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Introduction

Integrable systems which do not have an “obvious” group symmetry, beginning
with the results of Poincaré and Bruns at the end of the last century, have been per-
ceived as something exotic. The very insignificant list of such examples practically
did not change until the 1960’s. Although a number of fundamental methods of
mathematical physics were based essentially on the perturbation-theory analysis of
the simplest integrable examples, ideas about the structure of nontrivial integrable
systems did not exert any real influence on the development of physics.

The situation changed radically with the discovery of the inverse scattering
method. The ever-growing interest in this method is connected with the fact that
it has proved to be applicable to a number of nonlinear equations of mathematical
physics which, as became clear in the mid-sixties, possess a remarkable universal-
ity property. They arise in the description (in the simplest approximation after
the linear one) of the most diverse phenomena in plasma physics, the theory of
elementary particles, the theory of superconductivity, in nonlinear optics and in a
number of other problems which are reducible to spatially one-dimensional ones.
Among the equations referred to are the Korteweg—de Vries equation, the nonlinear
Schrédinger equation, the sine-Gordon equation and many others.

The inverse scattering method allowed people for the first time to discover and
to understand a number of principally new effects which had not become apparent
in any way in the theory of perturbations. The most striking and important of them
are connected with the concept of solitons and their periodic analogues (which will
be the topic of discussion to a significant degree later on). The concept of solitons
has become one of the fundamental ones in contemporary nonlinear physics.

Although after the papers [54], [59] it subsequently became clear that the equa-
tions to which the inverse scattering method is applicable are Hamiltonian and,
what is more, are the field analogues of completely integrable Hamiltonian systems,
the integration of these equations within the framework of the inverse scattering
method does not make use of the Hamiltonian theory. The Hamiltonicity of these
equations, the construction for them of variables of the action-angle type turn out
to be essential during the following stages—in the construction of a theory of per-
turbations and of diverse versions of the averaging methods, in the construction
of the quantum analogue of the inverse scattering method. These sections remain
outside the scope of the present article.

The goal of the present survey is the presentation of the modern theory of
integrable systems as a constituent part of the inverse scattering method. Just
as in classical analytical mechanics, special emphasis is laid on finite-dimensional
systems.

The finite-dimensional dynamical systems to which the inverse scattering method
is applicable and to which, basically, this article is devoted (and among them
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2 INTRODUCTION

are contained all the known classical completely integrable systems) are finite-
dimensional in their original physical formulation or they arise during the con-
struction of particular classes of exact solutions of the field-theoretic equations as
restrictions of the latter to finite-dimensional invariant submanifolds.

One should especially stress the significantly greater effectiveness of the inverse
scattering method as compared with the classical methods of integrating Hamil-
tonian systems. For completely integrable systems, in contrast to the ineffective
integration procedure given by Liouville’s theorem, the inverse scattering method
allows one to explicitly produce solutions of the equations of motion, as well as
canonical action-angle variables, in terms of special classes of functions.

In the first chapter of the survey the modern views of the Hamiltonian formal-
ism of both finite-dimensional and field-theoretic systems are presented. Also set
forth are the methods, going back to the classical ones, of integrating Hamilton-
ian systems which have an explicit symmetry or which admit of separation of the
variables.

The second chapter is the nucleus of the present survey. In it the paramount
concept of the commutation representation of evolution systems is introduced,
which is the starting point of all the integration schemes which are unified by
the ideas of the inverse scattering method. A scheme based on the application of
the methods of classical algebraic geometry has proven to be the most fruitful one
in the theory of integrable finite-dimensional systems. This scheme, and also its
numerous applications, are presented in the second chapter.

It needs to be noted that naturally abutting on the present survey there will
be a survey “Integrable systems II” by A.M. Perelomov, M.A. Ol’'shanetskij, and
M.A. Semenov-Tyan-Shanskij, which will be published in one of the following vol-
umes of the present series. Its first chapter is devoted to group-theoretic methods
of integration of some special finite-dimensional systems. The second chapter is
devoted to geometric quantization of the open Toda lattice and its generalizations.



CHAPTER 1

Hamiltonian Systems.
Classical Methods of Integration

1. The General Concept of the Poisson Bracket.
The Principal Examples

From the modern point of view, the concept of the Poisson bracket (S. D. Pois-
son) lies at the basis of the Hamiltonian formalism. Let 3%, i = 1,..., N be local
coordinates on a manifold Y—the phase space. The Poisson bracket of two functions
f(y) and g(y) is given by a tensor field h'/(y),

. Of 0
(1.9} = W) 3% 3% (1)

(here and further on the summation over repeated indices is implied). Here it is
required that the following properties be fulfilled:
a) bilinearity

{Af+ ung, b} =M f,h} + p{g,h}, A p = const, (1.2)

and skew-symmetry

{9, f} = —{f. 9% (1.3)
b) the Leibniz identity (G. W. Leibniz)
{fg,h} = g{f. h} + f{g, h}; (1.4)
¢) the Jacobi identity (C. G. J. Jacobi)
{f.{g,n}} +{h.{f, 93} +{g,{h, f}} = 0. (1.5)
Let us note that N o
h(y) ={y" v}, (1.6)
and the definition (1.1) can be written in the form
of 0Oy i g
{F.9y =5, 5,0 Wv'h (1.7)
Hamiltonian systems by definition have the form:
v ={y',H}, i=1,...,N, (1.8)

where H = H(y) is an arbitrary function, called the Hamiltonian. The vector field
&y = (£L;) corresponding to the Hamiltonian system (1.8) has the form:

gH(y):hJ(y)a—yj:{y,H(y)}, i=1,...,N. (1.9)
Such wvector fields are called Hamiltonian. The commutator of two Hamiltonian
fields is connected with the Poisson bracket by the relation

[€m,¢r] = —&(a,Fy- (1.10)
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4 1. HAMILTONIAN SYSTEMS. CLASSICAL METHODS OF INTEGRATION

It is clear that the derivative of an arbitrary function f = f(y) by means of the
Hamiltonian system (1.8) has the form

of

oy (1.11)

f={fH}=¢

The flow of (1.8) preserves the Poisson bracket:

{y' ()97 (1)} = {y'(0),4° (0)}. (1.12)

(Transformations which preserve the Poisson bracket are called canonical. Any one-
parameter group of canonical transformations for non-degenerate brackets det(h*/) #
0 has the form (1.8), where the Hamiltonian is possibly defined locally [42] (see also
the second chapter of the article by V. I. Arnol’d and A. B. Givental’).

It is possible that there are nontrivial functions f,(y) (maybe given locally on
the manifold) such that

{fo91 =0 (1.13)

for any function g(y). In this case the Poisson bracket is called degenerate: the
matrix h%(y) is degenerate. (For a degenerate matrix h'/(y) of constant rank the
functions f;(y) of (1.13) locally always exist.) If all such quantities f;(y) have been
found, then on their common level surface

fily) =const (I1=1,2,...) (1.14)
the Poisson bracket no longer stays degenerate.

Let 27 be coordinates on the level surface (1.14). The restriction of the tensor
h?" to this surface is no longer degenerate, and there is an inverse matrix

haph?” = &7 (1.15)
The inverse matrix defines a 2-form
Q= hgp(z)dz? Nd2P. (1.16)
From property (1.5) it follows that the form € is closed,

oh oh oh
dQd = i.e. i 4 PT — 0. 1.1
0, ie 02" + 0zP + 021 0 (1.17)

If the Poisson bracket was non-degenerate right from the start, then the closedness
condition (1.17) turns out to be equivalent to the Jacobi identity (1.5) [42]. Thus
phase spaces with a non-degenerate Poisson bracket are symplectic manifolds.

Let us examine the basic types of phase spaces.

Type 1. Constant brackets and Lagrangian variational problems. Let the ma-
trix h¥ be constant and skew-symmetric. The Jacobi identity is automatically
fulfilled in this case: on a plane where the matrix h?" becomes non-degenerate the
corresponding 2-form Q = hg, dy? A dy” has constant coefficients and is therefore
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closed. By a linear transformation constant brackets can be reduced to the form

0 1
~1 0 0
17\
(hi7) = o (1.18)
0
0

0

Locally any Poisson brackets of constant rank can be brought into this form (the
Darboux theorem (G. Darboux)). In the non-degenerate case coordinates (y) =

(x',...,2", p1,...,pn) may be introduced such that
1 0
0
i 0 1
B = —h;; = 1 0 (1.19)
. 0
0 -1
The coordinates (x,p) are called canonical ones.
The equations (1.8) take on the form:
.. OH | oH
xr :a—pi’ pZ:—%7 Z:L...,n. (120)

These are the canonical Hamilton equations (W. R. Hamilton). They can be ob-
tained from the variational principle 6S = 0, where

S = /L(x,gb) dt, (1.21)

(z) belongs to the configuration space and L(z, &) is the Lagrangian, if one performs
a Legendre transformation (A. M. Legendre)

0L
- 9q’
H(x,p) = plxl - L(xv 1’)

Di 1=1,...,n

(1.22)

(it is assumed that the equations p; = OL/0i* can be solved in the form i’ =
'(x,p).

Conversely, if H(x,p) is a Hamiltonian, then we have a Lagrangian L(z, 1)
defined from the equations

 OH ,
i = PHED) p by = pt — H(ep) (1.23)
Op;

It is assumed that one can solve the equations ¢ = OH/dp; for the variables p;.

Similar variational problems with higher derivatives [42]

68 =0, S:/L(x,gb,...,x(k))dt (1.24)
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can be brought into the form (1.20) with the aid of M. V. Ostrogradskij’s transfor-
mation?

d® 0L

h—
¢ =2V, py= (1)
s=0

~H(q,p) =L—p1¢®> = — pr-14" — pea™, (1.26)
¢’ =0H/0p;, p;=-0H/d¢’, j=1,...k,
if the equations (1.25) can be solved uniquely in the form

z=u(q,p), &=2a(g,p), ..., 2 =2 (g p). (1.27)

Type II. Lie-Poisson brackets. Let us now consider the second case in order

of complexity, when the tensor h¥ is not constant, but depends linearly? on the
coordinates (y) - -

R =y, ¢ = const. (1.28)

Let us consider the set L of all linear functions on the phase space, which we shall

denote by L*. For the basis linear forms—the coordinates y*—the bracket defines

a “commutation” operation

'yl = /v = {y' v’} (1.29)
The requirements (1.3), (1.5) imply that the operation (1.29) turns the linear
space L into a Lie algebra (S. Lie) whose dual space L* is the phase space for
the Poisson bracket (1.28). The bracket of this form was first examined by Lie
[93]. It was rediscovered by F. A. Berezin [14] and used by A. A. Kirillov and
B. Kostant [67] (in the less convenient language of symplectic manifolds) in the
theory of infinite-dimensional representations of Lie groups. The bracket (1.28) is
in general degenerate.

EXAMPLE 1. The fundamental example of the Hamiltonian formalism of type 1
is the phase space T* M—the space of covectors (with lowered indices) on a mani-
fold M (the configuration space). On T*M there are local coordinates x* (on M )
and conjugate momenta p; (on the fibre) with Poisson brackets

and with the form 4
Q =dp; Ndz". (1.31)

EXAMPLE 2. Tt is useful to consider also a Poisson bracket of the form (1.30)
which in addition is distorted by an “external field” Fj; = —Fj;(x):

{xivmj} =0, {xi’pj} :6;7 {pivpj} :Fij(m)v (1'32)
where the 2-form F' = Fj;dz’ A da? is closed, dF = 0. The corresponding 2-form
has the form: ‘ ‘ .

Q =dp; Ndx* + Fijdx' N da? . (1.33)
The equations of motion with a Hamiltonian H (z,p) and the Poisson bracket (1.32)
represent (for n = 2, 3) the equations of motion of a charged particle in the external

INote that in these equations the ¢/ and p; are vectors, and j essentially indexes the deriva-
tives of different orders of the vector z, not the coordinates of x as in (1.20)—(1.23).

2The third case in order of complexity, when the tensor hiJ (y) depends quadratically on y,
is also very interesting and has recently begun to be studied [129].
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magnetic field (n = 2, 3) Fj; (or electromagnetic field for n = 4). In a region where
F = dA the bracket (1.32) can be reduced to the standard form (1.30). As a rule
one can reduce to the form (1.32) (globally) non-degenerate Poisson brackets on
the space T* M which satisfy the following requirement: any two functions f,g on
the base space M (not depending on the variables on the fibre, which consists of
all the covectors) have a vanishing Poisson bracket: {f, g} = 0 (see [112]).

Let us turn now to examples connected with the Lie-Poisson brackets.

EXAMPLE 3. Let L be the Lie algebra of the rotation group SO(3). The Killing
metric (W. Killing) on L is Euclidean and it allows us not to distinguish between
L and L* (all indices will be considered to be lower ones). The Poisson bracket of
the basis functions M; on L* has the form:

{Mi,Mj} :EijkMka (134)
where
the signum of the permutation (3, j, k),
Eijk = CZJ = if 4, j, k are all different; (1.35)
0, if there is a pair of coinciding indices 1, j, k.

The function M2 = " M? is such that

{M* M;} =0, i=1,23. (1.36)

On the level surfaces M? = const (spheres) the bracket (1.34) becomes non-
degenerate. The Hamiltonian systems on L* have the form:

M = {M;, H(M)}. (1.37)

Let w® = OH/OM;; the Killing metric allows us not to distinguish between upper
and lower indices. The equations (1.37) reduce to the form of the “Euler equations”
(L. Euler)

M = [M,uw], (1.38)
where the square brackets denote the commutator in L. (When H = (a1 M? +
as M2 + a3z M2) the equations (1.37) coincide with the equations of motion of a rigid
body fixed at its centre of gravity). The derivation of the equations (1.38) is valid
for all compact (and semisimple) Lie groups on which there is a Killing metric—a
Euclidean (pseudo-Euclidean) metric on the Lie algebra which is invariant with
respect to inner automorphisms

L — gLg™ !, (1.39)
where g is an element of the Lie group, and L is the Lie algebra. Such systems
on the groups SO(N) are called the “many-dimensional analogue of a rigid body”,

in accordance with V. I. Arnol’d, if the Hamiltonian has the aspect of a quadratic
form on the space of skew-symmetric matrices M = (M;;), where

H(M) = "d;M}, dij=qi+q, ¢ >0. (1.40)

1<j
ExXAMPLE 4. With the Lie algebra L of the group E(3) of motions of three-
dimensional Fuclidean space some important systems arising in hydrodynamics are

connected. This algebra is no longer semisimple. On the phase space L* there are
6 coordinates {M;, Ma, M3, p1,p2,p3} and the Poisson brackets

{M;, M;} = eijp My, {M;i,pj} = cijppr, {pi,pj} =0. (1.41)
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The bracket (1.41) possesses two independent functions f1 = Y. p?, fo = > piM;
such that

{fani}:{fqapi}zoa q = 1527 7’:172a3 (142)

On the level surfaces f; = p?, fo = ps the bracket (1.41) is non-degenerate. The
substitution o; = M; — (s/p)p; sets up an isomorphism of these level surfaces with
the tangent bundle 7%S? of the sphere, Y o;p; = 0. (We identify the tangent
bundle with the cotangent bundle by means of the standard Riemannian metric on
the sphere.) On these level surfaces the restriction of the Poisson bracket (1.41) is
no longer degenerate (when p # 0). It turns out that the brackets which arise on
T*S? can be reduced globally to the form (1.32). The appropriate substitution (see
[112]) has the form:

p1 = pcosfBcosty, py=pcosfsiny, p3=psinb,
o1 = pytanfcosy — pgsiny, o9 = py tanfsiny — pg cosy, (1.43)
03 = —Pa,s
where —7/2 < 0 < 7/2,0 < < 2m, 0y = M; — sp~'p;. It is easy to deduce from
formula (1.43) that

{00} = {po, ¥} = {pu, 03 = 0, {0, po} = {¢,py} =1,

1.44
{Po,pu} = scos 0. (49

The corresponding 2-form € takes on the form (1.33),
Q = dpp A df + dpy N dip + scosdf Adyp = dé; Ady' + F, (1.45)

where y' =0, y* =1, & = py, € = py, F = scosOdf A dip. The integral of the
form F (and Q) over the basis cycle [S?] € Hy(T*S?) = Z has the form

// F:/ Q:47rs:4ﬁf2ff1/2. (1.46)
52 [52]

Thus we obtain the standard Poisson bracket on 752, supplementarily distorted
by an effective magnetic field F'. When s # 0 the effective magnetic field is always
different from zero and represents a “Dirac monopole” (non-quantized).

Let H(M,p) be a Hamiltonian. Let us introduce the notation u* = 0H/dp;,
w' = OH/OM;. The Hamilton equations will assume the form of “Kirchhoff’s
equations” (P. Kirchhoff)

p=[p,w], M=[Muw]+[p,ul (1.47)

(the square brackets denote the vector product). The equations (1.47) coincide (for
quadratic Hamiltonians H (M, p)) with Kirchhoff’s equations for the motion of a
rigid body in a fluid—in a fluid which is perfect, incompressible, and at rest at
infinity [107]. The motion of the fluid itself is considered to be potential. In this
case H is the energy, M and p are the total angular momentum and the momentum
of the body-fluid system in a moving coordinate system rigidly connected with the
body. The energy H (M, p), quadratic in M, p and positive definite, can be given in
the form

2H = ZaiMf + Zbij(piMj + Mip;) + Zcijpipj~ (1.48)



1. THE GENERAL CONCEPT OF THE POISSON BRACKET. THE PRINCIPAL EXAMPLES 9

One can reduce to the form (1.47) the equations of motion of a rigid body
with a fixed point in an axially symmetric force field with a potential W(z). The
corresponding Hamiltonian has the form:

1 2 i
H =g > aiMP + W(l'p:), (1.49)

where [? is the constant vector giving the position of the centre of mass relative
to the principal axes and the point of attachment. The quantities p; here are
dimensionless and do not have the physical meaning of momenta. They are the
direction cosines of a unit vector, i.e. one always has f; = p?> = 1. The equations
of the dynamics of the spin in the A-phase of superfluid 3He can also be reduced
to the form (1.47) (see [112]).

On the surface f; = p?, f2 = ps the Hamiltonians H of the form (1.48) or
(1.49) can be written as follows in the variables (y, £):

H = 50" (1) + A° () + V(). (1.50)
Here for the Hamiltonian (1.48) we shall have
> a0} = g™, oi=M;—sp'pi, (1.51)
A%, = S(Z apip” ' o;) +PZ bij(oipip~ "t + apipt), (1.52)
2V =5 aipip > +2ps Y bipipp 2 +D7 Y cijpipip - (1.53)

In view of homogeneity, the Hamiltonian H depends only on sp~!. For the top
(1.49), the Hamiltonian can also be written on the level surface f; = 1, fo = s in
the form (1.50), where the metric g?° again has the form (1.51), but

A%y =s Zaiﬂipi, (1.54)

2V =52 aip} + 2W (I'py). (1.55)

DebpucTION ([112]). The equations of the Kirchhoff type reduce to a system
which is mathematically equivalent to a classical charged particle moving on the

sphere S? with the Riemannian metric guy(y), 9%°gee = 0%, in a potential field
Uy),

Uly) =V(y) - %gabA“A”, (1.56)

and also in an effective magnetic field Fy(y),

Fup =scosl — 01 Ay + DAy, A, = gabAb, s = fgffl/Q. (157)
The form A.dy® is globally defined on the sphere S?, therefore

Fiodf A dip = F =4ns (1.58)
/1. /1

REMARK. It has recently become clear that on SO(4) there arise systems which
in certain cases describe the motion of a rigid body with cavities filled with a
fluid. The integrable cases here were found by V. A. Steklov [133] and have been
rediscovered in a number of modern papers (see, for example, [19], [138]).

by virtue of (1.46).
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A number of other applications of Euler equations on Lie algebras in problems
of mathematical physics have been found just lately by O. I. Bogoyavlenskij together
with the integrable cases in these problems (see [18]).

Now let us consider infinite-dimensional examples of phase spaces—spaces of

fields v = (u'(x),...,u"(x)) of some type, where x = (x!,...,2™) is one of the
indices in the formulas. The Poisson bracket is given by a matrix
{u'(2), 4 (y)} = h¥ (z,y) (1.59)

of functions h% (x, %) (generalized functions), which in general depend on the fields.
For two “functions” (functionals) F'[u], G[u] the Poisson bracket can be computed

by the formula
oF .. 0G
_ ij m m
{F,G} //(M(x)h (z,9) Mj(y)d zd™y. (1.60)

Here 0F/du’(x) are variational derivatives, defined by the equalities

6F:/%5ui(a§) d™z. (1.61)

EXAMPLE 1. The local field-theoretic brackets of Lagrangian variational prob-
lems. There are two sets of fields u = (¢'(z),...,¢"(z),p1(2),...,pn(x)) with
pairwise Poisson brackets of the form

{d'(2), ' (¥)} = {pi(2), p; (y)} =0,
{qz(x)vp](y)}:(szd(x_y% i7j:17"'7n

The Poisson bracket of two functionals F' and G has the form:

SF 5G] ..
e} = /{ 51?2 z)  opi(z) ¢ (x) A (1.63)

Hamilton’s equations can be written in the form

(1.62)

§i(@) = {¢i(). "} = %
| o (1.64)
pi(x) = {pi(x), H} = i)

where H = H|p, ¢] is the Hamiltonian. They arise, in particular, from the field
variational principle

08 _ 0N 9N o OA
o¢t — 9¢¢  "9gi g

S = /dt/dmxA((qu,qt), (1.66)

where A(q, q., ¢¢) is the density of the Lagrangian, with the aid of the field-theoretic
version of the Legendre transformation

pi = 6“ /d z(pi(x)gi(z) — A) (1.67)

=0, i=1,...,n, (1.65)

(it is assumed, just as above in the finite-dimensional case, that the equations
p; = OA(q, Gz, q¢)/0q}, can be solved for g¢}).
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One can also consider, by analogy with the finite-dimensional case, the distor-
tion of the brackets (1.62) by a “magnetic field”—a closed 2-form on the space of
fields g(z). Let us analyze an example connected with the inclusion of “external
fields” in the theory of chiral fields. As is well-known (see, for example, [115]), the
definition of a nonlinear chiral field is as follows: one has arbitrary Riemannian
manifolds N9 and M™; let there be defined a functional So(f) on the mappings
f: N© — M™. The functional Sy(f) has the form of a Dirichlet functional, qua-
dratic in the derivatives of the mapping f, possibly with some additional terms.
Thus the standard “chiral Lagrangian” for a principal chiral field, where M"™ = G
is a Lie group with a two-sided invariant metric, has the form:

Su(f) =5 [t A Vady (1.65)

where g,,,, is the metric of N9, A, = f~1(y)df(y)/Oy".

If the manifold N9 is presented in the form of a product N9 = P97 x R,
where R is the axis of the time ¢ and y = (z,t) (for example, N? is the Minkowski
space N7 = R9~11) then the Euler-Lagrange equations for the action (1.68) can
be brought into the Hamiltonian form by means of the Legendre transformation
(L67), qx) = ().

Now let us define the procedure for including an external field. Let us note
beforehand that an arbitrary differential form w of degree ¢ + r on the manifold
M™ defines a differential r-form €, on the space of mappings { N¢ ER M™} via the
formula

R AN :/Nq Frlic, . e w), (1.69)

where
Ee(y) =0f(y), k=1,....r (1.70)

are “tangent vectors” to the space of mappings (vector fields on M™ at the points
f(y)), iew is the inner product of the form w = (wy, . 4, ,) with the vector £ = (£'),

(ifw)iz.--qurr = giwiig...qurr- (171)

If the form w is closed, dw = 0, then the form €2, on the infinite-dimensional space
of mappings is also closed [112].
On M™ let us fix a closed (¢ + 1)-form w (the “external field”). Then it defines

a closed 1-form € on the space of mappings NY L M7 in the way cited above.
The closed 1-form

08 =950 + Qy, (1.72)
where the functional Sy is of the type (1.68), defines a so-called “multi-valued
functional” S of the chiral field f in the external field w [112]. The extremals

of this functional can be determined, as usual, from the Euler-Lagrange equations
(L. Euler-J. L. Lagrange)

0S5 =0. (1.73)
It turns out that for NI = PZ~! x R, the inclusion of an external field is equivalent
to distortion of the Poisson brackets by a “magnetic field” F—a closed 2-form on

the space of fields { P91 ERy Y "}—without changing the Hamiltonian. This 2-form
F = Q5 can be defined via (1.69) with N9 replaced by P4~1.
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EXAMPLE 2. More generally, the field-theoretic brackets (1.59) are called local
if the generalized functions h%(z,y) present themselves as finite sums of the delta
function 6(x —y) and its derivatives with coefficients which depend on the values of
the field variables and their derivatives at the points x,y. For these brackets and
for local Hamiltonians of the form

H= /h(u,uw,...,u(s))dmx (1.74)
the Hamilton equations @ = {u, H} can be written in the form of partial differential
equations.

IMPORTANT EXAMPLE. The case m = 1, n = 1. Here one has a bracket (the
C. Gardner-V. E. Zakharov-L. D. Faddeev bracket) which arises in the theory of
the Korteweg—de Vries equation (D. J. Korteweg—G. de Vries) (KdV)

{u(),u(y)} = 0'(z —y). (1.75)
The Poisson bracket of two functionals has the form:
F
{F.G} = oF 006G (1.76)

Su(z) Oz du(x)
The skew-symmetry of the brackets (1.75), (1.76) is obvious; the correctness of the
Jacobi identity follows from the fact that the “tensor” h% is constant here (it does
not depend on the field variables). The bracket (1.75) is degenerate; the functional
I_; = [wdz has vanishing bracket with any other functional F':

(F,I_}=0. (1.77)

On a subspace I_; = [udz = ¢ (for example, ¢ = 0) the bracket (1.75), (1.76) is
no longer degenerate. The KdV equation itself is given by the Hamiltonian

u2
I =H= / (7«’” + u3) dz, (1.78)

J O0H
=5 Sulz) 6uly — Ugge- (1.79)

Ut

The quantity
2
b= [ do {u(o). I} = ws() (1.80)

plays the role of the momentum (the generator of the translations in z). It is
curious that one of the manifestations of the integrability of the KdV equation (by
the inverse scattering method, see Chap. 2 below) is the presence of another local
bracket [94] of the form

SF  6G
R = | 5uir Asui

a3 d d
A=——+2(u—+—u].
dx? + (u dx + dx u)
There is even a family of brackets: one can replace the operator A by A+ A(d/dx)

(A is an arbitrary constant). In the new Hamiltonian structure the KdV itself has
the form

(1.81)

_ 4 5%

up = Sulz)’ (1.82)



1. THE GENERAL CONCEPT OF THE POISSON BRACKET. THE PRINCIPAL EXAMPLES3

EXAMPLE 3. Now let us consider continuous examples of the Lie—Poisson brack-
ets, connected with infinite-dimensional Lie algebras L. The starting point for
the subsequent constructions will be the Lie algebra L of vector fields on an m-
dimensional space. The commutator of two fields v'(x),w!(x) has the form:

i . ow'(x) L o0vt ()
[v, w]'(z) = v/ (2) Tomi w (x) oxi
The role of the index is played here by pairs (z,i)—a point = and an index i. The
operation (1.83) should be written in terms of “structure constants” in the form

(1.83)

o) = [ dmydciyle, .o ()t (o) (1.84)

By comparing (1.83) with (1.84) we obtain
ci(w,y,w) = 850(2 — 2)03(y — 2) — S0 (y — )07 (2 — ), (1.85)
o) = /f(z)a]( 16(2 — 2)d™(2) = —ﬁ. (1.86)

The variables p;(z) conjugate to the velocity components, on the dual space L* to
the vector fields v*(x), must be such that the quantity

/pl(x)vz(:t) dmx (1.87)

is scalar with respect to change of variables. This means that the variables p;(z)
are covector densities, which under changes of variables are additionally multiplied
by the Jacobian determinant (we shall call them momentum densities). By (1.85)
the Poisson bracket has the form:

{pi(y),pr(2)} = /cék(x7y,z)pi(x) d™z

= )9 8(y — 2) = p; ()75 (z — ). (1.88)
In the important special case m = 1 we get
{p(y), p(2)} = p(y)d'(y — 2) — p(2)d" (= — y). (1.89)

The substitution p = u? reduces this bracket to the bracket (1.75).

In the algebra L of vector fields on Euclidean space (where there is a distin-
guished Euclidean metric and the volume element is the mass density, which is
considered to be constant) a subalgebra Lj of divergence-free fields

o' =0 (1.90)
is given. The dual space L can be obtained by factoring by the gradients
L= L*/(0;9). (1.91)

In other words, momentum densities p;(x) give trivial linear forms on Lg if p;(z) =
9i¢(x):

/pivi d"xr = /vi ipd™"x = 7/¢>6in' d™x = 0. (1.92)
The Euler equations for the hydrodynamics of a perfect incompressible fluid can be

written as a Hamiltonian system [7], [112] on the space L§ with the Hamiltonian

P’ i i
H= Td x, p=const, Ov'=0, p;=pv (1.93)
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and the Poisson brackets (1.88). One always writes these equations on the full space
L*, which is equivalent to the space of velocities in the given case

{ Pﬂi = {piv H} + Oip,

. 1.94
8Z-v’ =0. ( )

The terms 0;p have arisen because of the transition from L§ to the space L*, where
quantities of the form 0;p are equivalent to zero. The pressure p is only defined
up to a constant here. The Poisson bracket on the space Lj may be written in the
form

{vi(x), v; ()} = %(awj — 9y0)d(z — ),

p; = pv;, p = const.

(1.95)

The Hamiltonian formalism for a perfect compressible fluid cannot be realized
on the algebra L; it represents a special case of the Hamiltonian formalism for fluids
with internal degrees of freedom. Even the ordinary compressible fluid has such
internal degrees of freedom-the mass density p and the entropy density s, whose
inclusion requires the extension of the Lie algebra L of vector fields. Besides the
vector fields v?, we shall add another pair of fields v* and v® with commutators of
the form

[(v, 7, 0%), (w, w”, w*)] = ([u, w], v’ AW’ — w v, v'Aw® — w'd;v*). (1.96)

We shall denote the algebra (1.96) by L, . The corresponding variables in the dual
space L . we shall denote by p (the mass density) and s (the entropy density).
The Poisson brackets in L} ; have the form:

{pi(2), p(y)} = p(2)0:6(y — ),
{pi(2),s(y)} = s(2)0:5(y — @),
{p(@),p(y)} = {s(2),s(y)} = {p(x), s(y)} = O, (1.97)

{v4(z), v;(2)} = %(&'vj — 0;0:)8(x — y)

(the velocities are here the covectors v; = p;p~'). The Hamiltonian H = [[p?/2p+
e(p,s)]d™z is just the energy. The quantities M = [pd™z and S = [sd™z
have vanishing Poisson brackets (the trivial conservation laws). Essentially the
Poisson brackets (1.97) were appropriately chosen so that mass and entropy would
be transported together with the particles, in contrast to the energy, which is
conserved only as a whole. Other examples of Lie—Poisson brackets which arise in
hydrodynamics can be found in [112].

EXAMPLE 4. General brackets of hydrodynamic type. The Poisson brackets and
Hamiltonians considered in the previous example have the following properties:
1) The Hamiltonians have the form:

H= /h(u) d"z, (1.98)

where the densities h(u) depend only on the fields u = (u!,...,u™) and not on their

derivatives.
2) The Hamilton equations

ui(z) = {u'(z), H} (1.99)
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are first-order quasilinear equations

ul :v;(u)ufc, i=1,...,n. (1.100)

The most general form for Poisson brackets which lead to the equations (1.100) for
Hamiltonians (1.98) is as follows:

_ , g 98(x — ouk
{u'(2). )} = 97 ) 25 =0 s
The form of equations (1.100), the Hamiltonians (1.98) and the brackets (1.101) is
invariant with respect to local changes of field variables

u = u(w). (1.102)

+ b7 (u(x)) S(x—y). (1.101)

Let us consider here the one-dimensional case m = 1:

{u' (@), ()} = g7 (u(@))d, (x — y) + b (ul))ul(2)é(x — y) (1.103)
In this case the symmetric matrix ¢*/ (u) = ¢’¢(u) behaves under the changes (1.102)

like a metric (with upper indices) on the space of fields w. If it is non-degenerate,
then the quantities 1"; > defined by the equalities

by = —g"T7,, (1.104)

transform under the changes (1.102) like Christoffel symbols (see [48]). It turns out
[48] that the expression (1.103) gives a Poisson bracket if and only if the connection
I, is symmetric, compatible with the metric g and has zero curvature. This
means that by local coordinate changes (1.102), the metric g/ can be reduced to
the Euclidean (or a pseudo-Euclidean) one, the connection to zero, and the bracket
(1.103), by the same token, to a constant one:

{w'(x),w? (y)} = £696'(x — y). (1.105)

It should be noted that the natural “physical” variables u! in which the equations
(1.100) and the brackets (1.103) arise are essentially “curvilinear”, i.e. the metric
g% (u) is nontrivial in the coordinates u’.

In the multidimensional case m > 1 a family of metrics ¢¥%, a = 1,. S, m
actually arises. If they are non-degenerate, then the connections Fﬁ, where b} =

fgi“‘FZ,Z, are compatible with these metrics, symmetric, and have zero curva-
ture. However all the metrics ¢”® cannot as a rule be reduced to a constant
form by a single transformation. The obstruction to such a reduction are the
tensors Tkl = i glkl bfjﬂg”a. For example, for the brackets (1.88) when
m > 1 such a reduction is impossible. Let us also note that for m > 2 the metrics
g% = p,(81557% — §755'“) corresponding to the brackets (1.88) are always degen-
erate. For non-degenerate metrics ¢g”/* the conditions under which the expression
(1.101) gives a Poisson bracket can be written as a set of relations on the tensors
TkB that we shall not discuss here (see [49)]).

The set of relations in [49] is incomplete and incorrect for N < 2. The complete
set of relations can be found in [Mo].

In any case, the following theorem is true: if the metric ¢*»! is non-degenerate
and is reduced to a constant metric, then all other metrics g** are linearly depen-
dent on the coordinates (u) (see [49] for N > 2 and [Mo] for N = 2). Thus, the
classification of Poisson brackets of hydrodynamic type is reduced to certain ques-
tions in the theory of special infinite dimensional Lie algebras. These questions are
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discussed below. Poisson brackets of hydrodynamic type play a fundamental role
in the theory of the Hamiltonian systems of hydrodynamic type and, in particular,
in the study of the effective integrability of such systems in the case of one spatial
variable (see Appendix below).

As was mentioned at the beginning of §1, if the coefficients of the Poisson brack-
ets are linearly dependent on the “fields-coordinates” {u(x)}, then the “small” Lie
algebras form a background of a “big” algebra of Poisson brackets. Such brackets
are called the Lie-Poisson—Beresin—Kirillov—Kostant brackets and the systematic
development of their theory was initiated in [GDo] and [BN].

We now restrict our attention to the spatially one-dimensional case (m = 1)
and, following [BN], consider hydrodynamic type Poisson brackets of the form (1.103)

g = C’,ij uF, C,ij = sz + bf:, b;j = const.
Let B be an algebra with a basis e', ..., e’ and multiplication
eled = bfj ek,
Then the structure of an infinite dimensional Lie algebra Lp on the space of B-
valued vector-functions of a single variable z is defined as follows:

[p(x),9(x)] = p'q —d'p, p(x),q(e) € Lp, xS,

where p(z) = e'p;(z), q(z) = e’q;i(x), and the multiplication law is induced by the
multiplication in B. This is a general form of spatially one-dimensional translation-
invariant Lie algebras of the first order (i.e. depending only on the first derivatives
w.r.t. ). The Jacobi identity for Lp is equivalent to the Jacobi identity for the
Poisson bracket of hydrodynamic type (1.103) with m = 1 and g = C}/u*. Tn par-
ticular, if the metric g% is non-degenerate at the point u = uy, i. e., det(g* (ug)) # 0,
then this metric is flat. Moreover, the Jacobi identity is equivalent to the following
two identities in the algebra B:

[Lua Lb] = Oa [Rl” RC] = Rbc—cba
where L,(b) = Ry(a) = ab.

Such finite-dimensional algebras B over R or C cannot be simple for N > 1
(see [Z]). Lie algebras Lp have large families of central extensions

O—-R— /jB —Lp—0
defined by cocycles of the form

wa) = § il @y (o) do

where (k) is the number of differentiations w.r.t. z and W(ii) = const.

In the case B = R there is only one non-trivial “Gelfand—Fuks” cocycle for k = 3
(see [GF]). In the general case, there are many non-trivial cocycles for k = 0,1,2,3
([BN]), but their general theory has not been developed. In the important case
by = b]' we obtain commutative associative algebras B. If det g"/ # 0, we obtain
Frobenius algebras ([BN]). In this case, it seems that the only non-trivial cocycles

are cocycles of order 3 at some point (up), i.e., 7 3) = C”u’g This is the only

case where the flat coordinates for the metric g = C’kj ¥ have been effectively
constructed. In general, this problem is solved only in a number of special cases
connected with topological quantum field theories [D1], where the theory of Poisson
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brackets and systems of hydrodynamic type recently began to play an interesting
role (see [D1] and Appendix to [N1]).
Non-local Poisson brackets of hydrodynamic type have the form ([MF], [F]):

{u'(z), v (1)} = " (w(2))d' (z — y) + b (u)ubd(z — y)

L
+ D (w)pubd (W) (w)usd(z — y)]
a=1

Here the metric "/ is no longer required to be flat. If L = 1 and (w')} = ¢d%, then
the curvature is constant. Such brackets are important for the theory of integrable
systems of hydrodynamic type (see Appendix). Also see [F] for general theorems.

There is also a higher order analogue of Poisson brackets of hydrodynamic type.
These brackets are called “homogeneous differential-geometric brackets of order k”
and they have the following form (see [N2]):

{u' (@), 4 ()} = 9" (u(@))6™ (z — y) + b (w)uls* D (z —y)
+ [Tl + dubul]6% D (2 — ) + .

where the functions g, b, c,d depend only on u. The theory of such brackets for
k = 2 was constructed in [P1]. The connection 1"; © = gjsei has zero curvature and
zero torsion (see the result of Potemin in [N2], also see [D]). For k = 2, we have the
following result: if det(g" (u)) # 0, then the form g;;du’ A du? is closed if and only
if the Poisson bracket can be reduced to a constant bracket.

We would also like to make the following remark about the Important Ex-
ample (above). The theory of integrable systems led to the generalizations of the
Gardner—Zakharov—Faddeev bracket (1.75) and the second “Magri bracket” (1.81).
Recall that these brackets appear in the study of the KAV hierarchy.

The higher order analogue of the bracket (1.75) has the form [34]:3

{u' (@), 0 (y)}1 = M7 0 5(z — ).

where M%¥ is defined by the relation

n—1
> ML = (X, L)+
4,j=0

for
n—1 n—1
Xy=3 0, o, L=08)+) u*o},
s=0 k=0

and is equal to

2

k—itj—1 J

3The notation ( )4 will be explained below (Insertion 2).
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The higher order analogue of the bracket (1.81) has the form [2]:
{u'(z),u’ (y)}2 = K o 6(z —y), where

n—1
> (K900, = L(X,L)+ — (LXy)+ L,
i,j=0

and this must be satisfied for any n = (n9,...,7n-1)-

It is remarkable that the higher order analogues of the second bracket turned
out to play an important role in the conformal field theory. They can be interpreted
as classical limits of “Zamolodchikov W-algebras” [FL]. Because of this connection
with two-dimensional conformal quantum field theories, these Poisson algebras are
often called “classical W-algebras”.

ExampPLE 5. Consider one more fundamental class of Poisson brackets related
to the theory of integrable systems—The Yang—Baxter brackets. Let the tensor
r: VeV -V YV satisfy the “linearized Yang—Baxter equation”:

[r12,713] + [r12, 23] + [r13,723] = 0,

where rio =7: VV®1 —=V®V®IL1 and ri3,re3 are defined similarly. Then
on a space with coordinates tz- one can define a Poisson bracket by the following
formula:
{th 1]} = rigtity = tatyriy.

These brackets are very useful for the integration of certain integrable systems in
the soliton theory. See [FT] for the detailed discussion on the connection between
the theory of the linearized Yang—Baxter equation and the soliton theory and for a
large list of references on the subject. Some useful information and references can
be found in [DN1].

The connection between the linearized Yang-Baxter equation and another class
of Poisson brackets—difference analogues of Poisson brackets of hydrodynamic
type—was studied in [D2]. A summary of the results of [D2] can also be found
in [DN1].

2. Integrals and Reduction of the Order of Hamiltonian Systems.
Systems with Symmetry

A function F(y) is called an integral of the Hamiltonian system (1.8) if its
bracket with the Hamiltonian H(y) is equal to zero:

{F,H} =0. (1.106)

Taking (1.11) into account, we get: the quantity F' is conserved along the trajec-
tories of the Hamiltonian system (1.8). In particular, the Hamiltonian H itself (if
it does not depend on time) is always a conserved quantity. The trajectories of the
system (1.8) lie entirely on a level surface F' = const. If the Poisson bracket is de-
generate, then there are always “trivial” integrals (1.13), which commute with any
Hamiltonian. We have looked at an example of the reduction of the Hamiltonian
formalism with the help of trivial integrals in §1 in connection with equations of
the Kirchhoff type. Hamiltonian systems with one degree of freedom (N = 2) with
a time-independent Hamiltonian can always be integrated by quadratures. The
presence of non-trivial integrals when N > 2 which do not depend on the “energy”
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H * allows one to reduce the order of the Hamiltonian system (1.8) by two all
at once. Let us give the appropriate construction (see also vol. 3 of the current
publication and Chap. 3, §3 of the article by V. I. Arnol’d and A. B. Givental’).
Let F(y) be an integral of a Hamiltonian system with Hamiltonian H, where the
vector (£4(y)) = (h¥ (y)(OF (y)/0y”)) is independent of £x. Let us consider a level
surface M.,:

F(y) =c, (1.107)
and on it the Hamiltonian flow defined by the Hamiltonian F(y),
v ={y", F(y)}, i=1,...,N. (1.108)

The flow (1.8) with Hamiltonian H permutes the trajectories of the flow (1.108)
by virtue of the commutation (1.106), and therefore defines a dynamical system on
the set of trajectories of the flow (1.108). The trajectories of the flow (1.108) lying
on the level M, are “indexed” by the points of a surface M? (in general defined
locally) transversal to these trajectories. Let us define the “reduction operation”
of the original Poisson bracket h%(y) onto M?. Let us consider the subalgebra of
all functions z(y) which commute with F(y),

{F(y),z(y)} = 0. (1.109)

Let the independent functions 2'(y), ..., 2V ~2(y) satisfy (1.109) and not function-
ally depend on F(y). They are constant along the trajectories of the flow (1.108)
and together with F'(y) and 7 they define local coordinates in a neighbourhood of
the transverse surface M?. By the same token, the quantities z!,...,2V=2 give
local coordinates on the transverse surface M?. We obviously have

(nFY=1, {rnz)=fi(=F), {227} = "(z, F). (1.110)
Therefore we may impose on the choice of coordinates z',..., 2V =2 the useful ad-
ditional conditions

{r,29} =0, ¢q=1,...,.N—2. (1.111)
The reduced Poisson bracket on M2 has by definition the form
{vazq}rcd = {Zp(y)azq(y)} :ibpq(zvc)v b,q= 177N_2 (1112)

Obviously, the right-hand side depends only on the coordinates on M? (and on c),
and does not depend on the choice of the surface M?. By virtue of (1.106) the
Hamiltonian has the form

H(y)=H(z", ..., 2N 72 F), (1.113)
and therefore the original Hamiltonian system has a well-defined restriction to M?:
2= {29 H(z,0)}eas q=1,...,N—2. (1.114)

Thus, integration of the original system (1.8) is reduced to the integration of the
Hamiltonian system (1.114), whose order has been lowered by two. After this
the dependence of the coordinate 7 on time can be determined from the equation
(taking (1.110), (1.111) into account)

7= {r,H(z,F)} = % (1.115)
(by one quadrature).

4With the aid of the energy integral H the order of the system can also be reduced by two,
but the Hamiltonian of the reduced system will depend explicitly on time [7].
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Whether it is possible to carry out the reduction procedure globally requires
a supplementary investigation. It is sufficient, for example, to suppose that c is a
regular value of the function F(y) and the one-parameter group G, of translations
along the trajectories of the system (1.108) is compact and has no fixed points. In
the practical realization of the procedure described above the main difficulty lies in
the construction of the “transversal” coordinates z', ..., 2V 2.

EXAMPLE 1. Let H = H(x,p) be a Hamiltonian on the phase space R?" with
canonical coordinates (x!,...,2",p1,...,p,) of the form (1.19). Let us suppose
that H(x,p) is invariant with respect to “spatial translations”

' —at+a, pi—op, (1.116)
i.e.
" OH
— =0. 1.117
2 oy ( )

For this it is sufficient that the Hamiltonian have the form

H(z o 2™ pr,. ., p™) = H(zy — 2", ., 0" — 2™ p1, . pn). (1.118)

Then, obviously, the quantity (“total momentum”)

F=>pi (1.119)
i=1

commutes with H, {H, F'} = 0. The coordinates z = (z,...,2?""2) = (29, p,) on
the reduced phase space have the form

9=z —2" qg=1,...,n—1,
_ (1.120)
Dg=Dpg q=1,...,n—1.
The reduced Hamiltonian H (&, p; ¢) on the surface
pL+Fpn=c (1.121)
has the form
n—1
H(&,p;c)=H <az~1, BT Pl P, e — Z@,) . (1.122)
q=1
The reduced brackets are the canonical ones:
fi.qa‘%r red = D 7~r re :07 ‘%qa~r :537
{ }red = {Dgs Pr}rea {29, pr} (1.123)
qgr=1,....,n—1,
and the original Hamiltonian system reduces to the system on R?"—2
oH . oH
1= —, Pg=—5— =1,....,n—1. 1.124
Y=o P gz 4= heon (1.124)

The dependence of the quantity 7 = z™ on the time ¢ can be found from the
equation

F=H.. (1.125)
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Now let us suppose that the Hamiltonian system (1.8) with the Hamiltonian
H possesses several integrals. Let us note, first of all, a simple but important
assertion: the integrals of the system (1.8) form a subalgebra with respect to the
Poisson bracket. The proof is obvious from the Jacobi identity (1.5).

The presence of nontrivial pairwise commuting integrals Fy(y), ..., Fr(y),

{Fi7H}:O7 {FMF]}:(L i7j:17"'7k7 (1126)

allows one, according to the scheme described above, to reduce the order of the
Hamiltonian system by 2k. In particular, if the initial Poisson bracket was non-
degenerate, N = 2n, then the presence of n pairwise commuting integrals for the
Hamiltonian system allows one, in principle, to integrate this system by quadra-
tures. We shall discuss the properties and examples of such systems in §3.

A set of non-commuting integrals also allows one to reduce the order of the
original Hamiltonian system; however, here the reduction algorithm is more com-
plicated. Let us first analyze a simple example.

EXAMPLE 2. Let H(z,p) = (|p|?/2m) + U(|z|) be a spherically symmetric
Hamiltonian on RS, = = (x1,29,23), p = (p1,p2,p3). Here one has the three
“angular momentum integrals”

My = zops — x3p2, Mz =x3p1 —x1p3, Mz =z1p2 — 22p1 (1.127)
with pairwise brackets
{M;, M} = eiji M. (1.128)
(In fact, the whole angular momentum vector
M = [z,p] (1.129)

is conserved.) Here there are three integrals, but because of their non-commutativity
the reduced phase space will have dimension 2. Let us fix a value of the angular
momentum

M =m#0. (1.130)

Without loss of generality we may assume that m = (u,0,0), and the conditions
(1.130) can be written in the form

Top3 — T3p2 = p, x3p1 —x1p3 =0, 1p2 — w2p1 =0. (1.131)

From the last two equations it follows when p # 0 that 1 = p; = 0, i.e. the
motion takes place in the (z2,x3) plane. The flow with the Hamiltonian M, which
represents a rotation in the (x2, z3) and (p2, p3) planes by the same angle, thus acts
on the three-dimensional surface 1 = p; = 0, z9ps — x3p2 = p. If we factor by this
flow, we obtain the desired reduced phase space. For the factorization it is most
convenient to use polar coordinates r, ¢ in the (x2,x3) plane, putting

To =TCOSQ, x3=rsing (1.132)
and introducing the conjugate momenta
P .
P2 = preosé — ~sing,

(1.133)
p3 = prsin g + P CoS .
r
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Then r, p, serve as canonical coordinates on the reduced phase space; the reduced

Hamiltonian has the form
2

. p? f
H(r,pr) = 5+ 5 5 +Ur). (1.134)

The dependence of ¢ on time is obtained separately from the equation py = p, from
which we get

. OH
o=t =

= —. 1.135
mr?  Opg ( )

The construction of example 2 admits of obvious generalizations, which go back
to Jacobi and H. Poincaré and have been formulated in the language of symplectic
manifolds in a number of works in the last decades (see also vol. 3 of the present
publication and Chap. 3, §3 of the article by V. I. Arnol’d and A. B. Givental’).

Suppose the Hamiltonian system (1.8) possesses integrals Fi, . .., F,. whose pair-
wise brackets can be expressed as linear combinations of these same functions,
{F,, F;} = ¢} Fy. (1.136)

the coeflicients cfj being constants (this is the next case in order of complexity after
commuting integrals; compare the formulas (1.128) of example 2). Thus the space
of linear combinations

L={a'Fi(y)}, a',...,a" are constants, (1.137)

is closed with respect to the Poisson bracket and for this reason forms a finite-
dimensional Lie algebra. The functions Fy(y), ..., F,.(y) form a basis of L, and the
cfj are the structure constants. Let G be the corresponding Lie group. Then G
acts locally on the phase space by canonical transformations (ones which preserve
Poisson brackets): the one-parameter subgroups of G which correspond to the basis

vectors F; of the Lie algebra L are the Hamiltonian flows

For a fixed y the collection of numbers (Fi(y),...,F.(y)) = F(y) may be
considered as the coordinates of a linear form on the Lie algebra L: if (a',...,a")
is a vector in L, then

F(y)(a) = a"Fi(y). (1.139)
Thereby we have defined the momentum mapping
y— F(y)e L. (1.140)
Let us fix some element ¢ = (cy,...,¢.) € L* and let us consider the momentum
level surface (the simultaneous level surface of the integrals Fi, ..., F).)
Fy)=ce (Fi(y) =c1,... . Fr(y) = c). (1.141)

Let us suppose that this surface M, is a manifold. The Hamiltonian flow corre-
sponding to the Hamiltonian f,(y) = a'F;(y) preserves the level surface M, if the

vector a = (al,...,a") satisfies the linear relations

{fa, i, = a'cfjee =0, j=1,...,m (1.142)
Such vectors a form a Lie subalgebra L. C L. Let [ be the dimension of this
subalgebra; a basis of it is constituted by the functions

fs(y) =d' Fily), s=1,...,1, (1.143)
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where (a') is a fundamental system of solutions of the equations (1.142). (The
subgroup G, C G with the Lie algebra L. C L is just the isotropy subgroup of
the element ¢ € L* in the coadjoint representation Ad*. In example 2 (above) the
subgroup G, coincided with the rotations about the ¢ = (y,0,0) axis.)

If we factor M. by the action of the flows with the Hamiltonians f, out of the
subalgebra L., we obtain the reduced phase space M? (of codimension r + ). (All
M. is fibred (locally) over M2 with fibre G.). As coordinates on M? one may take
functions 29 = z9(y) such that

{(z9 Fj}m. =0, j=1,....m, (1.144)

which do not depend on the functions f1, ..., f; (1.143) (the gradients of the func-
tions z? and fs must generate the whole tangent space to M.). As above, we define
the reduced brackets on M? by the equality

{29, 2P }rea = {29(y), 27 (v) }- (1.145)

The Hamiltonian also restricts to M? in a well-defined way. We obtain the reduced
Hamiltonian system

1 ={2" H(z)}lrea, ¢=1,...,N—1l-r (1.146)

It is clear that in the commutative case cfj = 0 the subalgebra L. coincides with
the whole Lie algebra L, i.e. [ = r and the order of the system is reduced by 2r.

We have not yet discussed the mechanisms by which integrals of Hamiltonian
systems arise. The best known of these mechanisms is a symmetry of the Hamilton-
ian system, i.e. the presence of a continuous group G of canonical transformations
of the phase space, preserving the Hamiltonian:

H(gy) =H(y), g€G. (1.147)

Let L be the Lie algebra of the group G, let ey, ..., e, be a basis of L, and let the
commutators in L have the form:

lei, e5] = ijek (1.148)

Each one-parameter subgroup exp(te;) of transformations of the phase space has a
Hamiltonian F;(y) (defined perhaps locally), i. e. the transformations y — exp(re;)y
are translations along the trajectories of the system

v = { @)}, j=1...,N. (1.149)

The functions F;(y) are integrals of the Hamiltonian system (1.147). Indeed,

(H(), ()} = - Hlexp(res)y)r= = .

The functions F;(y) are called generators of the canonical action of G.

A canonical Lie group action is called Poisson if the functions F;(y) are defined
globally and their Poisson brackets have the form (1.136), where the cfj are the
structure constants (1.148) of the Lie algebra L.

EXAMPLE. Let the phase space have the form of the cotangent bundle T* M of
a smooth n-dimensional manifold M with the standard brackets (1.30) and let G
act on M as a group of diffeomorphisms. The corresponding action of G on T* M is
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canonical. Let us construct the functions Fj(y), where y = (z,p) are the canonical
coordinates on T*M (locally). Let

d
Xkz) = P (exp(re))r)fi_y, k=1,...,n. (1.150)
T
Let us put
Fi(z,p) = pe XF(z), i=1,...,7 (1.151)

The functions F;(z,p) are defined globally on T*M and are generators of the action
of G. Their Poisson brackets, as is easy to see, have the form (1.136). Thus the
action of G on T*M is Poisson.

For an arbitrary phase space a canonical action of G might not be Poisson. In
the first place, even if the Poisson bracket is non-degenerate, the integrals F;(y)
might not be globally defined (and single-valued); only their differentials dF; are
well-defined. Let us suppose further that the functions F; are defined globally (up
to a constant). It is not difficult to show that then their Poisson brackets have the
form:
{Fi, Fj} = c;Fy + b, (1.152)
where the cfj are the structure constants of the Lie algebra L, and the b;; = —b;;
are certain constants. The skew-symmetric matrix b;; defines a bilinear form on
the Lie algebra L, B(¢,n) = b;;&'n?, which is a (two-dimensional) cocycle:

B([¢,m)],¢) + B([¢,&l,m) + B([n,¢],€) =0 (1.153)

(a consequence of the Jacobi identity (1.5)). For the action of the group G to be
Poisson it is necessary that the matrix b;; should have the form (8; are certain
constants):

bij = Brcl; (1.153")
(the cocycle b;; is cohomologous to zero). In this case, by substituting F; — F;+3;
we obtain a Poisson action.

If the action of the group G on the phase space is Poisson, then the reduction
procedure described above for the Hamiltonian formalism can be carried out glob-
ally under certain additional restrictions. It is sufficient, for example, to suppose
that ¢ is a regular value for the momentum mapping (1.140) (i.e., M. is a mani-
fold), the isotropy subgroup G, of the element ¢ € L* with respect to the coadjoint
representation Ad* is compact, and its elements act on M, without fixed points.
Thus, for the case T*M, where the group G acts on M, the reduced phase space
has the form T*(M/G), if of course the quotient manifold M/G is defined.

EXAMPLE 3 ([112]). A. J. Leggett’s equations for the dynamics of the “order
parameters” in the B-phase of superfluid ®*He. In the state of hydrodynamical rest
and with non-zero spin a state in the B-phase is defined by a pair—a rotation
matrix R = (R;;) € SO(3) and s = (s;), ¢ = 1,2, 3,—the “magnetic moment”.

The variables s; represent coordinates on the dual space to the Lie algebra of
the group SO(3), analogously to the angular momenta ;. In the variables (s;, R;x)
the standard Poisson brackets on T*SO(3) are written thus:

{sisi} = cijesk,  {Rijs By =0, {si, Rj} = ciju Ry (1.154)
The Hamiltonian of the Leggett system in the B-phase and in an external magnetic

field has the form:
H = las® —l—sziFi—i—V(cosG), (1.155)
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where a,b are constants, F' = (F;) is the external field,

V(cos @) = const(3 + 2 cos )% (1.156)

here R;; is the rotation by the angle § about the axis of the vector (n;), Y n? = 1:
R;; = cos0d;; + (1 — cos O)n;n; + sin Oe;jpny, (1.157)

1+2cosf =R;; =trR. (1.158)

After the substitution

asi =w;, Qjr = ejpw; = (RR™ )i (1.159)
we will obtain a Lagrangian system in the variables (R;;, R;;) on T*SO(3), where
the kinetic energy is defined by a two-sided invariant Killing metric, and the po-
tential V'(cos @) is invariant with respect to inner automorphisms

R—gRg™', s+ gs, geSO(3). (1.160)

If the field F' = (F;) is constant, then the whole Hamiltonian is invariant with
respect to the one-parameter group of transformations (1.160), where g belongs to
the group of rotations around the axis of the field F'. Suppose, further, F' = (F,0,0).

With zero flux F' = 0 the system admits the group SO(3) of transformations
(1.160) and is completely integrated in [95]. The transformations (1.160) generate
the vector, conserved when F' = 0:

A= (A;)=(1—cosb) [n,cot gS—i—[n,S] , (1.161)

where the Poisson brackets are the same as for the ordinary angular momentum
{Ai, A} = €ijiAr,

1.162
{4;, $as* + V(cos0)} = 0. ( )

The variables s and 6 which enter into the Hamiltonian when F' = 0 generate the
closed Poisson bracket algebra {s?, 5,0} [112], where

s =3 sini, (1.163)
1+ cosf
{s®,0} =25, {s,0} =1, {s}=—

sin 6
The quantity A* = 37 A7 = (1 — cosf)(s* — s{) has zero Poisson bracket with
everything in this subalgebra

{A% $*} = {A% 5} = {460} =0. (1.165)
In a non-zero magnetic field (F,0,0) there remains only one integral (besides the
energy)

(s> = s7). (1.164)

{A1,H} =0. (1.166)
In the present case it proves to be possible to carry through the reduction procedure
for the Hamiltonian formalism to the end (globally) and to reduce the system to
two degrees of freedom.
The integral A; generates a group (1.160), where g is a rotation around the
first axis, that of n = (1,0,0). Variables which are invariant with respect to this
subgroup are the following:

2
S 7S\|707n1781;7282n3_n233 (1167)
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with a constraint of purely geometric origin
s212 = (52 — 59)(s% — sﬁ) — (s%n1 — s15))%. (1.168)

It is not hard to work out that the variables (1.167) form a closed Poisson bracket
algebra which contains the Hamiltonian H (1.155) and has functional dimension 5.
The quantity A;, which lies in this algebra, has vanishing bracket with all the
variables

0= {Al, 82} == {Al,SH} = {A1,¢9} = {Al,nl} == {Al,Sl} == {Al,T}. (1169)

Therefore, if we impose the condition A; = const it is possible as before to make
use of the formulas for the Poisson brackets of the quantities (1.167) which follow
from (1.164). With the condition A; = const, we shall choose the following as basis
variables:
A% 5,0,n1 = n. (1.170)
Their brackets have the form:
{s,0 =1, {0,n} =0,

{A%,5%) = {4%,0} = {4% 5/} = 0, (1.171)
{A% 0} = \/%(1 —n2)A2 — 142,

Thus, the canonical variables can be chosen in the form

' =0, pi=po=s|,

) 942 A2 (1.172)
- =mn, p2=DpPn= 1—7127(1—712)2'

The Hamiltonian takes on the form:

1 1—n? A2
H == 2 2 1
2" [pg * 2(1 — cosb) (p" * (1- n2)2)]
1 —n? 2 —sin” 6
X A2
sinOpy, + 19(1 — cosh)

+bF (npg + ) + V(cosh). (1.173)

Now let us introduce spherical coordinates
0 =2x, m=n; =sing (1.174)
and let us pass over to the Lagrangian formalism. We will obtain
L = 2a(x? +sin? x¢?) — A1t — Ay® — U(y), (1.175)
where y' = x, y* = ¢,
Ay = 2bsin o, Ay = 8bF cos ¢ sin® X COS X,

A2
S W3 o
4 sin” y cos? ¢ 2sin”

A (1 — sin? xy cos? x)

U="V(cosb)+

1
- §b2F2 (sin® ¢ + 4 cos? ¢psin? y cos x).

Thus we have obtained a system on a region of the sphere S$? with the usual metric,
where there is an effective magnetic field and a scalar potential. When A; # 0 this
system cannot be extended onto the whole sphere, since it has a singularity for
¢o=0,m.
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Now let us consider examples of continuous systems with spare integrals. Let us
first consider the case of Lagrangian field-theoretic systems (1.65), described in the
Hamiltonian form with the aid of the transformation (1.67). In the case when the
density of the Lagrangian A(q, ¢, q:) does not depend explicitly on the space-time
coordinates z%,t, « = 1,...,m, there hold laws of conservation of the total energy

E=0, E=H= /dmx(piqf —A) (1.176)
and of the total momentum vector

)

Jq

P,=0, P,= [p s d"z. (1.177)
The functionals P, are generators of the translations in the spatial variables, i.e.
Opi(x) : 9¢' (x)
i 7Pa = > ! aPa = ) L1
{pile), Pa} = 20 {gi(a), Pa} = 25 (1.178)
{P.,P3} =0, a,f=1,...,m. (1.179)

Let us stress that the generators of the spatial translations are local field integrals.
The conservation laws (1.176), (1.177) are often written in infinitesimal form, by
introducing the energy-momentum tensor

OA

Ty = qlb@ — o5 A, (1.180)

where a,b = 0,1,...,m, 20 = t. We have [142]
E= /Tg d"z, P, = /Tg d™z, (1.181)

o1y
=0, b=0,1,...,m. 1.182
Oxze " ( )
More generally, one can consider variational problems of the form

88 =0, S= /A(x,q,qz)dm"'lac (1.183)
(here, as above, we put © = (z%), a = 0,1,...,m, 2° = t) which are invariant with

respect to more general one-parameter groups of transformations G.(z,q) of the
form
z:=X%z), a=0,1,...,m,

i _ o , (1.184)
QT:Q (a:7q)7 Z:17"'7n'
To each such group there corresponds a “conserved current”
oA, . -
J*=AX"+ a—qi(Ql -, XY), (1.185)
aJ,
=% -0 1.186
oxo ( )

(Noether’s theorem (E. Noether) [17]). The quantity

/ JOd™x (1.187)
z9=const
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is conserved. If the transformations (1.184) do not affect time, i.e. X° = const, then
they define a family of canonical transformations on the space of fields (p(z), g(z)),
whose generator is a local field integral with the density

J? = pi(Q" — ¢a X) (1.188)

The second Noether theorem concerns variational problems which admit symme-
tries with functional parameters (as, for example, in the theory of gauge fields [53]).
The equations for the extremals (1.65) are not independent in this case, but satisfy
some system of differential relations. We shall not discuss this theorem here.

3. Liouville’s Theorem. Action-Angle Variables

In this section we shall restrict ourselves to the consideration of phase spaces
with a non-degenerate Poisson bracket. The important theorem of Liouwville (J. Li-
ouville) studies the case of Hamiltonian systems with n degrees of freedom (i.e. on
a 2n-dimensional phase space) where there are exactly n functionally independent
integrals Iy = H, F5,..., F, whose pairwise Poisson brackets are equal to zero,
{F;,F;} =0, j=1,...,n. People often call such systems completely integrable. In
this case the level surfaces of the integrals

Flzcl, ey Fn:cn (1189)

are quotient groups of R™ by lattices of finite rank < n; in particular, compact non-
singular level surfaces are n-dimensional tori. If the level surface (1.189) is compact,
then in a neighbourhood of it one can introduce coordinates si,...,Sn, ¢1,-..,0n
(0 < ¢; < 27m) (“action-angle” variables) such that:

a)

{si,8;} ={di, 05} =0, {¢i,s;} = dij; (1.190)
b) s; = s;(F1,..., Fy), ¢; are coordinates on the level surfaces (1.189);
c) in the coordinates (s;, ¢;) the initial Hamiltonian system has the form:

e (1.191)
. i=1,...,n. 1.191
di = wi(s1,...,5n)

Let us give the idea of the proof of this theorem (see, for example, [42]). A
level surface M, of the form (1.189) is a smooth manifold by virtue of the inde-
pendence of the integrals Fi,...,F, (i.e. the independence of their “gradients”
(&)7 = hI*(0F;/0y*). The group R™ of the flows with the Hamiltonians Fy, ..., F),
acts on this manifold. Let us choose an initial point xg = x,(c) € M, and let us pick
out a lattice in R™: a vector d € R™ belongs to the lattice if d, acting on zq, yields
xo again. A subgroup {d} C R™ arises. This subgroup is discrete and is therefore
isomorphic to a lattice spanned by k vectors of R™, where k < n. Obviously, only
for k = n will we obtain a compact manifold (a torus 7).

Now let us construct the action-angle variables. On the given level surface M,
one may put together linear combinations of the fields &;:

n=bl&i=1,...,n, (1.192)

such that the coordinates introduced with their help on the group R™ acting on the
torus T™ = M, coincide with the angles 0 < ¢; < 2n (¢; = 0 is just the point z).
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The coefficients bf will depend on the collection ¢y, ..., ¢, in a neighbourhood of
the chosen level surface. Thus we have

m=b(F1, ..., F)E;. (1.193)
This introduces coordinates q~51, e ,J)n on a whole region around the given M..
In this region we have coordinates (Fy,...,F,, é1,...,¢,) and a non-degenerate

matrix of Poisson brackets

{Fi, Fj} =0 {FMEj})
S PR , (1.194)
<{¢¢,Fj} {¢i, 05}
where det{F;, éj} # 0. Now let us introduce the action variables. For the phase
space R?" with the canonical coordinates (z!,...,2" p1,...,p,) the action vari-
ables have the form:
1

Si= 50 kadwk, i=1...,n. (1.195)

Here ~; is the i-th basis cycle of the torus T,
Yi: 0 < ¢; <2m, ¢; =const for j #i. (1.196)
We get: .
{dj 8,y =6ijy ij=1,...,n. (1.197)
On an arbitrary phase space with a form Q = h;; dy* A dy’? of the type (1.17) one

must do the following: the form 2 vanishes on the tori 7" = M,. Therefore on
some neighbourhood of the given torus 7™ = M, this form is exact:

Q= dw.
The action variables have the form, analogous to (1.195):
1 ;
$i=— ¢ w, i=1,...,n. (1.198)
2 Yi
Now let us set
bi = b +bi(s1,...,8n), i=1,...,n. (1.199)

Let us select the b; according to the condition {¢;,¢;} = 0. This can always be
done by virtue of (1.197). On each level surface M. the coordinates ¢1,..., o,
coincide up to a translation with the angles q~51, ey q?)n chosen earlier. The matrix
of Poisson brackets takes on the form (1.190), and the Hamiltonian H = F can be
written in the form

H=H(sy,...,5n). (1.200)

The equations of motion will have the form (1.191). This is conditionally periodic
motion along an n-dimensional torus with the frequencies

B OH(s1,...,5,)
B 881' '

EXAMPLE 1. Let the level surface H(z,p) = F of a system with one degree of
freedom be compact. Then we have the canonical action-angle coordinates

s(F) = /Hprdz’ {s,0} =1. (1.202)

wWi(S1y. .y 8n) (1.201)
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Now let us consider some examples of completely integrable systems with two
degrees of freedom. Here, according to Liouville’s theorem, it is sufficient for “com-
plete integrability” to know one integral not dependent on the energy H.

EXAMPLE 2. The equations of the rotation of a heavy rigid body with a fixed
point can be represented, in accordance with §1, in the form of a Hamiltonian
system on E(3) with the Hamiltonian

2 2 2

H(M,p) = 2%11 + JQMTZ + ]2\472 + 71P1 + Y2p2 + V33 (1.203)
Here the axes of the coordinate system coincide with the principal axes of the body,
the origin is at the point of attachment, Iy, Is, I3 are the principal moments of
inertia of the body, 71,2, v3 are the coordinates of the centre of mass. The Poisson
brackets have the form (1.41). The phase space is six-dimensional here, but the rank
of the matrix of Poisson brackets is equal to 4. Therefore for integrability according
to Liouville it is enough to know one integral (besides the energy integral). Well
known are the following cases of integrability.

a) The Euler case: 71 = 9 = 3 = 0. The extra integral is the square of the
total angular momentum M? = M? + M3 + M3.

b) The Lagrange case: Iy = Iz, 77 = 72 = 0. Here there is an axial symmetry
(with respect to the third axis). This gives the extra integral Ms = const.

c) S. V. Kovalevskaya’s case Iy = I = I5/2, v3 = 0. Here the appearance of
the spare integral

F = |Il (Ml + iM2)2 - 2(’71 + Z’)/Q)(pl + ip2)|2 (1204)

is not connected with a symmetry of the system (see Chap. 2 below).

EXAMPLE 3. The problem of the motion of a rigid body in a perfect fluid (see
above §1) is far richer in integrable cases. The simplest of them is the Kirchhoff
case, where the Hamiltonian has the form (1.48), with a1 = a2, bi1 = baa, b;; =0
for i # j, c11 = ca2, ¢i; = 0 for ¢ # j. Here, just as in the Lagrange case, there
is an axial symmetry, and the extra integral is M3. More complicated integrable
cases (with a “hidden symmetry”) have the following form.

a) The Clebsch case (R. Clebsch). Here the coefficients of the Hamiltonian
(1.48) are like this:

bij = 0, Cij = ciSij, (1205)
where the coefficients a; and c; satisfy the relation

C2—C3+63—01+01—82

=0. (1.206)
aq as as

The supplementary integral has the form
M} + M3 + M3 — (a1p} + azps + asp3). (1.207)
b) The Lyapunov-Steklov—Kolosov case: b;j = b;0;;, ¢;j = ¢;0;;, where
bj = wlarazas)a; ' +v, ¢ = plar(ag —as)’ +v/,. .. (1.208)
(u, v, " = const). The supplementary integral is
S IMF — palay + v)Myp;] + (a2 — as)” +v]p + . (1.209)
J

(the parameters v, v/, " are unessential).
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4. The Hamilton—Jacobi Equation.
The Method of Separation of Variables—The Classical
Method of Integration and of Finding Action-Angle Variables

The theory of completely integrable Hamiltonian systems set forth in the pre-
ceding section arose as a generalization of the Hamilton—Jacobi method of integrat-
ing the canonical equations.

We shall consider here the phase space R?" with the canonical coordinates
(... .,2" p1,...,pn) (see (1.19)). The Hamiltonian system with the Hamiltonian

H = H(zx,p) has the form:

., oH

I’ = ,

o a%iH i=1,...,n. (1.210)
hi=—55

Let us consider a canonical transformation (i. e. one preserving the Poisson brackets
(1.19)) of the coordinates (z,p) to coordinates (X, P) of the form

as ., 0s
dS = p;dzt + X*dP;, dp; Ndx' =dP; NdX". (1.212)

In the new coordinates the system (1.210) can be written in the form

- K
X =

5[( i=1,....n. (1.213)
h=-20

0X*

where the Hamiltonian K = K (X, P) has the form
K(X,P) = H(z(X, P),p(X, P)). (1.214)

The idea of the Hamilton—Jacobi method consists in choosing the transformation
(1.211), (1.214) appropriately so that in the new coordinates the Hamiltonian K
does not depend on X: K = K(P). In this case the variables Pi,..., P, will
obviously be variables of action type, and the conjugate variables X!, ..., X™ will
be the corresponding angles, i.e. the system (1.213) can be written in the form
(1.191)
OK(P)

oP, 'Y i=1,....n. (1.215)

X =

Thus, the problem of integrating the canonical equations (1.210) reduces to finding
a function S(z, P) satisfying the Hamilton—Jacobi equation

oS
H — | =K 1.216
(w50 ) = (1.216)
depending on n parameters Pi,..., P, (it is necessary that the function S =

S(zt,...,a", Py,..., P,) be a general integral of equation (1.216), i. e. that det(9%5/9z'0P;) #
0 [7]).
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The only method of integrating the Hamilton-Jacobi equation employed with
success in classical analytical mechanics is the method of separation of variables.
Namely, suppose the Hamilton—Jacobi equation (1.216) can be written in the form

h <f1 (xl, %) N (m" %) ,K) =0, (1.217)

where the f;(z,p;) are certain functions. In this case its general integral may be
sought in the form

S = Si(xtscr) + So(x?;c0) + -+ S (2™ cn), (1.218)
where the equations for the functions Si, ..., S, will be written in the form
. 0S8
fi (Z‘Z,%> = C;, ’L'Zl,...,’l’l,, (1219)
and in an obvious manner can be integrated by quadratures. The dependence of
the Hamiltonian on the new variables H(z,p) = K(c1,...,c¢y) is determined by the
equation
hicry ... cn, K) =0. (1.220)
The variables _
C; :¢(xzapi)a i=1,...,n, (1221)

if they are globally defined, will be variables of action type. The corresponding
variables of angle type can be computed by formulas (1.211).

EXAMPLE 1. Geodesics on an ellipsoid (Jacobi, 1839). Let the ellipsoid have
the form: ) ) )
x x x

S L B

aq as as

The elliptical coordinates A1, A2, A3 in space are defined as the roots of the equation

2 2

=1, a;>az>a3>0. (1222)

a3
_l’_
a; — A ag — A asz — A
where A3 < az < A2 < az < A1 < ay. The ellipsoid (1.222) is obtained for A3 = 0.
The Hamiltonian of the free motion of a unit point mass on the surface of the

ellipsoid coincides with the kinetic energy (the metric) and has the form

2 (a1 — )\1)()\1 — a2)<)\1 - a3) 2
M=o M 7

=1, (1.223)

H =

(a1 —A2)(az — A2)(A2 —a3) ,
)\2 p2 9

+ (1.224)

where
, Aoy
= (=17 (A = A i ,
N [P WICREPY
The variables have been separated. It is not hard to show [120] that integration of
the equations of motion reduces to the hyperelliptic quadratures (of genus 2)

d dt dAo dt

R(\1) T A R(A2) BV

j=12. (1.225)

(1.226)

where
R(\) = ()\*Oé)()\*al))(\)\*(]g)()\fag)’ (1.227)
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and a3 < a < aj is an arbitrary constant. These equations were integrated in
1861 by K. Weierstrass in theta functions of two variables: The solution of the
Hamilton—Jacobi equation has the form:

S()\l,>\2,04 E (1228)

%] e S
)\1 /\2
where E = H is the energy. From this the variables of angle type are found by the

formulas (1.211)
s 08

fa = da’ o8 = OF"
The change of variables (1.229) (A1, A2) — (¢a, ¢r) is an Abel map, corresponding
to the hyperelliptic Riemann surface of the root \/A(A — @)(A — a1)(A — a2)(A — a3)
(of genus 2; see Chap. 2 below). Therefore the invariant tori here can be extended
to the complex domain and are abelian.

(1.229)

The question of separation of variables for Hamiltonian systems was studied
intensively in the second half of the last century (see the bibliography in [92]).
The following criterion was established (by T. Levi-Civita, [91]): the system with
Hamiltonian H(x,p) is integrable by the method of separation of variables in a
given coordinate system if and only if the function H satisfies the following system
of equations

OH 0H 0°H OH 0H O°H OH O0H 0*°H OH OH 0°H

Op; Op, 0xIdxF  Op; Ox* Oxidp,  Oxl Opy 8p]0x"? + Oxi dz* Op;Opr
(1.230)
1 < j < k < n (there is no summation over repeated indices). The application
of this criterion to the investigation of the integrability (via Hamilton—Jacobi) of
Hamiltonian systems is a non-trivial problem; advances in certain special classes of
Hamiltonians were obtained in [27], [32].
To conclude this section let us note that the system of S. V. Kovalevskaya
mentioned above cannot be integrated by the method of separation of variables,
and action-angle variables for it were found very recently (see below Chap. 2).



CHAPTER 2

Modern Ideas on the Integrability
of Evolution Systems

1. Commutational Representations of Evolution Systems

The algebraic mechanism lying at the foundation of the procedure for inte-
grating the KdV equation with initial conditions rapidly decreasing in x which
was proposed in the famous paper of C. S. Gardner, J. Green, M. Kruskal and
R. M. Miura [60] was cleared up in P. D. Lax’s paper [89]. It was observed that
this equation

duy = 6uly + Upps (2.1)
is equivalent to the commutation condition
0 oL
L —-——Al =0+« —=[A,L 2.2
-4 S (2.2
for the auxiliary linear differential operators
2 2
Lza——i—u(x,t); Aza——i—%ui—i—%ugﬁ. (2.3)

Ox? oz3 2 Oxr 4

Beginning with this paper, all schemes for producing new equations to which
the inverse scattering method is applicable were based on various generalizations
of the commutation equation (2.2).

The first and most natural step is the generalization of equation (2.2) to the
case when L and A are arbitrary differential operators

L:Zui(m,t)%; A= . vi(x,t)% (2.4)
=0 =0
with matrix (I x [) or scalar coefficients.

New physically important equations to which the inverse scattering method is
applicable were discovered along just this path in the papers of V. E. Zakharov—
A. B. Shabat [125], [126] and G. L. Lamb [88].

Let u, and v, be constant non-degenerate diagonal matrices with distinct
entries on the diagonals. By conjugating with a suitable matrix function g(z,t):
L — gLg~! and A — gAg~! one can always achieve that u®®; = 0, v2*, = 0,
a=1,...,1. The equations (2.2) form a system of n + m matrix equations in the
coefficients of the operators L and A. It turns out that from the first m equations,
obtained by equating to zero the coefficients of the 8% /0x*, k =n,....n+m — 1,
one can successively find the v;(x,t), the matrix entries of which are differential
polynomials in the matrix entries u?ﬁ (z,t) and certain constants hi;a,B=1,...,1
If we substitute the expressions obtained into the remaining n equations, we obtain
a system of evolution equations only in the coefficients of the operator L, and these

34
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are called equations of Lax type. There exist a great number of schemes (see, for
example, [1], [34], [75], [106], [115], [126], [127]) which by one method or another
realize a reduction of the general equation (2.2) to equations in the coefficients of
the operator L.

The system (2.2) represents a family of Laz equations, parametrized by the
constants h§'. For example, if (I = 1)

L=0+u, A=04+v0+vy, 0=09/0x, (2.5)
then
v =3u+hy, va=3uy+hy (2.6)
and equation (2.2) is equivalent to the family of equations
duy = Upgy + 6uuy + 4hiu,. (2.7)
Let us give a few simplest examples of equations of Lax type.
ExaMPLE 1 ([142]). If (I=1)
L=0+3u(z,t)0+w(z,t), A=0>+u(z,t), (2.8)
then equation (2.2) leads to the system
Sy = wy — Bug,, (2.9)

2
3 Uty (2.10)

Wt = Wyg — Ugzz — 3

If we eliminate w from these equations, we arrive for u(x,t) at the Boussinesq
equation (J. V. Boussinesq)

3ug + (U + 6uly ), = 0. (2.11)

Two-dimensional systems which admit a representation of the Lax type (2.2)
were first discovered in [37], [126]. An important example of such systems is the
“two-dimensionalized” KdV equation—the Kadomtsev—Petviashvili (KP) equation

%uy + %um — 2w, =0, (2.12)
Wy — Ut + Ugggy + %uum — Wy = 0. '
In this case
L=—-0,+0;+u(z,yt), A=0:+3u(z,y,t)d; +w(z,y,t). (2.13)

REMARK. A number of authors have shown that the usual Lax representation
for two-dimensional systems is possible only for operators which involve differentia-
tion of no higher than first order with respect to one of the variables. For example,
for the two-dimensional Schrédinger operator L = 92 + 05 + u(x,y) there is not a
single non-trivial equation of Lax type. The correct (non-trivial) analogue of the
equations of Lax type for 2+ 1-systems was found later in the works [98], [43], [117].

A review of two-dimensional integrable systems, their algebraic-geometrical
solutions, spectral theory of two-dimensional operators and their applications is
given in the Appendices.

EXAMPLE 2 ([125]). The non-linear Schrédinger equation (NLS1 )
iry = rap £ |7)r. (2.14)
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The operators L and A in this case are matricial and are equal to

1 0\ 0 0 r _
L:(O —1)%+(q 0), q = Fr, (2.15)

[ 2 &0 D8£ Dl %) e

ExAMPLE 3. The equations of three-wave interaction

U3¢ + V13U13g = 1€UI2U23;  U12¢ + V12U12z = 1EU13U23,

. _ (2.17)
U3y + VagUo3y = G€U1slU12;  Uij = uij(x,t), v = const.
The operators L and A are matricial (3 x 3) and are equal to
0 0
L=1—+]I A=J—+[J
5+ 1., 5 1@,
LIij = ai0ij,  aip1 > ai,  Jij = bidy, (2.18)
Qij = Qji = —iuij\/a; —ai, j >,
ibj — biay
L (2.19)
a; — aj

EXAMPLE 4. The Toda lattice ((M. Toda) [96], [55], [56]) and the difference
analogue of the KdV equation [96], [109]. The inverse scattering method is also
applicable to certain differential-difference systems. If L and A are difference oper-
ators of the form

L'l/}n = Cn'(/)nJrl + 'Unwn + Cnfl'd}nflv (220)
c7l c7l—
A = S i1 — —o 1, (2.:21)
2 2
then equation (2.2) leads to the equations
2¢n = cn(Vnt1 — Un),, (2.22)
p =2 —c2_ |, (2.23)

which, if one sets ¢, = exp(5(@nt1 — n)), Un = iy, coincide with the equations of
motion of the so-called Toda lattice—the Hamiltonian system of particles on the
line with the Hamiltonian

H=3 prl + Z exp(ZTp41 — Tn)- (2.24)
If in (2.20) one sets v, = 0 and for A one chooses
A"/)n = %[Cncn-‘rlwn-i-l - Cn—lcn—2wn—2]a (2-25)
then (2.20) leads to the difference analogue of the KdV equation
d
o=l =), En= . (2.26)

With each operator L there is connected a whole hierarchy of Laz-type equa-
tions, which are the reduction to equations in the coefficients of L of the equations
(2.2) with operators A of different orders. One of the most important facts in the
theory of integrable equations is the commutativity of all the equations which enter
into the general hierarchy.
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For the KdV equation the corresponding equations are called the “higher-order
KdV equations”. They have the form

Ur = Z thk(ua cee 7u(2k+1))
k=1

and are the commutativity condition for the Sturm—Liouville operator with the
operators 0/0t — A, where A has order 2n + 1.

In the paper [111] a representation of a different type than (2.2) for the higher-
order KdV equations was used for the first time—a representation of Lax type in
matrix functions depending on an additional spectral parameter.

For the general equation (2.2) such a A-representation can be constructed in
the following manner.

The equation

Ly =Xy (2.27)

is equivalent to the first-order matrix equation

[aax — Uy (a,t, )\)] Y (x,t,\) =0, (2.28)

where Uy, is an nl x nl matrix (n is the order of L, and the matricial coefficients of
L are [ xI). The vector Y is the column composed of the vectors (9¢/0x%)y(z,t, \),
i=0,...,n—1.

The matrix Uy, has the following block structure

0 1 0 0 0
0 o 1 ... 0 0
Up =t | o : (2.29)
0 0 0 0 1
A— Uup —UuUp cee —Up—2 —Up-1

If we act with the operator A on the coordinates of the vector Y and use (2.27)
to express the (0" /0x™)y in terms of lower-order derivatives and the parameter \,
we obtain that on the space of solutions of (2.27) the equation

(% - A) y(z, ) = 0 (2.30)

is equivalent to an equation

0
(5 — Val(z,y, )\)) Y(z,t,\) =0 (2.31)
The matrix entries of V4 depend polynomially on A, the matrix entries of the
u;(x,t), and their derivatives.

The compatibility of equations (2.27) and (2.30) implies the compatibility of
(2.28) and (2.31). Hence

0 0
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For the KdV equation the matrices U, V4 have the form [111]:

0 1
UL = (/\ . 0> , (2.33)
- At
Va— L w | (2.34)

Subsequently, equation (2.32), where U and V were now arbitrary rational
functions of the parameter A\, was proposed in [127] as a general scheme for the
production of one-dimensional integrable equations. The beginning of this program
goes back to the paper [1], in which for the integration of the sine-Gordon equation
an example of a rational family was first introduced.

Let U(x,t,\) and V(z,t,\) be arbitrary matrix functions depending rationally
on the parameter \:

n  hi
Uz, t,A) = uo(z,t) + 3 Y tgs(@, t)(A = Ae) ™,
S (2.35)
Vi, t,A) =vo(a,t) + Y Y vral@, ) (A = p1) .
r=1s=1
The condition of compatibility of the linear problems
0
(— - U(x,t,A)) U(z,t,\) =0,
ox
(2.36)
2—V(m tL,A) | U(z,t,A) =0
at () Y
is represented by the equation of zero curvature
Ui —V,+[U,V] =0, (2.37)

which must be fulfilled for all A. This equation is equivalent to a system of
14>, hie + Y, dr matrix equations in the unknown functions ugs(z,t), ves(z,t),
uo(x,t), vo(x,t). These equations arise when one equates to zero all the singular
terms on the left-hand side of (2.37) at the points A = A\g, A = p,-, and also the
absolute term, equal to ug; — ugs + [uo, Vo).

The number of equations is one matrix equation fewer than the number of
unknown matrix functions. This underdeterminacy is connected with a “gauge
symmetry” of the equations (2.37). If g(z,t) is an arbitrary non-degenerate matrix
function, then the transformation

U= g9 +9Ug™ ",

- - (2.38)
V—aqg ' +gVg T,

called a “gauge transformation”, takes the solutions of (2.37) over into solutions of
the same equation.

A choice of conditions on the matrices U(x,t, \), V(x,t, \) compatible with the
equations (2.37) and destroying the gauge symmetry is called a setting of the gauge.
The simplest gauge is the pair of conditions ug(z,t) = vo(z,t) = 0.
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Just as in the above-considered case of commutation equations for differential
operators, the equations (2.37) are essentially generating equations for a whole fam-
ily of integrable systems. If the poles of U and V coincide, then these equations can
be reduced to a family of equations, which are parametrized by arbitrary constants,
in the coefficients only of U(z,t, A). Here, by changing the multiplicity of the poles
of V, we will obtain a hierarchy of commuting flows associated with U(x,t, \).

In singling out some particular equations from (2.37), an important issue is sin-
gling out the invariant submanifolds for the equation (2.37). This problem reduces
to describing the orbits of the coadjoint representation of the current algebra [2],
in the framework of which the Hamiltonian theory of equations of zero curvature
can naturally be introduced (see [30], [36], [52], [124]).

Leaving aside the further analysis of the questions of reduction and gauge equiv-
alence of systems, which may be found in the papers [2], [36], [52], [106], [126], let
us cite the two simplest examples.

EXAMPLE 5. If U and V have one pole each, which do not coincide,
u(€,n) v(&n)
U= V=
1-X7 A+17
then the equations (2.37) (after the substitution z — { =2’ —t'; ¢t = n=a"+1t)
lead to the equations of a principal chiral field ([106], [122])*

(2.39)

Uy + 2u,v] =0, ve = [u,v]. (2.40)
Here u(&,n),v(&,n) are the currents of the chiral field
u=GG Y u=G,G. (2.41)
Equation (2.40) yields
2Ge, = GGG,y + GG Ge. (2.42)

The last equations are Lagrangian with Lagrangian (1.68) (the currents A, in
the notation of (1.68) correspond, as is evident from (2.41), to u and v).

As was remarked in [135], the representation (2.37), where U and V are given
by the formulas (2.39), simultaneously gives the solutions of the equations of motion
of a principal chiral field with a “multi-valued additional term”. If in the definition
of the corresponding Lagrangian (1.72) one introduces a coupling constant &, i.e.

0S = (5.5'0 + Hﬂl,
then the equations of motion can be written in terms of the currents in the form
1 1-—
Ocv = il [v,u], Oyu= r [v, u]. (2.43)

2

In the inverse scattering-method, as will be stressed repeatedly in the following,
the road to constructing solutions of the equations (2.37) goes via the construction
with the aid of various schemes (“dressing”, algebraic geometric schemes, etc.) of
functions (£, n, A) which by their construction satisfy the equations (2.36) with
some U, V' (which will automatically satisfy (2.37)). In the case under consideration,
after the function ¥(&, 1, A) has been constructed by one means or another, the
desired solutions of the equations of motion are defined by the formula

G(&n) = V(& n, k).

11t is interesting that this example was first brought to the open together with the notion of
zero curvature in a remarkable (but forgotten) classical paper by René Garnier [61].
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EXAMPLE 6. As another example let us cite the Sine-Gordon equation [134],
[1]

Ugn = 4sinu, (2.44)
which arose in the theory of surfaces of constant negative curvature. By the number
of applications (in the theory of superconductivity, in the theories of quasi-one-
dimensional conductors, of film-formation processes on crystalline substrates, in
the theory of fields) leading to equation (2.44), this equation belongs to the most
important in contemporary mathematical physics.

As in the general case of a principal chiral field, the matrices U and V have
one pole each

tug

1
2
vienn = (% ). (2.16)

It should be noted that an automatic generalization of equations (2.37) to the case
of matrices U and V whose spectral parameter is defined on an algebraic curve I"
of genus greater than zero (the case of rational families corresponds to g = 0) is
obstructed by the Riemann-Roch theorem (G. F. B. Riemann-G. Roch).

Indeed, let U(x,t, A) and V(z,t, A) be meromorphic functions on I" having poles
of total multiplicity N and M. By the Riemann—Roch theorem [131] the number
of independent variables (i.e. the dimension of the space of matrix functions with
the same poles as U and V) equals [2(N — g+ 1) for U and I>(M — g+ 1) for V.
The commutator [U, V] has poles of total multiplicity N 4+ M. Hence the equations
(2.37) are equivalent to I2(N + M — g + 1) equations. With gauge equivalence
taken into account the number of equations is always greater than the number of
variables.

There are two ways of circumventing the obstacle mentioned. One of them
was proposed in the papers [84], [86], where the matrices U and V were allowed
to have, besides poles stationary with respect to x and ¢, gl poles depending on x
and t in a definite fashion. It was shown that here the number of equations with
gauge equivalence taken into account is equal to the number of the independent
variables, which (just as in the rational case) are the singular parts of U and V at
the stationary poles.

EXAMPLE 7. An example of such an equation is

1 3 1
= Zcmx + E(l — cix) — §Q(C)C§- (2.47)

(so-called Krichever—Novikov equation).
Here the quantity Q = 9®/dc + ®2 is defined through
P(c,y) = ((—2¢) + (e —y) +¢(c+y)

and does not depend, as is easy to verify, on y ({ is Weierstrass’s (-function [11]).
This equation together with the following pair with an elliptic spectral param-
eter (an elliptic family) was obtained in [85], [86]. The matrix U equals

UAlc(A%HBlc(AwH(? 8>C(A)+A1¢<%)+Bl<<72)+<_Ou (1)>
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1 0 0 1 0 O
A = B, = .
L — e (a1 1) ’ L — e <Oé2 1)

For V we have the formulas

where

0 0 0 1
V= AaC =)+ B =)+ (1) ol + (_g 0) (N +D,
2
where
[e5Ke%) (%) 10 oy
Ag = alcu:ua2 “ ; “ ; By= a2a;ua1 “ ; “
2(0&1 — 042) 2(0[1 — 012) 2(&2 — 011) 2(052 — Ozl)

and

]
w il
D = Ax((n1) + B2((72) + < Y2 >
we —W1
The equations (2.37) are equivalent to a system of equations in the functions
Vi, i, Wi, u. By successively eliminating from this system the variables w;, which
equal
1
2(0&1 — Ckg)
2

u
Wy = Wig = 5 + o) + o(12),

and afterwards the «;, (the formulas for which we shall omit here) and u (see
(2.48)), we shall arrive finally at equation (2.47), where

wy = (p(n) = 9(12)) = =

n=cl@t)+y, =y-—ct)+co
Each solution of equation (2.47) defines by the formula
2 -2 o (00 —1
Su(xz,y,t) = (cg, — 1)eg~ + 8Pcy, + 4c; B Q| — 2¢,00C; (2.48)
c

a rank 2 genus 1 solution of the Kadomtsev—Petviashvili equation (KP).
Equation (2.47) also describes the deformation of commuting linear differential
operators of orders 4 and 6. Such an operator of order 4 has the form:

£= (@ +) +exlpln) — oln) - + - (ealplre) — p(n)))

—p(12) —p(n). (249)
Equation (2.47), as is shown in [130], is the only one of the equations of the form
¢t = const - Cyzg + f(C, Cx; Caca:)

possessing a “hidden symmetry” which cannot be reduced to the ordinary KdV by

transformations of “Miura type” w = w(c, ¢y, ... ).
By the substitution v = {(c) equation (2.47) reduces to the algebraic form
1 3,
V¢ = —VUggqe + 5— Uxx_PS v)),
= e+ o (v)) 0

P3(v) = 40° — gov — g3.
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ExaMPLE 8. The second way of introducing a non-rational spectral param-
eter is based on the choice of a special form for the matrices U and V' and has
been successfully realized only in certain examples on elliptic curves I' (g = 1).
The physically most interesting example of such equations is the Landau—Lifshitz
equation

St =8 X Sz + 8 x JS, (2.51)
where S is a three-dimensional vector of unit length, |S| = 1, and Jog = Jabaps is
a diagonal matrix. As has been shown in the papers [22], [128], equation (2.51) is
the compatibility condition for the linear equations (2.35), (2.36), where the (2 x 2)
matrices U and V are

3
U=-iY wa(N)Sa(z,t)oq,
a=1

(2.52)
V=—i Z wa(/\)oaSﬁSWE"ﬁ” — 24 Z a6 (N)Se0q,
B,y a
where the o, are the Pauli matrices (W. Pauli), and
o — P _dn(\ k) . — en(A k)
TNk T P sn(\ k)0 P sn(\ k)’
a1 = —w2wWs3, daz = —wW3wi, a3 = —Wi1W2,
(where sn(\, k), en(A, k), dn(A, k) are Jacobi’s elliptic functions [11]).
The parameters J, are given by the relations
Jo — J 1
k= J2 Jl, p=5VIs—Ji 0<k<l (2.53)
3—J1

EXAMPLE 9. Another interesting example are the equations of an anisotropic
O(3)-field [29]

ue = [u, Jv], v, = [v, Jul, (2.54)

where u and v are currents: u = g,g~ ', v =geg™ L.

The Lagrangian of this model is equal to

1 _ _
L= —i/tr(ggg YJgn9™ ") da. (2.55)

The equations (2.54) are equivalent to (2.37), where U and V are closely con-
nected with the pair for the Landau—Lifshitz equation and, just as this latter pair,
contain an elliptic dependence on the spectral parameter.

ExaMPLE 10. For a long time the commutational representation

L=[M,1I) (2.56)
of Lax type for the equations of motion of the Moser—Calogero system? (J. Moser—
F. Calogero) appeared to be a special case.

This is a system of particles z,, on the line with the Hamiltonian

1 N
2
H= §an—|—22go(.7ji — ), (2.57)
n=1 i<j
2Recently this system and its discrete versions has attracted a special interest due to its deep

relations to two- and four-dimensional gauge theories and relations with quantum groups [KBBT],
[KZ], [KLWZ].
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where g is the Weierstrass function. For this system L and M are matrices generally
not depending on a spectral parameter, and have the form:

L;j = pidi; + (1 — 6;5) ¢z — x;), (2.58)
Mij = ZZ(.’EZ — {ITj) (Sij — (]. — (5”) y(iCZ — .’Ej)7 (259)
1+
O =8O, (O =55 HO= i

The representations (2.56) are sufficient for the construction of integrals of the
system (2.57), equal to Ji = (1/k)tr L¥, but they are insufficient for the explicit
construction of angle-type variables and the integration of the equations of motion
in terms of theta functions.

As will be shown in §5, the matrices L and M admit the introduction of a
spectral parameter on an elliptic curve, but here the matrix entries turn out not to
be meromorphic functions, but to have an exponential essential singularity.

The examples which have been brought by far do not exhaust all systems to
which the inverse scattering method is applicable. A series of important examples
will be cited and analyzed in detail in the following sections. Meanwhile, to conclude
this section let us underline once more those basic features which are characteristic
for systems to which the inverse method is applicable.

First, all such (1 4+ 1) systems are equivalent to the compatibility condition
(2.37) for the pair of linear problems (2.36), where U(x,t,\) and V(x,t,\) are
meromorphic functions of the “spectral parameter A” (defined in the basic examples
on a rational or elliptic curve). Second, each such equation is included in a whole
hierarchy of flows which commute with it. The commutativity of the flows allows
one to restrict the original system to the set of stationary points of any other flow
which enters into the same hierarchy.

Restriction of the KdV equation to the stationary points of the “n-th higher-
order analogue” of the KdV equation served as the starting point in the construction
of the theory of finite gap Sturm-Liouville operators and in the further develop-
ment of algebraic-geometric integration methods which are applicable to all systems
admitting commutational representations [111], [45].

Surveys of the various stages in the development of the theory of finite gap or
“algebraic-geometric” integration can be found in [40], [41], [76], [83], [86], [113],
[115].

The stationary points of the “n-th higher-order analogue of the KdV equation”
are described by the ordinary differential equation

Z hiQarr1 (us . .., uF ) =0, (2.60)
k=1

which is equivalent to the condition of commutation of the Sturm—Liouville operator
L and an operator L of order 2n + 1

[L,Li] =0. (2.61)

These equations, as was shown in [111], are a completely integrable Hamiltonian
system. An important corollary of this result is that the generic solution of the
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purely algebraic problem (2.61) turns out to be periodic and quasiperiodic in the
variable z. It defines “finite-gap” Schrodinger Operators in the sense of Spectral
Theory on the line. This discovery made by S. P. Novikov in 1974 became an initial
point of the periodic soliton theory.

For general Lax equations (2.2) the condition which picks out the algebraic-
geometric solutions of these equations also has the form (2.61), where L is the
operator (2.4) which enters into the original Lax pair and L; is an auxiliary op-
erator. Equation (2.61) describes an invariant submanifold of the initial equation
(2.2). When we increase the order of L; we obtain an ever-ascending family of such
submanifolds, which in a number of cases (for example, for the KdV equation) are
everywhere dense in the space of periodic solutions.

REMARK. The problem of classifying commuting linear differential operators
with scalar coefficients was considered from a purely algebraic point of view in the
papers of J. Burchnall and T. Chaundy [26]. It was shown by them that for such
operators there can be found a polynomial Q(A, 1) in two variables such that

Q(L,Ly) = 0. (2.62)

In the case of operators of relatively prime orders, to each point of the curve I'
given by the equation Q()\, ) = 0 there corresponds a joint eigenfunction ¢ (z, P),
P = (), p), unique up to proportionality, of the operators L and L, i.e.

The logarithmic derivative 1,7 ~! is a meromorphic function on I which generically
has g poles y1 (), ..., v4(z), where g is the genus of the curve I' (the remaining poles
do not depend on x).

In the paper [26] it was shown that commuting operators of relatively prime
orders are uniquely determined by the polynomial @ and the assignment of the
generic points 1 (o), ..., v4(z0), although finite formulas were not obtained. A
program for effectivization of these results was proposed by H. Baker [9]. Unfortu-
nately, Baker’s program was never realized and in the course of a long time these
papers were undeservedly forgotten.

As has already been said, the equations (2.61) describe the invariant subman-
ifolds of equations of Lax type. These equations were considered from this point
of view in the papers [74], [75], in which the results of the twenties were made
significantly more effective and were generalized to the case of operators with ma-
trix coeflicients. For the coefficients of commuting scalar operators of relatively
prime order, explicit expressions in terms of Riemann theta functions were found
in these papers which showed that the general solutions of the equations (2.61) in
this case are quasi-periodic functions. In 60s Dixmier wrote explicitly a pair of
commuting operators of the orders 4 and 6 with polynomial coefficients connected
by the equation of the nonsingular elliptic curve. No theta-functions! Investigation
of the higher rank problem was started in [35] as a continuation of [74], [75]. A
classification was obtained in [78]. For the effective classification (i.e. calculation
of coefficients) new method of “the KP deformations of Tyurin parameters” was
developed in [84]-[86]. All problems were solved for genus 1, rank 2 and 3 (see [86],
[GR?], [MO7?])

In the general case the solutions of (2.63) form an r-dimensional linear space,
where r is a divisor of the orders of the operators L and L;. It has been shown that
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a ring of commuting operators A is determined by a curve I' and a matrix divisor
of rank r. The reconstruction of the coefficients of the operators from these data
comes down to a linear Riemann problem.

In individual cases, as was shown in [85], it is possible to eliminate the necessity
of solving a Riemann problem and to obtain explicit formulas for the operators L
and Ly (the formula for an operator L of order 4 which commutes with an operator
of 6th order was quoted above (2.49)).

Let us give a general definition of finite gap solutions for the equations of zero
curvature (2.37), which generalizes condition (2.61) in a natural way.

We shall speak of “finite gap” or algebraic-geometric solutions of equations
admitting a commutational representation to mean solutions for which a matrix-
valued function W(x,t, \) can be found, depending meromorphically on the pa-
rameter A (which is defined on the same curve as the parameter in U and V') such
that

{5; — Uz, t,\), W (x,t, /\)} =0, (2.64)

[% —V(z,t, \), W (z,t, /\)} — 0. (2.65)

The equations (2.64), (2.65), which in a definition like this one play only an auxiliary
role in the process of integrating the original equation (2.37), are also of independent
interest, as will be evident in the sequel. To them one can reduce practically all
interesting examples of finite-dimensional Hamiltonian systems which are integrable
by the inverse scattering method.

2. Algebraic-Geometric Integrability of Finite-Dimensional A\-Families

The basic goal of this section is the presentation of a procedure for integrating
equations (2.64) and (2.65).
Let us denote by ¥(x,t, \) the fundamental solution matrix of the equation

X

(aﬂ - U(x,t,A)) U(z,t,\) =0,

(2.66)
2—V(ac t,A) ) U(z,t,A) =0
at Yy Y - )
normalized by the condition
¥(0,0,A) = 1. (2.67)
It follows from (2.64) that
Wz, t,\) U(xz,t,\) (2.68)

is also a solution of equation (2.66). Any solution of (2.66) is uniquely determined
by its initial conditions and has the form ¥(z, ¢, A) G()\), where G does not depend
on (z,t). Taking the normalization condition (2.67) into account, we get that

Wz, t,A) U(z,t,\) = U(x, t, \) W(0,0,N). (2.69)
Consequently, the coefficients of the characteristic equation

QA p) =det(W(z,t,\) —p-1)=0 (2.70)
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are integrals of the equations (2.64), (2.65). They are polynomials in the matrix
entries of W, or, as was explained in the preceding section, they are differential
polynomials of the basic phase variables—the matrix entries of U(x,t, ).

Generically equation (2.70) defines a nonsingular algebraic curve T' (i.e. a com-
pact Riemann surface), to each point of which (i.e. pair (A, u)) there corresponds
an eigenvector h, unique up to proportionality, of the matrix W

Wz, t,A) h(z,t,y) = ph(z,t,v); v=\p) €T. (2.71)

REMARK. The notion of genericity in the question at hand is not completely
trivial. Although the levels of the integrals of equation (2.64) for which the eigen-
values of W are r-fold degenerate identically in A (r is obliged to be a divisor of
I, where W is an [ x | matrix) unconditionally have nonzero codimension, in the
procedure for reconstructing the matrices U and V from these data additional func-
tional parameters appear, as is shown by the results of the papers [36], [78]. The
elaboration of this direction, which has led to the construction of finite gap solu-
tions of rank r > 1 for two-dimensional equations of the Kadomtsev—Petviashvili
type depending on functional parameters (see [84], [85], [86]), can be found here
in the example 7 above for the special case r = 2, g = 1 where this problem was
solved effectively.

Let us normalize the vector h by requiring, for example, that hy(z,t,v) = 1
or > hi(xz,t,y) = 1. In both cases all of the coordinates h;(x,t,) are rational
functions of A and p, i.e. meromorphic functions on the curve T

If WJ(x,t,\) are the columns of the matrix ¥(z,t, \), then it follows from (2.69)
and (2.71) that the vector function

G t,y) =Y hi(0,0,7) W (.1, ); v = (A ), (2.72)
J
simultaneously satisfies the equations

<8€; - Ul(x,t, /\)) Y(x,t,y) = (881& - V(:c,t,)\)> U(x,t,y) =0, (2.73)
Wz, t,\) ¥z, t,7) = pp(z,t,7). (2.74)

The curve I' [-foldly covers the curve I' on which the parameter A is defined.
Outside the poles \; of the matrices U and V' the matrix W(z, ¢, A) is a holomorphic
function of the parameter A. Consequently, the vector function ¥ (x,t,~) is mero-
morphic on I' outside the points P,—the preimages of the poles A; of the matrices
U and V. (We observe that above the points A the curve I' may branch). The
poles of (x,t,7) coincide with the poles of (0, 0,~) and therefore do not depend
on z,t.

Let us further restrict ourselves to the case of a rational family (i.e. X is de-
fined on the ordinary complex plane). Let us consider the matrix H(z,t, A) whose
columns are the vectors h(x,t,;), where the v, = (A, i;) are the preimages of the
point A on I’ under the natural projection I' — C, (A, u) — .

The function

r(z,t,\) = (det H(x,t,\))? (2.75)
does not depend on the numbering of the 7; and is therefore a well-defined function
of A\. Since the h;(z,t,7) are meromorphic on I', r(z,¢,\) is a rational function
of A. It has double poles at the images of the poles of h(z,t,~y) and zeroes at the
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points above which I' branches. The number of poles of r is equal to the number
of zeroes. Hence

2N =, (2.76)

where v is the number of branch points with multiplicities counted. A formula is
well-known which connects the genus g of a smooth curve I' [-foldly covering C with
the number of branch points [131]

29 —2=v—2l. (2.77)
Consequently, the number of poles of h(x,t,7) and hence also of ¥ is equal to
N=g+1-1. (2.78)

Now let us find the behaviour of ¥ (z,t,7) in the neighbourhood of the points
P,—the preimages of the poles of U(x,t, \), V(x,t,\).
It follows from (2.71) and (2.74) that the vectors h and v are proportional

w(xvta'y) = f(x’tvfy) h(xvtv7)' (279)

Let us denote by W(z,t,\) the matrix whose columns are the vectors vz, t,vi),
vi = (A, pi), and by F(z,t, A) the diagonal matrix Fj;(z,t, ) = f(z,t,7:)d;;. Then
one can write (2.79) in the form
U(xz,t,\) = H(z,t,\) F(z,t,)). (2.80)
We have
Uz, t,\) =V, v ' =H H '+ HF,F'H

_F a-1 -1 —1gy—1 (2.81)
Viz,t,\) =0, 0 ' = H,H '+ HE,F'H ™,

Without loss of generality we may suppose that H is regular and non-degenerate
at the points A;. From this we get that F,,F~! coincides modulo O(1) with the
eigenvalues of the singular part of U(xz,t, \) at \;; and similarly for F, F~1.

Thus, in a neighbourhood of P,

f(x’t77) = exp(qa(x,t, ka))fa($,t,’}/). (282)

Here k_1(P) is a local parameter in the neighbourhood of P,, k;'(P,) = 0,
ga(x,t, k) is polynomial in k, and f, is a regular function in the neighbourhood
of P,.

Summing up, we come to the following assertion.

THEOREM 2.1. The vector function ¥(x,t,)

1°. is meromorphic on T outside the points P,. Its divisor of poles does not
depend on x,t. If W is nondegenerate, then generically the curve I' is nonsingular.
The number of poles of ¥ (counting multiplicity) is equal to g +1 — 1, where g is
the genus of the curve T,

2°. in a neighbourhood of the points P, the function v (x,t,~) has the form:

P(z,t,y) = (Z §sa(ac7t)k:;1> exp(qq (2, t, kq)), (2.83)
x=0

where the first factor is the expansion with respect to the local parameter k' =
k51 (y) of a holomorphic vector, and qu(x,t,k) is a polynomial in k.
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The basic idea of the algebraic-geometric version of the inverse problem con-
sists in reconstructing the vector ¢ (z, t,y) from the enumerated analytic properties.
The specific nature of these properties guarantees the existence of U(x,t, A\) and
V(z,t,\), W(x,t,\) such that (2.66) and (2.69) hold. A consequence of the com-
patibility of these systems are the equations (2.37), (2.64), (2.65).

As has already been said, the development of the fundamental stages of the
theory of finite gap integration is mirrored in detail in [115] and in the surveys [40],
[41], [44], [45], [76], [83], [86], [113].

Before going over to the procedure for reconstructing 1, let us quote what we
need to know from the classical algebraic geometry of Riemann surfaces and the
theory of theta functions.

An arbitrary compact Riemann surface can be given by an equation

R\, pu) = Zaij)\iuj, (2.84)

where ,j run through some finite set of integers. Generically this curve will be
nonsingular. The genus of this curve can be found conveniently with the aid of the
so-called Newton polygon, which is what one calls the convex hull of the integer
points with the coordinates 4, j for which a;; # 0 in (2.84). The genus of the curve
is equal to the number of integer points lying within the Newton polygon.
A basis of the holomorphic differentials (of the first kind) on a nonsingular
curve has the form
Aopd

= T d), 2.85
nJ R,LL(AMU') ( )

where the i, 7 belong to the interior of the Newton polygon.
On the curve I' one can choose a basis of cycles aq,...,a4,b1,...,b; with the
following intersection numbers

a; 0 a; = bl o bj = 0, a; © bj = (5” (286)

By taking suitable linear combinations, we obtain a canonical basis of the holo-
morphic differentials

Wi, ..., Wy (2.87)

normalized by the conditions
f wi:(;ik, Z,k:].,,g (288)
ak

The matrix
b

is called the period matrix of the Riemann surface I'. It is symmetric and has
a positive definite imaginary part. The unit basis vectors in C9 and the vectors
B; with the coordinates B;; generate a lattice in C9, the quotient by which is a
2g-dimensional torus 729 = J(I'), called the Jacobi variety (or Jacobian) of the
curve I'.
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The Riemann theta function of the surface I' is constructed in terms of the
matrix B

0(z) = Z exp(mi(BN, N) + 27mi(N, z}),
Nezs
2= (21,...,29), N=(Np,...,N,), (2.90)

(N,z) = Nyz1 + -+ Nyzg, (BN,N)=>_ B;j;N;Nj.

This function is entire. Under translation of the argument by a vector of the lattice
it is transformed according to the law

0(z+ N + BM) = exp(—mi((BM, M) + 2(z, M)))0(z), N,M ez  (2.91)
Also often used are theta functions with characteristics
Olc, B](z) = exp(mi((Ba, o) +2(z + 8,))) 0(2 + B+ Ba), «,f€RI.  (2.92)

Characteristics [, 8] for which all the coordinates of a, 8 equal 0 or 1/2 are called
half-periods. A half-period [«, §] is even if 4(c, 5) = 0 (mod 2), and odd otherwise.

The Abel map of a Riemann surface I into its Jacobi variety A(P) = (A1(P),...,A4(P))
is given in the following way

P
Ar(P) :/ Wk, (2.93)

Q

where @ is a fixed point on I'.
A divisor on I is a formal integer combination of points on T,

For any function f meromorphic on I' there is defined the divisor (f) of its
zeroes Pi,..., P, and poles Q1,...,Q. (with multiplicities p1,...,pn, @1, -+, qm
respectively)

(f):p1P1+"'+pnPn_q1Q1_"'_QQO (295)

(such divisors are called principal).
The divisors form an abelian group. The degree of a divisor is the number

degD = "n;, (2.96)
The Abel map (N. H. Abel) (2.93) can be extended linearly to the group of all

divisors.

A divisor for which all n; > 0 is called a positive divisor D > 0 (or an effective
divisor).

For any divisor D the linear space (D) associated with it is the space of mero-
morphic functions f on I' such that

(f)+ D >0.

The dimension of this space is given by the Riemann-Roch theorem [131]. For
a divisor of degree greater than or equal to g,

dim[(D) > degD — g+ 1. (2.97)

For generic divisors (2.97) is an equality. The corresponding divisors are called
non-special.
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Let us consider the Abel map® of unordered sets Py, ..., P, of points of I, i.e.
of the g-th symmetric power of T"
A: ST — J(T), A(Pr,...,P,) =Y A(P). (2.98)

The problem of inverting this map is known as the Jacobi inversion problem.
Its solution (Riemann) can be given in the language of theta functions. Namely, if
for the vector ¢ = ((1,...,¢y) the function 8(A(P) — ¢) is not identically equal to
zero on I', then it has on I' exactly g zeroes Pi,..., Py, giving the solution of the
inversion problem

AP)+ -+ A(P) = (K, (2.99)
where K = (Ky,...,Ky) is the vector of Riemann constants [40], which depend only
on the Riemann surface, the choice of the basis of cycles on it, and the initial point
of the Abel map.

Now we are ready to pass over to the solution of the inverse problem of re-
constructing the “eigen”-vector 9 (z,t,7) of the operators of (2.64), (2.65) from its
analytic properties.

The fundamental algebraic-geometric tool in the theory of finite gap linear op-
erators and in the algebraic-geometric version of the inverse scattering method are
the so-called Baker—Akhiezer functions. The general definition of these functions,
including the multi-point ones, was given in [75] on the basis of a generalization
of the analytic properties of Bloch eigenfunctions of operators with periodic and
almost periodic coefficients [38], [45], [64]. Multipoint functions are functions which
have essential singularities of exponential type at several points. Single-point func-
tion of this kind (of the exponential type) appears as a joint eigenfunction of a pair
of scalar commuting operators of relatively prime order as it was pointed out by
A. Baker in the work [9]. He mentioned that it can be computed through the theta-
functions using material of the book [8] but his program never has been carried out.
The theta-functional formula for this special case was obtained first by A. Its in
1976 (see Appendix in [45]). N. I. Akhiezer [5] stated examples of interpretation of
such functions in the spectral theory of operators on the half-line. The connection
with periodic problem was not known until 1974.

DEFINITION. Let Py,..., P, be points on a Riemann surface I' of genus g; let
k,1(P) be local parameters in the neighbourhood of these points, k;1(P,) = 0,
a=1,...,n; let gi(k),...,q.(k) be a set of polynomials; and let D be a divi-
sor on I'. An n-point Baker—Akhiezer function given by these data is a function:
a) meromorphic on I' outside the points P,, with the divisor of its poles and zeroes
(1) satistying the condition (¢) + D > 0; and such that b) for P — P, the product

Y(P) exp(—qa (ko (P))) is analytic.

THEOREM 2.2. For a non-special divisor D of degree N the dimension of the
linear space of functions with the enumerated properties is equal to N — g+ 1. In
particular, if D is a generic set of g points, then v is uniquely determined up to a
factor. It has the form:

¥(P) = cexp (Z /QP Qqa> 0 (A(P) + 3, U] = () : (2.100)

0(A(P) = ()

3Also often called the Jacobi map (translator’s note).
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Here Qg is a normalized abelian differential of the second kind with a principal
part at the point P, of the form dqs(ka(P)) (normalization means

7{ Q. =0; (2.101)
ay

with this condition $,, exists and is unique); the vector 2milU(92) the vector of
b-periods of the differential Qg ; ¢ = A(D) + K.

The proof of formula (2.100) amounts to checking that it correctly defines a
function on I'. Changing the path of integration from @ to P leads to a translation
of the arguments of the theta functions by a vector of the period lattice, N + BM.
The exponent of the exponential is translated by 27 <Za U(ae), M>

From (2.91) it follows that the value of 1(P) does not depend on the choice of
the path of integration. From (2.100) it follows that the function possesses all the
necessary analytic properties. (I

By virtue of theorem 2.1, to each finite gap solution of rank 1 of the equations
(2.37), i.e. solution of the system (2.64), (2.65), there is associated a Riemann sur-
face I', which generically can be considered to be nonsingular, a set of polynomials
Go(z,t, k) and a non-special divisor of degree g + ! — 1, where ¢ is the genus of
the curve I'. Let us make use of theorem 2.2 for the construction of the inverse
mapping.

So, let there be given the set of data enumerated above. In the linear space
of Baker—Akhiezer functions corresponding to these data let us choose an arbitrary
basis ©;(x,t, P) (the polynomials ¢, (z,¢, k) depend on x and t as parameters; the
1; also will obviously depend on the same parameters).

By theorem 2.2 one may choose for the 1; the functions given by formula
(2.100), in which ¢ has been set equal to

g—1
G=D AP+ A(Py_14:) + K. (2.102)

s=1

THEOREM 2.3. Let 9(xz,t,P) be the vector function whose coordinates are
the ¥;(x,t, P) constructed above. There exist unique matriz functions U(x,t,\),
Vix,t,\), W(x,t,\), rational in X\, such that

For the proof of the theorem it is enough to consider the matrix \il(x,t,)\)
whose columns are the vectors ¢(z,t, P;), P; = (A, ;). This matrix depends on
the numbering of the columns (i. e. of the points P;); however, the matrices

(0, 0)T~1 (90)T L Yt (2.104)

are already well-defined (i.e. do not depend on this numbering) and by virtue
of the analytic properties of 1 they are rational functions of A. These matrices
are designated by U,V W respectively. Here [i is the diagonal matrix equal to
ﬂij = ,U/ifsijo

By using the path of the proof of equation (2.78) in the opposite direction, we
get that det ¥ # 0 if X is not a branch point. From this it follows that U and V
have poles only at the projections of the distinguished points P,, and W only at
the projections of the points on I' where p has poles.
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COROLLARY. The matrices U, V,W constructed by the formulas (2.104) satisfy
the equations (2.37), (2.64), (2.65).

REMARK. The formulas (2.104) give the most economical way of proving the
theorem in general, relating to arbitrary rational families. However in a majority
of cases, especially those corresponding to reductions of equations, the explicit
computation of the matrices U, V, W can be carried out from the requirement that
in the neighbourhoods of the P, there should hold the congruences:

0 ¥(x,t, P) =U(z,t,\) Y(x,t, P) (mod O(1) exp gq(z,t, kq))

(and the analogous congruences for V and W). Here the matrix entries of U, V, W
turn out to be differential polynomials in the &, (x,t) the expansion (2.83) of the
regular part of ¢ at the point P,. This path will be traced in detail later on in
examples of the construction of finite gap solutions of equations of the Lax type
(see [40], [74], [75], [76]).

In the construction of the vector ¢ (z,t, P) from the set of data given before
theorem 2.3 there is an arbitrariness connected with the possibility of choosing
different bases v;, in the linear space of Baker—Akhiezer functions corresponding to
the polar divisor D.

To this arbitrariness, under which (z,t, P) goes over into g(z,t)y(z,t, P),
where g is a nondegenerate matrix, there corresponds a gauge symmetry (2.38) of
the equations (2.37), (2.64), (2.65) (the matrix W goes over under such a transfor-
mation into

W — gWg™'). (2.105)

Let us consider two vector functions ¥ (z,t, P),¥(x,t, P), corresponding to two
equivalent divisors D and D. The equivalence of these divisors means that there
exists a meromorphic function f(P) such that its poles coincide with D and its
zeroes with D. From the definition it follows that the components of fi possess
the same analytic properties as the components of the vector function ¢ (z,t, P).
Hence

Y(x,t, P) = g(x,t) f(P)y(x,t, P), (2.106)
and the functions 1 and 1[) define gauge-equivalent solutions.
We shall consider both the equations (2.37), (2.64), (2.65) and their solutions
up to gauge transformations (2.38), (2.105). From (2.105) and the definition of T
(2.70) it follows that the gauge transformations leave the curves I' invariant.

THEOREM 2.4. The set of finite gap solutions (considered up to gauge equiva-
lence) corresponding to a nonsingular curve T is isomorphic to a torus—J(T)—the
Jacobi variety of this curve.

The assertion of the theorem follows from the fact that by virtue of the well-
known theorem of Abel two divisors are equivalent if and only if

deg D =deg D, A(D) = A(D).

The congruence sign means congruence modulo periods of the Jacobian of the
curve I'.

The coefficients of the polynomial Q(A, p) are integrals of the equations (2.37),
(2.64). The theorem just formulated means that the level set of these integrals is
generically a torus.
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For special values of the integrals, for which the surface I' has singularities, the
level manifold of these integrals is isomorphic to the generalized Jacobian of the
curve, which is the product of a torus with a linear space.

To multisoliton and rational solutions of the equations (2.37) correspond ra-
tional curves with singularities. To the different singularity types there also cor-
respond different solution types. For example, in the case of singularities of the
self-intersection type multisoliton solutions are obtained (see, for example, for the
KdV equation § 3, [115]), and in the case of singularities of the “cusp” type rational
solutions are gotten.

Let us consider at greater length a number of examples connected with hyper-
elliptic curves. As has already been said, finite gap solutions of the KdV equation
are the restriction of this equation to the stationary points of one of the higher-
order analogues of the KdV equation. They satisfy an ordinary differential equation
equivalent to the operator equation

(L, A,] =0, (2.107)
where A, is a differential operator of order 2n 4+ 1. As was shown above, this
equation admits the A-representation (2.32), where Uy, has the form (2.33), and

0o A" n—
Wy = <>\n+1 0 ) + O()‘ 1)' (2108)

Hence the characteristic equation (2.70),
det(:u’ 1= WA(x7t? )‘)) = ,LL2 - R2n+1 ()‘) = O? (2109)

gives a hyperelliptic curve I'. The coefficients of the polynomial

2n+1
R2n+1 — )\2”-{-1 + Z ri)\Qn-‘rl—’L

i=1

are polynomials in w,o/,...,u®**1) and, in the proved fashion, integrals of the
equation (2.107).

The curve I" may be represented as being glued together out of two copies of
the A plane along cuts joining the E;—the zeroes of the polynomial R, 1—and
the point at infinity E = oo.

For real u(x) the E; are the simple points of the spectrum of the periodic and
antiperiodic problems for the Sturm—Liouville operator (J. C. F. Sturm—J. Liouville)

d2
the segments [Fs;_1, Fa;] are the allowed bands of the spectrum of L on the entire
axis, and the [Fa;, F2;41], 1 =1,...,n are the forbidden bands®. (For more details

about the spectral theory of finite gap operators see §6.)

As the a-cycles it is convenient to choose the cycles situated above the forbidden
bands, and as the b-cycles, cycles encompassing the segment [E7, Fa;] of the real
axis.

4n English, the allowed and forbidden bands are often called the stable and unstable bands
respectively (translator’s note).
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FIGURE 1

Let ¢(z,t, P) be the Baker—Akhiezer function having n poles (n is the genus
of I') 71, ...,7n, and in a neighbourhood of Py = oo the form

Y(z,t, P) = exp(kx + k>t) (1 + igs(m, t)k:_s> : (2.111)

k= VA
By theorem 2.2 it exists and is unique. Let u(x,t) = 2¢{. Then a straight
substitution of (2.111) gives

(=02 + u(z, t) + A (a, t, P) = P 1O (1), (2.112)

The function ¥ (z,t, P), equal to the left-hand side of (2.112), satisfies all the re-

quirements defining v except one. Its expansion (2.111) in the neighbourhood of

P, begins with & k~! +.... From the uniqueness of 1 it follows that ¢ = 0.
Analogously, there exist unique functions vy (x,t) and vy (z,t) such that

Aty — Oyp = O(k~)eroth’t (2.113)
where
A =03 +0v10, +vo. (2.114)
From (2.113) we have
v; = =3¢ = 3u.

The compatibility of (2.113) and (2.112) is equivalent to the KdV equation.
The normalized abelian differentials of the second kind having poles at Py of
second and fourth order are representable in the form:

AT A

0@ d\, (2.115)
Rany1(A)
n+1 _ n ’” S~ \n—1
w2 SN E D iy i d), (2.116)
Ront1(N)

2n+1 2n+1
where Ropi1(\) = [L2T (A= Ey), s1 = Y s
The coefficients r;, 7; are determined by the normalization conditions

E2it1 Egit1
/ 0@ :/ QW =0, i=1,...,n. (2.117)
Es; Ea;



2. ALGEBRAIC-GEOMETRIC INTEGRABILITY OF FINITE-DIMENSIONAL A-FAMILIES 55

By theorem 2.2
P P
A(P —
w(x,t,m:cexp(m/ o+t m‘*)) BAPI + U+ VE=0) oy,
by

B 0(A(P) - ¢)
(2.118)
where
Eop
m’Uk:/ 0@, (2.119)
Eq
Eop
m‘sz/ oW, (2.120)
Ey

If we choose E; as the initial point for the Abel mapping, then after an explicit
calculation of the vector of Riemann constants we get

G = Z/ W (2.121)

In the neighbourhood of Py we have
A(P)=-Uk '+ 0(k™?) (2.122)

and by expanding (2.118) we arrive finally at the Matveev—Its formula [64] for the
finite gap solutions of the equation

u(z,t) = —20%In6(Uz + V't — ¢) + const. (2.123)

REMARK 1. The above construction of finite gap solutions of the KdV equation
was carried out with the aid of the original commutational representation without
an explicit transition to the A-representation (2.32) in (2 x 2) matrices. For a
comparison with theorems 2.1, 2.2 let us indicate only that the components of the
vector ¢ which figures in their formulation are given by ¥(z,t,\) and o, (x,t,\).
The divisor of poles of ¥ coincides with the divisor of poles of ¥(x,t, \) together
with the point Fj.

Let us also indicate that theorem 2.3 associates with the algebraic-geometric
spectral data I',v1,...,v4, besides the operators L and A, a matrix W which is
W4, = the A-representation of the operator A, of (2.107). The operator A,, itself
can be recovered from these data in an analogous way to the construction of the
operator L.

Its coefficients can be determined uniquely from the congruence

A = o (mod eF O™, = K2 gk 4L
From the congruence there follows the exact equality
Antp(x,t, P) = p(P) (.1, P);  (p,A) = P.

REMARK 2. In a number of applications the equations of motion of the zeroes
vi(z,t) of the Bloch function ¢ (z,t, P), which were first obtained in [38], turn out
to be useful.

For this let us consider the functions 1,2 ! and 141 ~'. The function 1,9 ~"
has poles at the points ~;(x,t) and the form k& + O(k~!) in the neighbourhood of
Py. Hence it is representable unambiguously in the form

Ve _ VRO + Pt )

v ILo (A= il,1)
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where P(x,t,\) is a polynomial of degree (n —1). It is uniquely determined by the
fact that 1,1~ has a pole over A = ~; only for one sign of VR (for example, for
the sign plus). Hence

Pla,t,vi(z, 1)) = v R(vi(z,1)).

In the neighbourhood of a pole of 1,7 ~! we have

Uy Yi(w, t) , 0
b = X—mwn TOW =y

Comparing the preceding equalities, we finally find that

2 R(’yi(mﬂt))
j;ﬁi(%(l'at) —i(z,t))

71{(3770 = H

Analogously
Ve AWVRA) + Pi(z,t, )
v L=z t) 7
and, repeating the derivation of the equations for the 7, we get
27/ R(vi(, 1)) . _ 0
PG SN M

The Abel isomorphism (2.98) linearizes these equations on the Jacobian J(T").

'yz(:c,t) =

As a second example let us consider the construction of finite gap solutions of
the sine-Gordon equation (2.44), which were first obtained in [68].

It follows from (2.64), (2.65) that W (&, n,0) commutes with the singular part
of U at A\ = 0; W(&,n,00) commutes with the singular part of V' at the point
A = oo. Hence the hyperelliptic curve I" corresponding to a finite gap solution of
the sine-Gordon equation has branching at the points A = 0, A = oco.

Without retracing word for word the course of the proof of theorem 2.1, let us
give the form of the Baker—Akhiezer vector functions for this equation. The com-
ponents ¥;(£,n, P) have n poles v; outside the branch points P, and P_, situated
above A = 0, A = co. In a neighbourhood of these points

i = et <Z (S n)kf) : (2.124)
s=0

vy = R (Z xfz(s,mkr) , (2.125)

s=0
E=x+t, n=x—t ky=AFYV2%

The functions v; are determined uniquely by the normalization ng‘ = 1. (The
divisor D of degree n +1—1=n+1lisequal toy; + -+ v, + Pt.)

It follows from the definitions of 11 and 1, that 0,31 and A, have the same
analytic properties. So they are proportional. For the computation of the con-
stant of proportionality one must compare the coefficients of the term \'/? in the
expansions of these functions at P,. We have

Oytby = e Ny, e = X0 (2.126)
Xo2
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Analogously,
&ﬂbg = 6“‘1/11. (2127)
In the same way it can be shown that
1
Oethy = 75 1+, (2.128)
i,
Betha = A" Mpy + 75 o, (2.129)

COROLLARY. The function u(§,t) defined out of (2.126) is a solution of the
sine-Gordon equation.

Let us find its explicit appearance. It can be shown analogously to theorem 2.2
that

P P P
¢n($atvp)=7“n(§,77)'exp (g/Q QS?"’U/(;) Q(E)“rn/ Q+_>

Q
AP) ¢+ UM+ U+ V)
AP =0 . (2.130)

Here the Q(ﬁ) are normalized abelian differentials with poles of second order at
the points Py, Q4 _ is a differential of the third kind with the residues +1 at Py,
2miU=, 2miV are the vectors of b-periods of these differentials.

The factor r,(£,n) is chosen via the condition that the multiplier in front of
the exponential be equal to one at the point P,. Then ¥, equals the value of this
multiplier at P_.

After simple computations we finally arrive at the following expression for the
finite gap solutions

PPUTE+U - ()
QUE+Un—C+VOUTE+Un—-C-V)
Let us note that the vector V is equal to a half-period, since by virtue of the
Riemann relations and Abel’s theorem

2V = 2(A(Py) — A(P_)) =0

(the last congruence holds inasmuch as the divisors 2P, and 2P_ are equivalent,
being the zeroes and the poles of A on T').

Until now we have been talking about the construction of complex solutions
of nonlinear equations which admit a commutational representation of one of the
enumerated forms. Picking out the real nonsingular solutions among them turns
out to be comparatively easy in those cases in which the auxiliary linear problem

Lp = M (2.132)

e"™ = const

(2.131)

for the Lax representation, or

(a% +U(x, t, A)) =0, (2.133)

in the case of the general representation (2.37), is self-adjoint. However for al-
most all nonlinear equations (the nonlinear Schrédinger equation, the sine-Gordon
equation, the equations of the nonlinear interaction of wave packets etc.) the cor-
responding linear problems are not self-adjoint.
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The typical conditions which select physically interesting real solutions have
one of the following types

Ux,t,\) = JU (2, t,0(\)J 1, (2.134)
Uz, t,\) = JU(z,t,0(N\)J 1, (2.135)
where the cross denotes the Hermitian adjoint, o()) is an antiholomorphic involu-

tion of the X plane (e.g., A — A, A — A71) and J is a diagonal matrix with entries
e = *1.

Since one can also subject the matrix W (z, ¢, \) to the same realness conditions,
the curves I', given by equation (2.70), which arise in the construction of real finite
gap solutions are real, i. e. there is an antiholomorphic involution defined on them

7: ' =T,

which leaves the distinguished points P, fixed, or permutes them in a well-defined
fashion.

The description of real curve types and, what is the most difficult and inter-
esting part, the distribution on them of the poles «; of Baker—Akhiezer functions
leading to real solutions, pose problems of real algebraic geometry which until com-
paratively recently had not been worked out at all. (The first serious progress in
the solution of these problems in connection with the nonlinear Schrédinger equa-
tion and the sine-Gordon equation was made in [68] and [28], although the results
obtained in these papers are far from being effective).

A detailed exposition of recent achievements in real finite gap integration is
given in [13], [41], [44], [46]. Here let us describe on the basis of the two examples
analyzed above the two basic types of involutions on the set of divisors, whose
various combinations give all the realness conditions known at present.

Let T" be a real hyperelliptic curve, i.e. a curve given by equation (2.109) with
a real polynomial Ra, 1. It the set of points ;,...,7, is invariant with respect to
the antiholomorphic involution

o (A ) — (A )
and ¥ (z,t, P) is the Baker—Akhiezer function corresponding to them, then

¥(x,t,7(P)) = (x,t, P). (2.136)
since both the right and left-hand sides have the same analytic properties and are
equal to each other by virtue of the uniqueness of 1. From this it follows at once
that the corresponding finite gap solution u(z,t) of the KdV equation is real.

Now let us suppose that 7 has n + 1 fixed ovals ay,...,a,41 on I', on one of
which the point Py = oo lies. (In real algebraic geometry the curves of genus g with
g + 1 real ovals are called M-curves®.) In the case under consideration this means
that all the branch points E; are real.

If the points 7; are distributed one on each oval, v; € a;, then u(z,t) has no
singularities. Indeed, as is evident from the construction of v, a pole of u(x,t)
arises only when one of the n zeroes of ¢ hits Py (here §(Uz + Vit — () = 0). But
by virtue of (2.136) v is real on real ovals. Since 1 has a pole on each a; it also
has at least one zero. Since there are n zeroes in all, they are separate from Fp.

5For some authors, M-curves are those with g + 1 components, which need not all be ovals
(translator’s note).
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For the finite gap solutions of the sine-Gordon equation to be real it is necessary
that the hyperelliptic curve I" be real [68]. On it let us consider the anti-involution

T ()‘au) - (5‘7 _ﬂ)
The action of this anti-involution on the local parameters k' is such that
™ (kg) = —k+.
Let the polar divisor of ¥, (&, n, P) satisfy the condition
D+7(D)=K + Py + P_, (2.137)

where K is the canonical class, i.e. the zero divisor of a holomorphic differential
on I

Condition (2.137) means that D, 7(D) are the zeroes of a differential of the
third kind
CdAA XN o N 4 4

A Ront1(N)

w (2.138)

with poles at the points Px.
Let us consider the differential

$1(&,m, P) b1 (&, 7(P))w. (2.139)

From (2.124) and (2.137) it follows that this is a meromorphic differential with its
only poles at the points Pr. The residue of this differential at Py is equal to 1.
Since the sum of the residues of any meromorphic differential is equal to zero, then

Xo1 " Xo1 = 1. (2.140)
Analogously, if we consider the differential

Ao (€, 1, P) a(&,m, 7(P))w,
we get
Xo2 * Xoz = 1.
Hence, by (2.126),
i) =

le IXo1l/Ixo2| =1

and u(&,n) is real.

3. The Hamiltonian Theory of Hyperelliptic A-Families

In this section, following [116], [118], we shall present the Hamiltonian theory
of systems which are connected with hyperelliptic curves (see the examples of the
preceding and the following sections). These systems usually come from systems of
the form (2.64), (2.65), where the matrices are (2 x 2).

The equations (2.64) are ordinary differential equations.

The initial “physical” coordinates on the finite-dimensional space of their solu-
tions are the values of the matrix entries of U and W at some initial point x = xg
(or rather the values of the matrix entries of the singular parts of U and W at their
poles).

6A generalisation of this theory for general systems which are connected with arbitrary curves
and its relations N = 2 supersymmetric gauge theories was obtained in [KP].
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For example, for the “higher-order KdV equations” the space of solutions of
the commutativity equations for the Sturm-Liouville operator L and an operator
A, of order 2n 4 1 has dimension 3n + 1. Coordinates on it are given by

u(xzo), . .. ,u(2"'~'1)(3c0)7 ho, ..., hy,

where the constants h; arise in expressing the coeflicients of the operator A, in
terms of u and its derivatives.
In the preceding section an isomorphism was set up between this space and the
space
(T,Py,...,P,) = N"tk,
where ' is a hyperelliptic curve, given in the form
2g+1
w= T (A =N)
i=1
(as for the KdV equation, the sine-Gordon equation, where A\; = 0), or in the form
2g+2

w= T (A =N)
i=1

(the nonlinear Schréodinger equation, the Toda lattice etc.). Coordinates in the
neighbourhood of P; are given by A(P)—the projections of the points onto the
A plane. In the following (when this does not give rise to misunderstanding) the
points P; will be denoted as «y; = A(P;) without indicating ; = %+, the number of
the sheet of the surface T'.

The space N"** is fibred over M™, the manifold of hyperelliptic curves. Coor-
dinates on M™ are given by the \;. The fibre of this fibration

NnJrk N Mn

is S¥T'—the kth symmetric power of the curve T.

In the fundamental examples k = g (KdV, sine-Gordon) or k = g + 1 (NLS).
In the first case the fibre, by virtue of Abel’s theorem, is birationally isomorphic to
a complex torus—the Jacobian of the curve, J(V).

Let us define analytic Poisson brackets on the phase space N™tF of our systems.

a) Let A be some set of functions on N"** which depend only on the point
of the base space M", i.e. on the hyperelliptic curve. (In the sequel A will play
the role of the annihilator of the Poisson bracket, which becomes nondegenerate
on the manifolds N4 given by the equations f = const for all f € A; Ng — Ma,
My C M")

b) Let a meromorphic 1-form Q(T') be given on the Riemann surface I" or on a
covering of it I' — I'. In local notation

Q) = Q(T, \) d\. (2.141)

The derivatives of Q(T') in all directions of the base space tangent to the mani-
folds M 4 are required to be globally defined meromorphic differential forms on the
Riemann surface I' itself (and not on the covering).

c¢) In all of the major examples the form ) has turned out either to be mero-
morphic on I' right from the start, or to be meromorphic on a regular covering r
with an abelian monodromy group, where the image of 7 (I') — 1 (T') is generated
by a set of cycles with vanishing pairwise intersection numbers.
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DEFINITION. If the closed 2-form
Qg = _dQ(T,7;) Ady; (2.142)

is nondegenerate at a “general” point of a region of the N4, where the pair (A4, Q)
has the properties a), b), ¢), then it will be said that an analytic Poisson bracket
with annihilator A is given on an open region of N**¥  The dimension of N4 in
this case must be equal to 2k.

By definition, the Poisson bracket of (2.142) is given by the properties

(v} =0, {Q(),Q(v;)} =0,
{Q(i), i} = 45, (2.143)
{fa’)/]}:{.ﬁQ(’Yk)}:()v fGA

If A\; are any coordinates on the manifold M4 then it follows from (2.142) that
1g contains only terms of the form dA; A dv; in its expansion. This at once implies
the proposition:

Any two functions g, h which depend only on T' € M™ are in involution

{g(I'),h(I)} = 0. (2.144)

Let 71,..., 7t be the tangent directions to M4 at a “point in general position”.
By the definition of an analytic Poisson bracket, V@ is a meromorphic differential.
Like any other differential, it can be decomposed uniquely (if a basis of a-cycles is
fixed (2.86)) as a sum of a holomorphic differential w; and normalized (see (2.101))
differentials @; and @; of the second and third kinds respectively:

Vo =wi+ @i+ > _ @i, (2.145)

where @;; has a pair of first-order poles at points (P, P/").
Without loss of generality, when k > g one may assume that locally the coor-
dinates 7; have been chosen so that the w; for i < g form a normalized

% wj = 0ij
a;

basis of the holomorphic differentials, and for j > g w; = 0.
Let us consider the flows on N"* generated by Hamiltonians of the form H(T),
which by (2.144) commute with each other.

THEOREM 2.5. Let the coordinates T; be as indicated above. Then at a point

(F0a717"'7’yk:)

in general position the complex variables

bi=> | V,Q (2.146)

are independent and have dynamics linear with respect to time.

The proof can be obtained entirely analogously to the standard Liouville pro-
cedure.



62 2. MODERN IDEAS ON THE INTEGRABILITY OF EVOLUTION SYSTEMS

The definition of the ¢; (2.146) depends on the choice of the paths between
Py and the ~;. Therefore these quantities are determined up to the lattice in CF
generated by the 2g + I periods ey, eg, 7, of the gradient VQ:

ez = f VTLQ = 6;a €:; = % vT¢Q7 ,'7.19 = reSP; VTLQ (2147)
aq bg

The transformation (2.146) allows one on the basis of an analytic Poisson
bracket (A, Q) satisfying the requirements enumerated above to construct a fibra-
tion

Jo(T)
Nig.a) === Ma
whose fibre is the quotient of C* by the lattice generated, by the vectors (2.147).

Let x be the number of functionally independent (modulo A) residues of the
form Q, k <.

In general,

29+ k < 2k. (2.148)

The variables 1; form a compact torus T?% only in the case when 2g + k = 2k.
By no means will one always get an abelian torus. For this it is necessary and
sufficient that k = g and that all the forms V., @ be holomorphic.

Comparing (2.146) with the definition of the Abel map (2.93), we get the
following theorem.

THEOREM 2.6. The Abel transformation ST — J(T') linearizes the dynamics
of all Hamiltonians of the form H(T') for Poisson brackets given by generic pairs
(A,Q), if and only if the derivatives V,,Q in all directions tangent to My give a
basis of the holomorphic differentials on I.

Only for the real theory does it make sense to discuss a special choice of the
vectors 7;, corresponding to the differentiation of ) with respect to so-called “action
variables” canonically conjugate to the “angles” on tori, varying from 0 to 2.

Let us consider real hyperelliptic curves T'. These are curves with an antiholo-
morphic involution or: I' — I', which is induced by an antiholomorphic involution
o on the space M™ of all hyperelliptic curves.

The form @ and the annihilator A must also be compatible with o,or in a
natural way:

b) o*A=A.
The simplest example of real structures, which may be called the “elementary” ones
for the Hamiltonian systems which interest us, actually already appeared earlier in
the description of the real nonsingular finite gap solutions of the KdV equation.

Let or have g + 1 or g fixed ovals on I'. (Such curves are called M-curves or
(M — 1)-curves). In the first case k = g or kK = g+ 1. In the second case k = g.

(2.149)

LEMMA 2.1. If the Poisson bracket (A, Q) has the properties (2.149) then sets
of points v; (i =1,...,9+1 ori=1i1,...,1,) lying on pairwise distinct fized ovals
a; of the anti-involution or are invariant with respect to the dynamics generated by
the real Hamiltonians H(T'), H(o(T)) = H(T).

For M-curves and k = g the admissible sets of v; € a; form g + 1 connected
components isomorphic to the real torus T9. For M-curves and k = g + 1 or for
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(M — 1)-curves and k = g there is only one connected component—a real torus
T+ or T9.

An example of a non-elementary real structure arose in the description of the
real solutions of the sine-Gordon equation (§2).

The effective assignment of such a structure is possible only in terms of coor-
dinates on N connected with y by the transformation (2.146).

By a non-elementary real structure will be meant an anti-involution

7: N@,a) =~ Ni@,a)
which is compatible with the fibration

Jo(T)
Ng.a) = Ma.
On the fibres of Jg(I") there must be a superposition of a translation and an auto-
morphism of Jo(I") as a real commutative group.
The real submanifolds in the phase space are picked out by the conditions

T(n) =1 (2.150)

or
T(n) = —N+ng. (2.151)
The case (2.151) is realized for the sine-Gordon and the NLS (2.14). For a given

curve the vector 1§ may take on a finite number of values. Their computation for
the sine-Gordon equation was done for the first time in [46].

THEOREM 2.7. For analytic Poisson brackets satisfying the elementary and
non-elementary realness conditions, the action variables J;j, canonically conjugate
to the coordinates on the tori T* varying from 0 to 2, are given by the formula

1
=5 f; Q(T, \) d. (2.152)

The proof of the theorem follows in essence from the course of the proof of
Liouville’s theorem and from the fact that (2.152) represents the quantity
Jj = S pdg, (2.153)
27 Ja,
where the @; are the basis 1-cycles on the tori T*.

For the class of Poisson brackets under study the action variables J; (2.153)
acquire an important interpretation as integrals over the elements a; of the group
Hy(T\P,Z), where P is the set of poles of the form . This results in a signifi-
cantly greater effectiveness in the construction of action variables than in Liouville’s
theorem. In particular, for example, until [116] no explicit construction of action
variables for the Kovalevskaya case (see below) was known, since the only method
for constructing them known to the classical workers was the method of separation
of the variables in the Hamilton—Jacobi equation.

Theorem 2.6 gives necessary and sufficient conditions on the bracket (@, A)
which guarantee the linearization by the Abel mapping of the Hamiltonian flows
generated by Hamiltonians H (T).

As is well known, the Abel mapping linearizes all the higher-order KdVs. Let
us express the Hamiltonians corresponding to these flows in terms of the form Q.
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THEOREM 2.8. The coefficients of the expansion

Qr N =Y (f)k a(D), 2=V (2.154)

k=0 2
are such that the hi(T') = qo143(T") are the Hamiltonians of the higher-order KdVs
with the number [ > 0. The remaining coefficients q belong to the annihilator A.

In conclusion let us enumerate a number of major examples.

EXAMPLE 1. The Gardner-Zakharov-Faddeev bracket. From [56] one can ex-
tract

1 T
Q =2ip(A)d\, A= {Tl,...,Tg,ﬂTlim f/ udx} (2.155)
— 00 0

p(A) is the quasimomentum, where dp()) is a differential of the second kind with a
unique pole at A = 0,

7{ dp(A) =0, j=1,....g. (2.156)
a;
The periods T} of the quasiperiodic potential u(z) are defined as
1
— =T;. 2.157
i s P J ( )

EXAMPLE 2. The Magri bracket (F. Magri) [94]. In this bracket the higher-
order KdV equations have the form

0\ 0H 1 03 1o} 0
p=lal+b—)—, l=-—-—= — 4+ — . 2.1
“ <a+ ax) ou’ 205 "or "o (2.158)
Here we have
Q = 2ip(\)(aX + b)"tdN. (2.159)
For b = 0 the annihilator is
A={T\,...,T,,J},
where
g+1
J= chfg_m (2.160)
k=0

is a linear combination of Kruskal integrals, and its extremals are given by the finite
gap solutions constructed over I'.

ExAMPLE 3. The Hamiltonian formalism of the stationary problem for the
higher-order KdV.
The commutativity equation (2.61) may be presented in the form

§J =0, (2.161)

where J is the same as in (2.160). This representation naturally gives rise to the
Hamiltonian formalism of the system (2.61) (see [18], [20]). From [6] one can extract

Q=+-RM\)dx RN =]JA=N).

The annihilator of the bracket is generated by the first (g+1) symmetric polynomials
in the \;.
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EXAMPLE 4. The Hamiltonian structure generated by the “hidden isomorphism
of Moser and Trubowitz” [136], [110] (for more details on which see the examples
of the next section) between the dynamics of the KdV on the space of finite gap
potentials and the Neumann systems (2.183), (2.184):

Q=+—-R(\) H(/\ — Ag;) "t

A={Xo, A2, ..., Aog}

(2.162)

EXAMPLE 5. The integrable case of Goryachev—Chaplygin in the dynamics of
a rigid body with a fixed point [71].
Here
1 /X% 1 2G
Q(F,)\) = arCSin; <? — §H — T) y

where H is the energy of the top, G is the Goryachev—Chaplygin integral, u is a
parameter. The curve I' is given by the equation

y? =42\ — (X3 — H) — 4G)~

EXAMPLE 6. In the well-known Kowvalevskaya case the action variables formerly
could not be calculated. In the notation of [71] (and of the next section, see (2.174),
(2.181)) we have:

112

2v/=\

In(vV=X(\ = 6h)% — k*) + (A —81%) + /=R5(\),

QT ) = %

where Rj5 is given by (2.181).

The curve T is given by the equation y? = Rs()\). By integrating Q over the
“real” cycles a;, on which the ; = s; lie—the Kovalevskaya variables, we obtain
the action variables J;.

4. The Most Important Examples of Systems Integrable
by Two-Dimensional Theta Functions
By the example analyzed in §2, the hyperelliptic curve I" of genus 2
5

y* =Rs(\) =[[(A =) (2.163)
i=1
generates a pair of commuting operators

2

0
L= 922 + u(x), (2.164)

o° o3 o3 9, o 0
A —16 2 19 o o o n Y 9
> 68x5+ 0(u8x3+8a:3u)+30u8xu 5<u 8x+8xu)

0° 0 0 0

The commutativity equation (2.107) for the operators L and As on the function u
may be written in the Lagrangian form

(2.165)

5/Ad;v =0 (2.166)
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with the Lagrangian

u/l2 5 5 u/2
A= — — 0"+ 24" 4+ hy | — +u® ) + hau® + hau. (2.167)
2 2 2 2
According to [115], the equation (2.166) is equivalent to a Hamiltonian system with

two degrees of freedom and with the Hamiltonian

H = pip2 + V(q1, q2), (2.168)
a=u @=u"-57 p=d, p=u,
2 2.169)
@G 5 o 5, hy o, (
=-2_- - = =2 h
Vv 5 @i T gt o athig

(by a substitution u — u + const the constant h; has been made zero in equations
(2.168), (2.169)).
The integrals of the system (2.168) in involution have the form J; = H,

Jo = pi + 2q1p1p2 + (2¢2 — ho)p5 + D(q1, ¢2),
D = q + hag} — 4913 + 2h2q1q2 + 2hsgs.
The integrals J; define a curve (2.163). The corresponding polynomial Rj is equal

to
ho hs h%) \ Jo — hohsg

J
Reo o2 yey ls ey (—1+— " (2.170)

2 16 32 16
The results of §2 indicate that coordinates on the level manifold J; = const, Jo =
const are given by 1, 72—the locations of the poles of the corresponding Baker—
Akhiezer function. Their connection with the initial variables is given by means of
the so-called trace formulas

_u I / 1
nAR=g mn= gl + 53 N, (2.171)
i#]
where the A; are the zeroes of the polynomial (2.170).
The equations on the 7; which are equivalent to the original system have, in
the given case, the form (see §2)

;2 Rs(y) , 2iy/Rs(72)

P SV Ly S SV (2.172)
Y1 — 72 Y2 M

These equations, as was already noted in §2, are linearized by the Abel transfor-

mation. The two-gap potential u(z) equals

82
u(z) =2 922 Inf(Uz — ¢) + const. (2.173)

gl

Later a number of examples will be cited of systems leading to two-gap poten-
tials and integrable, as a consequence, by two-dimensional theta functions.

S. V. Kovalevskaya’s Problem. The equations of motion of a heavy rigid
body with a fixed point in Kovalevskaya’s case have the form:

2p = qr, Y1 =Ty2 — q73,
2 =—pr—pys, § V2=Py— T, (2.174)
T = s, Y3 = qy1 — pPY2, M = const.

(A representation of the Lax type for this system was found in [121].)
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The equations (2.170) have the following integrals
H=2(p*+¢*) +7? —2uvy (the energy),
L =2(py1 +qy2) +rys (the angular momentum), (2.175)
K = (p* — ¢* + pm1)* + (2pg + py2)?  (Kovalevskaya’s integral).

In addition there is fulfilled the constraint condition

N+ +a3=1 (2.176)
Let us consider the combined level surface of these integrals
H=6n% L=2, K=Fk. (2.177)

Under fulfillment of the constraint (2.176) these equations give a two-dimensional
invariant submanifold of the original system (2.174).

The Kovalevskaya variables—coordinates on this surface—are defined in the
following manner

(1‘1,1‘2) + R(l’l)R(l‘Q)

R
81,2 = 3h + (1.1 — 1'2)2

: (2.178)

where
T19=ptiq, R(z)=—2*+6h2*+4ulz + p* — k2, (2.179)
R(xy,10) = —23w3 + 621200 + 2ul (2 + 12) + p? — k2. .

An easy computation shows that in the variables s; the equations (2.174) have
the form:

. ) R5(81) . 7 R5(82)
$ = 2 o — 5y S9 = 2 ey 5 (2.180)
Rs = (A\[(A = 3h)* + p? — k2] — 2p13) (X — 3h)? — k?). (2.181)

These equations coincide up to a factor with the equations (2.172). Consequently,
they will be linearized by the Abel substitution.

The expressions for the original variables p, q, 7,71, 72,73 in terms of the Ko-
valevskaya variables are cited in [63]. As for the variables s;, they, by the results of
§2, can be defined as solutions of the equations

0(A(s;) + Ut - () =0. (2.182)
Here A: T' — J(I') and T is given by equation (2.163) with Rs equal to (2.181).

The Neumann and Jacobi Problems. The General Garnier System.
The equations of motion of a particle on the (n — 1)-dimensional sphere

2P =>al=1 (2.183)
i=1
under the action of a quadratic potential
1 n
Ulz) =5 Z;aix?, a; = const, (2.184)

have the form:
¥ = —a;z; + u(t)x,, (2.185)
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where u(t) is a Lagrange multiplier arising because of the imposition of the con-
straints (2.183). When n = 3 this system bears the name Neumann system.

The Neumann system may be obtained from the Hamiltonian flow on R® with
the Hamiltonian

3
_1 2 1. 99 2
H= 3 Z:laiwi + 5(90 Y- — (zy)?) (2.186)
by restriction to the surface z2 = 1 (here zy = Y, z;3;). The functions
TrYi — YrTi

are a system of integrals in involution for (2.186). The Hamiltonian H itself has
the form:

3
1
H=3 ; a;F;. (2.188)

The transformation

S A o
T = g=-—x, H== _— 2.189
i=y, §=-x 5 ; ” (2.189)
takes the constructed Hamiltonian flow over into a geodesic flow on the triaxial
ellipsoid (when a; > 0)
3 .2

ST
Y
i=1 ¢

The problem of geodesies on a triaxial ellipsoid is called the Jacobi problem.

In the work [110] a trajectory isomorphism was established between the equa-
tions in z for the periodic n-gap potentials of the Sturm-Liouville operator and
the equations in t — x for the periodic trajectories of the system (2.183), (2.184).
The full phase isomorphism of the systems for n-gap potentials and the system
(2.183), (2.184) was proved in [136]. By the same token the general solutions of
the latter system can be expressed in n-dimensional theta functions, and those of
the Neumann system (and the solutions of the Jacobi problem) in two-dimensional
theta functions.

Let us remark that although these systems are trajectorially isomorphic, the
corresponding Hamiltonian structures (as was shown in the preceding section) are
different.

Let us consider a Baker—Akhiezer function ¢ (x, P) associated with a hyperel-
liptic curve I" with real branch points Ay < Ag < -+ < Agp41. In §2 it was shown
that it satisfies the equation

' (x, P) = —X\p(z, P) + u(x) ¢(z, P), (2.190)

where P = (\,v/R) is a point of I'. Let us denote ¢t (z, P) = ¢ (z,o(P)), where
o is the involution which exchanges the sheets of I'. Its operation on the local
parameter is o*(k) = —k. Hence the function (z, P) ¢ (z, P) is regular at the
point at infinity Py. Besides, it does not depend on the choice of the sheet of T"
and hence is a rational function of A

o, Pt (z, Py = izt A = %)

T, =) (2.191)
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For an arbitrary polynomial P()\) of degree n (whose coefficients may depend
on parameters) and for arbitrary points u;, i = 1,...,n 4+ 1, there holds the simple
identity

n+1
P(pi)
2T (i — 1)

Since at the branch points (z, \;) = ¥ (z, \;), it follows from (2.191) and

(2.192) that the functions

A\ /2
di(x) = Y(x, Agiz1) H (M> (2.193)

A2ig1 — Agjq1

1. (2.192)

satisfy the identity
D dix) =1. (2.194)
i=1

The equalities (2.190) and (2.194) coincide (after renaming « to t) with the
equations (2.185) and (2.183). The expressions in terms of theta functions for
¥ (x, P) which were obtained in § 2 thereby give the solutions of the system (2.183),

(2.184).
For the Neumann system we get, in particular,
0|v;|(tU
zi(t) = o %, (2.195)
where
OO e)©)  6us)0)

T (O M T ) N ) (2199

and the characteristics [v;] of the theta functions equal

Vg = [(O’ 0)7 (Ov 1/2)]7 V3 = [(O’ 0)7 (1/27 1/2)]

The system (2.183), (2.184) can be obtained from a more general system, dis-
covered by Garnier [61]

z = xi(z TiYi + ai),
Yy = yz(z TiYi + a;),

On the invariant plane z; = a;y; we exactly get the Neumann system on the sphere.
Another interesting case is the system of anharmonic oscillators, which is obtained
from (2.198) by restricting to the plane z; = y;, [62].

The Garnier system is equivalent (under a suitable choice of the parameter 7)
to the commutation conditions

(2.198)

dA(X
A _ [4(a), A0/~ a). (2.199)
where the matrix A = (A;;) has the form:
A =X = ay, (2.200)

A=z A +2 1, An=yiaA—vyi_q,
Aij =Ti—1Yi—1 — a¢,15ij, i, 5 > 2.
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The Motion of a Body in an Ideal Fluid. Integration of the Clebsch
Case. As was already said in Chap. 1, the equations of motion of a rigid body in
an ideal fluid have the form:

. H H
M:pxa—+M><a—7 (2.201)

P=PXon op oM

where H = H(M,p) is the Hamiltonian (1.48),

M = {My, M2, M3}; p={p1,p2,p3};
OH (0H\ O0H (0H (2.202)
oM N GMZ ' ap N 8pi '
Below we shall give the commutational representation of equations (2.201) in
the integrable cases of Clebsch and of Lyapunov—Steklov—Kolosov (see (1.205)-
(1.209)).

The commutational representation for the Clebsch system was found in [119].
The matrix L has the form:

L=XA+Lo—-\"'P, (2.203)

0 Ms —M,
Lo = —M3 0 M1 s -Pij = pipj; Aij = aiéij. (2204)
My —M; 0

The matrix M equals

0 agMg —a2M2
M =)XC + | —azMs3 0 a1 My , (2205)
CL2M2 —CL1M1 0

Ci' = cl-dij.

The Clebsch case is the limit under contraction of the group SO(4) to E(3) of
the integrable tops obtained in [97] as it was observed first in [112]. If one fixes a
basis of the algebra so(4) with the commutation relations

{M;, M;} = eijMy;  {Mi,pi} = €ijipr;  {pispi} = €ijr My, (2.206)
then this contraction corresponds to a passage to a limit, under which
M; =M, p;— Np,, N — oo.

The Lax pair (2.212) for tops on so(4) diverges under the contraction, although
its integrals hold out under this passage and coincide after it with the integrals
of the Clebsch case. On the other hand, the pair (2.203)-(2.205) will not endure
the deformation of so(4) to e(3). It is of interest to remark that not only the
tie indicated above exists between these systems. As was found in [10], [15], the
Kirchhoff equations for the Clebsch case go over into the Manakov equations for the
algebra so(4) (see below) after a suitable linear change of variables. An analogous
linear change takes the integrable case of Lyapunov—Steklov—Kolosov (see below)
over into the integrable case of Steklov [133] for the rotation of a rigid body with
an ellipsoidal cavity filled with a fluid [15]. The Clebsch case was integrated in [69],
[132], [140].
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The Lyapunov—Steklov—Kolosov Case. In this case the Hamiltonian, with
(1.208) taken into account, has the form:

3 3 3
2H =Y ba(Mo — (by + by +bs — ba)opa)® + A p2+ B> paMa. (2207)
a=1 a=1 a=1
Let us set

2z = M, — O'(bl + by + b3 — ba)pa. (2.208)

The fourth integral has the form

3
2T = bapl. (2.209)
a=1

The Lyapunov-Steklov—Kolosov case was integrated in the paper [70]. It is
curious that in this paper for this system there was practically used, between the
lines, a commutational representation with an elliptic spectral parameter.

F. Kotter’s representation for the equations of motion had the form:

222

d b b
(e asp1) = 2(s = ba) (22 + 50p2) "> = 2(s — by) (25 + s7ps)

(the remaining equations have the same appearance up to a cyclic permutation of
the indices).

Here s is the “spectral parameter”. These equations, as is simple to verify, are
equivalent to the Lax equation L = [L, M], where

0 VC3v3  —y/cav2
L = *\/67)3 0 \/avl 3
Veave 4 /crvi0

9 0 Veieabzzz  —y/cicsbazo
M= - \/mbgzg 0 \/%blzl
* \Veresbazy  —\/acabiz 0
Here v; = z; + osp;, ¢; = s — b;.

Let us set e; = b; — %(bl + b2+ b3), s = p(A) + (b1 + ba + b3)/3, where g is the
Weierstrass function corresponding to the elliptic curve I' with the branch points
e;. Then L, M are elliptic functions of A, defined on T.

The Clebsch and Lyapunov—Steklov—Kolosov cases exhaust all the possibilities
when the system (2.201) with the Hamiltonian (1.48) has a fourth integral quadratic
in (M, p) [119]. Let us note that for general diagonal metrics, as was shown in [73],
for the equations of motion (with the exception of the Clebsch case) a splitting of
the separatrices occurs, i.e. they are non-integrable.

(2.210)

A Multidimensional Free Rigid Body. The equations of a multidimen-
sional rigid body have the form [7]:

M=[Q,M], M=JQ+QJ (2.211)

and J;; = J;0;; is the inertia operator” of the rigid body. The complete integrability
of this system for all n was proved in [97]%. As was remarked in this paper, the

TOften called the inertia tensor (translator’s note).
8For n = 4 in [108].
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system (2.211) is equivalent to the system

[A7 V] = [[A> V]v [B> V]]a (2-212)
[B,V]=Q, A=J? B=J. (2.213)

The commutational representation for (2.211) has the form:

d
prin [B,V]+ AB,AA —[A, V]| =0.

By the results of § 2, the general solutions can be expressed via theta functions
of the Riemann surface I' of the form

det(AA — [A, V] — - 1) = 0. (2.214)

The rigorous and abstract exposition of the Manakov theory and the direct ver-
ification of the independence of the Manakov integrals constructed (the coefficients
of the characteristic polynomial (2.214)), without relying on the spectral theory of
operators, were realized in the paper [57]. A series of subsequent papers, of which a
survey is given in [58], were devoted to the transfer of this technique to some other
Lie algebras. An investigation of the dynamics of these systems not only on the Lie
algebra, but also on the whole Lie group was given in the paper [105].

The equations (2.212) were integrated (for arbitrary A and B) in the paper
[39]. As was remarked in [97], for general diagonal matrices A and B the equations
(2.212) coincide with the equations of a motion on SO(N) with the diagonal metric

which for N = 4 go over under the contraction of SO(4) to E(3) into the integrable
case of Clebsch.

The solutions of the general equations (2.212):
A BAR) — AP 10 )
N >‘j 0(tU+C)€(R,PJ) ’
_ VOu(p)01v](0) 9y () 0[v](0)

PO =T - A@)

i #j, (2.215)

i = Nexp th?bk ,
ki

0
= ~3p Ine(P, P;)|p=p,.

Here the A are arbitrary nonzero constants, the -function is constructed with
respect to a curve of the form (2.214); P; are the points at infinity of this curve,
where p/A — a; when P — P;; the vector U has the form:

U=> bU(P),

U(P) is the period vector of the differential Qg) with a double pole at P, [v] is an
arbitrary nondegenerate (grad 6[v](0) # 0) odd half-period.
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Waves in the Landau-Lifshitz Equation. Following [137], let us look at
solutions of the travelling-wave type

S(@,t) = gz — at)
for the Landau-Lifshitz equation (2.51).
We have
—ag=qx (§+ Jq). (2.216)
Taking the vector product of this equality with ¢ and using the condition ¢% = 1,
we get
j+Jg=X+aixq, X=(q,J9) -

Let us introduce the variable
M =qxqg+aq.
Then equation (2.216) turns out to be equivalent to the already analyzed Clebsch
system (2.204)
M =M x Jg,
Gg=qx M.
In [16] finite gap solutions are constructed in terms of Prym theta functions,
starting from the Lax pair (2.52) for the Landau-Lifshitz equations (2.51). As a

special case they also contain solutions of the travelling-wave type.
A generalization of the Landau-Lifshitz equations is given by the equations

ur = U X (Ugy + JU), (2.217)
vy = v X (Vg + Ju), '

which were considered in [139] and which describe a two-sublattice system. In [139]
it is shown that the equations describing the travelling wave

u=u(z —at), v=v(x—at),
can be integrated. They correspond to the Hamiltonian system on E(3) 4+ E(3) with
the Hamiltonian
H = 1(M?+ N*+2(Jp,q)). (2.218)
Here p(&) = u(§), (&) = v(§) and M = u x u¢g + au, N = v x v¢ + av. The pairs
p, M and ¢, N satisfy the commutation relations of E(3).

The matrices L and A which enter into the commutational representation for
the equations of motion of the system of (2.218) have the block form

_ /\M >‘2pin #: :L;(Sij
Nqipj + Jidi; AN ’

0 Apig >
A= 7).
<>\Qipj 0

Here M and N are skew-symmetric 3 x 3 matrices corresponding in a canonical
way to the vectors {M;}, {N;}.
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A Top in a Gravitational Field. Let us consider, following [19], the problem
of the rotation of a top, fixed at its centre of gravity, in the gravitational field being
created by an arbitrary body V. Let p(z) be the mass density of the body V' at its
point x; let R(z) be the distance from the point z to the fixation point of the top.
Let us write the equations in a coordinate system S rigidly connected with the top,
where we shall orient the axes of this system along the principal axes of the inertia
operator, i.e. the inertia operator I of the top is diagonal, I = (1;9;;). We shall
suppose the dimensions of the top to be small in comparison with the distances
R(z) to the body V. In this approximation the equations of the rotation of the top
can be written in the form

M=Mxw+ /‘/3Gp(m)R73(x)’y(x) x Iy(z) d*x, (2.219)

where ~(z) is the unit vector of the direction going from the point x of the body
to the top (written in the system S!), M and w are the angular momentum and
angular velocity vectors, GG is the gravitational constant. Let us supplement the
equations (2.219) with the obvious relation

F(x) = v(x) X w. (2.220)

We shall show that the equations (2.219), (2.220) are integrable, and the integration
procedure does not depend on the body V.

Let us associate to the vectors v(x) = (vi(x)), M = (M;), w = (w;) skew-
symmetric matrices Y(z) = (i(z)), M = (My;), & = (&), setting ¥;(z) =
ik (2), and so on. Let us introduce, further, the matrix

u(x):ASGp(x)R_3(m)&2(m)d3x.

The equations (2.219), (2.220) can be written in the form of the system

{ M_:[ [MA’}“A’] el ver (2.221)

Here C' = diag(Cy,Cs,C3). The system (2.221) is Hamiltonian on the Lie algebra
whose elements are pairs of 3 x 3 matrices (w,u), where w is a skew-symmetric
matrix and u is a symmetric matrix, and the commutators have the form:

[w1,ws] = wiws — wawr, [w,u] =wu —uw, [ug,uz] = 0.

The Hamiltonian has the form H = tr(%M @ 4+ uC). The Lax representation for
the system (2.221), obtained in [19], has the form L = [L, A], where

L) =M+ AB+X"1u, A\ =&+ \C,

2.222
B = diag(By, B, Bs), Bi= L1131}, ( )

where to simplify the formulas we assume that I; + Is + I3 = 0. From this it
follows that the system (2.221) can be integrated in theta functions of the Riemann
surface I' given by the equation det(L(A) — - 1) = 0. On the surface T of genus
4 an obvious involution of the form (A, u) — (=, —u) acts with six fixed points,
corresponding to A = 0 and A = co. Therefore this surface doubly covers an elliptic
curve, and the phase variables of the system (2.221) can be expressed via the Prym
theta functions (of three variables) of this covering.
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Another application of systems of the form (2.221) is the proof of the integrabil-
ity of the problem of the rotation of a rigid body about a fixed point in a Newtonian
field with an arbitrary quadratic potential U = 2’1aijxixj [19] (the possibility of
applying L-A pairs of type (2.222) to a top in the field of a quadratic potential was
noted in [123]). Here the equations of motion can be written in the form (2.221),
where the matrix u is constructed as follows. Let @ be the transition matrix from
the S-system to the fixed system. Then u = Q7 aQ, where a = (a;;).

5. Pole Systems

The program for research on the dynamics of poles of solutions of equations
to which the inverse scattering method is applicable goes back to the article [87].
In two-dimensional hydrodynamics the poles of the solutions correspond to the
dynamics of vortices. In the case of a finite number of vortices the corresponding
system turns out to be a finite-dimensional Hamiltonian system.

The connection of the dynamics of poles of rational and elliptic solutions of the
KdV equation to the equations of motion of the system (2.57) was first discovered
in the paper [4].

Let us remark that elliptic solutions of the KdV equation of the form

u(z,t) = 2p(x — 21(t)) + 2p(x — 22(1)) + 2p(x — x3(1))

were first constructed without any connection to finite-dimensional systems in the
paper [47].

Originally the theory of the Moser—Calogero systems (2.57), integrable by the
method of L, A pairs, and of their generalizations, which will be discussed in de-
tail in the second part of this work, was developed without the use of a direct
connection with solutions of partial-differential wave equations of the KdV type to
which the inverse scattering method is applicable. The construction of solutions of
the equations of motion of these systems was based on the theory of Lie algebras.
For the system (2.57) in degenerate cases of the Weierstrass p-function—potentials
2~2 or sinh™? z—it was shown that the coordinates of the particles z;(t) are the
eigenvalues of a matrix depending linearly on ¢, i.e.

const x [ [(z = z;(t)) = det(At + B -z - 1) (2.223)

(the matrix entries of A and B can be expressed explicitly in terms of the initial
coordinates and momenta of the particles).
But in the elliptic case only the involutivity and independence of the integrals

Jy = %trLk (2.224)

was known, where L is given in (2.58), Jo = H.

In the paper [4] already mentioned above it was shown that the dynamics of
the poles x;(t) of solutions of the KAV equation rational in x, which are obliged to
have the form

u(w,t) =2 (v —x;(t) 72 (2.225)

7j=1
coincides with the Hamiltonian flow generated by the integral Js, restricted to the
fixed points of the original system, grad H = 0. The necessity of restricting the

N
>
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flow to the stationary points grad H = 0 leads also to a restriction on the number
of particles, which may have only the form N =d(d+ 1)/2.

The connection between the rational Moser—Calogero system and rational solu-
tions of nonlinear equations proves to be more natural in the case of two-dimensional
systems.

As was remarked in [77], all solutions rational in = of the KP equation

Zuyy = % (ut + %(uzm — 6uum)> (2.226)
which subside as |z| — oo have the form v = 2., (z — z;(y,t))"2. Here the
dynamics of the poles of z;(y,t) in y and ¢ correspond to the two commuting flows
Jy = H, J3 (2.224). The number N is arbitrary. Using this connection in [77],
it was shown that the construction of [77] gives all rational solutions of the KP
equation.

Rational multisoliton solutions for the KP equation were constructed within
the framework of the inverse scattering method in [99].

In the paper [31] the isomorphism of the two problems indicated in [77] was
carried over to the elliptic case as well. However till [80] both problems—the con-
struction of angle-type variables for the system (2.57) and the integration of its
equations of motion in terms of theta functions, but also the problem of construct-
ing elliptic solutions of the KP equation—remained completely unsolved (except
for the simplest, two-particle case).

At the basis of the paper [80], where these problems were solved, lay the com-
mutational representation found for the equations of motion

Bi=4Y p(x; — ;) (2.227)
J#i
of the system (2.57). This commutational representation (in contrast to (2.58),
(2.59)) involves a spectral parameter defined on the elliptic curve I'. Moreover
with respect to this parameter the matrix entries of U and V are Baker—Akhiezer
functions.
Let us define matrices

Uij = 305 + 2(1 — ;) (x5, A), (2.228)
Vig =05 [ 2D plaa) — p(N) | +2(1 = 6;5)® (25, ), (2.229)
ki
where
B(z,\) = % eSN2, (2.230)
B/ (2,\) = %@(z,)\) (2.231)

and x;;(t) = x;(t) — x;(¢).
PROPOSITION. The equations (2.227) are equivalent to the commutational equa-
tion
U, =[V,U]. (2.232)
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It follows from (2.232) that the function
R(k,\) = det(2k + U(\, 1)) (2.233)

does not depend on t. The matrix U, which has essential singularities for A = 0,
can be represented in the form

U t) =g\ t) Tt g (N 1), (2.234)

where U does not have an essential singularity at A = 0, and gij = i exp(C(N)z;).
Consequently, 7;(A)—the coefficients of the expression

n

R(k,A) = ri(MK, (2.235)

i=0
are elliptic functions with poles at the point A = 0. The functions r;(\) are rep-
resentable as a linear combination of the p-function and its derivatives. The coef-
ficients of such an expansion are integrals of the system (2.57). Each set of fixed
values for these integrals gives by means of the equation R(k,A) = 0 an algebraic
curve I';, which n-foldly covers the original elliptic curve I'.

Generically the genus of the curve which arises is equal to n. The Jacobian
of the curve I'), is isomorphic to the level manifold of the integrals r,, and the
variables on it are variables of the angle type.

A further putting to good effect of the solution-of equations (2.227) uses the
connection of equation (2.232) with the existence of solutions of a special form for
the non-stationary Schrodinger equation with an elliptic potential.

THEOREM 2.9. The equation

a 02 -
(& 527 2 2 p(xr — xi(t))> = (2.236)

has a solution i of the form
) = Z a;(t, k,\)®(x — a;, )\)e’“”kzt (2.237)
i=1

if and only if the z;(t) satisfy equations (2.227).

Here ®(z, A) is given by formula (2.230).

A function ¢ of the form (2.237), as a function of the variable z, has simple
poles at the points x;(t). Substituting it into (2.236) and equating the coefficients
of (x —x;)~% and (z — ;) ! to zero, we get that ¢ satisfies (2.236) if and only if

the vector a = (a1, ..., a,) satisfies the equations
U\ t)a = —2ka, (2.238)
0
(g + V(A,t)) a=0, (2.239)

where U and V are the same as in (2.228), (2.229).
The analytic properties of a on the Riemann surface I';, can be clarified analo-
gously to §2. Let us formulate the final assertion.

THEOREM 2.10. The eigenfunction ¥ (x,t,v) of the non-stationary Schridinger
equation (2.236) is defined on the n-fold covering I',, of the original elliptic curve.
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The function ¥ is a Baker—Akhiezer function with a unique essential singularity of
the form

exp(nA™H (2 — 21(0)) + n?A7%t)
at an isolated preimage Py on T'y, of the point A = 0.

The explicit expressions for ¥ (x,t,v) which were obtained in §2 give that the
poles of 1 in x coincide with the zeroes of the function (U x + Ut + (). Com-
paring with theorem 2.9, we finally get

THEOREM 2.11. Let T, be given by the equation R(k,\) = 0, where R is defined
in (2.233). Then the equation in x

AUz 4+ Ut +¢) =0 (2.240)
has n roots in the fundamental cell with periods 2w, 2w’ —the xz;(t) which satisfy
equation (2.227).

Here 0 is a Riemann theta function corresponding to the surface Ty, and U®),
U®) are the periods of differentials of the second kind with poles of the second and
third order at the distinguished point Py. These quantifies can he expressed in terms

of the integrals r; of the equations (2.227). The vector ¢ in (2.240) is arbitrary and
corresponds to variables of the angle type.

All of the parameters in (2.240) can be expressed by quadratures in terms of
2;(0) and @;(0).

In order to explain the ideas of [60] and show the effectiveness of the algebraic
Lax representation (2.5), we consider first the rapidly decreasing case. In this case
u(z) — 0 fast enough as |x| — co. We introduce the following monodromy matrix

T(N\). Let ¥y(x, \), o+ (z, A) be solutions of the equations

Ly =X, Lo = Ap,
such that
Yy ~exp{tikz}, k®=)\, x— —oo0,
oy ~exp{xikz}, k*=), 1z — +oo.
Then, by definition, the monodromy matrix 7'(\) = (t;;(\)) is the transition matrix
from the basis 1+ to the basis pi:

o1 =t (N + ti2( M)y,
= tar(A)hy +taa(N)p.
Note that det(7'(\)) = 1.

For real-valued functions u(x) and A € R, we have ¢_ = %7, ¢¥_ = ¢,. Thus,
in this case T'(\) € SU(1,1):

0= (50 o)) o= =1

The matrix 7'(\) should not be confused with the unitary scattering matrix S(\)
from quantum mechanics. The entries (T, R) of the latter are defined by the solution

[z, A):

flz,A) ~ etk T — —00,

f(z,A) ~ T(N)e*® + R(Ne ™ 2 — —oo.
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Here T = 1/a, R = b/a are “transition” and “reflection” coefficients respectively.
Potentials for which b(A) = 0 for A € R are called “reflectionless potentials”. For
example, the famous multi-soliton potentials [60] are of this type. Their evolu-
tion with ¢ generates multi-soliton solutions of the KdV equation. Such solutions
have the property that they can be written as a rational combination of exponen-
tial functions, the simplest example being moving wave type solutions (“solitons”)
decreasing as x — oo:
4a?
ch?(2a(z — a?t))’

In the general case b(A) # 0 for A € R. The Lax equation L; = [A, L] (see (2.6))
combined with the KdV equation implies

oa ob .4
T 0, 5 = 8ik’b(\)
for all A € C. From this, one can obtain (using the Gelfand-Levitan-Marchenko
integral equation for inverse scattering problems as in [115]) a procedure for solving
rapidly decreasing Cauchy problems for the KdV equation, construct exact multi-
soliton solutions, investigate asymptotic behavior of solutions, and so on. However,
these aspects of the soliton theory are beyond the scope of this paper.

Integrals of motion (Kruskal integrals) can be obtained in the following way
[60]. Consider a solution y of the Ricatti equation

u(z,t) =

XYz A) =x>+u—A

as a series in k=1 (recall that k2 = \):

1 »
i>1
The quantities yo; are purely imaginary and are total derivatives. By definition,
put

const [, = /X2k+3(I) de, k=-1,0,1,2,....

Here x; are polynomials in u, v, u”. These formulae are not reduced, since one can
omit parts of x;(u,u’,u”) that are total derivatives. A more compact definition
can be given with the help of the resolvent [34]. The right hand sides of the KdV
equation and its higher-order analogues can be written in the following form (the
Gardner form):

oI,
Uy, = Oy m, I_,= /udm, Iy = /u2 dz,
As it was noted in [54, 59], this form leads to the Hamiltonian structure described

in the Important Example of the Poisson brackets (1.75). A general higher-order
KdV equation has the form

ug, = Oy %@)(Ik +cidp—1+ -+ erlo + e l-q).
The right hand sides of the higher-order KdV equations can be recursively
obtained from each other with the help of the following relation ([59, 89]):
oMk P 0l 41
ou(x) * Su(z)’

A =03 +2(ud, + 0yu).
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As it was shown in [89], all higher-order KdV equations admit the Lax type
representations (2.6):

8uk . 5Ik 8L .
oty O du(x) A oty [Ax, Z]

with the same operator L = —92 + u(z), but different operators Aj. We have (see

(2.6)):

Ao =0y, Ay = —40% + 3(udy + dyu).

Following [34], it is convenient to write down the general form of the operator
Ay using fractional powers of operators on the real line. To any formal operator
given by a series

Q=00 +ar(@)0 "+t am(z) + Y a;(@)d;7 = (Q)+ + Y aj(x)d;”
j=1 j=1
one can uniquely put in correspondence its m-th root Q1:
Q=Q", Qu=0:+bolx)+ ) b(2)d;".
j=1

Therefore, one can define fractional powers
Qn/m =Q7, (n,m)=1

and their “positive” parts (Q7), = (Q™™),. In [34, GD], it was shown that for
L = —0? + u(x) the operators A, have the form

Ap = ((-L)PFD/2), 0 k=0,1,2,....

This gives a higher-order KdV equation for each value of k. In [34], this approach
was generalized by changing the second order operator L to an arbitrary scalar
differential operator

Ly = 0"+ as(2)02 72 + - + ay(x).

Then one obtains analogues of the KdV hierarchy connected with the scalar oper-
ators of order greater than 2,

%ﬂ = [Apnr Lo, (kyn) =1, Ay, = (LF/"),.
(9

The Hamiltonian property of such systems was proved from two different points
of view in [2] and [34]. See the end of §1 for the discussion on two different Poisson
brackets generalizing the Important Example of §1.

There is one more interesting feature of the theory of integrable systems induced
by scalar operators L. Since it is essentially the same for operators of different order,
we consider here the case of the second order operator L = —32 + u. This operator
can be factored

L+ag=—(0; +v)(0r —v), vz +0>=u+ap.
The transformation
Byy: L > L=—(0; —v)(0x +v)
is called the Backlund-Darboux transformation depending on the parameter .
In the soliton theory, the change of variables from u(x) to v(z) is called the Miura
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transformation. If we put ag = 0, it transforms the KdV equation into the MKdV
equation
v = 6020, — Vpan
which drastically simplifies the second Poisson bracket (1.81).
Consider the following 2 x 2 matrix operator

v 0 0 1
m=o+(p O)+ (0 o)

It is easy to see that the operator L, when written in the matrix form

0 1
L_aw+<ux 0)’

is gauge equivalent to M, i.e., there exists a matrix V(z) such that

v 1 o -1 0 1 . -1
() v (0 vy

Therefore, from the algebraic point of view, the Miura transformation is a transfor-
mation from the scalar operator L to M in the class of 2 X 2 matrix operators of the
first order (see [SS] for the case of n x n matrix systems and [DS] for the generaliza-
tions from the Lie algebras point of view). In the set of matrix operators of the first
order, this class is called “Shabat-Drinfeld-Sokolov” reduction (SDS-reduction).
Backlund-Darboux transformations By, : L — L allow us to construct new
solutions of the KAV equation from the known ones. For example, all multi-soliton
potentials u(x) and solutions u(x,t) of the KAV equations are obtained from the
zero potential (solution) by iteration of such transformations. It is also possible
to obtain multi-soliton solutions (potentials) on the background of the finite-gap
or algebro-geometric solutions (potentials) [Kri], but the problem of constructing
finite-gap solutions (whose theory will be considered below) cannot be reduced
to anything simpler. Also, in [W] it was suggested to consider cyclic chains of
Backlund-Darboux transformations. Main results were obtained in [SV]. All finite-
gap potentials can be obtained from the following cyclic condition on the odd-length
chains (proof of the conjecture of Weiss):
B

OB O"'OBao(L):L7 O(:ZO(]:O’ N:2K

an aN-—1
If Z;-V:O a; # 0 then solutions of the above cyclic conditions are oscillator-type

potentials u(x) with asymptotic behavior
u(@) ~ (5) + 0@, lal = oo,

and with discrete spectrum which consists of the union of N + 1 arithmetic pro-
gressions with the same difference. For N = 2, such operators have the form
L = —92 + u and satisfy the algebraic relation

[L, A] = aA,
L=0?+u, A:8§+%8§+aﬁx+b.

The two dimensional analogues of these results will be discussed in the Appendix.
Now let us consider the periodic case which focuses on the theory of finite-gap
(algebro-geometric) operators and corresponding solutions of the KdV equations.
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In the periodic case, the spectral theory is completely different and bears no
resemblance to the scattering theory. Before the appearance of the KdV theory,
inverse problems were not systematically considered. There were some examples of
completely integrable potentials (for example, Lame potentials), but since at that
time there was no relationship with Bloch or Hill spectral theory (in £3(R)), these
results remained unknown to the specialists.

We begin with general remarks.

Consider a linear ordinary differential operator with the periodic coefficients

L=07+Y aj(@)dr, aj(x+T)=a;x).
=1

The spectral theory of such operators in the Hilbert space £2(R) is based on the
notion of Bloch-Floquet functions (or “Bloch waves”). Denote by T' the monodromy
operator, T¢(z) = ¢(x + T). This operator commutes with L, LT = TL. By
definition, Bloch—Floquet functions are common eigenvectors of the operators L

and T

Tip(x) = (x+T) = (),

Lip(x) = Mp(x).
The eigenvalues A, 4 must satisfy the relation ®(A, u) = 0. In particular, we can
consider A as a multivalued function on p. This function is called a “dispersion
relation”. Below we show that Bloch—Floquet functions always appear in the spec-
tral theory of periodic linear differential operators. This is also true for difference
and multidimensional linear periodic operators.

To begin with, let us define the monodromy matrix T()\) w.r.t. some basis

in the space of solutions of the equation Ly = Ai. For example, we can take
¥ = (Y1,...,%¥n) to be the standard basis satisfying

Loy =My, Wi Hwo) =05, jk=1,....n.

The monodromy operator T, Ty (x) = ¢(x 4+ T), commutes with L. Hence it maps
solutions to solutions and its matrix 7T in the basis 1 is defined by

T(w0, \tbs = Y tiq(w0, Ntbq(, 0, A).-
q

The matrix 7" satisfies the following equation (in zg):

o = Q0N T, V),
where the matrix Q(xo,A) can be easily computed. The eigenvalues f;() of the
matrix T(xo, A) are independent of zy and we obtain an n-valued function p =
pi(A), 7 =1,...,n. Denote by I' the corresponding Riemann surface. Then on I'
we have a complex-valued meromorphic function ¥ (z, A, ) satisfying the following
relations:

L’l/) = >"¢)7 T¢ = /1‘1/}5 w(IOa‘TOa)‘) =1.

DEFINITION 1. The Riemann surface I' together with the set of poles of ¥ is
called inverse spectral data.

DEFINITION 2. An operator L is called a finite-gap or algebro-geometric oper-
ator if the genus of the Riemann surface I' of its Bloch-Floquet function v is finite.
In this case the number of poles of 1 is equal to the genus of T'.
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Strictly speaking, this definition is valid only for operators with periodic coef-
ficients. In the case of quasi-periodic coefficients a;(z), ¥ is called a Bloch-Floquet
solution if (log ), is a quasi-periodic function with the same group of quasi-periods
as the coefficients of the operator L. If the complete Bloch—Floquet solution exists
for all A € C, then there is a Riemann surface I' with the same analytic properties
as in the periodic case. This is always true for surfaces of finite genus.

An important and well-known class of examples is given by the second order
operators. It includes the differential Schrodinger operator of the form

L=-0%+u,

2 x 2-systems of first order operators, difference operators, and A-pencils whose
Riemann surfaces I' are hyperelliptic (i. e, I" is a ramified double cover of a Riemann
sphere CP! = S? = C U {oo}). In some cases the Riemann surface of a Bloch—
Floquet function is a double cover of a more complicated algebraic curve of a
spectral parameter A € I (the coefficients of L depend on x and A). One interesting
example of such behavior for genus g = 1 was considered in [GN1] in connection
with the theory of commuting operators of rank 2. In this case I' was a ramified
double cover of an algebraic curve of genus 1 and L was a scalar differential operator
of order 4.
For a self-adjoint Schrodinger operator

L=-04+ux), wz+T)=ulx), ulx)cR,

we have the following property: away from branching points there is a solution
such that

L =ey, T =psv,
where i = exp(+ipT).

For real ¢ the quantity p (“quasi-momentum”) can be real or purely imaginary.
Regions with p real are called allowed zones (or spectral zones) and regions with
purely imaginary p are called forbidden zones (or gaps). This terminology comes
from the spectral theory of operators in the Hilbert space L2(R), where periodic
operators are sometimes called Hill operators, and also from solid state quantum
physics where the state of an electron in the lattice is determined by Bloch waves and
corresponding zones are called allowed and forbidden energy bands. In mechanics
and stability theory (with x being a time variable), these zones are called stability
and instability zones.

In general, a typical Schrodinger operator L with Tl =2 cos(pT) = py + p—
will have infinitely many forbidden zones satisfying |Tr T > 1.

But there are some cases (for example, u = const) where the lengths of all
forbidden zones are contracted to zero, (|TrT| < 1). For example, for the Lame
potentials, u(z) = n(n+1)p(z) %, all but the first 2n+ 1 states of a periodic problem
are doubly degenerate. Here x € R + iws, where 2iws is an imaginary period.

Although it was known for a long time that the Lame potentials can be exactly
solved formally, it was not until around 1940 that some interesting features of their
spectra were noticed ([11]). This is all that was known before the development of
the KdV theory. The periodic KdV theory is based on the following fact. There is
a large class of periodic or quasi-periodic finite-gap (algebro-geometric) potentials

ggo(ac) is the Weierstrass g-function. Classics considered only the case x € R where the

spectrum is discrete, and Floquet function is meaningless.
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u(x) such that all but finitely many of their forbidden zones have length zero. Then
the Riemann surface I' of the corresponding Bloch—Floquet function has genus g,
where ¢ is the number of forbidden zones of finite length (any real potential will
also have one forbidden zone of infinite length). This theory was created in ([111,
38, 47, 102, 90, NJ).

Finite-gap potentials are everywhere dense in the space of all periodic functions
[MO]. It is possible to generalize the theta function formulae for the infinite-genus
case [103]. This generalization is essentially a “topological closure” of the corre-
sponding formulae for the finite-gap potentials.

Finite-gap potentials generate finite-gap conditionally periodic solutions of the
KdV equation.

Below we sketch the theory in a somewhat simpler case of periodic difference
operators L. In this case L is always a finite-gap operator, but with a very large
number of zones—generically, the genus of the corresponding Riemann surface is
equal to the number N of lattice points (i.e., to the period). This “finite-gap”
property is not very interesting. It helps to justify general properties, but it is not
very useful in practice—explicit theta function formulae have a reasonable form only
for very small N. This motivates the following definition. A difference operator L
is called essentially finite-gap if the number of forbidden zones is much less than
the period N. However, even in cases g = 2,3 the theta function formulae are very
complicated and they started being used in applications only after the development
of this theory.

Note the following property of finite-gap potentials (this is important for the
Peierls—Frohlich model below). Finite-gap potentials are extrema for the Kruskal
functionals (defined above). Let I = I, + ¢1l,,—1 + - - - + ¢, lo, where ¢; are some
constants. Then finite-gap potentials are periodic functions satisfying the Euler—
Lagrange equation

It is important that the functionals I actually depend only on the spectrum of L,
i.e. eigenvalues of L and periodic and anti-periodic boundary conditions on the
boundaries of the forbidden zones, and are independent of the remaining spectral
data.

It is easy to see that any functional of the potential u(z), depending only on
the spectrum of L = —0? + u(x), admits an infinite-dimensional symmetry group
generated by the KdV system and its higher analogues. Then it is natural to expect
that the extrema of such functionals can be found explicitly. This is indeed the case,
and the problem of finding these extrema is closely connected with the theory of
finite-gap potentials. This idea was first applied in [12, 24] to the “Peierls jelly
model” (a well-known model in solid state physics originating in the 1930’s), and
it was successfully generalized in [51, 81] for a very important difference analogue
of the Peierls model. This analogue was developed by physicists in 1970’s for the
study of “charge density waves”. Such waves were experimentally observed in the
quasi-one-dimensional materials. This difference model is discussed below.

We now return to the notation of the previous sections.
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6. Integrable Systems and the Algebraic-Geometric Spectral Theory
of Linear Periodic Operators

The original approach to the construction of finite gap solutions of the KdV
equations, the nonlinear Schrédinger equation and a number of others was based
on the spectral theory of linear operators with periodic coefficients (see [38], [45],
[64], [90], [100], [102], [111], [115]). The term “finite gap solutions” is connected
with just this approach. Let us briefly point out the interconnection between this
approach and the algebraic-geometric one which was set forth in § 2.

Let U(x,t,\) and V(z,t,\) be solutions of the equations of zero curvature
depending periodically on x. Let us consider the matrix

Wz, t,\) = ¥(x+T,t, )T (x,t,N), (2.241)

where T is the period and ¥ is a solution of the equations (2.36). This matrix
is called the monodromy matrix (describing the translation by a period of the
solutions of the linear equations (2.36)).

From the fact that ¥(xz+ T\, t, \) is also a solution of equations (2.36) it follows
that

[0, — U,W] = [0, — V,W] =0,

and we arrive at equations (2.64), (2.65).

The matrix W (x,t, A) is analytic outside the poles of U and V', where it gener-
ically has essential singularities.

The vector function ¢ (z, ¢,7) defined by the equations (2.66)—(2.72) is an eigen-
function of the period-translation operator: Y[z + T,t,v) = pu(y)¥(x,t,7). In the
theory of operators with periodic coefficients such functions are called Bloch func-
tions. The Riemann surface I' on which a Bloch function becomes single-valued has
infinite genus in the general case (its branch points accumulate at the poles of U
and V).

The finite gap periodic solutions are singled out by the condition that the genus
of the surface I" is finite, which is equivalent to the existence of a solution W(z,, A)
which is rational in A for equations (2.64), (2.65).

Thus, the periodic solutions of the equations (2.37), (2.64), (2.65) have the
property that their corresponding Bloch function is defined on a Riemann surface
of finite genus and coincides with the Baker—Akhiezer function.

It is clear that the finite gap notion can be carried over verbatim to an arbitrary
linear operator 0, — U(x, \) irrespective of nonlinear equations. The corresponding
matrices U are called finite gap potentials.

The spectral properties of a Sturm—Liouville operator with finite gap potentials
(properties obtained in the work presented in [45], [115]) were briefly cited in § 2.

Below we shall describe these properties in greater detail and shall give sketches
of the proofs of the fundamental assertions using the example of the spectral theory
of the Schrédinger difference operator (2.20)

Lwn = ann—i-l + 'Unwn + Cn—llpn—l (2242)

(¢n = cnyN # 0, vy, = vyyn), which enters into the Lax representation for the
equations of the Toda lattice and for the KdV difference equation (when v, = 0).

REMARK. In recent years there have been discovered new remarkable applica-
tions of the algebraic-geometric spectral theory to Peierls—Frohlich problems, which
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are among the most fundamental ones in the theory of quasi-one-dimensional con-
ductors. In the continuous limit this model was investigated in the papers [12],
[24], where indeed a connection between the Peierls model and the theory of finite
gap Sturm—Liouville operators was discovered for the first time. This theory (the
formulas for the variational derivatives of Kruskal integrals, variation with respect
to the period group) was first applied to a full extent in [12]. The latter papers
served as a starting point for the subsequent investigations [23], [50], [51], [81], in
which these results were carried over to the discrete Peierls model and considerably
developed.

The Peierls-Frohlich model (R. E. Peierls, H. Frohlich) describes the self-
consistent behaviour of a lattice of atoms with coordinates x,, < x,41 and electrons.
There are two models. In the first the atom at each lattice site also possesses an
internal degree of freedom: v,,. In the second model, v,, = 0.

The electronic energy levels are defined as the points F; < Fy < --- < Ey of
the spectrum of the periodic problem for an operator L which has the form (2.242),
where ¢, = exp(Zyn — Tnt1), Cn = CntN, Un = Untn. The energy of the system
consists of the energy of the electrons, which at absolute zero occupy the m lowest
levels, and the elastic energy of the lattice:

m N-1
1
i=1 n=0
Here m is the number of electrons and ®(c,,v,) is the elastic energy potential.

In [23] the case was considered of

Z D(cp,v,) = Z[ﬁ;(vi +2¢2) — Plncy,)

n

and the more general one of

l
Z (D(Cnvvn) = Z /kaky
n k=1

where the I}, are integrals of the Toda lattice or the Langmuir lattice (J. Langmuir)
(v, =0).

In the first case it was shown that H(c,, v,) has a unique extremal, correspond-
ing to a one-gap operator L.

In the continuous limit this extremal goes over into the extremals obtained in
[13], [24], which proves that in these papers the ground state was found.

For the more general models the stability of the extremals was investigated and
the ground state was found. In addition, the speed of sound and of a charge density
wave were found.

The systematic construction of an algebraic-geometric Bloch—Floquet spectral
theory on Lo(Z) for the Schrodinger difference operator (2.242) was first begun by
S. P. Novikov [45, Chap. 3, §1] and by S. Tanaka—E. Date [33]. With the aid of the
trace formulas for the function y, = t¥n+1/%, formulas were obtained for v,,. In
[45] the symmetric case v, = 0 was also studied. This theory was carried through
to the finish in [45], but only in the elliptic case. In the paper [33] the expressions
for v,, were written in the form

_ 0, 0Un+Vt+Z)
0t UM+ 1)+ VE+ 2)

U + const. (2.243)
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(In [45] an insignificant error was committed, which was rectified in the book [115].)

In the case of the Toda lattice, by virtue of the condition %, = v, formula
(2.243) determines () up to a choice of the numbers x,,(0), —oo < n < co. The
difference KdV was not considered in [33].

These investigations received their completion in [79], in which explicit expres-
sions were obtained for the x, and the solutions of the difference KdV. The idea
of [79] consists in using explicit expressions for the v, in terms of theta functions
and analogues of the “trace identities” for the 1y, in contrast to [45], [33], where,
as has already been said, trace formulas for the x,, were used, analogously to the
continuous case. In the later paper [82] “local trace identities” ¢, = ¢p (Y1, .., Vn)
were explicitly obtained whose existence had been ineffectively proved in [45].

The basic contemporary approach to spectral problems for periodic operators
is the analysis of the analytic properties of the solutions of the equation

Lipy, = Etpy, (2.244)

(here L is the operator (2.242) with periodic coefficients) for all values, among them
also complex ones, of the parameter E.

For any E the space of solutions of equation (2.244) is two-dimensional. Having
given arbitrary values to g and ¥, one can find the remaining values v, in a
recursive manner. The standard basis ¢, (F) and 6,,(E) is given by the conditions
do=1, ¢p1 =0, 60y =0, 6, = 1. From the recursive procedure for computing ¢,,(E)
and 0,,(E) it follows that (for n > 0) they are polynomials in E

n—1
on(E) = 01070071 (En2 - <Z Uk) E"3 4. > ;

k=2

n—1
1
On(E) = ———— | E"7' — E"?
o=t (- (2)
n—1 n—3
+ < > vy - Zci> En3 +> (2.245)
k=1

0<i<j

The matrix W(E) of the monodromy operator Ty, — Yn+n In the basis ¢, and

0,, has the form:
_ ([ on(E)  On(E)
W(E) = <¢N111(E) GNJYH(E)> . (2.246)

It easily follows from (2.244) that for any two solutions of this equation, in particular
for ¢ and 6, the expression (analogue of the Wronskian)

Cn(¢n9n+l _'¢n+19n) (2'247)
does not depend on n. Since cg = ¢y, we have
det W = ¢nONny1 — dNy10N = o1 — Oopp1 = 1. (2.248)

The eigenvalues w of the monodromy operator can be determined from the
characteristic equation

w? —2Q(E)w+1=0, 2Q(F)=¢n(E)+0ni1(E). (2.249)
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The polynomial @ has degree N and its highest-order terms have the form

N-1
+ <Z vivj — Z cz) EN72 +> (2.250)
k=0

1<j
The spectra EljE of the periodic and antiperiodic problems for L can be determined
from the equations Q(Ef) = 41, since when this holds w = +1.
Let us denote by E;, i = 1,...,2¢+ 2, ¢ < N — 1, the simple points of the
spectrum of the periodic and antiperiodic problems for L, i.e. the simple roots of
the equation

Q*(E)=1. (2.251)

For a point E in general position the equation (2.249) has two roots w and w=!.
To each root there corresponds a unique eigenvector normalized by the condition

o =1
Lpy = By, Ypyn = wipy (2.252)

This solution is called a Bloch solution.

THEOREM 2.12. The two-valued function X (E) is a single-valued meromor-
phic function 1, (P) on the hyperelliptic curve T, P € T, corresponding to the
Riemann surface of the function \/R(E)

2q+2
R(E)= ] (E - Ey). (2.253)

i=1

Outside the points at infinity it has q poles v1,...,7q. In the neighbourhood of the
points at infinity

Y = eton pEn (1 + igf(n)ES> . (2.254)

s=1

Here the =+ signs correspond to the upper and lower sheets of the surface I (by
the upper sheet will be meant the one on which at infinity VR ~ Eath),

A Bloch solution, like any other solution of equation (2.244), has the form
Y = YoPn + ¥10,,. The vector (1g,11) is an eigenvector for the matrix W. Hence

P =1,9; = wg}fN or

w — ¢N(E)
= 0u(E) + 5L () (2:255)
Let e;, j =1,...,N —q— 1 be the double roots of the equation
Q*E)=1, i.e.
N—g—1
Q*E)—1=C3B)R(E), r(B)= [[ (E—e).  (2256)
j=1

-1
C =Cy..-CN—-1-
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At the points e; the matrix of the operator T with respect to a Bloch basis is
equal to +1. So it is equal to =1 in any other basis. Hence

On(E) = 1(E)ON(E), én1(E) =r(E)oni1(E),
¢N(€j) = 9N+1(€j) = w(ej) = +1. (2.257)

From (2.257) it follows that Q(E) — ¢n(E) = r(E)Q(E).
Here Oy, dn 41, Q are polynomials in E. Substituting w = Q+Crv/R in (2.255)
and using the preceding equalities, we get

VE = ¢, (E) + Q(E) + C/R(E) 0, (E). (2.258)
On(E)

And this equality means in fact that the double-valued function ;" is a single-
valued meromorphic function of the point of I'.  The poles of ¢ lie at points
Yis.--,7q, disposed one above each of the roots of the polynomial éN(E) In-
deed, if O (E) = 0 then the two roots wy o are equal to ¢x (E) and Oy 1(E)). In
addition ¢n(E) # On4+1(F). Consequently, for one of the roots w (i.e. on one of
the sheets of T' over the root of A (E) = 0) the numerator of the fraction in (2.258)
vanishes. The pole of ¥, lies on the second sheet.

To complete the proof of the theorem it remains to consider the behaviour of
YF(E) when E — oco. From (2.258) it follows that ; has a simple pole at P+.
We immediately get from (2.244) that 1),, has a pole at PT of n-th order for all
n > 0. Similarly, ¥ _,, has a pole of n-th order at P~. This, together with the fact
that w has a pole of N-th order at Pt and a zero of multiplicity N at P~, implies
equation (2.254), where the x,, are such that 2o = 0, ¢, = exp(2,, — Tpt1)- O

The parameters +;, or rather their projections onto the E plane (which, as
earlier, we shall for brevity denote the same) have a natural spectral meaning.

LEMMA 2.2. The set of points e; (the double points of the spectrum of the
periodic and antiperiodic problems for L) and {v;} are the spectrum for the problem
(2.244) with zero boundary conditions.

Proor. The surface I' has two sheets above the points e;, on each of which w
takes on the same value 1 or —1.
As 1), one may take

o (e) = 0 (o) — o (e) = 2OV EE)
¢n( ]) /(/)n( ]) /wn( J) éN(@j)

The points ~; are zeroes of Oy (E). As was already said above, when E = ;
then for one of the signs in front of v/R in (2.258) the numerator of the second term

vanishes. Hence for the second it is different from zero. Let this, for example, be
the plus sign. Then

0,(e;5). (2.259)

Da(5) = (Q(3) + CV/R(3)) 6 () (2.260)
is a non-trivial solution of equation (2.244), E = ;, with zero boundary conditions.
d

Let us consider the inverse problem. Let arbitrary distinct points F; be given,
i=1,...,2¢ + 2, and points v1,...,7, on the Riemann surface I' of the function
R(E), whose projections to the E plane are all different. In difference problems
the analogue of theorem 2.2 is the Riemann-Roch theorem [131]. In the given
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case it states that there exists a meromorphic function ¢, (P) on I', unique up to
proportionality, having poles at the points 71, ..., 74, an n-th order pole at P and
an n-th order zero at P~. The function 1, (P) can be normalized up to sign by
requiring that the coefficients of E+™ on the upper and lower sheets at infinity be
reciprocal. Having fixed the signs arbitrarily, we shall denote the corresponding
coefficients by e**». With this 1, will have the form (2.254) in a neighbourhood
of infinity.

LEMMA 2.3. The constructed functions 1, (P) satisfy equation (2.244), where
the coefficients of the operator L equal

Cp = eIy, =& (n) =& (n+1). (2.261)

PROOF. Let us consider the function ¢, = L, (P) — Etb,(P). It has poles
at the points 71, . ..,7,. From (2.254), (2.261) it follows that ¢, has an (n — 1)-st
order pole at P™ and an n-th order zero at the point P~. By the Riemann—Roch
theorem Ll;n =0.

The method of obtaining explicit formulas for the v,, and the coefficients of L
is completely analogous to the continuous case. As before, let us fix a canonical
set of cycles on I'. Let us denote by idp the normalized abelian differential of the
third kind with its only singularities at infinity

E4 I Baict h(E)dE
idp= Bl 2z @ g = MEVAE (2.262)

R(E) R(E)

The coefficients «; are determined from the normalization conditions
f{ dp=0, i=1,...,q. (2.263)
a; |:|
LEMMA 2.4. The function 1, (P) has the form
P
. O(A(P)+nU + ()

UYn(P) =1, exp m/ dp , 2.264
) . IAP) +0) (2264

where Uy, = (1/27) §bk dp, r, is a constant.

In a neighbourhood of the point at infinity on the upper sheet we have
P
exp <z/ dp> =EBe l1-nLE'+...), P=(E,VR)el.
€1

It follows from (2.254) that e2¥»+2/0" equals the ratio of the values of the
multipliers attached to the exponential in (2.264) taken at the images A(P*) = +z.
From (2.264) and the fact that by the Riemann bilinear relations 2z = —U, we get
s a0, 00 = DU+ 00(n + 1)U +)
" 02(nU + ()

¢ (2.265)

where ¢ = ¢ — 2.
In a neighbourhood of P we have

AP)=2+VE ' 4+...,
where the coordinates Vj of the vector V are defined by the equality
wr = (Vi + O(E™Y))dE™.
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By expanding (2.264) in a series in E~!, we get from (2.261)
B ilne((n—l)UJrEJth)
dt O(nU +C+ V) =0

THEOREM 2.13. The formulas (2.265), (2.266) recover the coefficients of L
from the parameters E; and ;.

U + L. (2.266)

It is important to note that in general formulas (2.265), (2.266) define quasiperi-
odic functions ¢, and v,,. For ¢, and v, to be periodic it is necessary and sufficient
that for the corresponding differential dp the conditions be fulfilled:

U = % j{k dp = %, the my, being integers. (2.267)

As follows from the definition of the ,,, the parameters F;,~y; determine them
up to sign.

Changes of the signs of the v, result in a change of the signs of the ¢,. Op-
erators differing only in the signs of the ¢, need not be distinguished, since their
eigenfunctions can be trivially transferred into one another.

So far we have been talking about operators L with arbitrary complex coeffi-
cients. Now let ¢, and v,, be real; then all of the polynomials 0,,(E), ¢,,(E), Q(E)
introduced above will be real. In addition, the periodic and the antiperiodic prob-
lems for L are self-adjoint. Hence there are N real points in the spectrum for each
of these problems, i.e. the polynomial Q% — 1 has 2N real roots. Hence at the
extrema of the polynomial Q(E), dQ/dE = 0, one has that |Q(FE)| > 1. The graph
of the polynomial () has the form:

AN AN,
N ARV,

-1

FIGURE 2

The intervals [Ea;_1, E9;], on which |Q(E)| < 1, are called the allowed bands'®
In these intervals |w| = 1 and the many-valued function p(E) defined from the
equality w = eV is real. It is called the quasimomentum. Its differential coincides
with (2.262), where in (2.263) the a; are the cycles situated above the forbidden
band511 [E2i7 E2i+1].

LEMMA 2.5. The poles 7; of the Bloch function 1., (P) of a real operator L are
distributed one in each of the finite forbidden bands, Fo; < v; < Fojy1.

100r the stable bands (translator’s note).
HOr unstable bands (translator’s note).
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PROOF. The poles ~; are the zeroes of the polynomial 5 (E). At these points
1=detW = ¢n(7:)0n+1(7i),

Since ¢ and Oy are real, we have

1Q(yi)| = 3lo+ N(vi) + On41(i) > 1

and ~y; lies either in a forbidden band or in one of the collapsed bands—the points
e;j. At the latter ¢, (P), as was shown above, has no singularities. (Il

THEOREM 2.14. It the points E1,..., Eaqyo are real and the points vi,...,7,
of the corresponding Riemann surface lie one above each of the forbidden bands
[Eai, Eait1], then the coefficients v, and ¢, of the operator L determined by them
by virtue of theorem 2.13 are real.

PROOF. The necessity of the conditions of the theorem within the class of
periodic operators is given by lemma 2.5.

Let the F; be real. Complex conjugation induces an anti-involution 7 on the
curve I', 7: P = (E,vR) — 7(P) = (E,\/R(E)). The fixed ovals of this anti-
involution are the cycles disposed above the intervals [Es;, E2;11] and above the
infinite band which joins through infinity the points Eoq4 o, E.

Let us consider 9, (7(P)). This function possesses all the analytic properties
of 1,,. Since 1, is determined by these properties up to sign, we get

Un(T(P)) = £pn(P). (2.268)
From (2.262) it follows that the v, are real, and the ¢, are either real or pure
imaginary (i.e. ¢2 is real).

Let us prove that under the assumptions of the theorem ¢, # 0, ¢,, # co. The
negation of this assertion is equivalent to one or several of the zeroes 7;(n) of the
function ¢, (P) finding themselves at infinity on the upper or the lower sheet of T'.
From (2.268) it follows that on the cycles disposed above [Es;, Eg;11]1y, is either
real or pure imaginary. On each cycle there is one pole 7;; therefore there is also
at least one zero. Since there are g zeroes in all, the ~;(n) are distributed, like the
i, one above each [Ea;, F2;11] and hence are separate from infinity.

By virtue of what has been proved, the sign of ¢2 does not change under
continuous deformations of E; and ~; for which the conditions of the theorem are
fulfilled. Let us deform them so that all the forbidden bands close up. Here it is
easy to check that the operator L is deformed into an operator Ly which has v,, = 0
and ¢2 = const > 0. The theorem is proved. (]

To conclude the section let us examine the conditions which pick out operators
L for which v,, =0, i.e.

L’(/}n = ann+1 + Cnflz/}nfk (2269)

THEOREM 2.15 ([45], Chap. 3, §1). Necessary and sufficient conditions for the
operator L reconstructed by virtue of theorem 2.13 from the data E; and vy; to have
the form (2.269), i.e. to have v, = 0, are symmetry of the points E; relative to
zero and invariance of the set {v;} with respect to the involution on I’

q+1

(E,VR(E)) — (-E.\/R(E)), R(E)=[](E*-E}).

i=1
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The necessity of the conditions follows from the fact that if ¢, (P) is a Bloch
solution for the operator (2.269), then for ¢, (F) = (=1)¢,(E) we have

qujn = *Ei/;na QZJVL+N = (*I)qujfn-

The sufficiency of the conditions can be proved analogously to the proof of
theorem 2.14. 0

Let us define a function v, (¢, P) which is meromorphic on I' outside P*, has
poles v1,...,7q, and in a neighbourhood of P* has the form:

VE(t, E) = et EE <1 +) & (n, t)ES> eFi/? (2.270)

s=1
It can be proved in the standard way that such a function satisfies the linear equa-
tions

d
Iﬂ/}n = E¢n» ad’n = Awm (2-271)

where L and A have the form (2.20), (2.21). Consequently, the z,, = x,(t) satisfy
the equations of the periodic Toda lattice.

Analogously to lemma 2.4, it is possible to write out an explicit formula for the
¥, (t, P) and to find explicit expressions for the x,,(t).

THEOREM 2.16. The functions

O(Un+Vt+()
OU(n+1)+Vit+()

satisfy the equations of the Toda lattice.

Zn(t) =1n

+ Lt — nl (2.272)

(Here I; is the average momentum, —Ij is the mean distance between particles.)

The parameters of the theta function, the vectors U, V, (, can be expressed by
quadratures in terms of the initial data —x,,(0), z,(0).

To conclude the chapter, let us cite on the basis of this example one more aspect
of the theory of finite gap integration—its connections with variational principles
for functionals of the Kruskal type (M. Kruskal).

Let us define the functionals I, = Ix{c,, v, } by the formula

oo
ip(E)=InE - LE" (2.273)
k=0
where p(F) is the quasimomentum. These functionals have the form:

N
1 .
Iy, = N ZTk(Cn+i7'Un+i | |Z| < k),

n=1

where the local densities r; are polynomials.
From (2.250) we have

1 1 1
IOZNZIH%, 11:NZ%,, I2NZ<Ci+
n=1 n=1

n=1

o ‘§§l\)

)

etc.
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THEOREM 2.17. The operator L is q-gap if and only if its coefficients are ex-
tremals of the functional H,

g+1

H=1I,9+ Z aply. (2.274)
k=0

This assertion follows from the formula
B lpE1t1 4+l
R(E)

0 0

n

i0p , ol = 1i(0cn, dvy),

(2.275)

In fact, by expanding (2.275) in the neighbourhood of P* and comparing with
the coefficients of (2.273), we get

s
lo=—6ly, I1=—-6I1+ 515107 51 = ZEi7

2
o S1 51 S92 - s
lo = =015+ 5(511 + (g - 5) 6ly, s = ZEZE],
1<J
k—1
Ik =—0Ix +»_ Bixdl. (2.276)

i=0
From the first ¢ + 1 equalities the coefficients [ will be expressed via the 01y,
k < g+ 1. Equating the coefficients of E~972 in the expansion (2.273) and in
(2.275), we get that
§H =0, (2.277)

where the «y are the symmetric polynomials in the F;.

The proof of formula (2.274) can be obtained in an entirely analogous way to
the proof of its continuous version [38].



Historical Remarks
Concerning Algebraic Geometry,
Hamiltonian Systems and Spectral Theory

1. First discovery for KdV and periodic 1-dimensional Schrédinger opera-
tor, hyperelliptic algebraic curves—Novikov (1974), Dubrovin—Novikov (1974), Tts—
Matveev (1975), Lax (1975), McKean—van Moerbeke (1975). Toda lattice and peri-
odic difference Schrédinger operators—Henon, Flashka, Manakov (1974), Novikov,
Tanaka, Date (1976). Commuting difference operators—Krichever, Mumford (1978).
Peierls functionals. Charge Density Waves problem, applications in quantum solid
state physics—Belokolos, Brazovsky, Gordunin, Dzyaloshinsky, Krichever (1980-
1982).

la. Periodic Schrédinger operators and approximation of the generic operators
by the algebraic-geometrical (finite-gap) operators: Marchenko—Ostrovsky (1977).
McKean-Trubowitz (1977). Periodic Darboux chains—Weiss (1988), Shabat—Veselov
(1992). Elliptic finite-gap potentials—Dubrovin, Novikov (1974), Treibich—Verdier
(1990), Belokolos, Einolsky, Smirnov, Taimanov (1991-1993).

2. Extension to 2-dimensional system, KP hierarchy, purely algebraic construc-
tion, all algebraic curves, commuting ordinary differential operators—Krichever
(1975-1976). Krichever’s solutions and Novikov’s conjecture concerning classical
Riemann—Shottky problem. Results of Dubrovin (1981), Arbarello, de Conchini
(1984) and final solution by Shiota (1986).

2a. KdV and KP theory and poles systems—Airault, Moser, McKean (1977),
Krichever (1978), Choodnovski D., Chodnoovski G. (1978). Elliptic case—Krichever
(1980), Babelon, Biley, Talon, Krichever (1995), connection with quantum groups—
Krichever, Zabrodin (1995), Krichever, Lipan, Zabrodin, Wiegmann (1996-1997).

3. Soliton theory, algebraic geometry and 2-dim Schrédinger operators—Man-
akov (1976), Dubrovin, Krichever, Novikov (1976). Purely potential Schrodinger
operators and Prym Varieties—Novikov, Veselov (1984), Taimanov (1986). Novikov—
Veselov hierarchy and deformations of surfaces in 3-dim space preserving Wilmore
functional—Taimanov (1995-1996). Modified Novikov—Veselov hierarchy—Bog-
danov (1987). Difference 2-dim operators—Krichever (1985), Novikov (1996).

3a. Spectral theory of one energy level and approximation of the generic 2-d
potential Schrédinger operators by algebraic-geometrical—Krichever (1989). Com-
pactification of Bloch-Flouque manifolds of eigenfunctions for all energy levels Feld-
man, Knorrer, Trubowitz (1989). Theory of special solvable operators—Chalikh,
Veselov, Styrkas (1993), Novikov, Veselov, Taimanov (1996-1997), Etingof (1997).

4. KP hierarchy, Grassmanians and Representation theory—Sato, Miwa, Jimbo
(1979), Segal, Wilson (1980).
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5. KP hierarchy and deformations of semi stable vector bundles over algebraic
curves. Solutions of rank [ > 2, elliptic cases, commuting ordinary differential
operators—Krichever, Novikov (1978-1980), Novikov, Grinevich (1982), Mokhov
(1983), Grinevich (1985-1986). Yang—Mills fields and their deformations—Hitchin
(1988). Hitchin’s hierarchy of deformations of stable holomorphic vector bundles
on Riemann surfaces.

6. Hamiltonian theory of the integrable systems (finite-dimensional and field
theoretical)—Bogoyavlenski-Novikov (1975), Flashka—McLughlin (1976), Gelfand—
Dikii (1977-1979), Adler (1978), Manin-Lebedev (1979), Veselov (1981), Dubrovin,
Novikov, Veselov (1982-1984). Connection to Seiberg—Witten solution of N = 2
supersymmetric gauge theories—Krichever, Phong (1996).

7. Hamiltonian hydrodynamic type systems, Riemanian Geometry and integra-
bility—Dubrovin, Novikov (1983-1984), Tsarev (1985), Krichever (1988), Potemin
(1989), Mokhov (1988-1990), Ferapontov (1990). Topological quantum field the-
ory and geometry—Krichever (1990-1992). Dubrovin (1990-1992). Solvable cases
of the associativity equations—Mokhov, Ferapontov, Nutku (1995). n-orthogonal
coordinate systems in Euclidean spaces and inverse scattering Zakharov (1996),
algebraic-geometrical solutions—Krichever (1996).

8. Soliton theory, bosonic strings and harmonic analysis on the Riemann
surfaces. Krichever-Novikov Fourier type basises and almost graded algebras—
Krichever, Novikov (1987-1990), Jaffe, Klimek (1988), Bonora (1988), Sadov (1990),
Schtihelmeier (1990).

9. Genus 1 surfaces (tori) of constant mean curvature in Euclidean 3-dim space
and finite-gap solutions—Wente, Valter (1986), Pinkal, Hitchin, Bobenko (1991-
1992).



APPENDIX A

Algebraic-Geometrical Integration
of (2+ 1)-Systems

Strange as it may seem, the algebraic-geometrical construction of periodic and
quasi-periodic solutions of multi-dimensional (2 + 1)-integrable systems is to some
extent “simpler” than the construction of the finite-gap solutions of one-dimensional
evolution integrable equations. This slightly exaggerated statement reflects the fol-
lowing inter-relations between spatially two- and one-dimensional integrable sys-
tems.

All one-dimensional evolution integrable equations can be considered as a re-
duction of their two-dimensional analogs. For example, the KdV equation (2.7) is
the reduction of the KP equation

3 3 1

corresponding to the case where there is no dependence on the y variable. (Note that
the equation (A.1) is obtained from (2.12) by elimination of w.) The Boussinesq
equation (2.11) is the reduction of the KP equation as well. It corresponds to
solutions of KP that do not depend on t. Another example is the Toda lattice
(2.22), (2.23) which is the reduction of the 2d-Toda lattice equations

3527]%1 — e¥PnTPn-1 — Pnti—Pn (A.2)

At the same time, the sine-Gordon equation may be considered as another reduction
of the same 2d-Toda lattice equations. Namely, it corresponds to N = 2 periodic
©n+N = pn solutions of (A.2).

From the “finite-gap” theory point of view, all these inter-relations are a corol-
lary of the fact that the Baker—Akhiezer functions, that are constructed for the
arbitrary Riemann surface with fixed local coordinates at neighborhoods of the
punctures, lead to solutions of “unrestricted” two-dimensional integrable systems.
The algebraic-geometrical solutions of the equations that are the reductions of
these two-dimensional equations correspond to reductions or specifications of the
algebraic-geometrical data.

We begin the presentation of the general algebraic-geometrical construction
with the definition of the most basic multi-point and multi-variable Baker—Akhiezer
function.

Let I' be a non-singular algebraic curve of genus g with N punctures P, and
fixed local parameters k,!(Q) in neighborhoods of the punctures. For any set of
points ~y1,...,7, in general position there exists a unique (up to constant factor
¢(ta,;)) function ¥ (¢, Q), t = (ta,), « =1,...,N; ¢ > 1, such that:
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(i) the function ¢ (as a function of the variable ) which is a point of T') is
meromorphic everywhere except for the points P, and has at most simple poles at
the points v1,..., 7, (it all of them are distinct);

(ii) in a neighborhood of the point P, the function 1 has the form

@/}(t, Q) = exp (Z ta,iké> (Z Es,a(t)kas> ) koc = ka(Q) (AS)
s=0

=1

Note that this is the same set of functions that was introduced in Section 2 of Chap-
ter 2 but with a special choice of a set of the external parameters t = {t1,...,tn,i}
(that are the coefficients of the polynomials ¢ ).

In these new variables the theta-functional formula (2.100) becomes

O0(A(P) + Zi,a Ui atia + Z)

t = tiafio(P A4
Y(t, Q) = exp ZZ.; i,082ia(P) 9(A(P) + 2) ) (A4)
where:
a) 0(z) = 0(z|B) is the Riemann theta-function corresponding to the matrix B
of b-periods of normalized holomorphic differentials dw;, i =1,...,g9 on T';
b) ©; (P) is an abelian integral
P
Q;o(P) = / dQ; o, (A.5)

corresponding to the unique normalized

?{ A0 = 0, (A.6)

meromorphic differential on I' with the only pole of the form

dQ o = dkL(1+O(k 1)) (A7)

e

at the puncture P,;
c) 2miU; o is the vector of b-periods of the differential dQ;

1
Ufo==— 7{ dQj. o; (A.8)
b
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d) Z is an arbitrary vector (it corresponds to the divisor of poles of the Baker—
Akhiezer function).

From the uniqueness of the Baker—Akhiezer function it follows that for each
pair (o, n) there exists a unique operator Ly, of the form

n—1
Low =00, + > ul™™a) |, (A.9)
j=1

(where 9, ; = 0/0t,,;) such that

(aa,i - La,n)w(tv Q) = O (A]'O)

The idea of the proof of the theorems of this type which was proposed in [74, 75]
is universal.
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For any formal series of the form (A.3) there exists a unique operator L, , of
the form (A.9) such that

(Oai = Lan)(t,Q) = O(k™") exp (Z ta,ikg> . (A.11)

The coefficients of L, , are differential polynomials with respect to &; . They can
be found after substitution of the series (A.3) into (A.9).

It turns out that if the series (A.3) is not formal but is an expansion of the
Baker—Akhiezer function in the neighborhood of P, the congruence (A.11) becomes
an equality. Indeed, let us consider the function

Y1 = (Oan — Lan)V(t, Q). (A.12)

It has the same analytical properties as 1, with one exception. The expansion of
this function in the neighborhood of P, starts from O(k~!). From the uniqueness
of the Baker—Akhiezer function it follows that iy = 0 and the equality (A.10) is
proved.

COROLLARY A.1. The operators Lo, satisfy the compatibility conditions
[aam - La,na aa,m - La,m] =0. (A13)

REMARK. The equations (A.13) are gauge invariant. For any function g(t)
operators

Lon = gLa,ng_l + (aa,ng)g_l (A.14)
have the same form (A.9) and satisfy the same operator equations (A.13). The

gauge transformation (A.14) corresponds to the gauge transformation of the Baker—
Akhiezer function

it Q) = g(t)(t, Q). (A.15)

EXAMPLE. One-puncture Baker—Akhiezer function.

In the one-puncture case the Baker—Akhiezer function has an exponential sin-
gularity at a single point P; and depends on a single set of variables. Let us choose
the normalization of the Baker—Akhiezer function with the help of the condition
&1,0, i.e. an expansion of ¢ in the neighborhood of P; equals

’(/J(tl, to, ..., Q) = exp <Z tlkL> (1 + Zfs(t)k_s> . (A16)

In this case, the operator L,, has the form
n—2
Ly =07+ ui™o]. (A.17)
i=0
For example, for n = 2,3 after redefinition x = t; we have Ly = oL, L3 = A, where
L and A are differential operators (2.12) and

’U/(l‘,tg,...) :28$§1(.T,t2,...). (A18)

Therefore, if we define y = o=y, t = t3 then u(x,y,t,t4,...) satisfies the KP
equation (A.1).

It follows from (A.18) that in order to get the solution of the KP equation,
it is enough to take the derivative of the first coefficient of the expansion at the
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puncture of the ratio of theta-functions in the formula (A.4). The final formula for
the algebraic-geometrical solutions of the KP hierarchy has the form

oo

u(ty,te,...) =20?1n6 (Z Uz-tl-—l—Z> + const, (A.19)
i=1

(see details in [75]).

The formula (A.19) that was derived in [75] has lead to one of the most impor-
tant pure mathematical applications of the theory of non-linear integrable systems.
This is the solution of the famous Riemann—Shottky problem.

According to the Torrelli theorem the matrix of b-periods of normalized holo-
morphic differentials uniquely defines the corresponding algebraic curve. The Rie-
mann—Shottky problem is to describe symmetric matrices with positive imaginary
part that are the matrices of b-periods of normalized holomorphic differentials on
algebraic curves. Novikov conjectured that the function

u(z,y,t) =20 Uz + Vy+ Wt + Z|B) (A.20)

is a solution of the KP-equation iff the matrix B that defines the theta-function is
the matrix of b-periods of normalized holomorphic differentials on an algebraic curve
and U, V, W are vectors of the b-periods of corresponding normalized meromorphic
differentials that have one pole at a point of this curve. This conjecture was proved
in [Shi].

Let us make a few comments about the multi-puncture case. For each a the
equation (A.13) up to gauge transformations, is equivalent to the KP hierarchy cor-
responding to each set of variables {t, ;}. One could ask, “What is the interaction
between two different KP hierarchies?”

As it was found in [43], for the two-puncture case a full set of equations can be
represented in the following form

O = Lans Dgn — Ln] = Dy, HOP. (A.21)
where H*” is the two-dimensional Schrédinger operator in a magnetic field
82
HP = Dad + 08B0, 1 + 050, 0 + u’ (A.22)
a7 9

and operators Dj'(,fn are differential operators in the variables t, 1,%3,1.

The sense of (A.21) is as follows. For the given operator H*# any differential
operator D in the variables ¢, 1,%3,1 can be uniquely represented in the form

D =D H*P + Dy + Dy, (A.23)

where D is a differential operator with respect to the variable ¢, ; only and D3 is
a differential operator with respect to the variable ¢31 only. The equation (A.21)
implies that the second and the third terms in the corresponding representation for
the left hand side of (A.21) are equal to zero. This implies n + m — 1 equations
on n + m unknown functions (the coefficients of operators L, , and Lg.,). The
equations (A.21) are gauge invariant. That’s why the number of equations is equal
to the number of unknown functions. Therefore, the operator equation (A.21) is
equivalent to the well-defined system of non-linear partial differential equations.
We shall discuss multi-point case at a greater length in the next Appendix. In
this section we only consider the 2d Toda lattice as a basic two-point example.
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Let v, (t, @) be the Baker—Akhiezer type function that is defined by the follow-
ing analytical properties: a) 1, as a function of the variable @) € T', is meromorphic
on I' outside two punctures P;, P, and has at most simple poles at the points
Yis---,7; D) at the point P, the function ¢ has the form

Yn(t, Q) = k' exp <Z tmiké) <Z gs,a(n,t)k;8> . ke =ka(Q).  (A.24)
s=0

i=1

Here u = 1,2 and t;,0 = n, ta,0 = —n. This function has the same representation
(A.4) through theta functions if we add one term in the arguments of the exponential
factor and theta-function. Namely,

O(A(P) +nU + 3, , Uiatia + Z)

wn(taQ) = exp(nQi+Zti,aQi,a(P)) Q(A(P) T Z)

1,

, (A.25)

where d€)4 is the normalized differential with simple poles at the points P; and
P, with residues +1 and 27U is a vector of b-periods of this differential. Let us
normalize this function with the help of the condition &1 = 1 and denote &y 2(n, t)
by £o.2 = exp(pn(t)). From (A.25) it follows that

H(A(PQ) +nU + Zi,a Uiatia + Z) H(A(Pl) + Z)
0(A(Py) +nU + Eiﬂ Ui atia + ZV0(A(P) + Z) '

Pn =11 (A26)

If we denote the first “times” corresponding to the punctures by { = ¢;; and
1 = t2,1, then the usual arguments prove that

Oethn (6,1, Q) = Yn41(&m, Q) + va(&M¥n(€,m, Q), (A.27)
It (§,1,Q) = cn (&, M¥pn-1(& 1, Q), (A.28)

where
Cp = €Ty, = O0cpp. (A.29)

The compatibility conditions of (A.27) and (A.28) are equivalent to (A.2). Hence,
the formula (A.26) gives solutions of the 2d Toda lattice equations.

Now let us consider the reduction problem. Let us assume that for the algebraic
curve I and fixed local coordinate k! in the neighborhood of the puncture P; there
exists a meromorphic function E(Q) that is holomorphic on I" outside the puncture
and has the form

E(Q) =k"+0(k™1) (A.30)

in the vicinity of P;. Then for the corresponding Baker—Akhiezer function the
following identity is fulfilled

P(t, Q) = ¥ @tap(t, Q)¢ —o. (A.31)

For the proof of (A.31) it is enough to note that the right and the left hand sides of
it have the same analytical properties. Then the uniqueness of the Baker—Akhiezer
function implies that both sides coincide.

The equality (A.31) implies that the corresponding solution of the KP hierarchy
does not depend on the variable ¢,, and the corresponding linear equation (A.10)
becomes

Laip(t, Q) = E(Q)¢(t, Q). (A.32)



102 A. ALGEBRAIC-GEOMETRICAL INTEGRATION OF (2 + 1)-SYSTEMS

Therefore, if T" is a hyperelliptic curve that is defined by the equation

2g+1
v’ = [[(E-E) (A.33)
i=1
and the puncture is the “infinity” = 00, then the formula (A.19) defines the

solution of the KdV equation. If we choose the curve given by the equation
y3 + E" + Z G,ijyiEj =0
ni+3j<n—2
then the formula (A.19) gives solutions of the Boussinesq equation.

Now let us consider, as another example, the periodic reductions of the 2d Toda
lattice. Let w(Q) be a function on the curve T" such that it has a pole of order N
at the point P; and a zero of order N at the puncture P, and is holomorphic on I"
except at P;. In that case the corresponding Baker—Akhiezer function satisfies the
relation

wnJrN (t’ Q) = w(Q)wn (tv Q) (A34)
Again in order to prove (A.34) it is enough to check that the right and the left hand
sides of it have the same analytical properties. This equality implies that

PniN = Pn. (A.35)

For N = 2 we have that the corresponding curve has to be a hyperelliptic curve
that can be represented in the form

2
y: =w H glw —w;). (A.36)

Therefore, we conclude that if ' is defined by the equation (A.36) and two punctures
are two branch points, P; = oo and P, = 0, then the formula (A.26) defines the
solution of the Sine-Gordon equation iu = @1 — ¢q (this formula coincides with
(2.131)).



APPENDIX B

Two-Dimensional Schrodinger Operators
and Integrable Systems

Consider the general two-dimensional Schrodinger operator L for the electric
and magnetic fields on the Euclidean plane R%. After the standard identification of
R? with C, z = x + 4y, L can be written in the following complex form

2L = (0+ B)(0+ A) +2V = (9, +iA1)? + (0, +1i42)* — 2U,
where 0 = 0, — i0,, 0 = 9, + 10, and A, B, Ay, A, V,U are functions of z,y such
that
%A, = A+ B, 24,=A—B6, 2U=A.— B, —2V.
The function U(x,y) is called the potential and the function H such that
9H = B, — A,

is called the magnetic field. In the sequel, by the potential we mean the function
V(x,y). The operator L is defined up to the gauge transformations

L—efLef, ¢ —e oy

The only invariants of L are the potential V' and the magnetic field H. For real V
and H we usually choose a gauge in which

B:—A, Alz—‘rAQy:O

(i.e., A1, Ay are real and the Lorenz condition is satisfied).

In the two-dimensional case, there are no non-trivial Lax type equations L; =
[Q, L] for differential operators L. The correct two-dimensional generalization was
first developed in [43, 98]. In [98], it was suggested to consider the equation

L;=1Q,L|+ PL,

where P and @ are differential operators. Then it was shown in [43] that the inverse
spectral problem for L can be solved from the data obtained from eigenfunctions
of a single energy level,

Ly = 0.

Using the methods of algebraic geometry, it is possible to find a large class
of exactly solvable systems. This theory was developed in [30, 86, 117] for the
periodic case and in [GN2, GM, G] for the rapidly decreasing case. Certain related
problems, for example the theory of pole systems, were solved in [KZ, FN*]. Below
we outline the main ideas of the theory in the periodic case and consider some
interesting two-dimensional systems that can be integrated by these methods.
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The simplest and the most interesting example of a non-linear system is the
following two-dimensional analogue of the KdV equation from the so called com-
mutative Novikov—Veselov hierarchy [NV1]:

ow 23+ 093 n u10 + ug0
ot 8 2
where in the real case we put uy = Us.
This equation is equivalent to the Lax-type representation
oL

5=[Q,L]+PL

> VV, Uiz = 3W27 U2, = 3W27

with L = A + W, and where
1 = 1 _
P:u1z+U25, §(83+83)+§(U18+UQ8)

Note that this system is more fundamental than the usual KdV or KP equa-
tions, since its y-independent subsystem coincides with the usual KdV equation,
while the KP system can be obtained as a result of a special limiting procedure.
There is also an analogue of the Miura transformation [Bog]. The substitution

w=3 (0710077~ i)
u =3 (5_16(ff)—i%> ;

W:ff—i%

transforms this equation into the modified Novikov—Veselov equation

fok @+ )] + S 0D)T D) + 20NN + Lo a(fos) =0
Interesting classes of solutions of this system can be found by algebro-geometric
methods. These include doubly-periodic solutions, solutions which arc quasi-periodic
w.r.t. z and y variables, and classes of exactly solvable two-dimensional Schrédinger
operators associated with a single energy level Ly = 0. Let all the coefficients of
the operator L be periodic in z and y with periods 77 and T, respectively. We
call this case topologically trivial, since the flux of the magnetic field through the

elementary cell is zero:
T: T>
[H]:/ H(z,y)dxdy =0, where2H = B, — A;.
o Jo

The Bloch waves v such that
Ly =0, T =ePhy, Typ=emhy,
where

quzb(xay) :1/1(9U+T17y), T2¢(x,y) :¢($79+T2)
are parameterized by one-dimensional complex manifolds I':

Y =19(z,y,P), Pel.

DEeFINITION. A differential operator L is called finite-gap or algebra-geometric
w.r.t. the level L) = 0 if ' is an algebraic curve (i.e., the genus of I is finite).
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In the general non-singular rank one case we have the following analytic prop-
erties. Suppose I' is an algebraic curve of genus g with two marked “infinity” points
Py el Let wy = k;l be local parameters in the neighborhood of P4. Then

1) the function ¢ (z,y,P) is a meromorphic function on I' away from Py,
2) 1 has exactly g poles of the first order at the points P, ..., Py, P; # P+,
3) P, are independent of z,y,

4) at P the function ¢ has essential singularities of the special form:

P(x,y, P) ~ exp{kyz}(1+ O(k;l)) as P — Pg,
V(x,y, P) ~ c(z,y)exp{k_z}(1 + O(k=")) as P — P_.

Then the operator L, whose coefficients can be expressed with the help of the
theta function of the curve I', annihilates v:

L =0, where L =09+ (Inc):0+V(z,y).

In general, the coefficients of L are only quasi-periodic.

The theory of two-dimensional algebro-geometric Schrédinger operators is close-
ly connected with the two-dimensional generalization of commutative rings of dif-
ferential operators.

DEFINITION. A commutative ring of operators “mod L” is given by the collec-
tion of operators

Qo0 Q1. Qm, where Qo=0L, Qp= Y al(22)0,
,§>0
satisfying the relations
[Qk, Q1] = B L, k,1=0,1,...,m,
for some differential operators By;.

Clearly, the operators @ are defined up to the additive part
Qr ~ Qr + SiL, k>0.

Therefore, any operator @ can be reduced to the following form:
Qu~ | Y ab(z,2)0" | + [ D ¥i(22)7" | + BL.
J J

Any algebra of this type, if it is complete enough and has rank one, is isomorphic
to the algebra of functions on an algebraic curve I', which are meromorphic away
from at most two points Py € I', and correspond to the Schrédinger operator L
[84]. For such algebras of functions and, more generally, of arbitrary order tensors
on I' it is possible ([KN1]) to construct analogues of the Laurent—Fourier bases.
These Krichever—Novikov bases are necessary for the operator quantization of the
bosonic string. In the scalar case (as above), these bases give a structure of an
almost graded algebra [KN1].

We now explain the conditions necessary to obtain a purely potential self-
adjoint operator

L =00+ W(x,y), W(z,y) cR.
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Consider the curve I' whose group of involutions is isomorphic to Zs X Zy. Namely,
let T" have a holomorphic involution a with two fixed points

o:T =T, o*2=1, o(P+)="Px,
and anti-holomorphic involution 7
T =T, =1, or=r710, 7(P1)="Ps, Thky=Fk_.
The divisor of poles D = Py + - - - + P4 must satisfy
7(D) =D, o(D)+D~K+PL+P_,

where K is the canonical divisor of I and ~ denotes the linear equivalence. Under
these conditions we obtain a self-adjoint purely potential operator L = 00 + W
with
W = —2001log0(Viz + Vaz + Vp) + C(T, o).

Here 6 is the standard Prym theta function with zero characteristics, C(T') is some
constant, and V7, V5 are vectors of normalized periods of abelian differentials of the
second kind corresponding to the points Py. The effective approach for such for-
mulae via non-linear equations (similar to [46] for Sine-Gordon and KP equations)
was considered in [Tai]. To study nonlinear systems one must consider ¢ with the
same analytic properties, but with the different asymptotic behavior near P,.:

Y, yt] . st ty ) Nexp{k+z+2kf~_t?‘}, P — Py,
i>2

Vgt by, st oty ) Nexp{kz—l—Zkiti}, P —P_.

i>2
In the real case, the following conditions must be satisfied:

™'k, =k_, Tt = .

3 K3
To obtain a strictly positive purely potential operator L, the following condi-
tions are necessary [Natl, Nat2] and sufficient [NV1, GN2]. The anti-involution 7
must have a maximal number 2¢g + 1 fixed cycles

C={C1+;C1-;...;C4+;Cy; Cyp1},
where g is the genus of the curve I'y =T'/o,
T|C = ]_7
and
D=Pi++Pi-+++Pgr + Py,
Pji CCjia U(PjJr):Pj*? j:1a25"'agv
0:Cj+ = Cj—, 0:C0g11 — Cyyy.
The correct generalization of this theory for the g = oo case was developed in [Kr3].
It was shown that the class of finite-gap operators is everywhere dense in the space
of doubly-periodic potentials W (z,y). Some generalizations of recent results, for
example the generalization of the theory of theta functions, were developed in [KT]
for exactly the same class of curves as considered in [Kr3].
The rapidly decreasing analogue of this theory was studied in [GN*, GM, GN2,
G]. In particular, the case of a positive operator L = 90+ W is considered in [GNZ2].
In this case, the data is obtained from the level — L1 = g¢1), where ¢ < 0 is below
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the spectrum, and it is possible to drop the standard assumption, for this theory
and the corresponding KP theory, of the small norm of the potential. The example
of a simple rational decreasing potential, whose corresponding operator L has a
scattering matrix which is trivial on one level, was described in [G].

As was mentioned before, the theory of the dynamical evolution for the pole
systems of the rational solutions of the above equation was constructed in [FN*].

Laplace Transformations

The Laplace transformation for solutions of the Schrodinger equation is a two-
dimensional analogue of the Backlund-Darboux transformation. If Li) = 0, then
we put
b=+, Ly=0,

L=(0+ B)(@+A)+2V,
L=V(@+AV~Yd+ B)+2V.
In other words, we have

- ~ _ . - AlnV
A=A—(nV), B=B, V=V+H, H=H+ ;.
Let V = exp(f). Consider the infinite chain of Laplace transformations for the

potential and the magnetic field:

et = el 4 [y 4y,
Hyp1 = Hi + 3A [y

Making a change of variables fp = gr — gr_1, we obtain a well-known two-
dimensional Toda lattice

Agk — e9k+17 9k

This equation and some of its reductions were already known to the classical geome-
ters (Darboux, Tsitseika [T]), whose approach was based on the Laplace transfor-
mations (as above). In the soliton theory, this equation and its Lax representation
were first obtained in [Mi] as a two-dimensional analogue (via the Zakharov—Shabat
approach) of the usual Toda chain. Therefore, it is a difference version of the KP
equation w.r.t. the variable z, x — n. Under certain “open w.r.t. n” bound-
ary conditions, this equation is an analogue of the Liouville equation A = exp(f),
corresponding to the simple Lie algebras. In the Toda chain theory, the connec-
tion with Lie algebras was first noted and used in [LS]. Periodic chains of Laplace
transformations

frtk = [

were studied by Darboux and Tsitseika [T]. For n = 2, the periodicity condition
has a solution in the sinh-Gordon form

%Afo —ef1 _efo = Qe fo _ pfo,
If Ly is a potential operator (i.e., Hy = H,, = 0), then we have:
%Afo =Ce 2o _efo, p=3,
%Afo =eft —¢fo, %A(Qfo + f1) = Ce 32l _ oo p—=4.
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In general, we can replace constants C' by arbitrary harmonic functions. Also, for
n = 4 there is a reduction fy + fi = C; to the sinh-Gordon equation

1
1Afo = Coefo — efo,

In [NV], it was shown that the algebro-geometric solutions of the two-dimensional
Toda lattice, obtained in [Kr2] using the methods of the soliton theory, determine
for each value of the discrete parameter k the algebro-geometric (from the spectral
theory of the periodic operators point of view) Schrodinger operator Ly. In this
case, the dependence of the inverse spectral problem data (i.e., a Riemann surface
with two marked points and a divisor of degree g) on the parameter k can be
described as follows: the Riemann surface and the marked points are fixed and
the divisor of poles is shifting. Moreover, if all f; are smooth, doubly-periodic,
and non-singular, then the corresponding Laplace operator Lj is always algebro-
geometric (finite-gap on a single energy level Liy) = 0). We note that the n = 2
case corresponds to the sinh-Gordon equation and, in this case, the above result
was already known in connection with the theory of surfaces of the constant mean
curvature in R3, and the topology of T2 (see the review [Bo, Tail]).

It is worth mentioning that in the doubly-periodic case any algebro-geometric
operator L is topologically trivial, i.e., the magnetic flux is zero:

[H] ://KH(x,y)dxdy:O.

where K is the fundamental domain for the action of the group of periods Z? on
the plane R2. Also note that for non-singular smooth periodic f, the Laplace
transformation preserves the magnetic flux:

[Hg11] = [Hi]
Vis1] = [Vi] + [Hyy1]-

The case in question is called doubly-periodic topologically non-trivial if H
and V are periodic with possibly non-periodic potentials A, As (or A, B). In the
simplest case H = const we obtain the Landau case. In this case, the spectrum in
L5(R?) is discrete and forms an arithmetic progression

Lip = Mgy, A = Ao + keo, e0=H.

The levels Ay are called k-th Landau levels. They are infinitely degenerate. The
Landau operator can be considered as a natural two-dimensional analogue of the
harmonic oscillator whose spectrum forms an arithmetic progression. In [AC, DN2,
DN3, N3], it was shown that, in the rapidly decreasing and periodic cases, the
condition V' = H implies that the operator L has a strongly degenerate “ground”
(basic) level Ay = 0. It is convenient to choose a gauge in which B = —A (i.e.,
Ay, Ay are real and the Lorenz condition is satisfied). In the periodic case ([DN2,
DN3, N3J), if H satisfies the integrality condition

[H] =2mm >0, m €Z,

then the magnetic Bloch eigenfunctions of the ground level are given by

m
P =e¥ Ho(z —aj)e*”, z=x+1y,
j=1
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where
1
p=—= // H(' ¢ )In|o(z — 2| da'dy’.
TJJK

ai,...,a,, are arbitrary constants, and the constant a can be expressed in terms of
a1,...,an. This level (i.e., the whole Hilbert space) is canonically isomorphic to
the ground Landau level with the same magnetic flux and H = const.

The quasi-cyclic chains Ly, ..., L, of Laplace transformations are given by the
relations

HO :Vo, Hn—i—Cn:Vn, [H]] >0

These chains satisfy the strong integrability properties.
Already, for the n = 2 case, this fact implies the following interesting equation:

1
§Af0 = Cy —2e70,  [Hy] > 0.

Let Cy > 0. The operator Ly + C3/2 has two strongly degenerate energy levels.
Since for the operator Lo + C2/2 we have H = V ([DN2, DN3, N3J), there is a
ground level Ay = 0. The second level corresponds to Ay = C5 and, after the choice
of real gauge, the eigenfunctions have the form

P =el/2(D 4 A))elo 2 (0 + Ag)y,

where
1
P =ef H o(z—a;)e”, Ap= - //K Hy(z')Inl|o(z — 2')| d?z,

Hy =elo,  [Hg] =2nm > 0.

Both levels 0 and Cs are strongly degenerate as Landau levels and there must be
a nontrivial spectrum in the interval (0,C2). It seems that in the doubly-periodic
case with non-zero magnetic flux (excluding the Landau case), there are at most
two strongly degenerate levels.

The non-linear equation Ag = 1 — e9 appears in many different problems [dV].
It is not integrable from the soliton theory point of view, but it has large families of
non-singular doubly-periodic solutions. Even in the one-dimensional case, the solu-
tions of this equation correspond to interesting one-dimensional “oscillatory-type”
potentials whose spectral properties are very different from the spectral properties
of the cyclic chains [NV]. Such are the two-dimensional analogues of the theory of
cyclic Backlund—Darboux chains.

Now we consider the discrete analogue of the Laplace transformations. Al-
though in the continuous case hyperbolic and elliptic operators are formally related
by the substitution & — 9, d — 9, in the discrete case they are formally different.

1. In the hyperbolic case we begin with the equation Li) = 0, where

L'L/)TL = wn + anlen + bnT21;[}n + chlTQ'l/}na

where T} are shifts on the basis vectors of the lattice, 71 = (1,0), T> = (0, 1), and
n = (n1,n2), n; € Z. The operator L admits the representation

L= f,[(14 u,T1)(1 + v,T3) + wy].
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Similarly to the continuous case, put
-Z/‘/NJ =0, 1;71 = (1 + vnT2)¢n7

- f’;} (1 + v To)w (1 + unTh) + 1.

The representation of the form

L=g,[(1+pnT2)(1+ ¢, T1) + s5]

j;:

generates the inverse representation
Ly =0, "Ln = (1 + QnTI)wru

Sn .
1+q,T 1+ p,Ty) + 1.
1+sn[( +quT1)s, (14 ppTa) +1]

z:

The potential
Wy = xn,Tla;iTl b;l —1
and the magnetic field
oHn — anbnym
An4Ty by,
are invariant under the gauge transformations

L — gLg™ .
The Laplace transformation is given by the following formulae:

eHn = eH" Wn+T, Wn+Ty (wnwn+T1+T2)_1a
1+ wpqr, = e_Hn<1 + wn+T2)'
The infinite chain of Laplace transformations gives a complete discrete ana-
logue of the two-dimensional Toda lattice for the variables w,&k),eH". From the
second equation above it follows that the pair (w,(Lk),Hflk)) can be obtained from

(w;k_l), H,(Lk_l)) by the Laplace transformation. It is interesting to compare this
system with the system constructed in [Kr7] and [KLWZ] using the theory of the
Yang—Baxter equation.

It is also possible to impose the following cyclicity condition on chains,

U)(k+N) _ wglk), HSJFN _ h(k) n= (77,1, 7’7,2).

n n

Then, for N = 2, after the reduction
wi) = Clw?) ™,
Wn+T +T> = wﬁl(C + wn+T1)(C + wn+T2)(1 + WniTy )71(1 + wn+T2)713

we obtain the discrete analogue of the sinh-Gordon equation.
2. The Laplace transformation for the self-adjoint real difference operators L
is considered only for the operators of the form

L=an+b,T1+cTo+dppry TiT5 "+ bpory T + Coer, To '+ dy, Ty T,
+ _ + _
LT=L, T/ =11,
where the lattice consists of equilateral triangles,

11| = |To| = [T ' Tal.



LAPLACE TRANSFORMATIONS 111

Therefore, every vertex has six neighbors. The factorization
L= (xn + ynTl + ZnT2)(xn + yn—TlTl_l + Zn—TzTg_l) + wy,

implies that for any solution Ly = 0 we can put in correspondence the solution
L1y = 0, where
J}n - (l'n + yn—TlTl_l + Zn—TgTQ_l)wna
L= (zn+ Yn-1 Tyt + 20, Ty Dwy, (20 + yn Ty + 2,To) + 1.
As usual, the alternative factorization
L= (2} +ypTr "+ 2Ty D@+ yhn, T+ 2y, To) + ),
corresponds to the inverse Laplace transformation.

As before, we can consider infinite chains of Laplace transformations and the
cyclicity conditions, and it leads to new discrete analogues of the two-dimensional
Toda lattice and its reductions. The conditions (w, = 0) or (w), = 0) correspond
to the theory of zero modes, see [AC, DN2, DN3, N3].

Notice that for both classes of operators—hyperbolic in the square lattice, and
real self-adjoint in the equilateral triangle lattice—we have the following result.
The factorization of the operator L can be described by local algebraic formulae in

the coefficients of L. This is different from the one-dimensional case, where one has
to solve the Ricatti-type equations or their discrete analogues.



APPENDIX C

Integrability of Systems of Hydrodynamic Type.
The Non-Linear WKB Method

The circle of ideas, discussed below, was developed in [48, Ts, AN, Kr4, P2] and
summarized in [DN1]. The new applications of these ideas to the two-dimensional
quantum field theories are discussed in Lecture Notes [D1] and the Appendix to
[N1J. This is an active area of current research, and it recently attracted a lot of
attention after the interesting work of N. Seiberg and E. Witten ([SW1, SW2]) on
the supersymmetric Yang-Mills theory.

As was discussed at the end of §2, the systems of hydrodynamic type have the
form

out?
uf:vgﬂ(u(x))uqaa a=1,2,...,n; p,g=12,....,m, ug:%'
In this equation, u(x) is a map R™ — M™, where M™ is some “manifold of compo-
nents”. In the spatially one-dimensional case n = 1, there is an important notion of
Riemann invariants. Riemann invariants (u',...,u™) are special local coordinates
on the manifold M™ which diagonalize the matrix of velocities:

Vi (u(z)) = vP(u)dl.

A system written down in Riemann invariants is called diagonal. In the case
m = 2, Riemann showed that if the eigenvalues of the matrix VP are real and
distinct in the given domain, then it is always possible to find such a coordinate
system. The exact solvability of the two-component spatially one-dimensional sys-
tems of hydrodynamic type is described by the following theorem (attributed to
Riemann): if we do the “hodograph transformation”, i.e., rewrite the equation in
terms of x(u',u?), t(ul,u?), then the new equation would be linear.

In general, for m > 2, we cannot always find the set of Riemann invariants. For
example, in the theory of the dynamics of gases (m = 3), Riemann invariants exist
only for a special (and non-interesting from the physical point of view) value of the
Poisson adiabatic exponent. However, it is possible to find Riemann invariants for
some important systems of hydrodynamic type. These systems arise in the theory
of asymptotic methods for the soliton equations of the KdV type and they are a
nonlinear analogue of the WKB approximation method or the method of the slow
modulation of the parameter (this method is also called the Bogolubov—Whitham
method). The Whitham method is described in [Wh1] and the existence of Riemann
invariants in this case is discussed in [Wh2, 56].

As was mentioned at the end of § 1 of Chapter 1, the Hamiltonian approach for
the systems of hydrodynamic type was developed in [48, 49, Mo] (see also Insert
for §1). According to the Novikov hypothesis, the existence of Riemann invariants
together with the Hamiltonian properties of the systems of hydrodynamic type
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imply their strong integrability. This hypothesis was proved in [Ts, Tsl, DN1],
where the beautiful theory of integration for the diagonal Hamiltonian systems
of hydrodynamic type was constructed. This theory is based on the Riemannian
geometry lying in the foundation of the Hamiltonian approach. In fact, this theory
can be extended slightly to the class of semi-Hamiltonian diagonal systems. These
are systems which are Hamiltonian w.r.t. non-local Poisson brackets of the type
considered in [MF, F].

We now consider the Tsarev method for integrating diagonal Hamiltonian sys-
tems of the form

uy = vP(u)uf
This method is based on the fact that in this case the pseudoriemannian metric,
which is used to define the Poisson bracket of hydrodynamic type, would also be
diagonal:
9" (u) = g¥(u)dy.

The Christoffel symbols FZP for the standard (Levi-Civita) connection are obtained
by the formula

1 9
ko_ L o :
Lyp = 5 Jup In|gx(u)| (warning: no summation),
and they are connected with the velocities by the relation
ko Fpv* k . .
= p gk #p (warning: no summation).

Therefore, we have the following important Tsarev relation:

,v* O v*
o (25) =0 (L25)

This relation is taken as a definition of the semi-Hamiltonian diagonal systems of
hydrodynamic type. We can always recover the metric from the above formulae,
but this (diagonal) metric can have a non-zero curvature tensor. Note that the
metrics considered in the theory of the local Poisson brackets of hydrodynamic type
are always flat (see §1). In certain cases, semi-Hamiltonian systems are actually
Hamiltonian w.r.t. the generalized non-local Poisson brackets of hydrodynamic
type (see Insert for §1), but this fact is not proved in general. The method for
integrating Hamiltonian and semi-Hamiltonian systems of hydrodynamic type is
called the generalized hodograph method or the Tsarev procedure. It can be shown
(though the proof is not effective) that there exists a large family of “symmetries”,
i.e., systems of hydrodynamic type, which commute with each other and with the
given system. Consider the two systems:
ul = vP(u)ul  (the original system),

ul = wP(u)ul  (symmetry).

Then a theorem says that the functions uP(x,t), determined from the equations
wP(u(z,t)) = vP(u(z, t))t+2z, p=1,2,...,m
form a solution to the original system.
Diagonal Hamiltonian and semi-Hamiltonian systems have ample families of
integrals of hydrodynamic type. Although expressed in different terms, this result

for the two component systems has been known for a long time [La, YaR]. In
the Hamiltonian case, the integrals of motion and symmetries are in one-to-one
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correspondence; each integral generates a symmetry, each symmetry corresponds
to an integral.

Unfortunately, it is hard to apply these beautiful general differential-geometric
theorems to concrete problems. Omne of the examples in which it is possible is
provided by the so called weakly-linear systems. Weakly linear systems are the
systems of the form

ovP

our’

such that vP is independent of u?.

The systems of hydrodynamic type which arise in the soliton theory (for exam-
ple, in the KAV theory) from the non-linear WKB method are strongly non-linear.
The implementation of the Tsarev method requires the use of algebraic geometry.
This technique was developed in [Kr4, PM] and is discussed below. We conclude
this review with the following general theorem. If functions u!(x),...,u™(x) are
convex, then the symmetries of hydrodynamic type generate the complete set of
flows, commuting with the given diagonal Hamiltonian system. This means that
the symmetries form a basis for the tangent space to the generic level surface of the
pairwise commuting integrals of hydrodynamic type. In other words, their linear
combinations are everywhere dense. Thus, in a neighborhood of convex functions
ul(x),...,u™(x), the system is completely Liouville integrable ([Ts, DN1]).

The systems of hydrodynamic type appear in the following context. For sim-
plicity, assume that

p=1,2,...,m (no summation),

Uy = KP (Y, ¥0, ..., Y(n))

is an evolution system such that all ) = const are solutions. Let ¢P(x,t) be “slow”
functions, i.e.,

(a)
U K YP, by K 9.

(b) Each next derivative is of a smaller order.
The evolution equation has the form

P =GP W)+ VEW) + -

where GP = 0 and all omitted terms are small by assumption. Then there is a
dispersionless limit of this system:

Ut = V()L

and it is a system of hydrodynamic type.

Another, more sophisticated method for obtaining systems of hydrodynamic
type is a non-linear analogue of the WKB method ([Whl, Wh2, La, Ma, AB,
FFM]). This method requires the existence of a family of exact solutions of the
form

Y(x,tiu) = (Us + Vigu, ... u™),
where the functions ®(ny,...,n,) are periodic with period 27 w.r.t. the vari-

ables n1,...,m; and K-vectors U,V can be expressed in terms of m parameters
ul,...,u™. We are looking for a solution v, which is asymptotic w.r.t. €, and is
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of the form

Y =®(S(X,T);u",...,u™)+0(), where

u=@WP(X,T)), X=ex, T=et, €¢—0, and
oS oS
87:U(U1,...7Um), 87T:V(U1,...,Um).
In certain cases (see the review [DN1]), it is possible to show that the neces-

sary condition for the existence of such solutions is the following condition on the
function P (X, T). This function must satisfy the so-called “averaged system”

ouP ouf
9T = %4 (u(X,T)aX> ,
which is a system of hydrodynamic type. The dispersionless limit corresponds to
the case £k = 0. The sufficiency condition is known only for certain cases with
k = 1. In particular, for the KdV equation such equations of hydrodynamic type
(Whitham systems) were obtained in [Wh2] for k£ =1 and in [FFM] for k& > 1 from
the family of the finite-gap quasi-periodic solutions with m = 2k + 1. For these
systems, the Riemann invariants exist for all & > 1. Namely, in the KdV case,
the Riemann invariants rq,...,7,, are the boundaries of the Bloch spectral zones
in L5(R) of the Schrodinger operator with the finite-gap quasi-periodic potential
U = & ([FFM, DNI)).

These systems are Hamiltonian [48]. The pseudo-Riemannian metric gP? is flat
and has signature (k, k + 1).

For Hamiltonian evolutionary systems with a local translation-invariant Poisson
bracket { , }o, can use the method developed in [48]. This method requires the
existence of a family of local integrals

Iq:/PQ(w,wm,...)da:, g=1,...,m.

We also require that the parameters u? for the family of the exact quasi-periodic
solutions

Y =®Ux+Vt;u',. .., u™)

can be taken in the form of the average densities:

u! = Py, ¥y, ...).

Then u? are said to be physical variables. Here we average over the above solutions,
and the value of an integral on the space of almost periodic functions is defined as
the average of its density in the sense of H. Bohr. Finally, we require the integrals
I, to be in involution:

{L,,I;}0=0, pg=12,...,m.

Let I; = H be the Hamiltonian of our original system, Is = P be the mo-
mentum, and I3, ...,I; be annihilators, i.e., {I;,-} = 0 for all ¢ = 3,...,s. The
fundamental principle of the conservation of the Hamiltonicity under averaging
claims that the averaged system is also Hamiltonian with the Poisson bracket of
hydrodynamic type. Its Hamiltonian coincides with the usual energy:

/MMMX M:E,Hz/awwqm
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A similar statement holds for the momentum. The Poisson bracket can be written

in the “Liouville form” w.r.t. the physical variables u!, ..., u™:
g™ (u) = 7 (u) + 7% (u),
P
bR (u) = .
() =

Since {1, I} = 0, the original Poisson bracket has the form

Uy, Paftb Vo = (@00 .)

Then we have ([DN1]):
P4 — QP4 + const.

This result was proved in complete generality only recently by A. Ya. Maltsev (to
appear in Izvestia, ser. math) (the review [DN1] contains a mistake, see [N4]), its
proof for some special cases can be found in [NM]. For the KdV equation this result
was obtained earlier in [48].

ExaMPLE 1. Consider the KdV equation and its deformations via the Gardner—
Zakharov—Faddeev bracket

W)}o =0'(z —y),

H = /(——i—V )dm.

This system can be written in the Gardner form (see §1):
d O0H
dx 6(x)’
The family of exact solutions of the form ¢ (x — vt),
Y =dUz+ Vt;ul,u? u?),
1,2 .3

depends on three parameters v, u®, u°.
These parameters are the average values of the following integrals:

Yy =

2
ul = ﬁ + V(v) energy density,

- 17 momentum density,
u3 _ E annihilator (or “Casimir”) density.

The formulae for the Poisson bracket of hydrodynamic type for these cases can be
found in [48], [DN1]. For the usual KdV we have V(¢)) = 93, and the averaged
densities of the Kruskal integrals I;, ¢ = —1,0,1,2,... define an infinite family of
integrals of of hydrodynamic type. We denote their densities by u?.

The existence of this family is not sufficient to have complete integrability. For
k =1, one has to add two more families of integrals; their description can be found
n [Ti]. For k > 1 we have to add 2k families. To obtain these families, one has
to integrate a certain form 2 = pd\ over basic cycles on a hyperelliptic Riemann

surface
2k

I:p? = Rop1(\) = H()\_Tj)v

Jj=0
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where p = p(X\;ro,...,T2k) is a so-called quasi-momentum connected with the spec-
trum of the finite-gap Schrédinger operator L. The main family of the Kruskal
integrals and their averages is obtained from the quasi-momentum expansion at
the “infinity” point.

Any integral of hydrodynamic type generates an exact solution of the averaged
Whitham system via the Tsarev procedure (see above). The averaged Kruskal inte-
grals generate self-similar solutions [Kr4]. In particular, the integral I, corresponds
to a very interesting solution. This solution is called a dispersive analogue of a shock
wave (or the Gurevich—Pitaevskii solution), and it is very important in physical ap-
plications. The existence of this solution and some of its qualitative properties were
established in [GP], although it was not clear that it was even C'-smooth. The
actual solution was found in [P2] using the procedure from [Kr4]. This solution is
discussed in great detail in [DN1].



APPENDIX D

Spectral Theory of Two-Dimensional
Periodic Operators

The basic algebraic-geometrical construction allows one to obtain periodic and
quasi-periodic solutions for two-dimensional integrable systems but leaves abso-
lutely open the following basic question: “How many algebraic-geometrical solu-
tions are there? And what is their role in the solution of the periodic Cauchy
problem for two-dimensional equations of the KP type?”

For finite dimensional (0 + 1) systems that have the Lax representation of the
form

DUt N) = [U(EN), V(E, M), (D.1)

with U(t,\) and V (¢, \) rational (or sometimes elliptic) matrix-valued functions of
the spectral parameter A\, the answer to the question is as follows: all the general
solutions are algebraic-geometrical and can be represented in terms of the Riemann
theta-functions.

For spacial one-dimensional evolution equations of the KdV type (1+1-systems)
the existence of direct and inverse spectral transforms allow one to prove (though
it is not always the rigorous mathematical statement) that algebraic-geometrical
solutions are dense in the space of all periodic (in z) solutions.

It turns out that the situation for two-dimensional integrable equations is much
more complicated. For one of the real forms of the KP equation that is called
the KP-2 the algebraic-geometrical solutions are dense in the space of all periodic
(in  and y) solutions [Kr3]. It seems, that the same statement for the KP-1
equation (o = 1) is false. One of the most important problems in the theory of
two-dimensional integrable systems which are still unsolved is “in what sense” the
KP-1 equation that has the operator representation (2.13) and for which a wide
class of periodic solutions has been constructed, is a “non-integrable” system.

The proof of the integrability of the periodic problem for the KP-2 equation is
based on the spectral Floquet theory of the parabolic operator

M = ay - 82 + U(Z‘,y), (DQ)

with periodic potential u(z+11,y) = u(x, y+l2) = u(z, y). We would like to mention
that despite its application to the theory of non-linear equations and related topics,
the structure of the Riemann surface of Bloch solutions of the corresponding linear
equation that was found in [Kr3] has been used as a starting point for the abstract
definition of the Riemann surfaces of infinite genus [KT].

The characteristic equation

R(w, E) = det(w — T(E)) (D.3)
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where T'(E) is the monodromy operator for periodic ordinary differential operator L
defines the Riemann surface I' of the Bloch solutions of this operator as a N = nl-
sheet covering of the complex plane of the spectral parameter E (here n is the
order of L and [ is the matrix dimension of its coefficients). In [Kr3] another
representation of the Riemann surface of the Bloch solutions was proposed. We
would like to emphasize that this is the only possible representation that can be
used in two dimensions.

Let us consider as an example a non-stationary Schrédinger operator (D.2).
The solutions 9 (z,y, w1, ws) of the non-stationary Schrédinger equation

(00y — 0% + u(z,y))¥(z, y, w1, wa) = 0 (D-4)

with aperiodic potential u(x,y) = u(z + a1,y) = u(x,y + a2) are called the Bloch
solutions if they are eigenfunctions of the monodromy operators, i.e.

1/)(90 + ai, y7w17w2) = w1¢($,y7w1>w2), (D5)
Y(x,y + ag, w1, wa) = wat(z,y, w1, wa), (D.6)

The Bloch functions will always be assumed to be normalized so that (0, 0, wy,ws) =
1. The set of pairs @ = (w1, ws), for which there exists such a solution is called the
Floquet set and will be denoted by I'. The multivalued functions p(Q) and E(Q)
such that

ipay , iEqa

w1, = ¢€ w9 = €

are called quasi-momentum and quasi-energy, respectively.

The gauge transformation 1 — @), where Oyh(y) is a periodic function,
transfers the solutions of (D.4) into solutions of the same equation but with another
potential @ = u — 0dyh. Consequently, the spectral sets corresponding to the
potentials u and @ are isomorphic. Therefore, in what follows we restrict ourselves
to the case of periodic potentials such that

ay
/ u(z,y)dx = 0. (D.7)
0
To begin with let us consider as a basic example the “free” operator
My =00, — 02 (D.)

with zero potential u(x,y) = 0. The Floquet set of this operator is parametrized
by the points of the complex plane of the variable k

0 _ _ika 0_ —o ‘%K%
wy; =eM wy =e 2 (D.9)

and the Bloch solutions have the form

Y(z,y, k) = eiho=o Ky (D.10)
The functions
VT (z,y, k) = e~ keto Ky, (D.11)
are Bloch solutions of the formal adjoint operator
(00, + )yt =0. (D.12)

The formulae (D.9) define the map
ke O (wuwd) e C? (D.13)



120 D. SPECTRAL THEORY OF TWO-DIMENSIONAL PERIODIC OPERATORS

Its image is the Floquet set for the free operator My. It is the Riemann surface
with self-intersections. The self-intersections correspond to the pairs k # k' such
that

w) (k) =wd(k"), i=1,2. (D.14)
From (D.9) it follows that
g = 2 (D.15)
aj
2miM
K- ()2 = 2 (D.16)
ag

where N and M are integers. Hence, all the resonant points have the form

m™N  oiMa
aq NG,Q ’

k=knm= N+#0, K =k-n_m. (D.17)
The basic idea of the construction of the Riemann surface of Bloch solutions of
the equation (D.4) that was proposed in [Kr3] is to consider (D.4) as a perturbation
of the free operator (D.8), assuming that the potential u(z,y) is formally small.
For any ko # kn a it is easy to construct a formal Bloch solution 1[1 of the
equation (D.4) as a formal series

=Y @s(@,y,k0),  Fol@,y, ko) = v(x,y, ko) = o. (D.18)
s=0

This series describes a “perturbation” of the Bloch solution 1y of the non-perturbed
equation.

LEMMA D.1. If ko # kn am then there exists a unique formal series

F(y, ko) =Y _ Fu(y, ko) (D.19)
s=1
such that the equation
(00y — 02 + ulw,y) ¥ (z,y, ko) = F(y, ko) ¥(x,y, ko) (D.20)

has a formal solution of the form
(z,y,ko) = Z% z,y,ko), o = o, (D.21)

satisfying the conditions

<w(—)i_\Ij>z = W(Jﬁ/)oh, 8_ = er(xaya kO)v (D22)

(here and below {f(x)), stands for the mean value in x of the corresponding periodic
function f)

(ko), (D.23)

\I/(l‘ + a1,Y, kO) = wloq/(xay7 k0)7 W10 = ?
0(ko). (D.24)

U(z,y + az, ko) = waoV(z,y, ko), wa =
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The corresponding solution is unique and is given by the recursion formulae (D.25)~
(D.29).

05 =y ko)vn(x,y), s> 1, (D.25)
n#0
+ + 2mn
Q/Jn = 1/1n(55, y) = ’(/J(Jj,y, k)a ’(/}n = ¢ ($>ya kn)v kn = kO + ? (D26)
Wan ytaz = i <¢+U<Ps—1>z
ko) = o 2 [T (S gt - ke ) gy ()
W20 — Wan Jy =1 (Yn n)e
way, = wy (ky), (D.28)
+
(s S— x
Fs(yvko) = <¢0 +SD 1> (D29)
<7/’0 7/’0>x
From (D.20), (D.23), (D.24) it follows that the formula
~ \IJ(IE Yy k'o) _g- 11y 4 /
ka) = — 2D =0 Y F(y' ko) dy D.
IJZJ(SC,y, 0) \11(070’ kfo) € 0 ( 30)

defines the formal Bloch solution of the equation (D.4):

w(x+alaya kO) = wl(ﬂ/’(%y’ko)a (D31)

Y@,y + az, ko) = w20t (x,y, ko), (D.32)

where the corresponding Bloch multiplier is equal to
Won = ’LU20€_0-71 Jo® F(y/’ko)dy/. (D33)

For sufficiently small u(z,y) it is not too hard to show that the above constructed
series of the perturbation theory converges outside some neighborhood of the reso-
nant points (D.17) and therefore determines a function v (z, y, ko) which is analytic
in ko). This is true for any o. The principle distinction between the cases Reo =0
and Reo # 0 is revealed under an attempt to extend ¢ to a “resonant” domain.
In the case Reo = 0 the resonant points are dense on the real axis. In the case
Reo # 0 there is only a finite number of the resonant points (D.17) in any finite
domain of the complex plane. The discreteness of the resonant points in the last
case is crucial for the extension of ¥ to a “resonant” domain (and for the proof of
the approximation theorem).

In the stationary case, when u does not depend on y, the preceding formulae
turn out to be the usual formulae of the perturbation theory of eigenfunctions
corresponding to simple eigenvalues. The condition

Wan 7# Woo < ko # kN (D.34)

is an analog of simplicity of an eigenvalue of an operator. In cases when it is
violated, it is necessary to proceed along the same lines as in the perturbation
theory of multiple eigenvalues.

As the set of indices corresponding to the resonances we can take an arbitrary
set of integers I € Z such that

Woq # Wap, o €I, négl. (D.35)
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LEMMA D.2. There are unique formal series
y7 wl E FB s yv wl (D36)

that the equations
(00, — 02 4+ u)¥*(z,y,w) ZF[’ (y, w1) V" (z,y,w1) (D.37)

have unique formal Block solutions of the form

U (2, y, w) Zws (@, y,w1), @5 =Y =¥(,y,ka) (D.38)
\I/a(eral,y,wl) :wlqja(xvyawl)a (D39)
\Ija(xay"_a%wl) :wQQ\I]a(xvval)v (D4O)

such that
<¢+‘I’a> = 5a,ﬁ<¢i—wa>x~ (D41)

The corresponding formulae for Fg and ¥ are the matrix generalizations of
the formulae (D.26)—(D.28) (see details in [Kr3]).
Let us define the matrix 7' = 7§ (v, w1) by the equation

00T +TF =0, T(0,wy)=1. (D.42)

The functions
\I/a(xaval) = ZTg(y7w1)\I/ﬁ(xayawl) (D43)
B
are solutions of (D.4). Under the translation by the period in z they are multiplied
by w1, while under the translation by the period in y they are transformed as follows

‘i’a(%y +az,wy) = ZTg(wﬂww\i’ﬁ(%y, w1), (D.44)
B
where X
Tg‘(wl) = Tg(ag, wl). (D45)

It is natural to call a finite set of the formal solutions Tﬁa quasi-Bloch, since it
remains invariant under the translation by the periods in x and y.
The characteristic equation

R(wl, 7:[]2) = det(’lsz(sa,g - Tg(wl)wgﬁ) =0 (D46)

is an analog of the “secular equation” in the ordinary perturbation theory of mul-
tiple eigenvalues.
Let hq (w1, W) be an eigenvector of the matrix T (w1 )ws, 3 normalized so that

Zh 0,0,wy) =1, Q = (wy,ws) (D.47)

then
(z,y,Q Zh \IIO‘ (z,y,w1) (D.48)

is the formal Bloch solution of (D.4) with multipliers w; and ws, normalized in
the standard way. The last statement means that the Bloch solutions are defined
(locally) on the Riemann surface (D.46).
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Structure of the “Global” Riemann Surface of Bloch Solutions. To
begin with, we shall give here the explanation of the structure of a “global” Riemann
surface of Bloch solutions in the case of small u. Let us consider some neighbor-
hoods Ry ar and R_pn,_p of the resonant pair of the points ky s and k_n —ar,
respectively. The function wi(k) (D.9) identifies them with some neighborhood
RMM of the point wy(kn ar) = w1(k—n,—a) on the complex plane of the variable
wy. The series (D.25)-(D.29) of the non-resonant perturbation theory diverge in
Rn.v and R_ N s, but it turns out that the series of the lemma 3.2 converges in
Ry and in this domain defines quasi-Bloch solutions of (D.4) which are analytic
in wy. The characteristic equation (D.46) in this case has the form

@3 — fi(w)da + fo(wr) =0 (D.49)

and defines a two-sheet covering RN7 M over ]A%N, » on which the Bloch solutions
of (D.4) are defined. The boundary of Ry s can be naturally identified with
the boundaries of Ry as and R_y, . Hence, the structure (local) of the Riemann
surface I' of the Bloch functions looks as follows. Let us cut out Ry a and R_n s
from the complex plane and glue instead of them a corresponding piece of the
Riemann surface R ~,Mm- From the topological point of view this surgery is a gluing
of a “handle” between two resonant points.

The remarkable thing is that the perturbation approach works even when
u(z,y) is not small. Of course, in that case the estimations of the perturbation
theory series are much more complicated. In [Kr3| it was proved that if the poten-
tial u(z,y) can be analytically extended into a domain

Imz| <7, |[Imy| < (D.50)

for some 71, 7o; then the perturbation series for the non-resonant case converges
outside some central finite domain Ry and outside Ry as for kn ar ¢ Ro. Outside
Ry we again have to perform a surgery of the previous type (“glue” handles between
knar and k_n _p for kn a € Ro). In the central domain Ry we have to glue some
finite genus piece of the corresponding Riemann surface R instead of a disc Ry.
As a result we obtain the global Riemann surface I' of the Bloch solutions of the
equation (D.4) with Reo # 0.

THEOREM D.1. If the potential u(x,y) of the equation (D.17) can be analytically
extended into the domain (D.50) then the Riemann surface T' of the Bloch solutions
of this equation is a result of the above-defined glueing of the three types of “pieces”:

1°. A complex plane of the variable k without small neighborhoods of the finite
or infinite set of points kn ar, k—n,—ap and without some central domain
|k‘| > Ko;
2°. A set of “handles “ E‘N’M| that are defined by the equations of the form
(D.4) as the two-sheets covering of the small neighborhoods of the pairs
kn o, k—nN -
3°. A Riemann surface Rq (with boundary) of a finite genus go.
The Bloch solutions of (D.4) ¥(z,y,Q), Q € T, that are normalized by the condition
¥(0,0,Q) = 1 are meromorphic on I'. Their poles do not depend on x,y. It has
one simple pole in each of the domains R‘N7M|, In the domain Ry it has go poles,
where go in general position (when Ry is smooth) equals the genus of Ro. Outside
these domains the function v is holomorphic and has no zeros.
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If there is a finite number of handles that are glued then the corresponding curve
is compactifed by one point and the corresponding Bloch function is the Baker—
Akhiezer function on the compactified Riemann surface.

In the case of real and smooth wu(z,y) for o = 1 the final form of the Floquet
set can be represented in the following form [Kr3]. Let us fix some finite or infinite
subset S of integer pairs (N > 0,M) . The set of pairs of complex numbers
m = {ps,1,Ps,2} where s € S would be called “admissible”, if

N
Reps,i = 7;_7 |ps,i - ks| = O(|ks|71)a 1=1,2, (D51)
1

and the intervals [ps 1, ps 2] do not intersect. (Here ks are resonant points (D.17),
s=(N,M).)

Let us define the Riemann surface I'(7) for any admissible set 7. It is obtained
from the complex plane of the variable k by cutting it along the intervals [ps 1, ps 2]
and [—Ps,1, —Ps2] and by sewing after that the left side of the first cut with the
right side of the second cut and vice versa. (After this surgery for any cut [ps.1,ps 2]
there corresponds a nontrivial cycle ag on I'().)

THEOREM D.2. For any real periodic potential u(x,y) which can be analytically
extended into some neighborhood of the real values x,y, the Bloch solutions of the
equation (D.4) with o = 1 are parametrized by points Q of the Riemann surface
T'(7) corresponding to some admissible set w. The function ¥(z,y,Q) which is
normalized by the condition ¥(0,0,Q) = 1 is meromorphic on T' and has a simple
pole s on each cycle as. If the admissible set m contains only a finite number of
pairs, then T'(m) has finite genus and is compactified by only one point Py (k = 00),
in the neighborhood of which the Bloch function v has the form:

d} — eka:+k:2y — (1 + ng(x,y)ks> )

s=1

The potentials u for which I'(7) has finite genus are called finite-gap and as
it follows from the last statement of the theorem they coincide with the algebraic-
geometrical potentials. The following theorem states that the finite-gap potentials
are dense in the space of all periodic smooth functions in two variables ([Kr3]).

THEOREM D.3. FEach smooth periodic potential u(x,y) of the equation (D.4)
with Re o # 0 analytically extendable to a neighbourhood of real x,y can he approz-
imated by finite-gap potentials uniformly with any number of derivatives.
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[67] and V.V. Kozlov’s survey article [72]).

4. The fundamental material of section 4 (chap. 1) is contained in the classical works of
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The scheme based on the equations of “zero curvature for rational families of operators”,
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a number of others are presented together with the history of the development of the first stages
of the inverse scattering method in the books [115], [25]). A representation of the KdV equation
in the form of the zero curvature equation for polynomial families of operators was first proposed
in [111], and an example of a rational family was met with in the paper [1].

For the anisotropic Landau-Lifshitz equation, the papers [22], [128] first used a zero-curvature
representation for families of operators with a spectral parameter on an elliptic curve. This line
received a further development in the papers [30], [29]. In the papers [84], [86] another way was
proposed of generalizing the zero-curvature equations for rational families to the case where the
spectral parameter is defined on an algebraic curve of non-zero genus. In the article [80] (for
greater detail see [83]) a representation for the Moser—Calogero system was proposed in which the
dependence of the matrix entries on a parameter defined on an elliptic curve contained essential
singularities of a special form.

6. The program for integration of the periodic problem for the KdV equation was initiated
by the paper [111] (somewhat later and in a less effective form it was considered in [90]). The
employment of the methods of algebraic geometry for the construction of periodic and quasiperi-
odic solutions of the kdV and nonlinear Schrodinger equations was begun in the articles [38], [39],

1For the convenience of the reader, reference to reviews in Zentralblatt fur Mathcmatik (Zbl.).
compiled using the MATH database, and Jahrhuch {iber die Fortschritte der Mathematik (FdM.),
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[45], [47], [64]. (Later the papers [102], [103] appeared.) For the sine-Gordon equation finite gap
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Petviashvili equation with the aid of the methods of algebraic geometry was proposed in [74], [75].
It also included in a natural way the constructions of solutions of one-dimensional evolution equa-
tions which were proposed in the works cited above. The concept of the Clebsch—Gordan—Baker—
Akhiezer function became the central concept of this scheme. The definition of such functions,
including the multi-point ones, was given in [75] on the basis of a generalization of the analytic
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tion of a pair of commuting operators of relatively prime orders was first noted in [9] by Baker.
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A general Hamiltonian theory of systems whose integration is connected with hyperelliptic
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construction of variables of the action type was obtained for the first time in just these articles.
A construction of action-angle variables for the Hamiltonian systems connected with finite gap
Sturm-Liouville operators was first obtained in [6], [56]. The relation of the stationary and non-
stationary Hamiltonian formalisms for these systems was obtained in [18], [20], [34].

8. References to works devoted to the algebraic-geometric integration of a number of classical
systems of mechanics and hydrodynamics are cited in sections 3 and 4 of Chapter 2 in the course
of the analysis of a series of prime examples.

9. The program of the research on the dynamics of the poles of solutions of equations to which
the inverse scattering method is applicable goes back to the paper [87]. The connection of the
dynamics of the poles of rational and elliptic solutions of the KdV equation with the rational and
elliptic Moser—Calogero systems was first discovered in [4]. Without any connection with finite-
dimensionai systems, elliptic solutions of the KdV equation with three poles were constructed in
[47]. The isomorphism of the rational Moser—Calogero system and the polar system of rational
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cients was developed in the publications [38], [45], [115], [64], [111], [100], [90]. The starting point
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Translator’s Remark. In the literature list which follows, whenever a Russian work has
been translated into English a reference to the translation has been included, and the title I have
given is then simply the title of the English translation, unless (as is not infrequent!) the title
of the translation is incorrect or differs significantly from the Russian title. In these cases I have
supplied my own translation of the Russian title and have indicated how the title of the English
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However, I have not corrected one “mistake” which is nearly universal in translations of the
subject matter treated in this article. It is the lazy translation “finite-zone” (a literal translation
of the Russian term) for what English writers generally call finite gap (operators, potentials, etc.).
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