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Introduction

In recent years the development of methods for the exact solution of non-
linear equations of mathematical physics (the inverse scattering method; see
[13] and the literature cited there) has involved several function-theoretical
constructions related to Riemann surfaces. This refers first of all to the

theory of multidemensional theta functions in terms of which one can
express the so-called “‘rank 1 solutions™ of a wide class of non-linear
equations (the theory of solutions of higher rank is connected with
holomorphic vector bundles over Riemann surfaces and is presented in the
survey [14]; a complete bibliography is given there). In the present survey
we present the basic principles of the application of theta functions to the
integration of equations, together with important examples of this application.

We recall briefly the history of this question. In 1974 in a series of
papers Novikov, the present author, Matveev and Its (201, [53], [54], [601,
[17]), and Lax ([55]) introduced and studied the class of “finite-zone”
periodic and quasi-periodic potentials of the Schroédinger operator (Sturm-
Liouville, Hill). On the basis of this class a program for the construction of
a wide class of solutions of the Korteweg-de Vries (KdV) equation was
proposed and realized. Some results of these studies were also obtained by
McKean and van Moerbeke in 1975 [56]. As was later proved rigorously
{(Marchenko and Ostrovskii [57]), the set of periodic finite-zone potentials is
dense in the space of periodic functions with given period. In these articles
a connection was established between the spectral theory of operators with
periodic coefficients and algebraic geometry, the theory of finite-dimensional
completely integrable Hamiltonian systems and the theory of non-linear
equations of KdV type. A generalization of this theory to spatially two-
dimensional (“2+1”; x, y, t) systems, among which there is the important
two-dimensional analogue of the KdV equation—the Kadomtsev-Petviashvili
equation (KP)—was realized by Krichever [59], [15], [16]. Krichever’s
approach also gives a methodologically very convenient and lucid presentation
of an algebro-geometric procedure of constructing the above-mentioned
finite-zone solutions of the KdV equation and its numerous analogues. In
the case of (2+ 1)-systems this method reveals new important connections
with algebraic geometry, which are used essentially in the statement of the
problem of Chapter IV of this paper.

As Novikov and Natanzon have pointed out to the author, the
determination of conditions for the selection of real solutions in various
problems of this kind turns out to be a non-trivial and as yet unsolved
problem, except for individual cases literally analogous to the KdV equation,
which do not, however, include the sine-Gordon equation or the non-linear
Schrédinger equation with repulsing interaction, nor all the (2+ 1)-systems.
An essential advance was made by Cherednik in [49] and developed in [14].
The results of [49] hardly pretend to completeness and are not effective
even in the simplest cases.
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The first two chapters of this survey are devoted to the most important
results of the theory of theta functions, their connection with Riemann
surfaces and Abelian varieties. The material of these chapters basically goes
back to the classical works of Abel, Jacobi, and Riemann (see the books
[1]1-18]1; for a modern account a detailed bibliography can be found in {41]).
In the third chapter we explain Krichever’s method (see [15], [16]) for
constructing exact solutions of non-linear equations (in §2 we also use
results of {21]). This method allows us to express the solutions thus
constructed in terms of theta functions. The basic instrument for
constructing such solutions is the so-called Baker-Akhiezer functions, that is,
meromorphic functions on a Riemann surface with an essential singularity of a
given form (see [18], [19]; apparently, the first functions of this type were
considered by Clebsch and Gordan). It is essential to note that in the
applications to non-linear equations it is not arbitrary theta functions that
arise, but only theta functions of Riemann surfaces. Novikov has conjectured
that the identities on a theta function (or on the Riemann matrix defining it),
obtained after making an elementary substitution of it in the Kadomtsev-
Petviashvili (KP) equation, precisely distinguish the theta functions of Riemann
surfaces from all other theta functions. A partial realization of this program—
the derivation of a system of identities connecting the parameters of a theta
function of Riemann surfaces (without proving the completeness of this
system)—was obtained by the author in [23]); the corresponding results
are presented in Chapter 4. Incidentally we also solve Novikov’s problem on
the effectivization of formulae for the solution of non-linear equations in the
case of small genera, where restrictions on the theta functions do not yet
arise. Moreover, the use of the KP equation allows us to give an explicit
construction for the recovery of an algebraic curve from its Jacobian (that is,
to give a new proof to the classical Torelli theorem, which asserts the
uniqueness of this correspondence; see [4]), and this construction does not
require a knowledge of the solutions of the transcendental equation 6(z) = 0.
Very recently the author has succeeded in proving Novikov’s conjecture in a
weaker version: the relations on a theta function that follow from the KP
equation distinguish the variety of theta functions of Riemann surfaces in
the space of all theta functions up to possibly superfluous irreducible
components. The idea of the proof is also given in Chapter 4. Thus, the use
of the KP equation allows us effectively to solve the classical problem of
Riemann on the relations between the periods of holomorphic differentials
on Riemann surfaces. Finally, in the last Chapter we list the dynamical

(DThe statements of some results of [23] were published (and used) in [37]. We also
mention that after [23] was published, the author was shown a preprint by Hirota [24];
the methods of this preprint intersect with some technical arguments of [23]. Hirota
solves the problem of constructing exact solutions of non-linear equations of KdV type
by means of the theory of theta functions. The account in [24] does not give explicit
formulae.
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systems that are integrable in terms of theta functions of genus 2. Except
for equations of the theory of two-zone potentials, which are interpreted in
[20] and [17], and also multidimensional Euler equations, all these systems
are classical, although the structure of their solutions is not well known.

The invariant varieties of these systems are Abelian varieties of genus 2. This
allows us to obtain explicit formulae of various types for the universal
bundle of Abelian varieties of genus 2 (the first such formulae were obtained
in [35]). As an application we give the work of Krichever on the integration
of the non Abelian Toda chain by algebraic-geometric methods.

The author thanks S.P. Novikov and I.M. Krichever for their interest in
this work and for a number of useful discussions. In the process of writing
Chapter 4 the author consulted A.N. Tyurin, to whom he expresses his deep
appreciation.

CHAPTER |
THETA FUNCTIONS, GENERAL INFORMATION
§1. Definition of theta functions and their simplest properties

Definition 1.1.1. A symmetric (g x g)-matrix B = (Bj) with negative
definite real part Re B = (Re By) is called a Riemann matrix.

Definition 1.1.2. A Riemann theta function is defined by its Fourier series
of the form

(1.1.1) 0(z| B)= > exp {% (BN, N)-+(N, }.
Nezé
Here z = (zy, ..., z,) € C# is a complex vector. The diamond brackets denote

£ g
the Euclidean scalar product: (N, z) = ElN,-z,-, (BN, N) = z 1Bi,-]\fl-N,-.
i= i, J=
The summation in (1.1.1) is taken over the lattice of integer vectors
N = (N, ..., Ng). The general term of this series depends only on the
symmetric part of the matrix B. From the obvious estimate Re (BN, N) <
< -b (N, N), b > 0 (as —b we can take the largest eigenvalue of the matrix
Re B), one derives casily that series (1.1.1) is absolutely convergent,
uniformly on compact sets. Thus, the function 6(z1B) is analytic in the
whole space C%.
Remark. We often use the abbreviated notation 6(z) = 6(z|B) if the matrix
B is fixed.

Let e,, ..., ¢; be the basis vectors in Cé with the coordinates
('1.12) (ek)j = akj;
we also introduce vectors f, ..., f, setting

(1.1.3) (f); = By (7 =1, ... g).
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The vectors f; can also be written in the form
(1.1.3) Jn = Bex,
where B is the linear operator corresponding to By;.

Assertion 1.1.1. When the argument is shifted by the vectors 2mie,, the
Riemann theta function f; is transformed according to the law

(1.1.4) 0 (z + 2mtiey) =0 (2),
(1.1.5) 0 (z+f)=exp (—5 Bax—2) 8(2).

Proof. The periodicity of (1.1.4) is obvious: the general term of (1.1.1)
does not change under the shift z - z+ 2wie,. To prove (1.1.5) we change
the summation index N in (1.1.1), setting N = M—e,, M € Z8. We have

0(z+f)= D) exp{5 (BN, M)+ (N, z+F} =
Nezé
— Z' exp {%(BM, My— (M, Bek)+%(Beh, ey -+
Mec2é

M 2y (M ) — Gen, 2 — (e, )} =

—exp{ —5 Bu—2) M%zgxp {5 (BM, My-+(M, 2)} =

=exp { -_%th—zk} 6 (2).

This proves the assertion.

Thus, the function 6(z) is g-fold periodic with basis of periods 2wie,, ...,
2mie,. The vectors f;, ..., f are called its quasiperiods. Loosely speaking, we
call the whole system of the vectors (27ie,, f;) the periods of the #-function.
Any vector of the form 27iN+ BM, where N, M € Z# are integer vectors, is a
period of the Riemann #-function. From Assertion 1.1.1 we immediately get
the transformation law:

(1.1.6) (54 2l + BM) =exp | — 3 (BM, M)— (M, 2}6(2).

The vectors of the form 2#iN+ BM constitute the period lattice.

We also define O-functions with characteristics. Let a and § be arbitrary
real g-dimensional vectors. We introduce a function 8[a, 8] (or 0(«, B1(z|B)
in case we have to indicate the dependence on B explicitly):

(1.1.7)  0[a, Bl (z) =exp {—%— (Bet, o) +(z -+ 2mif, oc)} 0 (z+ 2nif 4 Ba).

For = § = 0 we obtain the Riemann 8-function: 6[0, 0] (z) = 0(z2).
Moreover, it follows from (1.1.6) that 8[N, M](z) = 0(z). Therefore, it
suffices to consider the functions 8 [e, f1(z) with characteristics « and 8,
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such that 0 <oy, f < 1. It is not hard to indicate the expansion of
Pla, B1(2) in a Fourier series. It has the form

(14.8) 8lo, Bl = 3 exp {5 (B(N+a), N-+a+(z+2mip, N +a)}.
Nezsg

By analogy with Assertion 1.1.1 we obtain the transformation law under a
shift by a period of 8-functions with characteristics. Omitting the calculations, |
we give the final formula

(1.1.9) 8, Bl (z+2niN + BM) =
—exp { — 5 (BM, M)—(z, M)+ 2mi (@, Ny—(B, M)} 0 [« B] (2)-

When we multiply -functions of the type (1.1.7), we obtain 6-functions
of higher orders. The transformation law of a @-function of order n with
characteristics [a, ], which we denote by 6, [«, 8](z), under a shift by a
period is as follows:

(1.1.10) 0, [a, Bl (z+27iN 4-BM) =

— exp {——-Z—(BM, My—n (M, z)+ 2mi (@, N)— (B, M))}Gn lo, B] (2).
It is easy to show (but we omit this here) that the entire functions of g
variables z;, ..., Z; subject to the transformation law (1.1.10) form a linear

space of dimension n%, As basis 6-function of order n with characteristics
[a, B] we can take, for example, the functions

(1.1.11) 0 [ ety s] (nz | nB),

where the coordinates of vy range independently over all values from Oton—1.

Definition 1.1.3. The characteristics [«, 8] for which all the coordinates
oy, B; are O or 4 are called half-periods. A half-period [e, 8] is said to be
even if 4a, 8) = 0(mod 2) and odd otherwise.

Assertion 1.1.2. The function 0w, B](z) is even or odd according as [«, ]
is an even or odd half-period.

Proof. Under the substitution z - —z, N — —N — 2a the general term of
the series (1.1.8) is multiplied by

exp {— (M + B, 4nia)} = exp {4ni(a, B)}.

The sign of this factor is completely determined by the parity of the number
4, B. This proves the assertion.

It is not hard to compute that there are precisely 26-1(2¢ 4 1) even half-
periods and 2¢-1(2¢ — {)odd ones.
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82. Theta functions of a single variable

In the classical theory of elliptic functions (the case g = 1) there occur
only theta functions corresponding to half-periods. The Riemann matrix
here is the single number b = B,;, Re b < 0. There are 4 half-periods:

(1.2.1) (1/2, 1/2), (1/2, 0), (0, 0), (0, 1/2).
They correspond to 4 basic §-functions:

0.0=0 £, )= 3 a0 (i3] + (522) e 40),
kez
6,(:)=0[ 5. 0] (=1 exp {—;b(z"ji)%z’“j%},
(1.2.2) k€2
0;(z) =010, 0] (z) = Z exp {% bk2+kz},
kez
GQ(Z)EG[O, %J(z)zz exp {%bkz—(—k(z—l—m‘)}.

\ keZ
For comparison with the literature we mention that the following notation is

more generally accepted:
b =2nit (Imt>0), 2z =2niz

The first half-period is odd, the others are even. Consequently, the
function 8,(z) is odd and the others are even. The function 8, (z) vanishes at
all vertices of the period lattice z = 2@im+ bn. From this it is not hard to
find the zeros of the remaining #-functions. In particular, 85(z) vanishes at
all points z = wi+ b/2+ 2mim+ bn. We claim that there are no other zeros.
For convenience we take ;. We need to prove that

1
(1.2.3) m;&d log 0, (z) =1,
C

where C is the contour of the parallelogram spanned by the vectors 2mi and b.
The general transformation formulae (1.1.9) for 6;5(z) take the form

(1.2.4) 0 (s+2a0) =0 (3), 03(s+b) =exp (—5—z)0,(2).
We split the integral (1.2.3) into two:

2ni

o § 4 log 8 (5) = 5 | 1d log 85(2)—d log 0, (z+ b)) +
c 0

b
1
+m ‘ [d log 64 (z + 2ni) —d log 85 (z)].
(i
From the relations (1.2.4) it follows that the second integral is zero, and the
first integral has the form

as required.
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§3. On Abelian tori

Assertion 1.3.1. The vectors 2niey, . . ., 2nieg, fy, . . .,f4 in the space
C¢ = R2¢ defined by (1.1.2) and (1.1.3) are linearly independent over the
field of real numbers.

Proof. We assume the contrary: that some linear combination of these
vectors vanishes:

(1.3.1) 210 ) Axen+ 2 pafr =0,  Ap, ux €R.

From (1.1.3) we obtain immediately that the real part of this equality has
the form

Re B (2} prex) =0.

Hence, all the u; are zero because the matrix Re B is non-singular. From
(1.3.1) it then follows that all A, are zero, which proves the assertion.

Let ' be the lattice generated by the vectors (2miey, f;). The vectors of I’
have the form

(1.3.2) oniN + BM,

where N and M are integer vectors. This is precisely the period lattice of the
0-function in the sense of §1. It is convenient to associate with T’ another
geometric object—the quotient of C®# = R?# by this lattice. From Assertion
1.3.1 it follows immediately that this quotient C8/T" is a 2g-dimensional torus
7?2, Moreover, T?£ has the natural structure of a complex compact Lie
group, and the expression

(1.3.3) ds? = — ) (Re B);} dz,, dz,
Rk,

gives a Kihler metric on T2¢, which is even a Hodge metric (see [4]). If oy
and f; are real coordinates in R?# = C#, where z = 2mi+ Ba, then the
imaginary part £ of this metric has the form

(1.3.3") Q=j1 day )\ dBy.

Such tori are called Abelian. We denote the Abelian torus T2?¢ constructed
from the Riemann matrix B = (By) by T*4(B).

The meromorphic functions on T2£(B) are called Abelian functions. In
other words, Abelian functions are 2g-fold periodic functions of g complex
variables. Thus, the quotient of two §-functions of the same order with the
same characteristics is single-valued on T?¢(B) and is therefore an Abelian
function. It is known that any Abelian function can be obtained in this
way. A number of examples in which certain Abelian functions are
expressed explicitly in terms of 8-function, will be given in Ch. I, §4.
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Let (2niej, f;) be another basis of I where f;, = B'e; and B’ = (Bj;) is
another Riemann matrix. The transition from the basis (2rie;, f) to
(2niie;, fr) (and back) is given by an integer unimodular matrix

7

23'l:i3{ = 2 dijzﬂiEj -+ E Cijfj,
(1.3.4) { .

f; = ; bij2ﬂi€j+ ; aijfj,

where a = (a;;), b = (byy), ¢ = (¢;5), d = (d;;) are integer (g x g)-matrices,
and

a b
(1.3.5) det (¢ d) =1.
Here
(1.3.6) B’ = 2mi(aB + 2nib)(cB -+ 2nid)-L.

The requirement on B’ to be a Riemann matrix imposes a strong restriction
on the matrix (Z Z); it must be symplectic:
- b
(1.3.7) (¢ 2)€esp (e 2,

[
that is
(a b 0 1\ (at ¢t 01
\c d) (—1 0) (bt dt) :(—1 o)
(the symbol ¢ denotes transposition).

Two Riemann matrices B and B’ connected by transformations of the
form (1.3.6), (1.3.7) are said to be equivalent. They determine the same
Abelian tori T?4(B) = T?4(B’) (even with the same Hodge structures
(1.3.3)0,

The following is the transformation law of §-functions under
transformations of the form (1.3.6), (1.3.7):

(1.3.8) 0[a/, p'J(z' | B")=
=k} det M exp{ > 225 d 1OngtM}G[OL Bl (z| B),

i<
where

(1.3.9) M =cB+2nid, 2niz=2'M,
’ ! d - .
[OL 9 ﬁ ]: [OC, B] ( 3) +—;‘d13g [Cdt, ab’];

i
k is a constant independent of z and B. Here the symbol diag means that
one has to take the diagonal elements of the matrix {cd?, ab'] (a proof of
this transformation law is in [5]).

MThe set H, of all (g x g)-Riemann matrices is called the Siegel (left) half-plane. The
group Ag = {Sp(g, Z)/r £ 1} acting on H, in accordance with (1.3.6) is the Siegel
modular group. The factor group Hy/A, parametrlzes the Abelian varieties 7728 with a
Kihler metric of the type (1.3.3), (1.3.3").
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Remark. Let B = (By) be a (g x g)-Riemann matrix of block form

__ (B0
B=(o p
Then the corresponding torus T28(B) splits into the direct product of two
Abelian tori

), where B’ and B'' are (k x k)- and (1 x 1)-Riemann matrices.

(1.3.10) T*¢ (B) = T* (B') X T* (B").
The corresponding 6-function also splits into a product: if z = (z;, . . ., 3g),
2 = (z, ..., z),and 2" = (2344, . .., 2Z,), then

(1.3.11) 0(z | B) = 6(z' | B"Y8(z" | B").

f-functions with characteristics are of a similar structure. We say that a
Riemann matrix B is decomposable if it can be brought to block form by
transformations (1.3.6), (1.3.7). Correspondingly we use the term
“decomposable Abelian torus™ and “decomposable 8-function” (formulae
(1.3.10), (1.3.11)). For the opposite case of indecomposable tori T24(B) the
following property holds: on T2#(B) there are no (non-constant) Abelian
functions depending on a smaller number of variables. Equivalent is the
assertion: if f(z) is an Abelian function on an indegcomposable torus and its

derivative with respect in some direction vanishes,z U i% = 0, then
f = const. i=1 '

Returning to Abelian tori, we note the following important theorem: any
Abelian torus is an algebraic variety (Lefschetz). We do not prove this
theorem in general (the proof is based on the theory of f-functions; see
[11]), but consider only the case g = 1. In this case any torus T2 is
determined by its pair of periods 2w, 2w’ (we assume that Im w'/w > 0).
We define the Weierstrass elliptic function ¢ (z), setting

1 1 1
(1.312) @) =5+ 2 [(z—2mm—2nm')2 T Emot2ne)t ]
m24n2+0

It is not hard to verify that the series (1.3.12) converges uniformly on every
compact set in C\ {2mo I 2nw’}, so that it is a meromorphic function of z
having double poles on each vertex of the lattice. Obviously, this function is
doubly periodic:

(1.3.13) ©z 4 2mo + 2ne’)y =¢ (z2), n,meEL

The derivative @’(z) is also doubly periodic. Let

1
g, =60 2 @Cmo+2ra’)t ?
m24n2+#0

(1.3.14) .

3= 140 Z M .
nE+m2+0
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Then the Laurent expansions of @(z) and ¢'(z) in a neighbourhood of z = 0
have the form

1 2 4
(1.3.15) p(a)=m+E-+ 84,
, 2 g 3
(1.3.16) o (5)=—F+IE+ B

From these expansions it follows that the function (¢')? — [4¢® — g, @ — g3l
does not have a pole at the origin. Since it is doubly periodic, this function
is regular on the whole complex plane, consequently, it is a constant. It is not
difficult to see that this constant is zero. We deduce that the Weierstrass
function ¢ (z) satisfies the differential equation

(1.3.17) (@) = 4¢° — g, — g5

Assertion 1.3.2. The mapping z(z) = @ (z2), y(z) = @'(3) establishes an
isomorphism of the complex torus T* = C/{2mo + 2no'} with the Riemann
surface of the algebraic function

(1.3.18) y? = 4a® — g.x — g,

Proof. We construct the inverse mapping from the complex algebraic curve
(1.3.18) into the torus T2. Let P = (x, y) be a point of the Riemann
surface (1.3.18). We set

P P
dz dx
(1.3.19) Z:Z(P):STZSWTTT—E'

The path of integration in (1.3.19) lies on the Riemann surface (1.3.18).
This path is unique, up to addition of an integral linear combination of the
base cycles a and b on (1.3.18) (Figure 1; here 4x? —g.z; — g, = 0; the
dotted line shows the part of the cycle b, lying
on the “lower” sheet):

@ Z 7 e (1.3.20) Z(P)NZ(P)’)‘m(%iyi—i—n(?d_;__

~—— -

It is not difficult to verify that

Fig. 1. Riemann dz Rdz_ o
surface of (1.3.18) (1.3.21) (§7 y = 2o f y =20

Thus, the mapping (1.3.19) carries the curve (1.3.18) into the torus T2.
r

Obviously, the mappings z+— P = (¢(2), ©'(z)) and P— Y 9% are inverse to
each other. This proves the assertion. O

Remark. Let us indicate an explicit connection between the Weierstrass
function ¢(z) and the 6-functions of one variable considered in §2. There is

the formula
(1.3.22) 9 (2) = — - log®, (2) +-c,
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where ¢ is a constant. This is obvious in view of the periodicity of the right-
hand side and the information obtained in §2 on the location of the zeros
of 6,(z). From (1.3.22) and (1.3.17) it follows that 6,(z) satisfies a third-
order differential equation. Later we consider the differential relations for
multidimensional @-functions (see Chapters 3 and 4).

§4. Addition theorems for 8-functions

Theta functions are connected by a complicated system of algebraic
relations, the so-called addition theorems. All of them are relations between
formal Fourier series. We quote the two most important addition theorems.(*)

From a Riemann matrix B we construct two sets of §-functions:

(1.4.1)  6lo,pl(z) = 6la,Bl(z | B), 6la,pl(z) = 6la,Bl(z | 2B).

Addition Theorem 1.4.1. Let a, B, vy and e be arbitrary real g-dimensional
vectors. Then

(1.4.2)  Ba, y1(z1+22) 0 [B, €] (31— 25) =
= > 8 [aé‘ﬁ + 6, y—}—eJ (22,) 6 [a;ﬁ + 6, y—a] (2z,).

20€(22)8

It suffices to prove this for the case @ = § = y = ¢ = 0 (the general case
reduces to this one via (1.1.7)). Then (1.4.2) takes the form
(1.4.2)  0@+w)0(z—w)= 2 68, 0](22)8[6. 0] 2uw).
28€(Z2)8
First we consider the case g = 1. Then (1.4.2") can be written as

(1.4.3) 0(z4+w)0 (z—w) =0 (22) 6 (2w) - 6 (— oJ 9z)e( oJ(2u~).
where
e(z):zexp (-;—bkz—{—kz) , zzexp (bk? -+ kz),
k R

9[1, 0](z) = exp[b(k—i—%)z-{—(k—{-%)zj, b—B, .
h

The left-hand side of (1.4.3) therefore has the form
(1.4.4) S exp[ 3o+ +EG+w) +HLE—w)|.
B, 1

We introduce new summation indices m, n, setting
k41 k—1

(1.4.5) m=21 n="20

The numbers m and n are both either integers or half-integers. In these
variables (1.4.4) takes the form

(1.4.6) 8 (z-+w)B(z—w) =D, exp [bm2+ 2mz + bn? -+ 2nw).

(DRelations for theta functions of an entirely different type can be found in {43].
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We split this sum into two parts, the first part containing the terms with m
and n integers, and the second half-integers. In the second part we change
m to m+3 and n to n+%. Then m and » are integers, and (1.4.6) takes the
form

> exp [bm?+ 2maz] exp [bn? 4 2nw] +
mne2
o 2 1 2 1 :
4 ZI exp [b(m—{—%) +2 (m+?) z] exp [b(n -+ %) 42 (n 4 7) wJ =
mneZ
5o\ A Al o Al o
=6(22)02w) + 8 [7 , oJ (2z) 6 [3 OJ (2w).
Thus, the theorem is proved in this special case. In the general case g = 1
we have to repeat this argument for each coordinate separately.

Addition Theorem 1.4.2. Let [m;] = Imj, mjl (i =1, 2,3,4)be
arbitrary real 2g-dimensional vectors. Then

(1.4.7)  0[my] (z4) 0 [my] (25) O [m3] (25) O [my] (3,) =
:% > exp(—dni(m;, @) 0 [ny+a] (wy) ... 01, +a) (wy),

2a€(2,)%8
here a = (a’, a'),
W ¢a ( ) 1 1 1 1
1{1 1 —1 —1
(1.48) (Zi, e ey 24)=(u’1, ey U,’A)T, T:TZ—(1 1 1 _1),
1 —1 —1 1
(1.4.8") [n] =1Ini, nil, (my, ..., my) = (ny, ..., n)T.

(Each 1 in T is the unit (g x g)- or (2g x 2g)-matrix).

Again we give the proof for the simplest case g = 1 only. The matrix T
has two important properties: it is symmetric and orthogonal. The general
term of the sum on the left-hand side has the form

(1.49) exp {%b [(ky - m)2 4 o A (e -+ m)?] -

- ey ) (zg+ 2im?) - .+ (b)) (24 2mm;)} ,

where k,, ..., k4 are integers. We introduce new summation variables
L, ..., Iy, setting
(1.4.10) (lhy -« oy L) = (By, - .., k)T
We call the set &y, ..., k4 even if the sum k; + ... + k4 is even, otherwise odd.
For an even set k,, ..., k4 all the numbers /,, ..., [, are integers, and for an

odd one they are half-integers. Taking (1.4.8), (1.4.10), and the orthogonality
and symmetry of T into account, we obtain for (1.4.9) in the new variables:

(1.4.11)  exp {;b (L +n)24 ..+ (L +nl)2)+
(L b n) (g 4 2en) b (1) (- Znin;')} .
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We divide the sum of exponentials of the form (1.4.11) into two parts: X
and 2 ;). Z () includes only the integers /;, ..., l and X 5y only the half-
integer ones. In 2 (,), as in the proof of the preceding theorem, we make the

change of variables /; — I; + %,after which both Z ;) and X, include only

integer summation indices /;, ..., l,. We remark that the set /,, ..., l; is
necessarily even, since X, ..., k4 are integers and (k;, . . ., k) = (I}, . . .. IpT.
Thus, the summation in ¥ ¢, and X ) is only over even sets }y, ..., ;. We
sum over all the sets /;, ..., /; and to compensate for the inclusion of the
odd sets we also add the sums 2 @ and X (3, in which we have made the
change of variables n} > n} + = (z =1, , 4) in the general term; also, to
the whole exponent of the exponential we add the term —(n; + ... -
n)ni = —4mim /2.. After these transformations the even terms in
2 @yt Z are doubled, and the odd ones cancel each other. The same holds
for the sum 2 ;+ 3';. Thus, we obtain

0[my] (z1) ... 0[m] (z,) =% (2w + 2+ 2oy + Z(ay)-

This coincides precisely with (1.4.7) for g = 1. In the general case the proof
is similar, only we have to repeat these arguments for each coordinate.
Setting z, = u + v, 2, = ¥ — v, 23 = 2, = 0 in (1.4.7), we have
wy = wy, = u, wy, = w, = v. The second addition theorem in this special
case takes the form
(1.4.12) 0 [m] (u-+v) 8 [my] (u—v) 8 [m;] (0) B [m,] (0) =

33157 Z exp [ —4mni (my, "))} 0[ny+a] (u) 0 [ny+a] (u) X
20€(27)28
X 0]n;+a) (v) 0 [n, +al (v),

where the connection of the characteristics n,, ..., ny with m,, ..., m, is given
by (1.4.8").

CHAPTER I
THETA FUNCTIONS OF RIEMANN SURFACES. THE JACOBI INVERSION PROBLEM

§1. Periods of Abelian differentials on Riemann surfaces.
Jacobi varieties

Let I' be a compact Riemann surface(*) of genus g = 1. If I' is the
Riemann surface of an algebraic function w = w(z) given by an equation

2.1.1) Rw, 2) = w" + a,(@w" ! + . .. + apz) = 0,

MFrom here on only compact Riemann surfaces occur, and we do not state this every
time,
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where R(w, z) is a polynomial, then the affine part of " coincides with the
complex algebraic curve (2.1.1) in C , provided that this curve is non-singular
(smooth). The important example for us is the class of hyperelliptic curves,
which are given by equations

(2.1.2) w' = Pyg+1(2),

or
(2.1.3) W = Paga(d),

where P,,.,(z) and P, . ,(z) are polynomials of degrees
2g+ 1 and 2g+ 2, respectively, without multiple roots
(and in either case the genus of the corresponding Fig. 2.
Riemann surface is g). We mention that every Riemann

surface of genus g = | or g = 2 has the form (2.1.2) (or (2.1.3); see [3]);
for g = 3 this is no longer so.

Topologically, a surface of genus g is a sphere with g handles attached. In
the 1-dimensional homology group H,(I') = 2+ ... + Z (2g factors) one can
choose a basis of cycles (closed contours) a,, ..., 4, by, ..., by with the
following intersection indices:

(2.1.4) aioaj=1>b0b; =0, ajob;j=208; (@j=1 ... 8-

This basis has the property that under cutting along these cycles, I' becomes
a 4g-gon, which we denote by I¥ (see Fig. 2 for g = 2). Each cycle goes to
a pair of sides a;, ai', b;, bt of ﬁ, which are identified on IT".

Differential 1-forms @ = a dz + bdy = a dz + P dz (where z = x+iy is
a complex local coordinate on I') are simply called differentials.

Definition 2.1.1. A differential w is said to be Abelian of the first kind or
holomorphic if in a neighbourhood of any point it can be written in the form

(2.1.5) o = f(z)dz,

where f(z) is an analytic function and z a local coordinate.
For example, on the hyperelliptic surface (2.1.2) the differentials
Wy, ..., wg of the form

zh-1

2.1.6 o
(2.1.6) O P

dz  (k=1,...,8)

are all holomorphic.

A holomorphic differential is closed: dw = 0. Its complex conjugate
differential @ = f (z)dz is also closed. For any closed differential w on T its
periods over the cycles ay, ..., a4, by, ..., b, are defined as follows:

(2.1.7) @w:A“ @w:Bi (i=1, ..., 8.
b
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We fix a point £, not lying on the cycles @;, b;. Then we can define the
function

P
(2.1.8) f(P)= S ®,
P,
which is single-valued on the cut surface I¥. The following lemma is useful.
r A
4 Al b Lemma 2.1.1. Let w and w' be two closed differentials
b; & onT; let A;, Aj, B, B; be the set of their a-and
% , P
o, b-periods; let f(P)=5 ©;
B,
Fig. 3. then ¢
@19 [ oAe'=§ o' =3 (4B~ 4iB).

T or i=1
Here 3TF is the boundary of I¥, oriented in the positive direction.

Proof. The equahtys S oo =§ fo’ is obvious from Stokes’ formula.
Further, or

(J+ [ S (§+]) o

(2.1.10) $ fo
oF

”
ﬁ.Mn

4 ot i=1 5 71
Py

From Fig. 3 it is clear that f(P;,)—f(P}) = S o = — B; (the cycle P on I is
?;

homologous to b;) and that f(Q;)— f (Q;) = 4, for a similar reason. Therefore,
the sum (2.1.10) can be rewritten in the form

@fm_Z(-B)g")m +“A §m—Z(AB AB)).
il

i={ i=1 i=1

This proves the Lemma.
Applying this lemma to a pair w, &, where w is a holomorphic differential
and @ its complex conjugate, we obtain the following corollary.

Corollary 1. Let w be a non-zero holomorphic differential on I. Then its
a- and b-periods A,,, B, satisfy the inequality
g —
(2.1.11) Im D) 4,B,<<0
K=1

(Im denotes the imaginary part).
From this we immediately obtain the next result.

Corollary 2. If all the a-periods A,, ..., A, of a holomorphic differential w
vanish, then w = 0.
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For a hyperelliptic Riemann surface we have produced above (see 2.1.6))
a set of g holomorphic differentials w;, ..., w,. For any Riemann surface I'
we can also construct g linearly independent holomorphic differentials
Wy, ..., w,. For aproof of their existence, see [1]. From this and Corollary 2
we obtain a further corollary.

Corollary 3. The space of holomorphic differentials on a Riemann surface
of genus g is g-dimensional.

Let n;, ..., ng be a set of linearly independent holomorphic differentials on
a Riemann surface I'. Then the matrix

(2.1.12) Ap=G
Oh

of their a-periods is non-singular. For otherwise some non-trivial linear
combination m = ¢m; + . . . 4 ¢gn, would have zero a-periods, which
contradicts Corollary 2. Therefore, one can choose another basis of

holomorphic differentials wy, ..., wy,
g .
(2.1.13) o;= T enth (=1, ... 9),
normalized by the conditions
(2.1.14) §m,-=2ma,-h Gy k=1, ..., g).

%
Here (c;) is a non-singular matrix of the form (c;,) = 2mi(4,,)~!. This basis
of holomorphic differentials is called canonically dual to the basis of
cycles ay, ..., aq, by, ..., b,.
From the canonical basis c;, ..., w, we construct the matrix of b-periods

(2.1.15) Bp=80o; (G, k=1,....2).
by

Theorem 2.1.1. By is a Riemann matrix.

Proof. Its symmetry follows from Lemma 2.1.1 applied to the pair of basis
differentials w = «y, w' = wy (obviously, w A «' = 0if w and w' are both
holomorphic). To prove that the real part Re By is negative definite we
consider a non-trivial linear combination

g
(2.1.16) © = 2‘ ¢j0j,
J=
where all the coefficients ¢, ..., ¢, are real. The periods of this holomorphic

differential are

g
Ak=2nich’ Bkzz Cijh (k=1, ,g)
I=1
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Applying (2.1.11) to it, we obtain

g g _
2n V Re BjkC];Cj =Im Z Ath<O
h=1

o

3, k=1
This proves the theorem.

Thus, for each Riemann surface I' of genus g and each basis of cycles
a, ..., ag, by, bg on I' we have constructed a Riemann matrix Bj.
Definition 2.1.2. The Abelian torus T?8(B) constructed from the matrix
B = (By) of periods of holomorphic differentials on the Riemann surface I' is
called the Jacobi variety (or Jacobian) of this surface, and is denoted by J(T).

21.17) J(T) = T*¢(B) = C&/{2niN + BM).
The §-functions 6 [«, B](z|B) constructed from the matrix are called the
B-functions of the Riemann surface T.

If a;, . .., ag b}, . .., by is another basis of cycles with intersection
indices (2.1.4), then the transition matrix from the old to the new basis is
integral and symplectic (the intersection index is a skew-symmetric non-
degenerate form on H, ('), given in both cases the same matrix). Thus, a
change of bases in A, (I') leads to an equivalent Riemann matrix B]}c
(connected with the old one by transformations of the form (1.3.6), (1.3.7)).
Therefore, the definition of the Jacobi variety J(I') does not depend on the
choice of a basis of cycles. The corresponding 6-function also does not
change substantially in view of the transformation law (1.3.8).

Remark. A natural question arises: what Riemann matrices By, are matrices
of periods of holomorphic differentials on a Riemann surface? One
restriction on such matrices B = (B;) is known: they cannot have block
B’ 0

form B =( 0 B
genus (more precisely, they cannot be reduced to block form by
transformations (1.3.6), (1.3.7)). For the genera g = 1, 2, 3 there are no
other restrictions: any Riemann matrix (in general position) is a period
matrix of the holomorphic differentials on a Riemann surface. For g = 1
this was proved in Ch. I, 83; for g = 2 and 3 it will be proved in Ch. IV.
From dimension arguments it is clear that for g > 4 this is no longer true.
It is known that the set of all (non-isomorphic) Riemann surfaces of genus
g > 1 depends on 3g— 3 complex parameters. This is also the dimension of
the set of period matrices on these surfaces. However, the Riemann matrices
form an open cone in the complex space of dimension g{g+ 1)/2. Therefore,
even for g = 4 there must be a relation on the period matrix By (found by
Schottky [26]). For large genera such relations have so far not been written
out in a good form. We shall return to this question in Chapter IV.

Now suppose that w is a meromorphic differential on I' (singularities of

the type of poles are admitted). We assume that its poles do not lie on
the cycles @;, b;. By adding a suitable holomorphic differential we can
achieve that w has zero a-periods; the location of the poles and the

where B’ and B'' are again Riemann matrices of a smaller
3



Theta functions and non-linear equations 29

corresponding principal parts of «w do not change. Such a normalization
together with a specification of the poles and principal parts determines the
meromorphic differential w uniquely (otherwise the difference of two such
differentials would be a holomorphic differential with zero a-periods).

The sum of the residues on I' of any meromorphic differential is zero.
Therefore, it can be represented as a linear combination (up to addition of a
holomorphic differential) of the following basic meromorphic differentials: ()

a) Abelian differentials of the second kind. These are differentials wg')
with a single pole at Q of multiplicity n+ 1 and with principal part of the form

(2.1.18) o= (1)

b) Abelian differentials of the third kind wpy. These have a pair of
simple poles at P and @ with residues +1 and —1, respectively.

We recall that these differentials are uniquely determined by the
normalization

(2.1.19) §wg>:o (i=1, ..., 8),

(2.1.20) §mPQ=o (=1, ..., 8.

4

We now list the relations between the b-periods of these differentials that
will be needed later on:

Lemma 2.1.2. The following relations hold:

1 dn_li .
(2.1.21) §>mg>:7_dzfn_& (=1, ..., g; n=1, 2, ...),
b
P
(2.1.22) § ope= g o, (=1, ..., 8),
b; Q

where w§" and wpg are the normalized differentials of the second and third

kind introduced above, and w, ..., w, are basis holomorphic differentials,

given by w; = f(z)dz in a neighbourhood of Q.

The proof of the relations (2.1.21) and (2.1.22) is obtained by integrating

P

the expressions A,-wg') and A;wpg, where A;(P) = S ®;, over the boundary
PO

of the domain obtained from the 4g-gon I" by removing the set of edges

going from the initial point 7, to the poles of the differentials. We omit the

computations, which are similar to those in the proof of Lemma 2.1.1.

Mwe do not prove here the existence of such differentials (see [1]). For a hyperelliptic
surface it is not difficult to produce them by explicit formulae. In the general case, the
existence of such differentials can be deduced, for example, from the Riemann-Roch
theorem (see below §3).
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§2. Abel’s theorem

Let I" be a Riemann surface of genus g, and J(I') its Jacobi variety. We
define the Abel mapping A(P) = (A4(P), . . ., A4P)),

A: T - J({D),
setting
P
(2.2.1) Ay (P) = S o, (=1, ...,38).
Py

Here P, is a fixed point; the path of integration from B, to P is chosen to be
the same for all k. If we choose another path of integration from P, to P in
(2.2.1), then we have to add @ oy to the integral on the right, where v is a

Y

closed contour (cycle). The cycle v can be represented as an integral linear
combination of the basis cycles:

(2.2.2) y:——;njaj—l-; m;b;.
Therefore, the added term on the right-hand side of (2.2.1) has the form
(2.2.3) @ op = 2ming + D) Bymy,
v i

but this is the k-th component of some vector of the lattice {2niN + BM},
through which we factor. This proves that the Abel mapping is well-defined.

For g = 1 (an elliptic Riemann surface) we have already considered the
Abel mapping in ‘Ch. I, §3 and have shown that it is an isomorphism of this
Riemann surface onto the two-dimensional complex torus that is its Jacobi
variety.

We apply the Abel mapping to solve the following problem. Let f be a
meromorphic function on a Riemann surface I'. The number of its zeros on
I" must be equal to the number of its poles (including multiplicities). The
question arises: what sets of points P,, ..., B,, O, ..., @, can be zeros and
poles of a meromorphic function on I'? The answer is given by the
following theorem

Abel’s theorem. For points P, ..., B, 0Oy, ..., @n on a Riemann surface " to
be the zeros and poles of some meromorphic function it is necessary and
sufficient that on the Jacobi variety J(I')

(2.2.4) kgﬁ A(P)— ki‘i A(Qy) =0

el

(the symbol = here and later denotes congruence modulo the period lattice).

Proof. Suppose that a function f on I" has zeros at P, ..., B, and poles at
Q,, ..., @n. We consider the meromorphic differential = dlogf. Now Q
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has only simple poles with residue +1 at A, ..., B, and with residue —1 at
0., ..., @,. Therefore, £ can be written in the form

n g
(2.2.5) Q= kgi wp,0, + ]Z; ¢j0jy

where the wp, 0 are normalized differentials of the third kind, w,, ..., w,
are basis holomorphic differentials, and c,, ..., ¢, are constants (see §1
above). Since f is single-valued on I', the integral of §2 over any closed cycle
must be an integer multiple of 27i. In particular,

(2.2.6) & Q=2nin,, <§> Q == 2mims,
ay bk

where »;, and my, are integers. Hence, bearing the normalization (2.1.20) in
mind,we obtain

(2.2.7) Qnting, = @ Q=2micy, Cy=TNn.
g

Next, the formulae (2.1.22) for the b-periods of the wpy give

n Pj g
(2.2.8) onimy=52=> {0, 4+ n,B5.
by =10 i=t1
Hence we obtain

P

) ]

[Z APy — D A(Qj)Jk: - S o= —2xim, + D\ n;By.
j j PG

The right-hand side of the equality is the k-th component of some vector of
the period lattice, which means that (2.2.4) is valid. Carrying the argument
out in the reverse order, we obtain a differential £ with the required poles
and with periods that are integer multiplies of 2mi. Then the function

P
f(P) = exp S Q is single-valued on I' and has the prescribed singularities.

By
This proves the theorem.

8§3. Some remarks on divisors on a Riemann surface

1. A divisor on a Riemann surface I' is a set of points of T with
multiplicities. It is convenient to write divisors as formal linear combinations
of points of T

=

(2.3.1) D= ) n;P;; n;— are integers.

i=1
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For example, for any meromorphic function f on I' we define its divisor (f)
of zeros B, ..., B, with multiplicities p,, ..., p, and poles Q,, ..., Q,, with
multiplicities g4, ..., @m:

2.3.2) (f) = piP1+ ... + PaPrn — 01 — . . . — g0Qm.

Divisors form an Abelian group:
(2.3.3) D=3 nP;, D'=2nP;, D+D =3 nP;+ 2 niP;

(the zero is the “empty divisor”).
2. The degree of a divisor D = ;P is the number

(2.3.4) degD = > n;.

For example, the degree of the divisor of a meromorphic function is zero
(the number of zeros is equal to the number of poles, including multiplicities).
The degree is a linear function on the group of divisors: deg(D+D") =

= deg D+ degD'.

3. We say that two divisors D and D' are linearly equivalent if their
difference D— D' is the divisor of a meromorphic function. The divisors of
meromorphic functions are linearly equivalent to zero (they are also called
principal divisors). The degrees of two linearly equivalent divisors are equal.

Example. For any Abelian differential «w = f(z)dz on I" we consider its
divisor of zeros and poles (w). If n = g(z)dz is another Abelian differential
and (n) its divisor, then (w) and (n) are linearly equivalent, since the
quotient w/n is a meromorphic function on I" (dz ““cancels’’). The equivalence
class of divisors of all Abelian differentials is called the canonical class of T’
and is denoted by C. The degree of the divisors of this class is 2g— 2 (see [1]).
We extend the Abel mapping (2.2.1) linearly to the group of all divisors

(2.3.9) D=;nipu A(D)=2ni‘4(pi)'

1

Now Abel’s theorem can be reformulated in the following form: two
divisors D and D' are linearly equivalent if and only if the following two
conditions hold:

1) deg D = deg D'.

2) A(D) = A(D") on the Jacobi variety J(I') (we recall that = means
congruence modulo the period lattice).

4, A divisor D =>n;P; is called positive (or effective) if all the multiplicities
n; are positive. By definition, D = D’ for two divisors D and D’ if their
difference D— D' is a positive divisor. We note a useful property of divisors
of degree = g: any such divisor is linearly equivalent to a positive divisor.
This can be deduced, for example, from the results of the following section.
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With each divisor D there is connected the linear space L(D) of those
meromorphic functions f on I" for the divisors (f) of which the following
inequality holds:

(2.3.6) () = —D.

In particular, if D =2 P, is positive, then the space L(D) consists of those
meromorphic functions that can have poles only at the points P; of multiplicity
not exceeding n;. The dimension of the linear space L(D) is denoted by
I(D). 1t is clear that if D and D' are two linearly equivalent divisors, then
the numbers /(D) and I(D') are the same (the spaces L(D) and L(D') are
isomorphic).

For a positive divisor D in general position the number /(D) behaves as
follows: 1) If deg D < g, then the meromorphic functions with poles in D
are only constants, that is /(D) = 1. In particular, if D = nP, where P is a
fixed point in general position on I" and » is a positive integer, then
I{(nP) = 1 for n < g. This means that there are, in general, no meromorphic
functions (other than constants) with a single pole of multiplicity < g.
Those points of a Riemann surface for which such meromorphic functions
do exist are called Weierstrass points. For example, on a hyperelliptic

2g+2
Riemann surface of the form w? = P, 4,(2) = [l (z — z3) each branch

point z = z; (w = () is a Weierstrass point, since the meromorphic function
fi(z) = 1/(z—z;) has a pole of order 2 there. For a hyperelliptic surface of
genus g given by a polynomial of odd degree w? = P,,41(2) there are also
2g+ 2 Weierstrass points (one is the point as infinity).

If deg D = g for a divisor in general position, /(D) is given by the formula

(2.3.7) D) = degD — g + 1.

Such divisors are called non-special. For all the remaining divisors D with
deg D = 2, which are called special, I(D) > deg D—g+ 1. It turns out (see
[4]), that the special divisors D = P, + ... + Py, N = deg D > g are precisely
the critical points of the Abel mapping

{ ST A (D),

(2.3.8) APy, ..., Py)=AP)+ ... +A(Py),

that is, those sets of points (P;, ..., Py) at which the rank of the differential
of the mapping (2.3.8) is less than g. Here SVI" denotes the totality of
unordered sets of points of I (the “N-th symmetric power of I'”).

In the general case, information about /(D) can be extracted from the
Riemann-Roch theorem:

(2.3.9) D) — degD — g 4 1 + I(C — D),

where C is the canonical class defined above. We do not discuss this
theorem here (see [1]-[4]).
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§4. The Jacobi inversion problem. Examples

We saw above (see Ch. I, §3) that for g = 1 the Abel mapping 4: T —~
= J(I') is invertible and is an isomorphism. For larger genera g > 1 the
problem of inverting the Abel mapping can be stated as follows (the Jacobi
inversion problem): for a given point § = ({y, ..., §) € J(I') to find g points
Py, ..., Py of T such that

4
(241) 2 \ OJjEC,j (G=1,...,8:.

k=1P
Here wy, ..., w, is a canonical basis of holomorphic differentials on I'; P, is
a fixed point of I'. The system (2.4.1) must hold on the Jacobian J(I') (the
symbol =, as usual, means congruence modulo the period lattice).

The unordered sets of g points of " form the g-th symmetric power ST

of I". In the language of the Abel mapping the problem (2.4.1) can be
rewritten as follows: to invert the mapping

(2.4.2) A: ST — J(I),
where
(2.4.3) APy, ..., Pg) = A(P)) 4+ ...+ A(P).

We shall show that for almost any point { € J(I') the set of points (P, ..., F) =
= A71(¢) exists and is uniquely determined by the system (2.4.1) (without
taking the order of these points into account).

To solve the Jacobi inversion problem we use the Riemann #-function
8(z) = 6(z1B) of I'. Here B = (By) is the period matrix of holomorphic

differentials on I" (see §1 above). Let e = (e, ..., ¢) € C? be a fixed vector.
We consider the function
(2.4.4) F(P) = 0(A(P) — o).

It is single-valued and analytic on the cut surface I'. We assume that F(P) is
not identically zero. This happens, for example, when 6(e) # 0.

Lemma 2.41. If F(P) # 0, then F(P) has g zeros on I’ (including
multiplicities).

Proof. To calculate the number of zeros we need to compute the logarithmic
residue
1
(2.4.5) 57 | dlog F(P)

~

r

(we assume that the zeros of F(P) do not lie on df"). For brevity we

introduce the following notation (which is also useful later on): by F* we
denote the value that F takes at a point on dTI’ lying on the segment a; or
by, and by F~ the value of F at the corresponding point on ai! or by' (see
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Fig. 2). The expressions A and A~ have an analogous meaning. In this
notation the integral (2.4.5) can be rewritten in the form

(2.4.6) 5or g d log F (P) = —— S (g + § ) [dlog Ft—d log F-].

ofF k=1 ap by
We note that if P is a point on g, then
(2.4.7) A5(P) = Aj(P) + By,
and if P lies in by, then
(2.4.8) A5 (P) = A5(P) + 2nidjy

(see the proof of Lemma 2.1.1). From the transformation law of 8-functions
(formulae (1.1.4), (1.1.5)), we obtain on the cycle a;

(2.4.9)  log F™(P)= — 4 Buy— Ay (P) -+ ey + log F (P) ;
on by |

(2.4.10) log F*' = log F-.
Since dAy (P) = wy, then we have on g,

(2.4.11) d log F=(P) = d log F*(P) = wy;
on by

(2.4.12) dlogF~ =d logF".

Thus, the sum (2.4.6) can be rewritten in the form

1 1 .
2mi @d log F=527 3 {w. Or =g,
aT koo
where we have normalized by /\3 0, = 2ni. This proves the lemma.

g
We now claim that the g zeros of F(P) also solve the Jacobi inversion
problem for a suitable choice of the vector e.

Lemma 2.4.2. Let F(P)¥ Qandlet Py, ..., P, be its zeros on T'. Then on J(I")

(2.4.13) A(Pyy v oey Pg) =e— K,
where K = (K, ..., K;) is the vector of Riemann constants, and
P
. 2mi+Bjj 1 \
(2414 K==L f (o (P) [o;) U=t ....9.
175 a, P,
Proof. We consider the following integral:

- - 1 .
(24.15)  L=gm & 4P dle F(P), (=1, ..., 8

S
ar
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On the one hand, it is equal to the sum of the residues of the integrand, that is
(2.4.16) L= AP + .. + AP,

where P, ..., P, are the zeros of F(P). On the other hand, as in Lemma
2.4.1, we have (see (2.4.7)-(2.4.12))

g
L= (S +b§ ) (43d log F+— A7d log F-) =

k=1 ap 1

g
o 3 [ (45d log F* — (4} — 27i8;3) d log F*] —

g
= S (| 4700 —Bj S dlog F*+2niBy ) + | d log F*.
k=1 ay g bi
F takes the same values, at the ends of g, therefore
(2.4.17) \ d log F+ = 2ming,
Gg
where n;, is an integer. Next, let Q; and Q- be the beginning and end of b;.
Then

(2.4.18) | d log Fr= log F* (0;) — log F* (Q;) + 2xim,; =

b
]
= log 0 (4(Q;)+ f;—e) — log 6 (A(Q;) —e) + 2nim;=
= — —;‘ Bjj+e;— A; (Q) +2nim;,

where m; is an integer and f; = (B};, ..., Bj) is a lattice vector.
The expression for {; can now be rewritten as:

(2-419) C,J-:e,-———;—BH—A,- (O])+2—:ETZ S Aj(JJk+

h ap

+2mim;+ > Bjp (— np4-1).
]
The last two terms in (2.4.19) can be dropped—they are coordinates of some
lattice vector. To get rid of the term A;(Q;) we transform the integral

S Aj;o;. We have A,-mjz—é—d(Aé), so that
1

e

§ 4j05=5 143 @) — 43 ®)1,
ey



Theta functions and non-linear equations 37

where R; is the beginning of a¢; and Q; is its end (which is also the beginning
of b;). Further, A;(Q;) = A;(R;) + 2ni. We obtain

[ 4)0,= 2251 24, (Q)) — 2mi),

aj

hence

{ , 1
___A](O])_{.__éj_t.l.z SAJ'“)’*:—mJ‘—_Z?fi_Z SAj(l)k.
h o ap

k=] a;
This proves the lemma.

Remark. The vector of Riemann constants K is connected in a simple way
with the canonical class C of I':

(2.4.20) 2K = — A(C).

Therefore, when the base point P, is skilfully chosen, the expression (2.4.14)
simplifies (see [4]).

Thus, if the function §(A(P)—e) is not identically zero on I', then its
zeros solve the Jacobi inversion problem (2.4.1) for the vector { = e— K. We
state without proof the following criterion for 8(A(P)— e) to vanish
identically (see [2], {4]).

Theorem 2.4.1. The function 0(A(P)—e) is identically zero on T if and only
if the point e can be written in the form

(2.4.21) e= A(Q) + ...+ AQ, + K,
where the divisor D = Q,+ ... + Q, is special.

We recall (see §3 above) that a divisor D = Q, + ... + (Q, is special if there
exists a non-constant meromorphic function on I" whose poles can lie only at
the points Q;, ..., Q. If D is in general position, there are no such functions.

Now we can prove the following important proposition.

Theorem 2.4.2. Let § = (%, ..., §) be a vector such that F(P) = 0(A(P)—
—¢— K) does not vanish identically on I'. Then
a) F(P) has g zeros Py, ..., P, on I, which give a solution of the Jacobi
inversion problem
g Ph
(2.4.22) AP+ ...+ AP = | os=t G 10
h=1 }')”
b) The divisor D = Py + ... + P, is non-special.
c) The points Py, ..., P, are uniquely determined from the system (2.4.22)
up to a permutation.

Proof. a) follows immediately from Lemmas 2.4.1 and 2.4.2. Further, if
D = P, + ... + P, were special, then it would follow from Theorem 2.4.1
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that F(P) = 0, which is a contradiction. If P, ..., B is another solution of
(2.4.22), then the relation

APy + ..o + AR ) =AP) + ... + APy
must hold on the Jacobi variety J(I'). By Abel’s theorem this means that on
I" there exists a meromorphic function with zeros at Pj, ..., Pé and poles at
Py, ..., P,. Since D is non-special, such a function must be a constant, so
that after renumbering P, = P,. This proves the theorem.
Later the following corollary will be useful.

Corollary. For a non-special divisor D = P+ ... + P, of degree g the
function F(P) = 6(A(P)— A(D)— K) has exactly g zeros P= P, ..., P = P,
on I

We also give for reference some information on the zeros of a 6-function
on J(I") (a so-called 8-divisor).

Theorem 2.4.3. The zeros of the 0-function 6(e) = 0 admit a parametric
representation in the form

(2.4.23) e=AP) + ...+ AP, )+ K,
where Py, . .., Py, is a set of g— 1 arbitrary points of T'.

Proof. Let 8(e) = 0. We set F(P) = 6(A(P)—e). Two cases are possible.
1) F(P) # 0 on I'. Then, by Theorem 2.4.2,

(2.4.24) =AP,) + ...+ AP, + K,

where the set Py, ..., F, is uniquely determined. Since 6(e) = 0, this set
contains the point P, (the lower limit in the integrals); say, P, = P,. Then
A(Py) = 0 and (2.4.24) implies that
e=AP) + ...+ APy, + K.
2) Let F(P) =0 on I'. Then, by Theorem 2.4.1, we can represent ¢ in the
form

(2.4.25) e= AQ) + ...+ AQg) + K,
where D = Q)+ ... + 0, is a special divisor. Because D is special, there
exists a meromorphic function f on I' having poles at @, ..., Q,, such that

f(Py)=0. Let D" =P, + ...+ P, + P, be the divisor of the zeros of
f. Then, by Abel’s theorem, A(D") = A(D). Substituting A(D") for A(D) in
(2.4.25) and again using the equality A(P,) = 0, we complete the proof of
the theorem.

It has already been noted that the function F(P) = 6(A(P)— e) (where
e = ¢+ K) does not vanish identically when 0(e) # 0. The zeros of a
f-function (the points of a §-divisor) form a subvariety of dimension 2g— 2
(for g 2 3 with singularities) in the 2g-dimensional torus J(I"). If the
#-divisor can be dropped from J(I'), then we obtain a connected
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2g-dimensional domain. So we find that for all the points of J(I') the Jacobi
inversion problem is soluble, and uniquely for almost all of the points.

Thus, the set of points (P, ..., ) = A7'({) of I' (without counting the
order of those points) is a single-valued function of { = (§;, ..., §) of J(I')
(having “singularities” at the points of the 8-divisor). To find an analytical
expression for these functions, we take an arbitrary meromorphic function
f(P) on I'. Then, the assignment of the quantities §;, ..., {; uniquely
determines the set of values

(2.4.26) f(Py), -- 5 [(Pg), Py .. Py =ATD.

Therefore, any symmetric function of these values is a single-valued
meromorphic function of § = (£, ..., §) € J(I"), that is, an Abelian function
on J(I") (see Ch. I, §3). All these functions can be expressed in terms of a
Riemann f-function. In an especially simple way one can express the
following elementary symmetric functions (‘““Newton polynomials’’):

g

(2.4.27) o, (§)=21fs(Pj) (s=1, 2, ...).
i=

For them we obtain from Theorem 2.4.2 and the residue formula the

following representation:

(2.4.28)  0,(0) =5 b '(P)d log 8 (4 (P)—F—K) —

k)

3

)
el

— > Res f*(P)d log0 (A (P)—¢—K)
i(Qp)=oc T

(the second term on the right-hand side is the sum of the residues of the
integrand at all the poles of f(P)). As in the proof of Lemmas 2.4.1 and
2.4.2, one can transform the first term in (2.4.28) by using (2.4.11) and
(2.4.12). Then (2.4.28) can be rewritten as follows:

T 2mi &
koap

(2429) 0,0 =5z 2 | F(P)or—

— 2 Res f*(P)d log8 (A (P)——K).
£ (Qpr=so U=
Here the first term is a constant independent of {. We consider the
computation of the second term (of the sum of the residues) in two
examples.

Example 1. T is a hyperelliptic Riemann surface of genus g, given by the
equation

(2.4.30) w? = P2g+1(z)’

where P,g41(2) is the polynomial of degree 2g+ 1 without multiple roots.
We consider the following function on I': f(w, z) = z (the projection on the
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z-plane). This function on I has a single two-fold pole at the branch point
(that is, the Weierstrass point) z = oo, We obtain the analytic expression for
the functions ¢, and ¢, constructed by (2.4.27). In other words, if

Py = (Wy, 7,), ..., P, = (wyg, Z,) is the solution of the inversion problem
AP+ ... +AF,) = §, then

(2.4.31) oll) =2, + ... + 2z

(2.4.32) 0y(8) =2} + ... F 2z

For the basis point P, (the lower limit of the integrals in the Abel mapping)
we take z = oo, By (2.4.29), the functions o, and o, have the form
(2.4.33) 0,(8) = ¢, — Res zd log 8(4(P) — §{ — K),

=00

(2.4.34) 04(E) = ¢, — Res z2d log 8(A(P) — ¢ — K),

=00

where ¢, and ¢, are constants depending only on the Riemann surface and
on the choice of the basis of cycles on it. Let us compute the residue in
(2.4.33). We take 7 = 1/z as a local parameter in a neighbourhood of z = oo
By the definition of the Abel mapping we immediately obtain

Fig

(2.4.35) dlog8(A(P)—;—K)= ‘31[ log 0 (A(P)—C—K)]; 0, (P)=

1

g

2?1[1086(14 (P)—=C—K)1; f; (v) dr,
where {...]; denotes the partial derivative with respect to the /-th variable,
and o; = f;(v)dt (i =1, .. ., g) is the canonical basis of holomorphic
differentials on I'. We expand the vector-valued function A(P) in a series in
powers of 7 (for P —> o). By the choice of the basis point P, = oo, this
expansion has the form

(2.4.36) A(P) = tU 4- t?V 4+ 0(19),
where U = (U, ..., Up) and V = (V,, ..., V) are the vectors of the form

d P
(2.4.37) Upy=2228 1~ 00),
1 d2AR (P) 1 .
(2.4.38) Vi =5 dig Pew 2 % (0)

(we recall that 7 = 0 corresponds to the point oo on I').

Lemma 2.4.3. a) U is the vector of b-periods of a normalized differential of
the second kind with a single double pole at z = oo and principal part dr/7°.
b) V is the null vector.
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Proof. a) follows immediately from Lemma 2.1.2 ((2.1.21) for n = 1),

From the same lemma we see that V (up to an unessential factor) is the

period vector of a differential of the second kind with a pole of the third

order at oo, But this differential is exact—it is equal to dz = 2dr/73,

therefore, it has zero periods over all the cycles. This proves the lemma.
Thus, the expansion (2.4.36) has the form

(2.4.39) A(P) = tU + 0(13).
Therefore, in a neighbourhood of oo

log 0 (4 (P)—L—K)=log 8 (L+K)—1 X U;[log 6 (L+ K));

(we have used the fact that the 6-function is even),
H(t) = U; 4 0(13).
Hence, for g,(¢) we obtain the expression

(2.4.40) 0, (8) =X UU; [log 8 L+ K))ij+ ey

1,17

We introduce the operator d/dx = > U, d/0; of the derivative along U. Then
(2.4.40) can be rewritten in the form

(2.4.41) 0, (L) Lo 1og 0 (LK) + ¢y,

An analogous (but longer) calculation of the residue in (2.4.34) leads to
the following expression for o,:

(2442 00 =(— o5l ) log 0 (L+K)+ cy.

Here 9/dt = Y W;8/0¢; is the differentiation operator along the vector
W= (W, .., W), where .
(2.4.43) W= = 75.(0).

It follows from Lemma 2.1.2 that W is the vector of b-periods of a
normalized differential of the second kind with a single pole of the fourth
order at oo with principal part 3d7/7*.
The formulae (2.4.41) and (2.4.42) completely solve the Jacobi inversion
problem for Riemann surfaces of genus 2 (all these surfaces are hyperelliptic).
We shall show in Chapter HI that the function ¥ = 20, is a solution of the
Korteweg-de Vries equation

ot T &

6u_1(uﬂ 03u \
oz 613)

Using this equation it is easy to reduce (2.4.42) to the form

(2.4.42") 0y ()= — 202 () — 22l | 5

which only includes differentiation operators in the x-direction.
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Remark. We recall that the basis holomorphic differentials w,, ..., w, on the
Riemann surface (2.4.30) have the form

2.4.44 o = M T ot ong g
( ) k V P2g+1 (z) ‘
Here the matrix ¢y has the form (cj,) = 2mi(4 ;,)~", where
r gh-ldz .
(2445) Ajk—?m (], k——i, ,g)
7
Therefore, the vector (U, ..., U,) (see above) has the following coordinates:
(2.4.46) Uy, = —2¢,.

We do not derive the analogous expression for W.

Example 2. Now let I" be the hyperelliptic surface of genus g given by the
equation

(2.4.47) w? = Pyyys(a).

We consider again the function f(w, z) = z and the function ¢,({) (the sum
of the projections on the z-plane) constructed from it. In this case I" has
two points at infinity: P, = (oo, +) and P_ = (oo, —) at each of which z has
a simple pole. For g, (2.4.49) can be written in the form

(2.4.48) 0, (f)=c,— [ Res + Res ] zd log 6 (4 (P) — L — K).
P=p, P=P_

We can take 7 = 1/z as a local parameter at both points P, and P.. Here
the holomorphic differentials ¢y, ..., w, have the form

B cr1287 4. cpg dz
V P2g+2 (z) '
Let w, = fi(t)dr in a neighbourhood of P, (which corresponds to the value

7 = 0) and let 0, = f;(7)dr in a neighbourhood of P_ (which corresponds to
the value 7 = 0). From (2.4.49) it follows that

(2.4.50) 12 (0)= —f%(0).

We denote £ (0) by Uik = 1, ..., g).
The calculation of the residues in (2.4.48), similar to the one considered
in Example 1, yields

(2.4.49) ox

0 K—A (P,
(2.4.51) o\ ©=ci+ 3 U [ log 4 ‘éiK_A(‘P_)’)’ ]..

By introducing the differentiation operator 9/dx = ) U;8/d%; in the
direction of the vector U = (U, ..., ), we finally obtain

0(E+K—4(P,) e,

9
(2.4.52) o1 (0 =37 18 gerr—a(P))
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where ¢; is a constant. The components of U are the periods of a normalized
differential of the second kind with a double pole at P, —this follows from
Lemma 2.1.2.

The method explained above for solving the Jacobi inversion problem is
due to Riemann. We should also mention here the approach of Weierstrass,
who studied the system of differential equations resulting from (2.4.1) by
differentiation. We only analyse the case g = 2, where I' is given by the
equation

(2.4.53) w? = P,(z).
As a basis (non-normalized) of holomorphic differentials we take the

differentials

(2.4.54) 0 = 22 2 dz

—_—_ Wg== —rn
VP60 VP

We consider two systems of differential equations:

(2.4.55) dy _ VPs()  dny VPG,
e dz ~  zy—zy dx = zy—z; !

(2.4.56) dzy __ 2V Ps(z1) dzg 21 V Ps (z)
o dt 2y—29 dt  ze—zy "

Each of these systems determines the law of motion for a pair of points

Piz(zh VP5(21))7 P2=(Zz’ l/P5(z2))

on I The following simple lemma holds.

Lemma 2.4.4. For the Abel mapping S*I' —A> J(),
(Pi'_‘(zh l PS (Zi))7 P2: (227 l/ [)5 (ZZ) )) — (glv §2)7

where
g g
Z Z
= — +
G QO VP }5 VP
(2.4.57) - '
Q :Pgl zdz +I—i- zdz
A VPG 4 V@

(P, is a fixed point), both systems (2.4.55) and (2.4.56) go over to systems
with constant coefficients

dt, dg )
(2.4.58) - =0, T:: =1;
c ai. ag
(2.4.59) 5 =" 1, _di2— =0.

Thus, the Abel mapping (2.4.57) is simply a change of variables, which
integrates (2.4.55) and (2.4.56).
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Proof. We have

4%, dn/dz dag/dz 1 1 -0

@@ YPi@m) VP nh aTa
i B W B

dx 2y —3%s 23 —31

by __ 2 + 4 1
dt 27— 2y 29— 2, ’
dgy 2129 + 2921

dt 21— 23 29—2)

This proves the lemma.

By (2.4.58) and (2.4.59) the variables x and ¢ are (complex) coordinates
on the Jacobi torus T* = J(I'). Therefore, the integration of the systems
(2.4.55) and (2.4.56) P, = Py(x, t), P, = P,(x, t) solves the Jacobi inversion
problem.

We mention that these systems can easily be integrated by quadratures
(for explicit formulae see the survey [17]). The expression of their
solutions in terms of the #-function of I' can be obtained from the formulae
of Example 1 (see above).

CHAPTER 111
THE BAKER-AKHIEZER FUNCTION. APPLICATIONS TO NON-LINEAR EQUATIONS

81. The Baker-Akhiezer one-point function. The Kadomtsev-Petviashvili
equation and equations associated with it.

Let I be a Riemann surface of genus g. We fix on I' a point @ and a
local parameter z = z(P) in a neighbourhood of it (such that z(Q) = 0). Itis
convenient to introduce the inverse k = 1/z, k(Q) = . Suppose, further,
that an arbitrary polynomial g(k) is given.

Definition 3.1.1. Let D = P, + ... + P, be a positive divisor of degree g on I'.
A Baker-Akhiezer function on I' corresponding to @, to the local parameter
z = 1/k at Q, to the polynomial g(k), and to the divisor D is a function
Y(P) such that:

a) Y(P) is meromorphic everywhere on I', except at P = @, and has on
I'\\Q poles only at the points Py, ..., P, of D (more precisely, the divisor of
the poles isy | rng = —D; see Ch. Il §3);

b) the product Y(P) exp [—q(k)] is analytic in a neighbourhood of P = Q.

Instead of b) we also say that Y(P) has at P = Q an essential singularity of
the form Y(P) ~ c-exp q(k) (c is a constant). For a given divisor D such
Baker-Akhiezer functions form a linear space (we fix the point Q, the local
parameter 1/k, and the polynomial g(k)), which we denote by A(D) (by
analogy with the space L(D) considered in Ch. II, §3).
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Theorem 3.1.1. Let D = P, + ... +F, be a non-special divisor of degree g.
Then the space A(D) for a polynomial q in general position is one-dimensional.

In other words, for a non-special divisor D and a general polynomial g(k),
the conditions of Definition 3.1.1 uniquely determine the Baker-Akhiezer
functions, up to multiplication by a constant.

Proof. a) Uniqueness. The Baker-Akhiezer function has g zeroson '\ g ,
and for a general polynomial g(k) the divisor of zeros D is also non-special.
Suppose now that y(P) and J(P) are two Baker-Akhiezer functions
corresponding to the same divisor D. Then their quotient 1[/(P)/17](P) isa
meromorphic function on I' (the essential singularity cancels) with poles at
the points of D. Since this divisor is non-special such a function is necessarily
a constant.

b) Existence. Suppose that 2 is a differential of the second kind on I’
with principal part at Q of the form dg(k), normalized by the conditions

(3.1.1) §7on (G=1,....8).
e
Let U = (Uy, ..., Uy) be its vector of b-periods:
(3.1.2) Up=§ Q.
l;k

We fix an arbitrary point Py % @ on I', take the corresponding Abel mapping
A(P), and construct the function

P
B 0(A(P)—AD)+U—K)
(3.1.3) ¥ (P)=exp (S Q) 0(A(P)—A(D)—K) ?

Py

where D is the given non-special divisor. The path of integration in the

P P P
integral S Q and in the Abel mapping 4 (P)= (S Wy s, g (og) is chosen to
By by by

be the same.
We claim that (3.1.3) is the required Baker-Akhiezer function. First, we
verify that it is unique on I'. If we choose another path of integration from

P
P, to P, then we have to add to (; Q a term of the form <§\.Q, where 7y is a
b, ¥
closed contour (cycle). Similarly, the vector ( W1y 0 -y 3} mg) is added to
v v

A(P). We split v over the basis cycles:

g g
(3.1.4) p= 2 man+ 3 myby,
K=t =1
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where n;, and m; are integers. Then on changing the path of integration we
have

P
(3.1.5) Q—+SQ+Zm,U,_ §p+<M Uy,
Po Py
(3.1.6) A(P) — A(P) 4 2niN 4 BM.
Here M = (m,, ..., mg) and N = (ny, ..., ng) are integral vectors. Under such

a transformation, by (1.1.6), the quotient of the §-functions is multiplied by

exp[—i(BM MY—(M, A(P)——A(D)+U—K)]

=exp(— (M, U)),
exp[——(BM My—(M, A@)— A(D)——K)]

and the exponentional term acquires the inverse factor exp (M, U). This
proves the uniqueness.

Next, because the divisor D = P, + ... + P, is non-special, the poles of
(3.1.3) (arising from the zeros of the denominator) lie exactly at the points
P,, ..., P;—see the Corollary to Theorem 2.4.2. Moreover, the function
(3.1.3) has an essential singularity of the kind needed, by the choice of:

Q =dgk) + ..., ( Q = gq(k) -+ . . . in a neighbourhood of Q (the dots

denote regular terms). This proves the theorem.

We analyse in more detail the Baker-Akhiezer function constructed from
the polynomial

(3.1.7) q(k) = kz + k% + k3¢,

where x, y, and ¢ are the parameters. We denote this function corresponding
to some non-special divisor D of degree g by Y(x, y, t; P). Then y(x, y, t; P)
can be normalized so that in a neighbourhood of Q its expansion takes the
form

(3.1.8) P (2, y, t; P)=ehxtr+adt (1 45 §1 + £y )

Here the coefficients §,, &,, ... are functions of x, y, and ¢ (which we shall
calculate below).

Let us leave Riemann surfaces for a while and regard the expansion (3.1.8)
as formal (without being interested in its convergence). We have a simple
but important lemma.

Lemma 3.1.1. For a function  of the form (3.1.8) the formal equalities
(3.1.9) [—%—{-%_{_u] =0 (_Iic_) ehxth2y+hoE

1
(3.4.40) [ — &+ Zrtsu g +w | p=0 () ererrmwer,
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hold, where the functions u and w can be found from the condition for the
vanishing of the coefficients of k"e**+rv+t't for n = 3,2, 1, 0. These
functions have the form

"
(3.1.11) u=—2L,

43 9%€ 3
(3.1.12) w=3§ 52+ 3 =4 —3 =,

The proof is by direct calculation.
We denote by L and A the ordinary differential operators in x:

(3.1.13) L=2tu,

. 3 0 .
(3.1.14) A:%+% w2 tw.

Theorem 3.1.2. Let y = y(x, y, t; P) be a Baker-Akhiezer function
constructed from the polynomial q(k) = kx - k®y 4 k3t and corresponding
to some non-special divisor D of degree g. Then  is a solution of the
system of equations

- 0 4

(3.1.15) 2oy,
9P .

(3116) 3 —AlL,

where the operators L and A are given by (3.1.13) and (3.1.14).
Proof. The functions ¢, = (_a% -+ L) P and @ = (_% -+ A) VP satisfy

all the conditions of the definition of a Baker-Akhiezer function. But it
follows from Lemma 3.1.1 that the values of the products ¢; exp (—kz —
— k*y — k%) and o, exp (—kx — k?y — k%) at Q are zero. From uniqueness
of the Baker-Akhiezer function (Theorem 3.1.1) it then follows that

¢ = @a=0onT.

Corollary. The functions u and w of the form (3.1.11), (3.1.12) give a
solution to the system of non-linear equations

% Uy -{—% Upy — 210, == 0,
(3.1.17) 5
Wy, — Uy + Uyyix + 5 UU— Wiy = 0.
Eliminating w from this system we arrive at the famous Kadomtsev-
Petviashvili (KP) equation

(3.1.18) -Z—uw = 58;— [ u, —% (Grew, -+ u“x)rJ .
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Proof of the Corollary. The condition of compatibility of the equations
oyY/oy = Ly and 9y//ot = AY has the form

(3.1.19) [___+L _%_JFAJ:

(By [..., ...] we denote the commutator of the operators). By computing
this commutator we obtain (3.1.17).

Thus, for each Riemann surface I' of genus g, each point Q on it, and
each local parameter k! we can construct in a neighbourhood of Q a family
of solutions of the KP equation, parametrized by the non-special divisors of
degree g on I (the points in general position of the Jacobi variety J(I')).

The change of the local parameter

(3.1.20) ko Metatat0 ()

(where A, a, b are arbitrary complex numbers and X\ # 0) leads to another
family of solutions of the same KP equation. It is easy to verify that these
other solutions are obtained by means of the following transformations,
which preserve the form of the KP equation:

( z — Ar+ 2hay -+ (3ha2 - 3A2b) ¢,
y — Ay - 3A%at,

|

(3.1.21) { t ?»3t
| ” 1 2b
\ TR

Of course, the fact that the KP equation admits the group of transformations
of the form (3.1.21) is trivial to verify (without resort to the theory of
0-functions).

We now express the thus constructed solutions in terms of the §-function
of I'. To do this we make use of the formula (3.1.3) for the Baker-Akhiezer

function, which in our case is as follows:
P

P P
(31.22) (e, y, 4 P)=exp (z S o4y oo 1 {Qm) X
Py Py Py
0 (4 (P)— A (D) 42U —+yV 4 tW — K)
8(A(P)—AD)—K) .

Here Q®, Q@ and Q are normalized differentials of the second kind,
with poles only at @ and with principal parts also at Q of the form
3123) QV=dk+ ..., QV=dE)+..., Q¥V=d(k3)4...

(the dots denote the regular terms; k! is the local parameter); U, V, and W
are their vectors of b-periods:

(3.1.24) U,-=§Q“>. Vi=<§>9<2>, W,.=§>Q<s> (i=1,...,8).
b, b,

b

X
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Theorem 3.1.3. The thus constructed solutions of the KP equation have the
form

(’)2
ox?

(3.1.25) wlx, y, 1)==2 log O (2U 4 yV +tW 4 zg) + ¢,

where 0 = 0(z2) is the O-function on T, the vectors U, V, and W are
determined by (3.1.24), z, = —A(D)— K is an arbitrary vector, and c is a
constant,

Proof. By (3.1.11), it suffices to find the coefficient &, of the expansion
(3.1.8). We note that the expansion of the logarithm of the Baker-Akhiezer
function (not necessarily normalized) has the form

&y 4-cz4-ay-bi

T + ..

(3.1.20) log = ko + K2y 4+ K3t - & +

(&, is some function of x, y, t; a, b, and ¢ are constants). Consequently,
£, +cex+ay+bt is the coefficient of 1/k in the expansion of the function

O (A (P)— A (D)= K4zl - yV + (W)

¢ (L) =1log T A D) —AN—K)

in a neighbourhood of P = (. Next, we recall that it follows from (2.1.21)
that the vector-valued function A(P) as P = Q has the expansion:

(3.1.27) A(lr’>=/1(0>—%0+0(%1?)°

We choose @ as the initial point of the Abel mapping. Then 4(Q) = 0, and
the required coefficient &; has the form

(3.1.28) &b cabay b= — bi’; log 0 (U bV - tW — A (D) — K) 4 . . .,

where the dots denote terms independent of x, y, £. From the formula
u = —2(0%,/9x) we obtain the proof of the theorem.

(3.1.25) gives additional information about the properties of the solutions
of the KP equation: u(x, y, t) is a conditionally periodic (generally speaking,
meromorphic) function of the variables x, y, and ¢. For the second
logarithmic derivative (9%/0x?) log 6(z) (z is a point of the Jacobian J(I')) is a
meromorphic function on the torus J(I') (an Abelian function). To obtain
the solution u(x, y, t) we have to restrict this function to the linear
(x —y — t)-winding, spanned by the vectors U, V, and W. We do not discuss
here the problem of isolating the real and the bounded solutions among
those obtained.

If for U we have the commensurability relation

{(5.1.29) TU = 2ni{iqe; + . .. 4 ngey) 4-myfy + o0+ mgig,

where 2nie,, ..., 2me,, f,, ..., /; are basis vectors of the period lattice,
the n; and my; are integers, and T # 0, then u(x, y, t) is periodic in x with
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period T. If in addition we can find a second (complex) period 7', where
Im(T'/T) # 0 such that

(3.1.30) T" (U)=2ni (ney+ ...+ ngeg) +myfi 4 ... ++mgf,,
where the n; and m; are integers, then u(x, y, ), as a function of x, is a

doubly periodic meromorphic function (with the periods T and T') and can
be expressed in terms of elliptic functions.

Example. (see [53]). For the Riemann surface I' of the second kind, given
by the equation
21 217 27 81
(3.1.31) W=z — = gy2® — - gyt + 832+ £28,

and for the Weierstrass point @ = o on I', the dependence on y disappears,
and the KP equation reduces to the KdV equation (see below) whose
solution can be expressed in terms of elliptic functions by the formulae

(3.1.32)  ulz, ) =2¢ @—2,) + 29 @ — () + 29 (& — 24(2)).
Here @ (z) is the Weierstrass function (see Ch. I, §3),
X1—=Xg

, . dz
(g() )2:4@3—g2@—g3, xi+x2+x3=con5t’ _4t_ § VvV 12 (g2—38"2 (Z)) !

Tg— J1’53=%(§’-1 [—@ (zy—3) +V gs— 392 (z, — z3)].

In particular, if t = 0, const = 0, then u(z, 0) = 6 @ (z). An elegant method
of findimg the Riemann surfaces for which the function u = 29%/9x? log6 can
be expressed by elliptic functions has recently been found by Krichever [22].
Suppose that the Riemann surface I' and the point Q on it are such that
there exists a meromorphic function A(P) on I' with a unique double pole at
Q. It is easy to see that then I' must be hyperelliptic and @ must be a
Weierstrass point (a branch point). We choose £71(P) = [A(P)]~'/2 as the
local parameter of k~! = k~*(P) in a neighbourhood of P = Q. Then the
Baker-Akhiezer function Y(x, y, ¢t; P) with as essential singularity
explkz 4 k*y 4 k3) at Q has the form

(3.1.33) V@, y, t; P) = exp(yM(P)o(z, t; P)),

where  is the Baker-Akhiezer function with the same divisor of poles as
and with an essential singularity ¢ ~ exp(kx+ k%¢) at Q. This follows
immediately from the uniqueness Theorem 3.1.1. Then the differential
equations (3.1.15), (3.1.16) for ¢ can be rewritten as follows:

(3.1.34) Loz, t; P) = MP)q(z, t; P),
op
(3.1.35) ‘-a—t— = Aq).
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Now (3.1.34) means that ¢ is the “‘eigenfunction” of the Schrodinger
(Sturm-Liouville) operator(l)L with eigenvalue A(P), depending on the
parameter ¢, by (3.1.35). The coefticients of the operators L and 4 are
independent of y, and the KP equation turns into the Korteweg-de Vries
(KdV) equation

(3.1.36) 1, :% (Burr e - 1041q)-

The commutation condition (3.1.19) gives the “L— A pair” for the KdV
equation

(3.1.37) =14, 1,
and finally, (3.1.25) gives the standard formula (of Matveev-Its) for finite-

zone solutions of the equation

62

(3.1.38) w(x, t) =25 log 0 (2U +tW +29) +¢,

where U and W were defined above.

Similarly, if for a curve I" and a point Q on it there exists a meromorphic
function u(P) with a single pole of the third order at @, then the dependence
on ¢ disappears and the KP equation turns into a version of the equation of
a non-linear string (the Boussinesq equation)

(3.1.39) 3Uyy+§;(6U71x+11¢~“—)=0~
which has solutions of the form
(3.1.40) u (2, ) =21y log 0(al - yV 4 20)+c.

We now indicate a set of conditions that are sufficient for the constructed
solutions of the following equation to be real

(3.1.41) — u],],z%[ut—zl—((iuux-{—uxm)J,

which is obtained from the KP equation by the substitution y — iy. Let 7
be an anti-involution (that is, an anti-holomorphic automorphism 7: T' =
=T, 72 =1)on T of genus g = 2p+n—1, having n fixed cycles 4,, ... A,_,.
When we cut I' along the cycles A, ..., A,_,, we obtain two connected
components 't and I'™ = 7(I' "), each of which is an open Riemann surface
of genus p with boundary consisting of the cycles A4,, ..., 4,,_;. Then in the
homology group H,(I'; Z) we can then choose the canonical basis of cycles

a’hbh v e s Qo bpv Ap i1y bpﬂ‘-lv sy Uprnogs bp+n-1t a1~ bp e vey a.;)’ bp

(DUnder suitable conditions on the Riemann surface I' and the divisor D on T, the
potential u of the Schrodinger operator is a real almost-periodic function. In this case L

is an operator with regular analytic properties, that is, has an eigenfunction @ that is
meromorphic on I' (see [17]).
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such that gy, =4, (k=1,...,n—1),and
a;, biEF+1 d;, b‘:EI‘—r r(ai)=a§, T(bz)‘:—b; (lzlv °--1p)1
T(Bp+r) = Qpir, T(bprn) = —boin (k=1, oo n—1).
To obtain real solutions, the essential singularity Q of the Baker-Akhiezer
function must be ¢hosen fixed with respect to 7 (that is, 7(Q) = @), and the
local parameter z in a neighbourhood of Q (where z(Q) = 0) so that
7(z) = —z. Such a point @ and local parameter z determine the vectors

U, V, and W (see above). Then the smooth real solutions of (3.1.41) have
the form

(3.1.42) u(z, y, t) = 20 log 0(zU + iyV + tW 4+ z4)+ ¢,
where z, has the form

(3.1.42") zo= (2], 20, 2,), 2,€CP, z{ € R*1
and ¢ is a real constant (this can be deduced from [8], for example).

Remark. The Baker-Ahkiezer function Y(x, y, t; P) having poles on T\ Q,
also has g zeros there (for almost all x, y, t). These zeros depend on the
parameters x, y, and . We denote them by Q,(x, y, ?), ..., Qg(x, ¥, ). The
dependence of these zeros on x, y, and ¢ can be determined from the
following proposition (Akhiezer).

Lemma 3.1.2. For the zeros Q, = Q,(x, ¥, 1), ..., Qp = Q,(x, ¥, t) and poles
Py, ..., Py of the Baker-Akhiezer function Y(x, y, t) the following relation
holds on the Jacobi variety J(I'):

(3.1.43) AQ) + ... +AQ=AP)+ ... + A4(Pg) + Uz +
+ Vy + We,
where the vectors U, V, and W are determined above.

The proof of the lemma repeats almost word for word that of Abel’s
theorem. The periods of the meromorphic differential d log Y must be
integral multiples of 2#i. This differential can be represented as a linear
combination of elementary ones (see Ch. II, §1):

g g
(3.1.44) d log = 21 (Db?pi + xQ&’ + ygbm + tQ(Qi” + 21 Ci®;.
Integrating this expression over all the cycles a; and by, we obtain (3.1.43).

From this lemma one can derive another proof of Theorem 3.1.1.

Differentiating (3.1.43) with respect to x, y, ¢ we obtain differential
equations describing the dynamics of the zeros (Qy, ..., J,). For example,
for the hyperelliptic surface I" of genus 2 {w® = P;(2)} and for the Weierstrass
point Q = o on I' the dependence on x of the zeros (Q,;, @,) is defined by
(2.4.55) (up to a factor of 2). The dependence on y disappears and the
dependence on ¢ is given by a linear combination of (2.4.55) and (2.4.56).
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We complete this section by the following general observation. The
polynomial q(k) = kx 4 i%y 4 k%t from which the Baker-Akhiezer function
was constructed was the simplest possible. It is easy to generalize the
calculations and to prove the following proposition.

Theorem 3.1.4. Let T" be a Riemann surface of genus g, Q a point on I, and
k™! a local parameter in a neighbourhood of Q. We fix a non-special divisor
D of degree g.

a) Each polynomial q(k) of degree n determines an ordinary differential
operator L, (in x) of the n-th order, according to the following rule.
Suppose that Y, = Yu(x, y; P)is the Baker-Akhiezer function with divisor D
of the poles and with the essential singularity exp(kx+q(k)y)at Q. Then L,
is uniquely determined by

c AL
(3.1.45) oy aPae
The coefficients of L, can be expressed recurrently in terms of the coefficients
of the series g exp(—kx — q(k)y) in reciprocal powers of k.

b) Every pair of polynomials q(k) and r(k) generates a solution of a non-

linear equation in coefficients of L, and L, of the form

(3.1.46) [—:—y+Lq, —2 L |=0.

This solution can be expressed in terms of the 0-function of T.
c) In particular, every meromorphic function N(P) with a single pole at
P = Q gives an operator of the form L = L, and a set of eigenfunctions {,

(3.1.47) Ly = Mp,

if we take q(k) to be principal part of the Laurent series of this function at
Qand L = L, In this case any other polynomial r(k) determines a solution
of a non-linear equation in the coefficients of L of the form

(3.1.48) BL—14,L], A=L,

which can also be expressed by O-functions.
d) A pair of meromorphic functions N(P), u(P) with a single pole at P = Q
gives rise to a pair of commuting ordinary differential operators

(3.1.49) (4, L] = 0.

The equations with the coefficients of these operators are called the Novikov
equations and can also be integrated by means of O-functions.

One can also reformulate c¢) and d) of this theorem as follows: every non-
special divisor D of degree g gives rise to a homomorphism of the ring of the

meromorphic functions with a single pole at @ into a commutative algebra of
ordinary differential operators

(3.1.50) MP) — L.
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All the operators of the form L, have a common eigenfunction ,
(3.1.51) Ly = My,

which is the Baker-Akhiezer function with divisor D and essential singularity
expkx at Q.

For a proof of this theorem as well as other applications of it and a
generalization to matrix and difference operators, see [15] and {16].

§2. The Baker-Akhiezer two-point function. The Schrodinger equation in a
magnetic field

The simplest generalization of the Baker-Akhiezer function we have
studied in the preceding section consists in adding superfluous essential
singularities. The general definition of the Baker-Akhiezer [-point functions
(“of rank 17") is as follows.

Definition 3.2.1. Let I" be a Riemann surface of genus g, Q,, ..., @; points

on I'; k1% ..., &' local parameters in a neighbourhood of these points
(where k;(Q;) = o), q,(k), ..., q;(k) a set of polynomials, D a divison on
I~ U ... U @), and ¢ = Y(P) a Baker-Akhiezer /-point function
specified by these data: it is meromorphic on '\ (Q; U ... U @) and such

that a) the divisor of Y =2 —D; b) as P> Q;, the product y(P)exp(—q;(k;(P)))
is analytic i = 1, ..., ).

The Baker-Akhiezer functions given by the conditions of this definition
form a linear space, which we denote by A;(D). By analogy with Theorem
3.1.1 one can prove the following theorem.

Theorem 3.2.1. Let T" be a Riemann surface of genus g and D a non-special
divisoron T~ (0, U - .. U ). Then the dimension of the space N(D) is
degD—g+ 1. In particular, if D = P+ ... +F, Is a non-special divisor of
degree g, then the corresponding Baker-Akhiezer I-point function exists and
is uniquely determined up to a factor.

The use of the Baker-Akhiezer multipoint functions allows us to integrate
a very large number of important non-linear equations. We analyse a simple
example of the use of the Baker-Akhiezer two-point funtion, without giving
here a general theory of applying multipoint functions to the integration of
equations (see [15] and {16]).

Let I" be an arbitrary Riemann surface of genus g, Q,, O_ a pair of points
on T, and kT and k™ local parameters in neighbourhoods of @, and Q_. We
consider the Baker-Akhiezer function Y (z, z; P) with the divisor D of poles,
where D = P, + ... + P, is a non-special divisor of degree g on '\ (Q+ U Q.)
and with essential singularities of the form expk .z and expk_z at Q. and
Q_, respectively. Here z = x+iy and z = x — iy are independent variables.
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Such a function exists and is uniquely determined up to normalization. Its
explicit expression in terms of the 8-function of I' is as follows:

P P B

7 - 0(A(P)—A(D)+2U, +U_—K

B2 i 5 P)=exp (2 [ Q47 [ )™ ((;(A(I(’))_—ZZ(D)_*—:;() 2
Py Py

Here €2, and £2_ are normalized differentials of the second kind with a
double pole at Q. and Q_, respectively, and principal parts at these points
of the form

(3.2.2) Q =dky) + ..
U, and U_ are the vectors of the b-periods of these differentials,

(3.2.3) Uey=8Q (i=1,...,9).

b;

In neighbourhoods of Q. the function Y(z, z; P) has an expansion of the
form: asP—~> Q.,

(3.2.4) p=c.et (1 SRL ST L) =k
and as P~ Q_,
(3.2.5) ¢ =c_ef (1 + —:f_—' ,:; + ... ), k=k..

The coefficients ¢, and & are functions of z and Z. We normalize { so that
the coefficient ¢, in (3.2.4) is 1. Then we denote the coefficient ¢_by
c(c = ¢ [c;). By analogy with Theorem 3.1.2 we can prove the next theorem.

Theorem 3.2.2. The Baker-Akhiezer function y(z, Z; P), normalized by the
condition ¢, = 1, is a solution of the equation

(3.2.6) My = 0,
where
~ 02 - 9 -
3.2.7 H= 4 — —1-b(z, 7),
( ) aras ez 2) =40z 2)
and the coefficients a, b of the operator [l have the form {c = c_[c.)
(3.2.8) a=420% 0 py a;;; .

Proof. The form of H, by analogy with Lemma 3.1.1, is selected from the
following two conditions: for the expansion (3.2.4) (with ¢, = 1):

(3.2.9) Hy=0 (715) e,

for the expansion (3.2.5):
(3.2.10) Hy=e'(c(2,2)+0 (+))
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(the explicit form of ¢’(z, Z) is not important for us). From (3.2.9) and
(3.2.10) it follows that Hy is again a Baker-Akhiezer function, but at

P = Q. the product (Hy)exp (—k,z) vanishes. By the uniqueness, Hy = 0.
This proves the theorem.

The operator H constructed from I', the pair of points Q. on I, and the
divisor D can be interpreted as the Schrédinger operator for a two-
dimensional electron in the magnetic field B(z, y) = 6,4, — 8,4 ., where
(A%, A,) is a vector-potential, in the presence of a potential u(x, y) (of the
electric field):

2 2
(3.241) H=(i 2 +ed,) + (i %HA;,) +u(z, ),
a 9 9 8 _.( 0 Y
E:-g‘f‘g, i (7;—32—),
e is the electron charge; %# = 2m = ¢ = 1 (the magnetic field B(x, ») is
directed along the third axis). For the operator (3.2.7) we have

R . - dloge
2ie (A, —id,)=a(z, 2)=4 —=—
(3.2.12) { ( y)=a(z, 2) T
2ie (Ay+iA,)=0;
_ i_a_a__ , 08 2 0% loge
(3.2.13) u-—b—{—2 Pl o S

We now deduce formulae expressing the coefficients a, b (and thus, the
magnetic field B = 9,4, — 9,4, and the electric field u(x, y)) in terms of
0-functions.

Theorem 3.2.3. The function . v
(3.2.14) ¥ (2, z: P)=exp[z(59+—a+)+;(SQ_——OL_)]X

Py Py
0 (4(P)+2U, 42U+ 1) 0(4(P.) + L)
0 (4 (P)+L0) 0 (4 (P)+2U,+3U_+L)

P
where the constants o, are such that S Q —a,=k.4+0 (ki) as P> 0Q,,
+
P, Py
o_= \ Q_, for any &, is a solution of the equation HYy = 0, where H is the

By
Schrodinger operator of a two-dimensional electron in a magnetic field,
. 9 2 .8 2
(3.2.15) H= (z = hedy) + (z e Ledy) Fu(z, p).
The coefficients of this operator have the form
(3.2.16) u(z,y)=

T 10g [0 (4 (Py) + 2U, + 0_+L) 8 (A (P)) + aUs + 2U_+ L) +const,

=2

(3.247)  Ay= —id,=— 2 jog SALIF Vst U+ L)
te 0 0 (4 (P,)+aU,+2U_+Ly)




Theta functions and non-linear equations 57

The magnetic field B (z, y)=0.4,—0,A, is directed along the third axis and
has the form

(3.2.18)  B(z,y)=2 L 1og LA LPIL D, Ut h)
¢ 020z 0(A(P)+2U,+2U_+8o)
Proof. (3.2.14) is obtained from (3.2.1) by normalization (we divide by c.),
where £, = —A(D)— K is an arbitrary point of the Jacobi variety J(I'). Then
for the functions c(z, 7) and ¢ we have

0 (A (Po)+2U, +3U_~Lo) 0 (A (Ps)+Lo)
0 (A (P_)+L) 0 (4 (Py)+2U, +2U_+-Lo)

v 0 0 (A (Py)+2U. +2U_+ )
(3.2.20) &= —; log T ACRESH +...,

(3.2.19) log ¢ (z. z) = log + iy

where the dots denote linear combinations of the variables z and z, arising
from the expansion of the exponent of the exponential curve in (3.2.14).
This and (3.2.12) and (3.2.13) immediately prove the theorem.

Remark. The group of periods of the magnetic field B(x, y) is the same as

that of the vector-potential (4, A, )—this follows from the explicit formulae

obtained. Therefore, in a doubly periodic field (a two-dimensional crystal

lattice with periods 7, and Ty) the constructed solutions have a zero flux
Ty Ty

through the nucleus of the lattice g ( B(z, y)dxdy=0. The case of non-
[N

zero flux has been integrated in [37].

There is a simple sufficient condition for the constructed operators H to
be real (see [49]).

Lemma 3.2.1. Suppose that there is an anti-involution 7 on T, permuting
Q. and Q_
(3.2.21) wI—->T, =1, 1(0.) = 0._.

We choose local parameters k., k_ in neighbourhoods of these points so that
k. = —1(k.). If the divisor D (non-special of degree g) is such that
D+7(D) is a zero divisor of a differential w of the third kind with simple

poles at Q. and Q_, then the coefficients of H are real.

Proof. By the condition of the lemma, the product P = P(z, z; Py x
X P(z, Z% ©(P))o is again a differential of the third kind with simple poles at
Q. and Q_. Since the sum of its residues in zero, we have ¢ = ¢, from
which it follows that B is real. That u is real is verified analogously.

By (2.4.20), the condition on D in this lemma can be rewritten in the
form of a relation on the Jacobian variety J(I'):

(3.2.22) AD) + A(x(D)) = A(Q+) + 4(Q-) — 2K

(K are the Riemann constants).
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CHAPTER IV

EFFECTIVIZATION OF THE FORMULAE FOR THE SOLUTION OF KdV AND KP
EQUATIONS. RECOVERY OF A RIEMANN SURFACE FROM ITS JACOBI
VARIETY. THE PROBLEM OF RIEMANN AND THE CONJECTURE OF NOVIKOV

§1. The KdV equation. Genusg = 1 or 2

In the preceding chapter we have obtained “‘explicit formulae™ (3.1.25)
and (3.1.38) expressing the solutions of a number of important non-linear
equations in terms of f-functions. These formulae are of little use for
calculations within the framework of the theory of @-functions for the
following two reasons:

1) The Riemann matrix By, is not arbitrary;

2) The connection between the vectors U, V, W and the Riemann matrix
Bj is transcendental (this connection has never been discussed explicitly).

We recall (see Ch. II, §1) that the set of period matrices (Bj) of Riemann
surfaces of genus g > 1 depends on 3g— 3 complex parameters (for g = 1 on
one parameter). However, the general (g x g)-Riemann matrices form a
family of dimension g(g+ 1)/2. Riemann raised the question: what
conditions have to be imposed on a Riemann matrix By so that it is a
period matrix of holomorphic differentials on a Riemann surface I'? For the
genera g = 1, 2, 3 the Riemann matrix can be any indecomposable matrix.
Riemann’s problem is non-trivial for g 2 4 and an effective solution of it for
all g 2 4 has not yet been obtained (see [26], [38], [39]).

Novikov suggested obtaining a full set of necessary relations on the matrix
By, and the vectors U, V, W via a simple substitution of (3.1.38) and
(3.1.25) in the KdV and the KP equations, where the §-function is determined
by its Fourier series (1.1.1). Then one obtains a system of algebraic
equations from which the vectors U, V, W can be determined; the
compatibility conditions of this system give a full set of relations on the
Riemann matrix By.

The present chapter is devoted to a realization of this problem. In
particular, for g = 1, 2, 3 (where the Riemann matrix By, is arbitrary) a
complete effectivization of (3.1.25), (3.1.28) is given to solve the KP
equation and the equations connected with it.

We start with the case of small genera g = 1 or 2 for the KdV equation.
Here the Riemann matrix By, is arbitrary (in general position). We look for
a solution of the KdV equation

(4.1.1) 1y = - (Blith + )

in the form

(4.1.2) u(z, t) =2 1080 (Uz-+ Wi+ z),
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where the 6-function is constructed from some Riemann (g x g)-matrix By,
the vectors are unknown, and z, is an arbitrary g-dimensional vector. This
formula differs from (3.1.38) by the fact that ¢ = 0, which can always be

achieved by the change W +— W — T ¢ U. Substituting (4.1.2) in (4.1.1) we
obtain
a3 1 9%2logd 3 logh 9% log b
2 0x2 dt I 9:—[24 Ere dz3 —{—2 9z :I’

where 6 = 0(z), z = Ux+ Wt+z, is an arbitrary vector, —‘?x—z Z U,-aiz‘, and

—g? = 2 W, 767 . This expression can be written in the form

6 { o 0%10gb 8210g9 (6210g6 ) 4 8210g9} 0.

(4.1.3) Errers 22 P

Suppose that B,-k is indecomposable (see Ch. I, §3). In this case it
follows from (4.1.3) that the expression in curly brackets is a constant,
which we denote by 4d. An elementary calculation leads us to the relation

(41.4)  BxnO— 40,0, - 302, — 40,,0 - 40,0, +8 d62—=0

(the subscripts x and ¢ denote derivatives), where 8 = 6(z), which must hold
for any z. To obtain a finite system of equations in U, W, and the constant
d, we use the addition Theorem 1.4.1. In our special case it has the form

(4.1.5) 0)0(z)= X  8[n) (w8 (n] (v,
nE % Z7)%
(4.1.5") itz =w!, szl —z2=un2
Here we use the abbrevation
(4.1.5") 8lnl(w) = 0ln, Ol(w | 2B).

The notation n € 4(Z,) means that the summation in (4.1.5) is over all
of the half-periods n = (n,, ..., n,), n 1.
The values of the functions 8 [#] (w) and their derivatives
0;;... [n] (w) E—ai—i%’. ... 0[n)(w)
at w = 0 are called #-constants. We agree to omit a zero argument of the
g-constants: 8;; ... [n]l = ,;[nl(0).

Lemma 4.1.1. (4.1.4) is equivalent to the following system of 28 equations

in the vectors U = (U, ..., Up), W = (W,, ..., W), and the constant g:
(4.1.6) 40 [n) — 00w 0 [n] + db [n] =0,

where the equations are numbered by n € $(Z,)%. Here we introduce the

notation

i,7, k1

W nl= X UUUUS; 0,
(4.1.7)
Oydwb [n] = ZU W5 [n].
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Proof. We introduce operators

9 9
le:ZUja_Z}:’ X22=ZUJ‘—@,

7}

(4.1.8) ;
Ta=2 Wiy, Te=2 Wiz

and, by analogy, operators X,:, Xy, Ty, Ty, where all z are substituted for
w, connected by the relations (see (4.1.5"))
. {leszl‘i—Xw27 To=Tur+ Tye,

4.1.
(3.1.9) Xpn=Xup1— X2, Tro=Tu1— Tyo.

Now (4.1.4) can be rewritten in the form

(4.4.10)  [(Xh - 4X21 X2+ 3Xa X%+ 4X T —
—4XaTa+8d)8(2") 0 (2%)]a1=2 = 0.

We express the operator in square brackets in terms of the X, ; and T ; in
(4.1.9) and apply it to the right-hand side of the addition Theorem (4.1.5)
for w! = 2z, w? = 0. Since 8[n}(w) is even, it suffices to leave the even
powers of X,.and Ty in the resulting expression. If we take this into
consideration, the calculation becomes very simple and leads to the relation

B(X4:—XpeTwe +d) 2 6[n] (w!)8[n] (W]uwres, =0.
ne 4 (Z2)% w?=!
It is easy to see that the 2¢ functions 6[n](2z), n € 4(Z,)#, are linearly
independent (they form a basis in the space of the #-functions of the second
order—see Ch. I, §1). Equating the coefficients of these functions equal to
zero we obtain the system (4.1.6). This proves the lemma.
The system (4.1.6) is invariant under the following scale transformations:

(4.1.11) U~ MU, W 02U, d— Md.

It is easy to compare these transformations with the obvious scale group of
the KdV equation.

Let us now solve the system (4.1.6) for g = 1 and 2.
a)) g = 1. Then (4.1.6) takes the form:

U™ [0] —UW®” [0] + db [0] = O,
112) { [0] [0] + db [0]

UDY [1/2] — UWO” [1/2) + db [1/2] = 0.

Owing to the invariance of (4.1.11) we may assume that U = 1; then

(4.1.13) W B 1018 1/2) b1 (1/218(0]
6" [0] 6 {1/2]—b"[1/2] 6 [0]

1t should be mentioned that in [23] the case g = 1 is analysed incorrectly (the
equality §1V[0]/0{0] = 9'V[1]/6[1] does not hold).
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The expression for W can be obtained in all even simpler way by substituting
in (4.1.4) for 6 the odd function 6,(z) = 0[4, 4](z) (the second logarithmic
derivative of 6 and @, differ only by a shift of the argument). Substituting
z = 0 in (4.1.4) (where 6 — 8;) we find in view of the oddness (U = 1),

(4.1.13") = —0}'(0)/0;(0).
Before solving (4.1.6) for genera g = 2 we impose the following non-
singularity condition on the matrix By
(4.1.14) rank (@“ [n], 612 [n], ..., égg [n], é[n]):—g—(ﬁj—i)——{—l.
Here the rows of the matrix in parentheses are numbered by the vector

n € 3(Z,)*. Of course, non-singularity implies indecomposability (for a

decomposable matrix B = (g, B(’)’) (4.1.14) has zero columns). Below (see

Lemma 4.3.1) we shall show that the non-singularity condition is satisfied
for the Riemann matrices of Riemann surfaces.
b) g = 2. We rewrite (4.1.6) in the form

(4.1.45) U Wby 10) + (U W+ U,W ) 8z [n] 4 UW 1B, ) —
—dd i =0td [n), neE4(2,)?

(we recall that the subscripts denote derivatives). The non-singularity
condition here is the condition for invertibility of the (4 x 4)-matrix

(4.1.16) @y In], 85,0, 6,01, 6[n])

(the rows are indexed by the characteristic n € 4(Z,)?. Let (al}, a'?, a2, a,)
be the inverse matrix. Then from (4.1.15) we obtain
i & U
Wi=5— 3 adoyb [n]=_Q.1_l1]L1_)_,
ne—+ (22)?

W, = S‘. a%264‘é 1 =_Q'~’2_(U)_
(4.1.17) =T = o0l =—F—,

n €5 @2)°

UW,+U W= D al2o4B[n] =0, (U).

1
ne— (22)?

Substituting W, and W, in the last relation, we obtain a homogeneous
equation of degree 6 in U = (U;, U,):

(4.1.18) P(U,, Uy) = UiQx(U) — U, U30Q1,(U) + UQu(U) = 0,

where the polynomials Q;;(U) are defined in (4.1.17). From the given
Riemann matrix By, we obtain 6 vectors (up to a scalar factor). After this

we can find W = (W,, W,) by (4.1.17). Thus, we have proved the following
result.
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Theorem 4.1.1. Let By, be a Riemann (2 x 2)-matrix in general position.
Then the formula (4.1.2), where 8(z) = 0(z|B) and the vectors U and W are
determined from (4.1.18) and (4.1.17), gives a solution of the KdV equation
(4.1.1) for any z,.

Formulae of another type for W can be obtained by using odd characteristics
directly from the relation (4.1.4) (as for g = 1). For example, by substituting
in (4.1.4) successively 8 — 0[(1/2, 0),{1/2, 0)] and 6 — 8[(0, 1/2), (0, 1/2)]
we obtain a system of linear equations from which

ol (0.4). (o 4)] 0] (£.9). (
ol (30). (30)] 0]
(2], (o) Ju[ (o4
“af(nd).

(i =1or2; i+is taken mod 2).

(4.1.19) W=

—
—

L
—

§2. The KP equation. Genus 2 and genus 3
For the KP equation

3 d 1
% uyy=—a'; (ut - % (Guux+u«cxx))

(4.2.1)
we look for a solution in the form

(4.2.2) uf(z, y, t)=2 ::2 log@ (Uz+Vy+ Wt zp)

(the constant ¢ in (3.1.25) vanishes under the substitution W+ W — % cU).

By analogy with the previous section, after substituting (4.2.2) in (4.2.1) we
obtain a relation of the form

(as above we denote the integration constant by 4d), where § = 6(z), which
is valid for any z. The use of the addition theorem, as above, leads to the
following assertion.

Lemma 4.2.1. A function of the form (4.2.2) is a solution of (4.2.1) if and
only if

(4.2.4) 048 (1] — 00D (1] + - 040 [n] + dB [n] =0, nE—~ (Z,)f

(the notation is the same as in Lemma 4.1.1).
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The system (4.2.4) is invariant under transformations of the form

55 { Uw— M, Vi £ (A 4 20AU),
(4.25) W — MW 4302V +3ha2U, d— Ad,

Here A and « are arbitrary complex parameters, A # 0. The invariance of
(4.2.5) is easy to compare with that of (3.1.21).

For g = 1 the vectors U, V, and W are collinear (simply numbers), and the
KP equation reduces to a KdV equation. Now we analyse the case g = 2. If
U and V are linearly dependent, then after a suitable transformation of the
form (4.2.5) we find that V' = 0. In this way we again arrive at a KdV
equation, where U and W for g = 2 have been found above.

Now we assume that U and V are linearly independent. Then W has the
form

(4.2.6) W = aU + bV,
and (4.2.1) turns into a version of the Boussinesq equation(!
(4.2.17) Svyy — 4davy, + 4bvyy, - (317 F Ver)ex = 0,

where
v + at, y + bt) = ulz, y, 1),
(4.2.2") v (2, y)=2-25 log 8 (Uz+ Vy-+zo)s
Using the invariance (4.2.5) we set
(4.2.7) U, =1, V,=0.
Solving (4.2.4) for g = 2, by analogy with the preceding section, we obtain

3 V% i3 (U > 4 T
Wi=5 g+ 250 U, ~U V= =3 P U, Uy,

where the polynomials Q;; are determined by (4.1.17) and P has the form
(4.1.18). Taking the ‘‘calibration” (4.2.7) into account, we obtain for U, V,
and W, expressions in the parameter z = U,

- = (-2
[ U=(z 1), V=(= ngp(z,n,()),

W =(—205(3, 1)+ Qs (3, 1), Qy(z, 1)).
The coefficients @ and b of the expansion (4.2.6) have the form

(4.2.8)

4.2. - _ V' 3(Q12 (3 1)— 2005 (3, 1))
(429 e=Qu(s 1), b ut ) Watn

Thus, we have proved the following theorem.

MIn full agreement with the results of Ch. III, §1: on a Riemann surface I' of genus 2
and a point in general position on I' there exists a function with a unique third-order pole
at this point, therefore, we obtain the equation of a non-linear string. For the
Weierstrass points (there are six of them) there exists a function with a second-order pole,
and we arrive at a KdV equation.
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Theorem 4.2.1. Let B = (By) be any Riemann (2 x 2)-matrix in general
position. Then (4.2.2") solves the equation (4.2.1") for any z, (the coefficients
a and b have the form (4.2.9)), where 6(z) = 0(z|B), the vectors U and V
are defined by (4.2.8), and z is an arbitrary parameter (P(z, 1) # 0).

Now we pass to genus g = 3. Here the vectors U, V, and W are already,
generally speaking, linearly independent and the KP equation does not
reduce to a KdV equation or to the equation of a non-linear string. To
obtain the relations on U we regard (4.2.4) as a linear system in 7 unknowns

3 3 )
UWy— 5V, UWy b UW,— S ViVo, . UW— 2 V2, —d.

The matrix of this system
~ ~ ~ ~ 1
(4’210) (611 ln]7 612 [n]v seen e33 [n]’ e[n])v n67(22)33

of dimension 8 x 7 has rank 7 by the non-singularity condition (4.1.14).
The compatibility condition of this linear system has the form

(4.2.11) R(U,, Uy, Ug)=det (8, [n], 8,2[n], ..., B3[n], B[n], 640 [n])=0

(the characteristics n € 3(Z,)® index the rows of this (8 x 8)-matrix). It is
easy to show that (4.2.11) is not identically zero for matrices B, in general
position (it suffices to calculate the determinant (4.2.11) in a small
neighbourhood of the diagonal matrix B). Below (in § 3) it will be shown
that there must be no other relations on U. Let us find the vectors V and
W. Let ny, ..., n, be characteristics in $(Z,)® such that the (7 x 7)-minor
(4'212) (eij [n]1 0 [n]) (n= gy «eay n7)
of (4.2.10) does not vanish. Let

(4.2.13) (af,j, a,) (n=ny, ..., n)
be the inverse matrix. Then from (4.2.4) for g = 3 we obtain
(4.2.14) U W,—-—-V2 0:;;U) (@=14,2,3),

(4.215) Uin—I'- UjWi_'é_ViVj=Qij (U) (i, j= 1., 2, 3; i#]'),
where the polynomials Q;;(U) have the form

(4.2.16) Qi (U) = 2 a¥ 6%,6 [na].
We obtain
(4.2.17) W= Vz 7+-uG Qui ‘U’

Substituting in (4.2.15) we obtain
(4.2.18)  —(UW,;—UV.)*=[U3Qs;—UiU;Qs5+ UiQuil-
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We denote by P; = P,;(U) the polynomial on the right-hand side of this
formula. By taking the square root we obtain

(4.2.19) UiVj—U,Vi=—2—i—l/P,-,~ (i, j=1, 2, 3; i<<j).

V3
The compatibility condition for this system has the form
(4.2.20) UV Pyy—UyVP+U VPp=0,

which gives the rule for the agreement of the signs before the roots } P;;.
(4.2.20) is an identity and follows from (4.2.11). From (4.2.19) we
determine the vector ¥ up to transformations (4.2.5):

Vi= ——7» 3VP13(U)+U2 Vpiz(U)

(4.2.21) Vo=AU,V P, (U)—Uj, VP23 0)),
V3:7‘(UZVP23 U)+U1VP13(U)7
2i

V3 (U3 U3+U3)

Then W is determined from (4.2.17). This proves the next result.

Theorem 4.2.2. Let By be a Riemann (3 x 3)-matrix in general position and
8 be the corresponding O-function. Then the function u(z, y, t) =

= 202 log 6(Uzx 4+ Vy + Wt + z,) is a solution of the KP equation (4.2.1)
for any z,, where the vectors U, V, and W are found from (4.2.11), (4.2.21),
and (4.2.17). For those vectors for which U, V, and W are linearly dependent,
the KP equation reduces to the equation of a non-linear string (3.1.39) or to
the KdV equation (4.1.1), which is satisfied if and only if (4.2.11) is
compatible with the system P ,(U) = 0, P3(U) = 0, Pyy(U) = 0. This
compatibility condition holds for the matrices By corresponding to
hyperelliptic curves of genus 3, and only for them.

In this theorem only the criterion for the By to be hyperelliptic remains
unproved. The necessity of this criterion is obvxous since the KdV equation
holds for the hyperelliptic case and W = 0, and the vector U can be found
just from the system Py,(U) = 0, P3(U) = 0, P,3(U) = 0. This follows
from (4.1.6). The sufficiency easily follows from the results of the next
section.

83. The KP equation. Genusg = 2. Canonical equations of Riemann surfaces

In Chapter III U, V, and W were determined as the vectors of periods of
certain meromorphic differentials on a Riemann surface I'. Now we shall
prove that the system (4.2.4) constructed from the period matrix of
holomorphic differentials on I has no other solutions. This will allow us to
draw non-trivial consequences.



66 B.A. Dubrovin

We state without proof a number of facts that we need in what follows.

A. Let I" be a Riemann surface (smooth algebraic curve) of genus g = 2,
Wy, ..., Wy a basis of holomorphic differentials on I'. We define the
canonical mapping

(4.3.1) I 2> CPEl; P> (0 (P)ie..:04(P)).

Here CP¥~1 is the complex projective space of dimension g— 1; (4.1.31)
gives the mapping in homogenous coordinates. We call its image I'' = w(I")
the canonical curve and its equations the canonical equations of I". For a
hyperelliptic curve I' this image is a smooth rational curve I'' = w(T") in
CP#7! of degree g— 1 and w is a two-sheeted covering w: I' = I'". For a
non-hyperelliptic curve I the mapping w is a smooth imbedding (that is,
w: I'=>T" = w(l) is an isomorphism). The degree of I'" = w(I") € CP&1
(that is, the number of points in the intersection of I' with any hyperplane)
is 2g— 2 (see [4]).

B. Let () C J(I') be a theta divisor, that is, the set of zeros of a
f-function (about theta divisors, see Ch. II, §4). We consider the Gauss

mapping

(6) >-cpst,
given for the non-singular points of the #-divisor by the formula
(4.3.2) z — grad 0(z) = (0,(2):0.(2): . .. :04(2)).

This is of rank g — 1 almost everywhere, that is, a covering with a branch
(see [4]).)

C. Let I'" be a general Riemann surface of genus g 2 5. By (Q)sine € J(ID)
we denote the set of singular points of the 6-divisor (of those points z where
0(z) = 0 and grad 6(z) = 0). The intersection of the tangent cones of the
singular points

g
(43.3) ) Zixixjeij (Z)=O, zE(e)smg,
1, J=
in CP¢~! with homogeneous coordinates (x;: ... : Xg) is the canonical curve

I'. The following exceptions are known:

a) If there is a meromorphic function f(P) on I with a single third-order
pole at a point Q (such curves are sometimes called trigonal), then the
system (4.3.3) gives a ruled surface. In this case the canonical curve I’ can
be obtained by adding to (4.3.3) the system

(4.3.3") .kaixjxkeijk (2)=0; 6(2)=0;(2)=0;;(z) =0 (i, 7=1,...,8).
1, 7,

M1t turns out that the image of the branch points of the Gauss mapping (4.3.2) is a
surface in CP#7!, projectively dual to the canonical curve V. This observation can serve
as a basis for a proof of the classical Torelli theorem, which asserts that a Riemann
surface can be recovered uniquely from its Riemann matrix. To reach effective formulae
from this proof one must know how to solve the transcendental equation 6(z) = 0.
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b) If T is the smooth plane curve of degree 5 (its genus is 6), then (4.3.3)
gives in CPS a Veronese variety of the form (z%:xy:zz:y*yz: 2%) (x, y, and z
are parameters) (see [25]).

We make a number of deductions from these assertions.

Lemma 4.3.1. Let B = (By,) be the Riemann matrix of a Riemann surface T’
of genus g, and let éi]-[n], Bln] be the corresponding 0-constants (see above,
81). Then the following non-singularity condition holds:

(4.3.4) rank (8;;1nl, 6 [n])) = L&D (g2+ D oq,

Proof. We assume the contrary. Then there is a symmetric (g x g)-matrix
A;; and a number X such that

(4.3.5) > A0 [n] =28 [n] =0
i,

for any characteristic n € 4(Z,)%. We multiply this by 6[n](z) and sum
over all n € 4(Z,)¢. By the addition theorem (4.1.5) we obtain

(4.3.6) S his (04 (2) 0 (2) — 0, (2) 0, (2)) + 162 (2) = 0.

In this equality we substitute for z any zero of the #-function. Then
E_Kijxix,- = 0, where x; = 6;(z) and 8(z) = 0. By B above, by changing the
i

point z € () we can obtain any direction (x,, ..., X;), therefore, (A;;) is the
null matrix. Hence, A = 0, that is the linear combination (4.3.5) is trivial.
This proves the lemma.

It has been already pointed out above that from the non-singularity
condition (4.3.4) it follows that the Jacobi varieties J(I') of Riemann
surfaces are non-degenerate.

We return to the study of the properties of (4.2.4).

Lemma 4.3.2. For matrices B;; with the non-singularity condition (4.3.4)
the vectors V and W and the constant d are uniquely determined from
(4.2.4) by U, up to transformations of the form

(4.3.7) Vi +(V 4- 220), We— W + 3aV 4+ 3a*U.
Proof. Suppose that two sets V, W, d and v, W, c?correspond to a vector

U. By subtracting the corresponding equalities (4.2.4) one from the other
we obtain

(4.3.8) Z [% (ViVj—T/iVj) _Ui (["Vj—— "/T/])J éij [n] + (d— 67) é [n] =0,

ij
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It follows from (4.3.4) that all the coefficients of é,-,- [n}1@G <j) and 6(n]
HEEIT B vy —v, W — Wy =0,

(4.3.9) %(Viv,-—ViVj)—Ui (W;—W,;)—U;(W,—W,)=0,

d=d.
By eliminating W,— W; from the first line and substituting W;— W, and W;— W,
in the second we obtain

UV, —UV )= UV, —U, V),

or - .
Uy (V; £Vy)—U;(V; £V;) =0,

hence V = + (V+2aU). This proves the lemma.

Let us now study what kind of vectors U are possible. We recall from
Chapter III the construction of the exact solutions of a KP equation.
According to this construction the vector U = (U, ..., U}) in the solution
formula (4.2.2) depends on the point Q of T as on a parameter, U = U(Q),
and was constructed as the vector of b-periods of the normalized differential
£, of the second kind with a double pole at Q. Lemma 2.1.2 (see (2.1.21))
implies that

(U1(Q): .. . : UglQ) = (01(Q): - - . 1 04(Q)).

In other words, Q — U(Q) is the canonical mapping (4.3.1). Thus, the set
of vectors U that are solutions of (4.2.4) contains the canonical curve

I" = w(I'). We claim that the system (4.2.4) has no other solutions U. We
first consider the case g = 2 or 3.

Theorem 4.3.1. For g = 2 or 3 any Riemann matrix By satisfying the non-
singularity condition (4.3.4) is a period matrix of holomorphic differentials
on some Riemann surface I'. For g = 2 this Riemann surface is given by the
equation

(4.3.10) w? = P(z, 1),

where the polynomial P(U,, U,) is determined by (4.1.18). Forg = 3a
non-hyperelliptic surface T is given in CP? by a homogeneous equation of
degree 4

(4.3.11) R (U)=det (8;; [n], 6[n], 648 [n])=0.
The hyperelliptic case of genus 3 is distinguished by (4.3.11) together with
the system

(4-3-12) Py(U) =0, Pig(U) =0, Py(U) = 0,
where the polynomials P;(U) are of the form (4.2.18). In this case the
curve (4.3.11) is rational (R(U) is a complete square) and the required
Riemann surface T is a two-sheeted covering of it and the branch points are
the solution of the systems (4.3.11), (4.3.12).



Theta functions and non-linear equations 69

Proof. Suppose first that By is a period matrix of holomorphic differentials
on a Riemann surface I'. Then the set of vectors U solving the systems
(4.2.4) contains the canonical curve I''. For g = 2, I' = CP!, and to the six
Weierstrass points on I' there correspond the points (U;: U,) € I'' for which
¥V = 0 (and the KP equation reduces to a KdV equation, by the results of
Chapter III). These six points are precisely the solutions of the equation
P(U;, U,) = 0, which implies (4.3.10).

For g = 3 the canonical curve I'" = w(T") is a curve of degree 4, which
must therefore be given in CP? by (4.3.11). For a hyperelliptic curve I its
eight Weierstrass points go over into the points U € I'' for which ¥ = 0. By
the calculations of the preceding section, these points U on I'' can be found
from (4.3.12). Conversely, if the system (4.3.11), (4.3.12) is compatible,
then V' = 0. By Lemma 4.3.2 and the construction in Chapter III, V is the
vector of b-periods of a normalized differential £2 of the second kind with

only one third-order pole. If V' = 0, then z = j‘ €2 is a single-valued

function on T" with only one second-order pole. Such a function gives a
two-sheeted covering I' = CP!, which means that T is hyperelliptic.
Thus, we have proved that the mapping

(4.3.13) (Riemann surfaces of genus g)
'
(Riemann (g x g)-matrices)
is an imbedding for g = 2 and 3. But the dimensions of these spaces are
identical: 3g—3 =g(g+ 1)/2 for g = 2 and 3; moreover, both are
irreducible. Thus, (4.3.13) is an isomorphism (almost everywhere). This
proves the theorem.

As a consequence we obtain the assertion used in §1 and §2: forg =2
and a KP equation the vector U = (U;, U,) is arbitrary; for g = 3 and a KP
equation all the relations on U are given by (4.3.11).

By Lemma 4.3.2, a projection is defined of the set of non-zero solutions
of (4.2.4) into the space CP§ ! with homogeneous coordinates (U;: ... : Up),

(4.3.14) (U, Vv, W, dy — U.

This projection is one-to-one up to transformations of the form (4.3.7).

Theorem 4.3.2. Let By, be a period matrix of holomorphic differentials on a
Riemann surface T of genus g =2 2. Then for T in general position the image
of the projection (4.3.14) of the solutions of the corresponding system
(4.2.4) in the space CP§™ ' is the canonical curve T'' = w(I").

In other words, by eliminating the variables ¥V, W, and d from (4.2.4) we
obtain the equations of the canonical curve I''. It is useful to mention that to
a change of Bj, into an equivalent matrix (in the sense of Ch. I, §3) there
corresponds a projective transformation of IV in CPE™!.
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Proof of the theorem. For g = 2 and 3 everything is proved in Theorem
4.3.2. For g > 4 we substitute any point z € (8)gn, in (4.2.3), which is
equivalent to the system (4.2.4). Of (4.2.3) only one term remains:

(4.3.15) X UUB;(2)=0; 0(z2)=0, 6,(2)=0 (i=1,...,¢).

We consider four cases.

a) I' is a general curve of genus g = 5. In this case the system (4.3.15)
cuts out precisely the canonical curve, according to C.

b) I' is a hyperelliptic curve. Then the system (4.3.15) gives a rational
curve I'' = w(I"). The images of the Weierstrass points on I'’ can be found
from (4.2.4) together with the system V; = ... = I, = 0.

c) I' is a trigonal curve. We differentiate (4.2.3) with respect to
z; (i =1, ..., g) and substitute in the resulting expression a singular point of
the theta divisor (8(z) = 0, grad 6(z) = 0). After cancelling 6,,(z) we obtain

D UU U8 (2) =0,
i, Js R
which together with (4.3.15) gives the canonical curve I".

d) The case when I' is a plane curve of degree 5 is analysed similarly.

The theorem is now proved.

Another proof (suitable for all special cases, including genus g = 4) can be
obtained by the methods of the following section.

Theorem 4.3.2 gives a new proof of Torelli’s theorem (see the footnote at
the beginning of this section), which is more effective, since only algebraic
operations (there is no need to solve the transcendental equation 8(z) = 0)
are required to recover the canonical equation of an algebraic curve from its
Riemann matrix By.

84. The problem of Riemann on relations between the periods of
hotomorphic differentials on a Riemann surface and the conjecture of Novikov

According to the conjecture of Novikov, the compatibility of the system
(4.2.4) gives a set of relations on the matrix By that is necessary and
sufficient for By, to be the period matrix of some Riemann surface. Here
we sketch a proof of this conjecture for one of the components of the
variety of such matrices By, for which the system (2.4.2) is compatible. The
question of whether or not there are other components remains open.

To give a precise statement of the principal result we introduce the
following objects. Let M, be a variety parametrizing the Riemann surfaces
of genus g (the “variety of modules” of Riemann surfaces). This is
irreducible and its complex dimension is 3g— 3 for g = 2. The period
mapping

(h.4.1) My HJA,,
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where H, is the set of all Riemann (g x g)-matrices (the Siegel half-plane)
and A, = Sp(g, Z)/{==1} (see Ch. I, §3), associates with every Riemann
surface its period matrix of holomorphic differentials.

By Mg we denote the natural fibering over M,, where the fibre over a given
point is the corresponding curve. The dimension of Mg is 3g—2. The
period mapping (4.4.1) extends trivially to a mapping

(4.4.2) My~ H /A
Let N, be its graph. Now we introduce another variety X,, whose points are

the sets (U, V, W, d, B), where U, V, W € C¢, d € C, and B € H,, factored
by the action of the following groups:

o U AU, V> = (A2 - 2000),
(4.4.9) { W — AW 4302V + 3ha2U. d — W4d, B— B
A\, x€C, A\ #0), and

B’ =2ni (aB + 2nif) (yB + 2mnid)1,
U'=2aiM~tU, where M =yB -+ 2ni6,
V' =2ni M1V,

W' = 20i MW+ 25 NS0 {U, UY, where (X, Y= X'M-yY .

—_—
AN
o~
o

~—~

@ =ardy ry—wowy—2w, vy
o fihy
Here (y 5) € Sp(g, 2).

Theorem 4.4.1. The system (4.2.4) specifies on Xy an algebraic variety one
of whose irreducible components coincides with the graph N, of the period
mapping (4.4.2).

By projecting this component on H,/Ag, that is, eliminating the variables
U, V, W, d from (4.2.4), we obtain a full set of relations between the
periods of the holomorphic differentiais on the Riemann surfaces.

Idea of the Proof. 1t is easy to verify that the set of zeros ¥, of (4.2.4) is
invariant under the transformations (4.4.3), (4.4.4), therefore Y, is an
algebraic subvariety of X,. It is clear that Y, contains N,. Consequently, it
is sufficient to calculate the dimension of the component N, — Y, that
contains Nj.

To do this it is sufficient to show that at a general point of Ng the
variables d and B in (4.2.4) can be expressed uniquely by the variables

U, V, W with the equivalence relation (4.4.3). For the group (4.4.3) is two-
dimensional and among the parameters exactly 3g— 2 are independent. It
suffices to prove this for matrices B whose diagonal elements B;; tend to —oo,
Such matrices correspond to rational curves with g double points. In this
case the system (4.2.4) can be solved explicitly by ‘‘perturbation theory’ as
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a power series in € = exp B;;, and any term of the series can be written out
in effective formulae. From this the assertion on the dimension of N,
follows easily, and this completes the proof.

Theorem 4.3.2 can also be proved by “perturbation theory”, including the
special cases listed in §3. For the detailed calculations and the proof of
Theorem 4.4.1 see [45].

In conclusion of this chapter we mention that the methods developed here
are also applicable to other non-linear equations that can be integrated in
terms of #-functions.

CHAPTER V

EXAMPLES OF HAMILTONIAN SYSTEMS THAT ARE INTEGRABLE IN TERMS OF
TWO-DIMENSIONAL THETA FUNCTIONS

§1. Two-zone potentials

According to the scheme of Chapter III, a hyperelliptic curve I' of genus 2
of the form

(5.1.1) w = Py(z), P;(z) = (z —2z) ... (3 — z5)

and a Weierstrass point z = oo on it give rise to a pair of commuting
operators L, A

(5.1.2) [L, A] =0,
where
(5.1.3) L=dad%dzx24u,

_ ds a3 d? d
(5.1.4)  A=16——+20 (uw—}mu) +30u o u—
v d d a d d ) d
=5 (v g w)ta st (vt ) |ty
The commutativity equation (5.1.2) on u = u(x) (one of the important
examples of the Novikov equations) can be written in the Lagrange form

(5.1.5) 6(5Adx)/6u(x):0
with the Lagrangian

- ' ” u"? 5 ", .9 5 4
(5.1.6) A=A, v, v)=—5 — zuut s u+
u'?
+Ci(—2'+u3) + cou? + cgu
(1, c,, c¢3 are constants, 8/8u(x) is the variational derivative). According to
the theory of variational problems with higher derivatives (see [13]), (5.1.5)
is equivalent to a Hamiltonian system with two degrees of freedom and the
Hamiltonian

(5.1.7) H = pip,+Vig1, ¢o)-
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Here
(5.18) Q1=u1 qz.:u”_5u2 piZQ;’ p2=ul,
2
(5.1.9) Ve -8 L g St

and under the change u+— u 4 const the constant ¢, vanishes. The system
(5.1.7) is completely integrable; its integrals in involution have the form
J, =H,

(5.4.10)  J, = p} 4 2q;p1pe + (292 — c2)p; + Diay, o),
(5.1.11) D = ¢} 4+ cq} — 4q1q; + 2¢50192 1+ 2¢59,.

The explicit coordinates «y; and -y, on the level surfaces J; = const and
J, = const have the form

1 ” 1
(5.4.12) ¥+ va=—,  Vive= g Gutu) 45 D 2z
i<i
Here z,, ..., z5 are the zeros of Ps(z) of the form

(5.1.13) Ps(z) =25 %CZZ“HLGCSZZJF( 1+1b )+ Lo

In these variables the system (5.1.5) can be rewritten in the form

20V P (3 . 20V P, (vy)
5.1.14 _—— =
( ) Vs Y17 Yz ’ e Ve— V1

The system (5.1.14) coincides, up to the factor 2i, with (2.4.55), which
arose in the Jacobi inversion theory. This system can be integrated by an
Abel transformation, and the explicit solution of (5.1.15), according to
Chapter III, has the form

(5.1.15) u(@) =22 log8 Uz +2)+c.

Here the Riemann #-function is constructed from the Riemann surface
(5.1.1) (where Ps(z) has the form (5.1.13) and U is the vector of b-periods
of a normalized differential & of
the second kind with a pole at

z = oo and principal part of the
form d (V' z):

5.1.15") Q- Z2tetb g
© ) 27V Pg(2)

§ Q_ § Q=0; U,— § Q (=1, 2). Fig. 4. Spectrum of a two-zone potential.

ay, a,, by, b, are the basis cycles on the
Riemann surface.

The solutions are “enumerated” by an arbitrary two-dimensional vector z,:
(5.1.16) 2y = —A(Py, Py) — K
(see Ch. III, §1); P, and P, are points on I" (non-special divisor of degree 2).
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Suppose that the roots z; > ... > z5 of Ps(z) are real (and distinct).
Suppose further, that the points P; and P,, which specify the solution u,
have the form

(5.1.17) Pi=(y, VPs(v)), Poa={(v2 VP;(2),

where v, and vy, are real numbers, and

(5.1.17%) 231 < Zay 25 < Ve K 2y

Then u(x) is almost periodic with two unknown periods. The spectrum of
the operator L = d?/dx?>+u(x) in £,(— oo, oo) is a ray (— oo, z;] with two
gaps (zs, z4) and (z3, z,) (Fig. 4). This means that u(x) is a “‘two-zone
potential”. The condition (5.1.17) means that the points P, and P, on I lie
on the cycles over the gaps. The eigenfunction  of L,

(5.1.18) Ly = 21,

is meromorphic on I' \ oo, has poles at P; and P,,and exponential asymptotic
behaviour as P — oo, that is, it is a Baker-Akhiezer function of the form

P
B - 0 (A (P)-2U 4 20) 8 (2)
(5.1.19) Y (=, P)—BXP(‘”XQ) ‘B(A(P)—{—zo)e(IoU'i"zg) :

n

Let us explain this notation: X is the principal value of the integral; A(P) is
the Abel mapping, and

P P
(54200 AP)=(A4,(P), 4,(P)= (] o, [ wa),

where

_ayzby __ ax+b
(5.1.21) mi———P}/_z_B—dz, mz————m dz.
is a normalized basis of holomorphic differentials on I". The eigenfunction
(5.1.19) of L is the Bloch function: the group of periods of the logarithmic
derivative y'/{ is the same as that of the potential u(x). Thus, in this case
u(x) has the right analytic properties. In this case I" is called the spectrum
of L.

Of course, hyperelliptic surfaces of genus g = 2 lead to finite-zone
operators with g gaps in the spectrum. The case g = 2 stands out for its
effectiveness. By Ch. IV, §1, a two-zone potential can be constructed by
means of the following elementary operations:

1) We take any (indecomposable) Riemann matrix

B— (BM BiZ)
BZi BZZ

and construct from it the §-function 6(z,, z,) by (1.1.1).
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2) We take any solution U = (U;, U,) of (4.1.18). Then
(5.1.22) u(z) = 20%*0z* log 0(xU 4 z)

is a two-zone potential (z, is an arbitrary vector). Its spectrum (the
Riemann surface I') is given by (4.3.10). All two-zone potentials are
obtained in this way.

82. The problem of Sophie Kovalevskaya

In the case treated by Sophie Kovalevskaya the equations of motion of a
heavy solid with a fixed point have the form

2[')=qr, Y1=TY2— qV3»
(5.2.1) 20 = —pr— w3 Y2=DVs— V1
r = uys, V3= qV1— PV

(u = const). These equations have the following integrals:

H=2(p*+ ¢ +4r*—2uy,  (energy)
(5.2.2) L =2 (py,+qv2) +rys (impulse moment)
K =(p?— ¢+ uy)2+ (2pg+ py.)?  (Kovalevskaya integral) .

Moreover, there is the constraint
(5.2.3) A

We consider a joint level surface of these integrals
(5.2.4) H=06h L=2, K=F§,

where H, [, and k? are constants. Under the constraint (5.2.3) these
equations specify a two-dimensional surface (the invariant variety of the
dynamic system (5.2.1)). We introduce coordinates s; and s, on this surface
(the Kovalevskaya variables), by setting

N e
(5.2.5) sy p— 3k Bl 20) TV R (@) R(zy)
’ (zy—9)? !
where z, , = p = ig, R(z) = —z* 4 Gha® + 4plz 4 p® — k2,

(5.2.6) R(xy, xp) = —x2x) - 6hayzy, + 2ul(zy + z5) + p? — k2%

An easy calculation shows that (5.2.1) can be written as follows in the
variables s; and s,:

- o - ¢ iV Ps(s1) o . LV Ps5(s9)
(5.2.7) 1—“2—(31i32) ) Sz—ﬁ’

where P;(z) is a polynomial of degree 5 of the form

(5.2.8) Pylz) = {zl(z — 3n)2 4 p® — K1 — 2u2B)((z — 3h)2 — R2).
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The equations (5.2.7) coincide (up to a factor) with the commutativity
equation (5.1.2), in §1 on the level surface of two integrals. These
equations can be integrated by the Abel transformation I"' = J(I"), where the
Riemann surface I" of genus 2 is given by an equation

(5.2.9) w? = P;(z).

An expression of the Kovalevskaya variables in terms of the §-functions on
the torus T* = J(I') can be deduced from Ch. II, §4. An expression of the
original variables p, q, 7, v;, Y2, 73 in terms of the Kovalevskaya variables can
be found in the book [10].

§3. The problems of Neumann and Jacobi. The general system of Garnier

In the Neumann problem on the motion of particles on a two-dimensional
sphere

3
(5.3.1) z2 == 2155%:1
=
under the action of the quadratic potential

3
(5.3.2) U (z) =% Dl aial, a;=const,
i==1

the equations of motion have the form

(5.3.3) Ti=—amA@)z, (=1, 2, 3),
3

(5.3.3") 2= D at=1,
i=1

where A(¢) is the Lagrange multiplier arising from imposing the constraint
(5.3.1). The system (5.3.3), (5.3.3') can be obtained from the Hamiltonian
flow on R with the Hamiltonian

3
1
(5.3.4) H=73 aa} + (@52 — (zy)?)
i=1

by restriction to the surface x2 = 1 (here xy = ) x;¥;). The functions

_— 2
(5.3.5)  Fyp(z, y)=a4+ ) —‘?f-y;i_—fl;y’i)— k=1, 2, 3)
i+k :
are a system of independent integrals in involution for the system with the
Hamiltonian (5.3.4). H itself has the form
3
(5.3.6) H=13 a/F..
i=1
The transformation

3
(5.3.7) =y, y=—2, H'= 3T apF,
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takes the thus constructed Hamiltonian flow into a geodesic flow on a three-
axis ellipsoid (for positive g;)

(5.3.8) y —=1.
i=1

The problem of geodesics on a three-axis ellipsoid is called the Jacobi problem.

We shall show that the Neumann problem (hence, also the Jacobi
problem) can be integrated in terms of 8-functions of genus 2. Following
[28] and [29], we reduce the Neumann problem to the problem on two-
zone potentials considered in §1.

Let ¥y, ¢,, and ¢53 be the eigenfunctions of the operator L = d?/dx? + u(x)
with the eigenvalues —a,, —a,, and —a;, respectively, that is, solutions of the
equations

(5.3.9) Ly; = —app; (i =1, 2, 3).
These equations can be rewritten in the form
(5.3.10) Vi = —anp; — ulzhp;,

which are the same as the equations (5.3.3) of the Neumann problem, after
the change = — ¢, y; — z;, —u(z) - A(f) (X is the Lagrange multiplier). It
remains to satisfy the constraint equation > z? = 1. For this purpose we
choose the potential u(x) to be two-zoned and so that the numbers —a,, —a,,
and —a; are at the ends of the zones of the spectrum (see Fig. 4), one for
each zone. For example, we take the ends of the zones:

(5311‘) Z5 = —-‘a’3 < zlg < Z3 = —Qy < 22 < Z1 = —‘al,
where the Riemann surface I' (the spectrum of L) has the form

(5.3.12) w? = Py (z),  Py(z) =[] (z—2z).

i=1

We choose the solutions yy, Y,, and {3 of (5.3.9) as follows: let Y(x, P) be
the Bloch eigenfunction of L, which is meromorphic on (5.3.12) (the Baker-
Akhiezer function). We set

(5.3.13) Pi(x) = aplz, —ay),
where
(5.3.14) o =[] (a;—a)] ™

Then we have a simple proposition.

Proposition. The functions y,, Y,, and Y, of the form (5.3.14), (5.3.13)
satisfy the equation

(5-3.15) P =1.
A proof is in [29].
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From the formula (5.1.19) for the Bloch function {(x, P) and from
(5.3.13) we immediately obtain the form of the general solution of the
Neumann problem. For example, for the ends of the zones (5.3.11) and the
basis of cycles illustrated in Fig. 4 we obtain the solutions:

80, 1/2), (0, 0)] (U +-20) O (20)
1810, 1/2), (0, 0)(2) 0 (U +20)’

B g, 20072, 0, 10, 4/2)] (1T +-20) 6 (zy)
%2 (V) = %2 73,0, (0, 172)] o) 0 (20 F-20)
01(0, 0), (172, 1/2)] (41 4 2y) 0 (29)
37010, 0), (172, 1/2)] (20) 0 GU +-2) °

(f)=a

I3 (l)=a

Here the constants «,, «,, and a; have the form (5.3.14); the -functions
are constructed from the Riemann surface (5.3.12); z, is an arbitrary two-
dimensional vector (a point of the Jacobi variety J(I')); the vector U is the
same as in §1. To obtain real solutions z, must have the form (5.1.16)-
(5.1.17). The Jacobi problem can now be integrated after using (5.3.7).

The systems of Neumann and Jacobi with two degrees of freedom, which
we have discussed in detail, can be rewritten almost automatically for higher
dimensions. The integration of these systems can always be reduced to
finite-zone potentials (see [28], [29]).

The Neumann system can also be obtained from a more general integrable
system, discovered by Garnier [40],

Ti=x; N zy; a;),
(5.3.16) { (2 i+ )

Vi=y (Dyaita) (=1, ..., n).

The Neumann system on a sphere can be obtained straight away on the
invariant plane x; = a;¥;. Another interesting case is the system of anharmonic
oscillators, which is obtained from (5.3.16) by restriction to the plane

x; = ¥;. The system of Garnier is equivalent (under a suitable choice of the
parameter 7) to the commutation conditions

(5.3.17) dAMNdr = [A(x), AMV( — ),

where the matrix A = (4;;) has the form

Au:}"Z—inyi;
(5.3.18) A=z h+zi_s; Ay =yi-1h—yi_y;
A= Yi-1—ai_1d5 (@, j=2, ..., n+1).

This system can be integrated in terms of the #-functions of a Riemann
surface of the form

(5.3.19) RO\, p) = det(A(A) — p-1) = 0.
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§4. Movement of a solid in an ideal fluid. Integration of the Clebsch case.
A multi-dimensional solid

The equations of motion of a solid in an ideal fluid have the form (see
[30])

M oH oH
P1= P2 - P3 -
* 0H oH
Pzzpaa_ll—l’ia—l;a
° oH oH
P3= D alz — D2 all )
(5-4.1) G p OH _ OH g oH . 0H
1 ”‘p2'5p_3_ Ps3 0[)2 2 al3 3 al2 9
s oH oH aH oH
lz———Pa@—pl'—Pi 'a—pa—‘}“ls-ﬁ;—lx—ag,
: oH oH oH oH
ly = py—=——ps — + Uy =—— 13—
{ 3 P1 6p2 p2 6})1 + 1 alz 2 6l1 ]

where H is the Hamiltonian. These equations have the obvious integrals

(5.4.2) Iy = H, 1, =p} 4+ P, + 05 Is = pily + Paly + Psls.
H is a quadratic form

(543) 2H= Elk (a,—bl,-lk—k—2bjkljph—}—c;hpjph),
7,

then (5.4.1) is the equation of the geodesics of the right-invariant metric on
the group E(3) of motions of three-dimensional Euclidean space. The system
(5.4.1) is the Hamiltonian on the orbits given by I, = const, I; = const of
the coadjoint representation of £(3). To integrate this system is suffices to
have one more integral. It can be found trivially in the symmetric case,
where (5.4.1) can be integrated in elliptic functions (see [30]). For the
motion of a solid of general (asymmetric) form the following cases of
integrability are known:

1) The case of Clebsch

(5.4.4) 2H = a3+ anll 4 asll 4 ¢, pl -+ copl + ¢3p3,
with
(5.4.5) e L Rt R )

a ay ‘ az

A fourth integral has the form

(5.4.6) 20, =M (I 134 13) + (ayp} 4 axpi + a3pl),
where the constant A is determined by the conditions

- ay (@aa—ay) _ axlag—ar)  az(ag—ay)

(5.4.7) A= 1622_63 B zcgf_cll = 361_62 2

(the equations (5.4.5) and (5.4.7) are equivalent).
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2) The case of Lyapunov-Steklov-Kolosov

(5.4.8)  2H =a,l?+ ayl+ a5l + c,p? +copl + c3p2 +
—+ 2bypsly 3 2bapyly -+ 2b3psls,
with
(5.4.9) by = paasa)a® + v G = 1, 2, 3),
(5.4.9’) Cl B Hzal(a2 —_— a3)2 + 'V’, . ..

A fourth integral has the form

(5.4.10) 21, = 1§ 415 + I3 — playpyly + aspals - azpsly) +-

+ Cip} + Copy + Cyp3,
where

(5.4.10") Cy = pa, — ag)?, ...

These cases exhaust all the possibilities when the system (5.4.1) with a
Hamiltonian of the type (5.4.3) has a fourth integral that is quadratic in /
and p. The equations (5.4.1) for the Clebsch case are integrated in terms of
f-functions in [32]-[34]; the author has recently become aware that a
complete integration of the Lyapunov-Steklov case was given as early as
1900 by Kotter in [52].

We introduce coordinates of the level surface of the integrals /,, ..., I, for
the Clebsch case. Taking a linear combination of the integrals /; and I, and
changing a; — Aa; (i = 1, 2, 3), we rewrite the equations of this surface in
the form

ain'}—azP;"—ang‘Fli—f—l;—i‘ L=k,

—(aza;p; + a1a3p§ + ajaspy) + aylf + azl: + asly= ks,
Pily~+ paly + psls = ks,

(5.4.11)

where kg, ..., k3 are constants. Let s, ..., §4 be the roots of the equation
(5.4.12) K2 [2—s(ay+az+ ay)] + ks —ky+
+ 2k, V (s—ay) (s—ay) (s—ag) = 0.

We set
(5.4.13) Py =(—s)...(6—s)

and pass from p; and [, to the variables E,* and §;, setting

5.4.44) B p, [ Y1z i—amd(a—ay) |, Ve—a) (a—ay) (s5—ay) -
( ) & = pn [ Ve Vo 6 =1 Vss—ar V § (s50) J+
V si—ap .V sg—ag
41 + :
e e
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Let z; and z, be the roots of the equation

(5.4.15) Iy )y

—z T2 ' di—
d}—z d3—z d§—z

(“elliptic coordinate”), where

S3—ap 1y Sg—ap

N V 4’ (s5) VP’ (sq)

(5.4.16) - e e
w/ (Sl) >]~ ¢ 1|J/ (Qo)

It is not hard to express the coordinates & (hence also p; and ) in terms of
z, and z,. This means that z, and z, are the required coordinates on
(5.4.11). A direct calculation shows that the equations (5.4.1) in the
Clebsch case can be rewritten on (5.4.11) in the form

(5.4.17) dz; _ (ez3-b) V B (%) dzy (a2 + D) V R (25)

dt 29— 231 ? dt 21— 3y

where R(z) is a polynomial of degree 5, and

(5.4.18) R (z)—z(z— d?) (z— %) (z — d?) (z — d>d*d?);

17273/

we do not give the explicit form of the constants ¢ and b. The system
(5.4.17) is a linear combination of (2.4.55) and (2.4.17) and can be

integrated by meané of the Abel transformation T -5 J (T') where the
Riemann surface I of genus 2 has the form

(5.4.19) w* = R().

Consequently, the equations (5.4.1) in the Clebsch case are integrated in
0-functions of genus 2.

We now give one more example of completely integrable systems: the
Euler equations of motion of a multidimensional solid, which have the form
(see [44])

(5.4.20) M = [Q, M,
where
(5.4.21) M =1Q 4 QI,
and [ is the inertia operator of the solid, and
0
(5.4.22) 1:( )
0 Iy,

The complete integrability of (5.4.20) for all n was proved by Manakov in
[41]. The proof is based on a representation of this system in the
equivalent form

(5.4.23) (4, V1 = 14, V1, [B, VI,
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where
(5.4.23") (B, V]=Q, 4=1I B=1

The systems (5.4.23) have been explicitly integrated by the present author in
[42]. They all have a commutative representation of the form

(5.4.24) 5~ B V1+3B, z4—14, V]|=0

on matrices depending on a superfluous parameter z; consequently, their
solutions can be expressed in terms of 8-functions of Riemann surfaces I' of
the form

(5.4.25) det(zd — [4, VI — w-1) = 0.

The set of these surfaces " is the same as that of all plane non-singular
algebraic curves (in CP?) of degree n (their genus is (n— 1) (n—2)/2) and
their degeneracies. Explicit formulae for a general solution of (5.4.23) can
be obtained from [42] and have the form V = (V), where

_ Ay 0(AP)—AP;)+tU+2) . .
(5.4.26) wviy==*= 7 0 T e (Pr By (i 5% 7)

V aU(P)e Vi BU(Q)Q [v] (O)

il _1:
(5.4.28) hi=Aexp {t 2 ciby},
Rs=1
, o d
(5.4.28") ch = — = 108& (P, P})|p=p,

Here N}, ..., A% are arbitrary non-zero constants; the §-function is constructed
from a curve of the form (5.4.25); Py, ..., P, are the points at infinity on
this curve, where w/z = a; as P > P;; the vector U has the form

(5.4.29) U= 216U (Py),
j=

where U(P) is a period vector of differentials £2p with a double pole at P; z
is an arbitrary vector; and finally, v is any non-degenerate odd half-period
(that is, grad 8{v1(Q) # 0).

APPENDIX

THE PERIODIC NON-ABELIAN TODA CHAIN AND ITS TWO-DIMENSIONAL
GENERALIZATION

I.M. Krichever

The equations of a non-Abelian Toda chain were suggested by Polyakov,.
who found polynomial integrals for them. These equations, which have the
form

(1) 01 (918 87 = Bnorfd — EnBrbr  Or=rir,
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where the g, are matrices of order /, admit a commutative representation of
Lax type o,L = [P, L]. Here

(2) L‘Pn = gng;ii\pn+1 e gng;lllpn + \lfn—h gn= atgm
1 _ A
3) Py, = 5 (gngnlu‘pn%—i -+ gngnllpn“‘ Proy)e

Using this representation, explicit expressions in terms of Riemann
f-functions have been obtained in the present survey for periodic solutions,
8n+n = &n, Of the equations (1).

In contrast to the continuous case when the algebraic-geometric
constructions give only the so-called finite-zone solutions, in a difference
version all the periodic solutions of the Lax equations turn out to be
algebraic-geometric. This is connected with the fact that shift by a period,
which commutes with /, is a difference operator.

In [46] the present author obtained a classification of commuting
difference operators (see also {47]). In the same paper a construction of
quasiperiodic solutions of difference operators of Zakharov-Shabat type and
Lax type was proposed. Apart from general solutions of similar type, the
non-abelian Toda chain has separatrix families of solutions or, in the
terminology of [14], finite-zone solutions of rank / > 1. Their dimension is
more -than half the dimension of the phase space.

First we recall the scheme of integration ([15], [46]) of the “‘ordinary”
Toda chain

(4) { l;n:cn+i’—cn7

Cn =0Cn (Vp~—Vpn_y)-
Let R be a hyperelliptic Riemann surface of genus g of the form

2842

(5) wr=[] (a—2;

P* and P~ the points of R of the form P* = (oo, ). To integrate the
system (4) we introduce the Baker-Akhiezer function (», ¢, P) which is,
meromorphic on R everywhere except for at P* and P, where it hasg poles
and as P~ P*, an asymptotic expansion of the form

6) W . P) lppu ="' (L5 ()7 ) exp (F ).

For this function there are difference operators L = (L") and A = (4"™)
such that

(7 W= Ay, Lp=zy.
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These operators have the form

(8) an= —i I/ Cn+1 6n,m—1+vn6n,m+i l Cn 6n,m+ia

(9) Anm=?i l’ Cn4t 6n.m—1+wn6n,m+‘;_ I/ Cn 6n.m+i'
Here wn-—wn_,=—§—(vn—vn_i)——%— (log ¢,) , and

(9') l Cn = }"n—i/}\-m

(9”) v,,=§';(n+1, t)—gt(n’ t)

The compatibility condition for (7) coincides with the equations of the Toda
chain. Expressing the Baker-Akhiezer function (6) in terms of #-functions of
R and calculating the coefficients A,, and & (n, ¢), we obtain an explicit
form of the solutions of the Toda chain:

_d o B((nt1) U4tV +3z)
1o vn= g7 e g ey
(11) ¢, = O((nt+ D) UAVi+20) 0 ((n—1) U+ Vid-20)

0% (nU + V-t z0)

Here z, is an arbitrary vector; the vectors U = (U) and V = (V}) are
determined as follows:

P+
(12) U;= Y ©;
-
(wy, ..., Wy is a canonical basis of holomorphic differentials on R),
(13) 2V, =+ Q.
bj bj

where Qp+ and Qp- are normalized differentials of the second kind with a
double pole at P* and P~, respectively.

Periodic solutions of the Toda chain with period N are distinguished in
our system as follows: R must have the form

(14) w' = (Py(2) + D)(Py(z) — 1),

where Py(2) is a polynomial. We emphasize that all periodic solutions of the
Toda chain are obtained in this way.

1. Thus, we consider periodic solutions of (1). The restriction of L to
the space of eigenfunctions of the shift operator by a period, that is,
Yo4+n = W§,, where ¢, is an I-dimensional vector, is a finite-dimensional
linear operator. Its matrix has the form

bN—l 1 0o ... 0 wan-1
~ an-—2 bN-—2 1 ... 0 0
(15) =l .. . ,
0 0 e ay by 1
wl 0 cer 0 @y by

where the block (I x I)<elements are b, = —éng;ﬂ, Un = Enn-1-
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It follows from the Lax representation that the coefficients of the
polynomial Q(w, A\) = det(L — A-1) are the integrals of (1). However, in
contrast to the Abel case they are not independent.

Lemma 1. The polynomial Q(w, \) has the form

(16)  (w—21") (@™ — %kﬁv(m(ﬂw—l%“+maﬂwﬂ—kﬂﬂ—

— Ry (1) + X ayhiw

The last summation is over the pairs i, j such that.i >0, i-- N |j [<(N — 1)L
The polynomials r;; have only k non-zero coeffczents.
(N-1D)U-k)

=+ + A
(M) = > b Al
i=(N-1)(I-k)-h+1

-The coefficients a;; and bj; are a complete system of integrals in involution
with the single relation

(1) Ro(M+ Zman~ﬂ mevﬁ)

The number of independent integrals is NI> — [+ 1.

The restrictions on the form Q(w, A) are equivalent to the following
condition: all the roots w of Q(w, A) = 0 for large A must be expandable in
Laurent series in X!, one half of them must be of the form AN 4- O(ANY),
and the other half of the form AN 4 O(A~N"1).

We consider the algebraic curve &, given in C? by the equation Q(w, A) =
In general position we may assume that it is non-singular and that Q(w, A) = 0
for almost all X has 2/ distinct roots w;. Then to each point P of &, that is,
P = (w;, ) there corresponds the unique eigenvector ¢,(t) = (¢h, . . ., ¢4)f,
normalized by the condition ¢y, = 1. All remaining coordinates ¢,(t) are
meromorphic functions on ®. Their poles lie at the pomts v:(t), where the
left upper principal minor L — \-1 vanishes and [rank (I-A-1) = NI—-11.

Lemma 2. The number of poles v(t) is NI*? — > = g -1 — 1, where g is
the genus of &.

Thus, to every set of initial conditions g,(0) and :gfng;I(O) there
corresponds a curve K, that is, a polynomial Q and a set of NI2— 12 points
1(0) on it. The solutions differing by a transformation g, - Gg,, where G is
a constant matrix, are the kernel of this mapping.

We consider the problem of recovering L from the indicated data.

Let O be as in Lemma 1. Then & is compactified at infinity in A by the
points P* at which w has poles of order N and zeros of multiplicity N,
respectively.
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Lemma 3. For any set of NI*—1 points v; in general position there exists
one and only one vector-function y,(t, P) with the following properties:

1° it is meromorphic on ® except at P with poles at +;;

2° if we form from Y,(t, /) as columns, the matrices ;(t, \) then they
have the form

(18) o (6, D=2 (ZEL 027 ™ B =1
Here the \; are inverse images of \ in a neighbourhood of P}

Lemma 4. The function Y,(t) satisfies the equations

Llpn = }“an (at - P)'lpn =0,
where g, = & o.

The functions ¢,(¢) and ¥,(t) differ in the normalization p,(¢) = vy,

Corollary. The matrices g, satisfy the equation (1). By the restrictions to
Q, the thus constructed solutions are periodic, g,+n = gn.

For ¢y, we can construct formulae of Baker-Its type, by analogy with
[15]. Calculating &5 o, from them we obtain the following result.

Theorem 1. For any polynomial of the form (16) and any set of NI*> —[?
points ~y; in general position the functions

(19) gn (t) = (gn)tgc”

are periodic solutions (1), where the matrix elements of g; are
(19') gt =0 (0F +Un+ Vi Z;) 07 (0 + Z,).

The constant vectors U and _17 are given by the periods of differentials of
the third and second kinds with poles at P*; wji are the images of the
points Pi* under the Abel transformation, and the Z are the images of the
divisors V1, « « «y Vg-10 Ve+i» 1<< i < L. also under the Abel transformation.
The constant c is determined from the periodicity condition gy = g,.

The general solution has the form G,g,G,, where the G; are fixed matrices.

Remark. The calculation of all of the parameters in the formulae of the
theorem from the initial data g,(0) and g,g,'(0) only uses quadratures and a
solution of algebraic equations, and the latter is necessary only to find the

Z. All the remaining parameters 5;—: U, f/’, etc. can be expressed by
quadratures in terms of the integrals.

2. Considering special cases of multiple eigenvalues of L and a shift by a
period, we restrict ourselves to the case of maximal degeneracy of
multiplicity /. TherllV the polynomial Q has the form Q(w, A) = Ql(w, ),

Q1 =w +wl+ D aA. To each point of the hyperelliptic curve ® given

=0
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by Q,(w, \) = 0 there corresponds an /-dimensional subspace of joint
eigenfunctions. Let ,(¢, P) be the matrix whose columns form a basis in
this subspace, normalized by the condition y,(0, P) = 1. Then ¢, is a
meromorphic matrix, having IN poles v, and

(20) P o 5 @ =res
where the of, are constants independent of n and ¢. In a neighbourhood P*

of the inverse images of A = oo, ), has the form

(21) Wi (1) =25 (D L ) 2) e
s=0
Lemma 5. For any set of data (v,, o) (which are called, as in [14], the
Tvurin parameters) in general position there exists one and only one matrix
function {, satisfving (20) and (21) and normalized by the requirement
€n0 =1

Just as above, &, o can be proved to be a periodic solution of (1).
3. In conclusion we give a construction of the periodic solutions of the
equations

(22) ( %—ai) Pn :e(pn*(pn—l—e(pnﬂﬁwn’

to which, as was found in {48], the two-dimensional version by Zakharov-
Shabat of the Lax pair for the Abelian Toda chain reduces. These equations
generalize, besides the equations of the chain itself, the sine-Gordon equation
corresponding to the periodic solutions @4, = @,.

We consider a non-singular algebraic curve & of genus g with two
distinguished points P*.

Lemma 6. For any set of points v,, ..., v, in general position there exist
unique functions Y, (z,, z_, P) such that:
1° they are meromorphic except at P* with poles at v, ..., Yes

2° in a neighbourhood of P* they are representable in the form

Vo (24, 22, PH) ="+ (X En o (24, 2) K7 °) BT,
=0

where & o = 1 and k™' = k™Y (P*) are local parameters in neighbourhoods of P*.

Lemma 7. The following equalities hold:

az+¢n = "pn-H + (az+(Pn) Ian dz_lpn = e(pn_(pn—llpn_‘; e(pn = E;. 0-

The compatibility conditions of these equalities are equivalent to the
equations

aZ

P, —@ ¢ —-¢
. —ePn -1 __e%ns17 %
02,0z7_ Pn ’

which coincide with (22) written in conical variables.
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Theorem 2. For each non-singular complex curve & with two distinguished
points the formula

_ 0 (0*+Ut+Upz+Usn+W) 0 (0=4-W)
@3) =18 T T U U W) T 108 o T 1

gives a solution of the equations (22).

Here w* = (wj, ..., wy ) are the images of P* under the Abel transformation;
the vectors U; depend on the points P* and are the period vectors of Abelian
differentials of the second and third kinds with appropriately chosen
singularities at P* (see, by analogy, [15]).

Let us distinguish the periodic solutions ¢,+y = ¢, among the solutions
thus constructed. For this purpose there must be a function E(P) on &
having a pole of order N and a zero of order N at P*.

Suppose K is given in C? by the equation

(24) w —E™+ E (D) ay;Eiw’) =0;

NG+ 1)+mj < Nm—2; N is prime to m. This is an N-sheeted cover of the
E-plane, and over £ = 0 and E = oo all the sheets are glued, that is, the
function E(P) given by the projection of & has the required properties.

Corollary. Suppose that K is of the form (24); then the formulae (23) give
periodic solutions of (22).

Remark (Dubrovin). The methods developed in Chapter 4 of the present
survey allow us, in particular, to make the formula (23) for the solutions of
(22) effective. By substituting (23) in (22) we obtain after simple
transformations the following relation:

Usg+W)0(Ug—
(25) a 8¢ a+92)(gvg) ol =b—|—au(p+)aU(p—) loge (W).

Here W is an arbitrary g-dimensional vector; U(P) for each P € R/ is a period
vector of a differential with a double pole at P (2U,, , = U(P*) &= U(P"));
the constants @ and b have the form

' - - d 4 :
(25  a=eR(P% P), b=z 10ge(P, Q) lo=p+ omp-

(e(P, Q) is defined by (5.4.27)). This is a standard identity in the theory of
Abelian functions (see [8], (39)). Applying the addition theorem to (25),
we obtain the following system (in the notation of Chapter IV):

(26) ab [n] (2U ) = b8 [r] (0) + 8y p+ducp-f (7] (0),
where

n €4 (2,)8
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Here U; = A(P")— A(P7), therefore, the system (26), together with (4.2.4),
allows us to recover from the period matrix not only the canonical equations
of the curve &, but also the image of the Abel transformation 4: & = J(R)
(although, for this we have to solve the transcendental equation (26) for Uy)).
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