the function (¢7+d) ™™ F(vy7) can be expanded in a Fourier

series
[ ]
2minTt /L
5 fne /L
n=0

The set of modular forms of weight w with respect to a fixed congruence sub-
group I is a vector space, which we denote by Mod,, (I'). Calculating the logarithmic
derivative of both parts of (8.1) for an arbitrary form F' € Mod,,(I") we obtain

dF/dr (ar +b LdF/dr (ar +b a b
— = I
2 (cr+d> we(er +d) + (et +d) I <c7'+d)’ v (c d) €

It is easy to deduce from (8.2) that the differential operator

SE\ 1 /[6F\? 1 d

maps the space Mod,, (T") into Mod4(T"), that is, the function DF is a modular form
of weight 4 with respect to I'.

For a pair of forms Fj, F» € Mod, (I") it follows by equalities (8.2) that the
function

o102 (8.4)

is a modular form of weight 2 with respect to I'. This fact and the functional
equation for the thetanulls

ar +b _
ﬁj(CT+d)=£<c¢+d)1/219j<7>, j=234, &=1,

v = a b el = a b ca,b,e,d €7, ad—bc=1, ab € 2Z, cd € 27
c d ’ c d

(the appropriate choice of £ = £(+y) and a branch of the root function is described in
Theorem 7.1 in [3]; Chapter I) enable one to give another proof of identities (0.8).

For g > 1 on the Siegel upper half-space $, C Sym,(C) we have the action of
the symplectic group

N RIS O e

where A, B,C, D are real square matrices of order g and E is the identity matrix.
This action is described by the formula

T—~T = (AT + B)(CT + D)™, v = <é g) € Spyy(R).

The definition of the Siegel modular group Spy,(Z) is the same as (8.5), except that
the entries of the matrices A, B, C, D must now be integers.
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Lemma 16 (see [25]; unproved formula (4.2)). Let F(T), F: $, — R, be a
meromorphic function and let A be the matriz differential operator defined by for-
mula (0.19) (that is, AF is a symmetric square matriz of order g with entries that
are the corresponding partial 0;5-derivatives of the function F'). Then

(AF)(yT) = (CT + D) - AF(yT) - {CT + D) (8.6)

A B
for all v = <C’ D) € Spy,(Z).

Proof. Let 75, and 7 Jk, J,k =1,...,9, be the entries of the matrices T € £, and
T" = 4T € §,, where v € Spy,(Z); we denote the corresponding é-differentiations
by ¢, and 5;k, j,k=1,...,9. In view of the symmetry of the matrices T and T’,
only the entries with indices j, k such that 1 < j < k < g, are independent. By the
rules of differentiation of composite functions we obtain

g
or, ,
r) = (3 g, P)a) gk-toe 6
I,m gk

For we have

9 F(T') = Lorl) _ i( > Ok 81/? )(T')

0T} e I<iom<a otj; 07/,
g
6 /
- < 3 leng)(T’), i=1,...,q,
I,m=1 aTjj
1 OF(T) 1 or  OF
§iF(T') = — = — L T’
#F(T) 2mt 0T, 271 Z 0Ty, 0T, (T')
1<Iism<yg m

. o7
:<Z alm% )T’), G k=1,...,¢.
I,m Tik

It suffices to verify equality (8.6) for the generators

F B tA 0 0 F
’71:(0 E>7 72:(0 A—1>7 73:(_E 0)7 (88)

of the group Spy,(Z), where the matrix A € GLy4(Z) and the symmetric integer
matrix B can be arbitrary (see [3]; Chapter II, Appendix to §5, Proposition A.5).
Performing direct calculating with matrices it is easy to show that if (8.6) holds for
¥,7' € Spay(Z), then this relation holds also for the product v7'.

For T =T =T + B we have 7}, = 7j5 + bj, j,k =1,..., g, therefore

Hence
AF(nT) = (AF)(nT). (8.9)
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If T =T ='ATA, where A = (a;i);i=1,...4, then
/
Tim = Z aj10km Tik, Im=1,...,9,
J,k=1
and therefore

/
ot),,

= aj|Qkm, Lk=1,...,9, ILm=1,...,9.
aTjk JllEkm J g g

By formula (8.7),

ij T/ ( Z ajlakmélm )( ) ],k‘ = ].,...,g,

I,m=1

so that
AF(yT) = A- (AF)(7,T) - A. (8.10)

For the last generator 3 we have T/ = 43T = —T~1!; in other words, T'T = —E.
Hence

9 9 9
0= TT) = -2 7. T+1T.-2T, k=1,
arjk( ) o7 o7 J g

(we have the matrix zero on the left-hand side), and

0 0 0

— T =-7.—T.T!=7.—T.7T, Lk=1,...,g,
0T}k Tik Tik
therefore 7
Tlm [ :
= T;.T s ’k:]_,...7 , l, :1,..., .
0Tk g em / g " !

Substituting this in relations (8.7) we obtain

JkF <Z leTkmdlm )( )7 ]7k: yer9 9,

I,m=1

so that
AF(y3T) =T - (AF)(yT) - T = T7' - (AF)(yT) - T~ (8.11)

Combining equalities (8.9)-(8.11), for the generators (8.8) of the group Sp,,(Z)
we obtain the equality

AF(yT) = (CT+ D)~ - (AF)(yT)-{CT + D)~* (8.12)

(the matrix T is symmetric). Equality (8.6) follows from (8.12). Hence (8.6) holds
for all v € Spy, (Z), which completes the proof.
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A holomorphic (meromorphic) function F(T) on $, is called a holomorphic
(respectively, meromorphic) modular form of weight w with respect to a congru-

ence subgroup
E 0
I'c 0 B (mod L) » C Spy,(Z)

F(yT) = det™(CT + D) - F(T) ﬁxdlyz(é g)eﬂ (8.13)

The additional conditions constraining the growth of F'(T) at the ‘vertices’ hold
automatically for g > 1: this is the so-called Koecher principle (see [2]; Chapter V,
Lemma 19).

In the perfect accordance with the one-dimensional case, the set of modular
forms of weight w with respect to a fixed congruence subgroup I' is a vector space,
which we denote by Mod,,(I') = Mod'%(I").

if

Lemma 17. Let F': ), — R be a congruence form of weight w with respect to a
congruence subgroup I' of Spy,(Z). Then the (matriz-valued) function

AF
U= - 9y — Sym,(C) (8.14)

satisfies the functional equation

¥(yT) = 7iw(CT + D) -'C + (CT+ D) - ¥(T) - {CT + D), yeT. (8.15)

Proof. We point out straight away the simple equality

Adet(CT + D)
det(C'T + D)

=mi'C-(CT + D)™* (8.16)

holding for arbitrary matrices C, D. Its verification is immediate (cf. [25]; formula

(4.3)).
Taking the logarithm of both sides of (8.13) and applying the differential oper-

ator A, in view of (8.16), we obtain
AF(T)
F(yT)

A
= miw'C - (CT + D)™ +

and therefore

AF(yT) ot

(€T +D) Ty (CT+ D)
= 1iw(CT + D) -'C + (CT + D) - A]J’FT(TT)) HCT+ D), ~yeT. (8.17)

By Lemma 16,
(CT+D,)- % HCT+ D) = (%) (vT), Y € Spy,(Z). (8.18)

Comparing (8.17) and (8.18), we obtain (8.15).
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Corollary 1. Let Fy and F5 be arbitrary modular forms of weight w with respect
to a congruence subgroup I of Spy,(Z). Then the function

det(AFljl - AFZQ) (T) (8.19)

18 a meromorphic modular form of weight 2 with respect to the same subgroup I'.

Proof. Applying Lemma 17 to the functions F; and F5, subtracting one of the
resulting equalities from the other, and calculating the determinants we obtain

AF AF.
det ( L 2

= 62 - de
" —Tz)(vT)_dt(CT—l-D) dt(

AF; AF,

I Ey

)(T), vyel.

This relation means precisely that the function (8.19) is a modular form of weight 2
with respect to the congruence subgroup I'.

Remark. By contrast to the case ¢ = 1, the entries of the matrix-valued func-
tion (8.14) are not holomorphic functions on §, therefore we must emphasize that
the function (8.19) is a meromorphic modular form. In the case of holomorphic
modular forms F; and F5 their A-derivatives have holomorphic entries, therefore
we can refine the last result as follows.

Corollary 2. Let Fy and F5 be arbitrary holomorphic modular forms of weight w
with respect to the congruence subgroup I' C szg(Z). Then the function

F Fy

(8.20)

(F1F2)9~det(AF1 AFZ)(T)

18 a holomorphic modular form of weight 2wg + 2 with respect to the same sub-
group T'.

Proof. This can be established by the calculation of the weight of the holomorphic
modular form (8.20), because the fact that it is a modular form is a consequence
of Corollary 1.

Corollaries to Lemma 17 generalize in a certain sense the differential opera-
tion (8.4) to the case of arbitrary dimension. Note that the differential opera-
tor (8.3) also has multidimensional generalizations (see [26]).

As in the one-dimensional case, for ¢ > 1 there exists a functional equation
holding for all thetanulls:

90 ((AT 4 B)(CT + D)7!) = ¢ - det'/>(CT + D) - 94(T), acf, &=1,

A B
(C D) €T)o=T4)

(see [3]; Chapter II, §5). The congruence subgroup I'1 2 of Spy,(Z) (of level 2) is
generated by the elements (8.8), where the matrix A € GL4(Z) and the symmetric
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integer matrix B with even main diagonal are arbitrary (see [3]|; Chapter 11, Appen-
dix to § 5, Proposition A.4). The definition (8.13) of modular forms can be extended
by letting in unity roots as coefficients in the right-hand side of (8.13). Without
concentrating on this we observe that the presence of a constant coefficient £ does
not influence logarithmic A-differentiation of (8.21), therefore Lemma 17 brings us
to the following result.

Lemma 18. For each even characteristic a the matriz-valued function

— Aﬁa .

U, 9 9y — Sym,(C)

with entries that are logarithmic derivatives of thetanulls (see (0.16)) satisfies the
functional equation

U, (4T) = %(CT 4+ D) 'C+ (CT+ D) Ug(T)-{CT+D),  ~€Tlya.

Corollary 1. For all even characteristics a,b € K the function
(9q0p)? - det(Vq — Wp)(T)

s a holomorphic modular form of weight g + 2 with respect to I'q 2.

Of course, Corollary 1 is just one consequence of Lemma 18. We now present a
more general result in the spirit of § 7.

Corollary 2. Let & be an additive system of characteristics in K of dimensionl < g
that is partitioned into disjoint additive subsystems § + c and § of dimension | — 1:
® = (§+c)UF, where ¢ € R is a characteristic distinct from zero in the additive
group corresponding to &. Then the function

(a];[g 19G+cz9a>g - det ((;g(\lfa+c - \I/a)) (8.22)

is a holomorphic modular form of weight 2!~ g + 2 with respect to I'io.

For g = 2 and g = 3 these results can be put into a quantitative form. For an
arbitrary subset & of K let

Yo = [ [ Va Ve = > Ta.

ac® acd
We set
Ug. for g =1,
Xg = ¢ V% for g =2, (8.23)
Vg forg=3

(the minimal parabolic modular forms with respect to Spy,(Z) in dimensions 1, 2,
and 3, respectively; see [15]).
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Lemma 19. For g < 3 let & be a Gopel system of characteristics in R partitioned
into disjoint additive subsystems § + ¢ and § of dimension g — 1. Then

1 X
det(Vgye —Vz) ==+ g . 8.24
e ( S+ 3) 929 (793_’_0793)4 ( )

Proof. For g = 1 relations (8.24) become formulae (0.8) (although the latter contain
no +-ambiguities). By the main result of §5 in [2] the holomorphic forms (8.22) can
be expressed as polynomials of the squares of thetanulls for ¢ = 2 and of thetanulls
for g = 3. Hence the proof reduces to the calculation of the first coefficients of the
Fourier expansions for the holomorphic functions (8.22), for monomials of degree 6
of the squares of thetanulls for ¢ = 2, and for monomials of degree 28 of thetanulls
for g = 3. The details of these calculations are beyond the scope of this work.

Theorem 6. For g < 3 the thetanulls are algebraic over the field generated by their
d-logarithmic derivatives (0.16).

Proof. For g =1 formulae (0.8) show that the fourth degrees of thetanulls are (up
to constant coefficients) differences of é-logarithmic derivatives (0.5).

Formulae (8.24) are independent (up to a sign) of the partitioning & = (§+c¢)UF
of a Gopel system into two disjoint additive systems. For that reason we fix one
such partitioning for each Gopel system by setting

)\Qj = det(\I’ngc — \I’g), (825)
and write relations (8.24) as follows:
+£229\g = XyUg - (8.26)

Multiplying equalities (8.26) for all Gopel systems in &, of which the number is 15
for g = 2 and 135 for g = 3 by Lemma 12, we obtain

+29 [ Ae = x2° [[96" = 5" [] 92> =3 for g =2,
6 ® ach” (8.27)
225 [T he = 3 [[ 06" = ™ ] v =x8°  forg=3.

We used here the definition (8.23) of the quantities y2 and y3 and the following
consequence of Lemma 12: each even characteristic participates in 6 Gopel systems
for g = 2 and in 30 systems for g = 3.

Fixing an even characteristic @ we now multiply equalities (8.26) for all Gopel
systems & containing a:

1224H>\@:XSH19;4:X§-19;16Hﬁ;gzxg-ﬂgw for g = 2,
G3a &3a ber* (828)

:i:26.3() H )\@ — X%O H 19;54 — X%O . 79;96 H 19;24 — Xg . 19;96 for g = 3.
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Raising equalities (8.28) to the third and equalities (8.29) to the fifth degree and
substituting (8.27) we obtain

1948 :l:XQ 272 H )\ 3 :l:2120H>\2 272 H )\ 3

®>a &3a
= 42192 H )\% . H )\gl for g = 2,
&Za &3a 3.30
19480 j:X?)O 2900 H )\ 5 212 1351_[)\2 2900 H )\ 5 ( ) )
®>a &3a
=220 [T A% [ 26 forg=3.
&Za &3a

Relations (8.30) show that for g = 2 and g = 3 the thetanulls are algebraic over the
field generated by the functions (8.24), which are polynomials of the logarithmic
derivatives (0.16) of thetanulls. The proof is complete.

One may regard both (8.24) and (8.30) as generalizations of formulae (0.8) to
g =2 and g = 3. We point out other formulae of this kind, the proof of which is
‘the same’ as the proof of Lemma 19 and is left out for this reason.

Lemma 20. (a) Let g = 2. Then for all even characteristics a and b there holds
the relation .
det(Wq — Wp) = £7 X2 I s
6DO{a,b}

where the product qu{a’b} is taken over all (=both) Gépel system containing a
and b.

(b) Let g = 3 and let a1, az, a3, ay be even characteristics making up an additive
system A (of dimension 2). Then

1 _
det(¥a, + Va, — Ya, — Va,) = £ 53" I 9>
GO

where the product []g—g is taken over all (=both) Gépel systems containing the
system 2.
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