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Preface

In the following pages, I tried to write a short introduction to the theory of nonlinear
lattices (and especially the periodic Toda lattice) as part of my master’s thesis.
The problem was inrtoduced to me in the Spring of 2010 in a seminar held at
the department of Applied Mathematics by Professor Spyridon Kamvissis. I was
interested in that and so I asked him to give me more information about it. And so
he did. He advised me that I should start with Toda’s book [§].

I actually started studying the book in September and when I finished it, I
went on with another one this time more “mathematically rigorous”. I'm talking
about the monograph of Teschl [7] (mainly I read the second part of that book
concerning the Toda lattice). Here the exposition follows [8] and specifically:

e Chapter 1 explains how the origin of the problem lies in the so-called Fermi-
Pasta-Ulam lattice and describes how Toda chose a specific potential that
made the lattice periodic.

e The second chapter is concerned with some analytic tools that enable us solve
the initial value problem with periodic conditions.

e In Chapter 3 the notions of spectrum and auxiliary spectrum are studied in
depth in order to acquire the first results. The chapter ends with a short
paragraph on Riemann surfaces the usefulness of which will be clear in the
following chapter.

e The fourth Chapter reveals the role of Riemann surfaces and subsequently of
theta functions. This chapter is the heart of the theory. Some tricky calcula-
tions are necessary to provide useful formulas in terms of theta functions.

e The final chapter (namely Chapter 5) combines all the previously acquired
results in order to study the time evolution and finally state the solution of
the problem being discussed.

Literature

As I've already stated, I used mainly two books in order to write this article.
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Toda’s [§] and Teschl’s [7]. These concern the study of nonlinear lattices and include
the theory used in the present article.

Furthermore, I used the classic book of Springer [B] to enter the world of
Riemann surfaces. There’s also the book of Farkas and Kra [4] which in my opinion
is great. When I was finishing the typing of this article I came up with another book
in the same direction. I'm talking about Donaldson’s Riemann surfaces [3]. The
reader who’s not familiar with this topic is advised to take a look at one of these.

In order to understand how Toda found the lattice with exponential interaction
I had to study a few things about elliptic functions and integrals. I used the book of
Byrd and Friedman [2]. Also, I used Whitham’s book [9] to gain some knowledge in
nonlinear waves (lattice-solitons) but the reader doesn’t have to know a thing about
these in order to proceed.

Finally, the reader has to be familiar with some basic facts from complex anal-
ysis like Cauchy’s Theorem, the Residue Theorem, etc.. I recommend the classics
[1] and [6].
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Chapter 1

An introduction to the problem

1.1 A few things about the problem

In 1955 Enrico Fermi, John Pasta and Stanislaw Ulam carried out a seemingly
innocent computer experiment at Los Alamos. They considered a simple model for
a nonlinear one-dimensional crystal describing the motion of a chain of particles
with nearest neighbor interaction (in other words non-linear lattice).

They wanted to study the problem from the perspective of energy. They
wanted to know how energy is shared between modes. They expected that because
of the nonlinearity of interaction, energy flow between modes would take place
finally establishing energy equipartition. So, they wanted to verify their expectation
numerically. However, contrary to their assumption only a little energy partition
occurred and the state of the system was found to almost return to the initial state.

So as mentioned above, the problem being considered is classical mechanics of
one-dimensional lattices (i.e. chains) of particles with nearest neighbor interaction.
First of all, we restrict ourselves to a uniform system (also referred to as a system
without impurities). This means that each particle has mass m. Also, we denote by
yn the displacement of the n'* particle and by ¢(y,+1 — yn) the interaction potential
between neighboring particles. The mechanical analogue is this: we can think of the
above system as a chain of infinitely many particles joined together with “nonlinear”
springs (see Figure [1.1).

Then, if

de(r)

f(T)E—¢/(7“):—7

is the force of the spring when it is stretched by the amount r and

'n = Yn+1 — YUn



1 An introduction to the problem

is the mutual displacement, Newton’s law tells us that the equations of motion
are given by:

d*y,,
(11) m di2 = ¢/(yn+1 - yn) - (b/(yn - ynfl)a n ez
Yn Yn+1
SAVAYACAVAVAVA GAVAVAVAOAVAVAVAGAVAVAVA
n n+1

Figure 1.1: A model for one-dimensional lattice.

1.2 The harmonic interaction

As an intuitive example let’s first of all consider the linear case. When f(r) is
proportional to r, that is when Hooke’s law is obeyed, the spring is said to be linear
and the potential (in this case we say that we have harmonic interaction) can be
written as

K 2
o) = o1,
Then, the equations of motion take the form:
d*y,,
(1.2) e K(Yn-1 = 2Yn + Ynt1)-

If y,(ll) = y,(ll)( t) and y(2) = yT(l )( t) are solutions of 1) then the linear superposition
Yo = Ui +

is also a solution of the linear equation (1.2)). In particular, when the particles n = 0
and n = N + 1 (where N € Z) are fixed, then

y Dt (t) =C, sm(mrl )cos(wlt—l— )

wl—Q\/_Sln< N+1> 1=1,2,...,N

is the {"" normal mode, and the general motion is given by a linear superposition of
such modes. The amplitude C,, of each mode is a constant determined by the initial
conditions and no energy transfer occurs between the modes. The linear lattice is
therefore nonergodic and cannot be an object of statistical mechanics unless some
modification is made.

(1.3)



1.3 Nonlinear interaction

1.3 Nonlinear interaction

Fermi did some work on similar problems when he was young and after computers
were developed he came back to this as one of the problems computers might solve.
He thought that if one added a nonlinear term to the force between particles in a
one-dimensional lattice, energy would flow from mode to mode eventually leading
to a statistical equilibrium state where the energy is shared equally among linear
modes (equipartition of energy).

They tested potentials one with a cubic term (« is the nonlinearity constant)

(1.4) o(r) = gr2 + %r‘g,

another with a quartic term (o’ is the nonlinearity constant)

/
olr) = 57+ 1,

and a third one with broken linear force
—kr, if |r| <o,
fr) = { —(k =Ko —K'r, if |r|>mrg
where k, £’ and ry are positive constants such that x # .

For these potentials the results turned out to be qualitatively similar. They
treated lattices with N = 32 and N = 64 particles so that both ends (n = 0 and
n = N + 1) were fixed. The lattice was initially at rest and given the displacement

yn(0) = Bsin NT1

This means that they excited the lowest mode. They observed that after a certain
time almost all the energy went back to the initial mode. The displacement of each
particle went back to the initial state too. This is the so-called FPU recurrence
phenomenon. Computer experiments sometimes yield unexpected findings and
the FPU recurrence phenomenon is one of them. This was reconfirmed by many
researchers. It can be said that if the energy is not too large, recurrence phenomena
will occur.

These results combined with subsequent ones from Ford et al. showed that
nonlinear lattices have rather stable motion (for this reason Ford introduced the
term nonlinear normal modes). This remarkable property led to the finding of
an explicitly solvable one-dimensional lattice in the particular case of exponential
interaction.
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1.4 A useful interpretation

The lattice with exponential interaction was found after looking for a system with
explicit exactly periodic solutions. The concept of dual systems pointed in that way.

Systems A and B are said to be dual to one another if B is obtained from A
by replacing particles by springs and springs by particles following certain rules (e.g.
for a harmonic lattice we can replace heavier/lighter particles by weaker/stronger
springs in such way that the normal mode frequencies are the same in both
systems).

We can generalize the idea of dual systems by the following consideration. The
Hamiltonian which gives rise to the equation of motion (1.1) is:

1 2

nez neL

where the momentum p, is related to the kinetic energy:

1 .9
K= 3 ; my,,.
Differentiating K with respect to the velocity v, we obtain
oK .
Dn = (9_1,/” = MYp.

We shall now use the mutual displacement r, as the generalized coordinate. For
brevity’s sake, we consider here an infinite lattice where only N particles can move
and the rest are pinched down. For example, assuming that the left end particle
n = 0 is fixed we have
Yo =0, v =ro, Y2=r10+71,
Y% =0, 91 =70, Y2=70+71,
So, for a lattice with N movable particles
=
K== mrg+r+-+7)2
2 nz[:) ( 0 1 n)

The momentum s,, conjugate to r, is defined by

oK L . C .
snE87:m((ro—i-rl+~~'+rn)+(ro+rl+~'-—|—Tn+1)+~~
(o in+ i)
N-1 k
=m0 >
k=n j=0



1.4 A useful interpretation

Therefore we have

(1.5) Sp1— S =myY,, n=1,...,N—1

and the Hamiltonian becomes:

| N1 N-1
=5 n:0 — Spt1) % (7).

Then, the canonical equations of motion are:

OH Sp—1 — 28p + Spt1

16 .'n, == - - )
(1.6) " 0s,, m
oH
1.7 S, = - _
(1.7 bn =~ = (1)
If we eliminate s,, from these equations, we obtain:
(1.8) mity = ¢ (rn_1) = 2¢'(rn) + &' (rni1)

which is, however, the difference of (1.1)) with the same equation in which n is
replaced by n 4 1 and therefore is not a new equation.

If (1.7) admits an inverse, we may write

1
1.9 n=——X(5n).
(1.9 = ()
(x being a function of $,). Then, we can eliminate r,, from (1.6 to obtain:

d

%X(Sn) = Sp—1 — 2Sn + Sp+1-

This is an equation dual to . If we think of s, as the “displacement” then the
right-hand side of can be interpreted as the force of linear springs and in the
left-hand side, x($,) can be interpreted as the momentum associated to the “speed”
Sn. Then turn out to be the mechanical equations of motion.

(1.10)

The force f, of the spring is related to $, by

(111) fn = _¢/(rn> = én
and the equation of motion (|1.8) is rewritten as:

2

@X(fn) - fnfl - 2fn + fn+1-
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Further, we introduce the integral of s, by

t
Sy, = / Sp(u)du
0
Choosing the integration constant appropriately, we have from (1.6]), (1.5):

1
Yn = E(Sn—l - Sn)a

1
T = ——(Sp_1 — 25, + Sni1),
m

and the equations of motion take the form:

X(Sn) = Sn—l - 2Sn + Sn—&—l‘

1.5 An integrable lattice

Since Fermi et al. indicated that there are nonlinear lattices which admit periodic
behavior at least when the energy is not too high, it is reasonable to look for a
nonlinear lattice which admits periodic waves.

We seek such a lattice here, and we shall show that a lattice with exponen-
tial interaction has the desired properties. This means finding a potential function
¢(r) such that the equations of motion can be integrated. Equation (1.1]) or
equivalently is ubiquitous but it proved hard to find such a potential ¢(r). On
the contrary, (1.10)) can be considered as a recurrence formula expressing s,.; in
terms of s,, s,_1 and the derivative of some function at s,, which is related to the
inverse function of the potential ¢(r). Under these conditions, many functions ¢(r)
were tried.

In the case of the harmonic lattice, typical periodic waves are sinusoidal.
Therefore, it was quite natural to think of elliptic functions (for elliptic integrals
and Jacobian functions see [2]) as possible candidates because they are in a sense
extensions of trigonometric functions. However, the first obvious choice of a solution
proportional to Jacobi’s sn or c¢n functions did not work.

On the other hand, an addition formula for sn? had been noticed:

= Qi <3n(u) -en(u) - dn(u) - Sn2(v)>

2 en2(
sn(u+v) —sn(u—v) dv 1 — k2?sn?(u) - sn?(v)

which led to the lattice being searched for.



1.5 An integrable lattice
Indeed, using
dn®(u) = 1 — k*sn*(u)

we define a function £(u) by

e(u) = /Ou dn?(v)dv
hence
£'(u) = dn?(u)
e’ (u) = —2k*sn(u) - en(u) - dn(u).

Thus, we obtain

Uu—v)— u u V) = E/,(U)
(1.12) g( ) — 2e(u) + e(u +v) sn+(v)_1+€/(u).

Though e(u) is not a periodic function, the function defined by

1s a periodic function with period 2K, where K and E are respectively the complete
elliptic integrals of the first and second kind (see [2]).

Rewriting (1.12]), we have

Z(u—v)—ZZ(u)—i—Z(u—i—v):%log<1+ - _1 Z’(u))

sn?(u)

which is to be compared with (1.10]). Thus we see that ((1.10) is satisfied when we

put
{ U= 2(1/tj: %)

=

v =2

— >=

where A\ (the wavelength) and v (the frequency) are constants, and identify the

functions s, and y with

2Kv
sn(t) = b/_mZ(u)
and
_bjm
(1.13) X($) = mn log (1 + 1(21(—11)2158) — mo,
b o Lt E
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where b and o are constants. x($) is the inverse function of § = —¢/(r) and must not
contain v and v which means that the factor of $ in ([1.13]) is a constant independent
of v and v. Therefore, the relation
a 1 EN-1
2KV = 2 = 14 )
CRv) =3 Geerm TR

must hold where a is a constant and in order that the right-hand side is positive,
we must assume that ab > 0.

By (1.9) and (1.13]), we have

1 .
r:——log<1+f>+a
b a

with r = r,,. Taking the inverse, by ([1.7)) we have
§=a(e™) —1) = —¢/(r).

Therefore, for the potential we obtain a function with three parameters: a, b and o
which can be written as:

(1.14) o(r) = %e‘b(r_o) + ar + const.

or
o(r) = Ae™" 4 ar.

Take a look at Figure (1.2

Figure 1.2: The Toda potential ¢(r) =e " +r — 1.

1.6 The Toda lattice

If we take the position of the minimum of ¢(r) at the origin » = 0, the potential

(1.14) takes the form:

(1.15) o(r) = %e*br +ar, (ab>0).



1.6 The Toda lattice

In the following, we use this expression for the interaction potential. The lattice
with exponential interaction is now called the Toda lattice.

Observe that if we ezpand ((1.15) assuming “small” r, we have

b b?
¢(r) = const. + %7"2 - %7"3 + -

Thus, for sufficiently “small” amplitude motion, the lattice looks like a linear lattice
with spring constant
Kk = ab.

For a somewhat “larger” motion the nonlinear parameter of (1.4]) is given by

a=—=.

2
Considering the potential (1.15]), from ((1.1)) and (|1.8)) we have the following

equations of motion:

d*y b
n __ - (yn—yn71) . —b(yn+1—yn)
m = a(e e
T = al )
and respectively:
d27ﬂ b
m—-= = q(—e 1 4 270 — embrnn)),
7 = al + )

As for the equivalent dual expression, (|1.10)) yields:

d b
—log(a+ $,) = E(sn,l — 25, + Spy1)

dt
or . b
5
== — n—1— 28p n .
a+ s, m(s ! Sn 7+ Sni1)
Differentiating the last equation, we have
d? f b
| <1 —"):— =2 0t [
gz log(1+ —(fom1 = 2fu + far)

and integrating, we obtain

Sp\ b
log(l + ;) = E(Snfl — 28, + Sni1),

after choosing the integration constants appropriately. These are the equations of
motion for the lattice with exponential interaction. The force of the spring is, by

[T1), given as

fo=ale™™ —1) = §,.






Chapter 2

Some useful tools

2.1 Periodic systems

In this chapter we treat periodic systems. We are going to see that a discrete version
of Hill’s Fquation comes in play. To solve the problem it is convenient to use the
spectrum and the auxiliary spectrum for fixed boundary conditions of this equation.
The fundamental solutions and the discriminant of the discrete Hill’s Equation are
introduced and actually play important roles. The discriminant is a polynomial of
the spectrum. The initial value problem reduces to inverse spectral theory.

2.2 Matrix formalism

We discuss the initial value problem of a periodic lattice with exponential interaction
between neighbors. We assume no impurity (we take m = 1) and a system composed
of N particles. The equations of motions can then be written as:

(2.1) { Qn =P

Pn — e—(Qn_anl) _ e—(Qn+l_Qn)’

where ,, and P, are to be interpreted as displacement and momentum, respectively.
Further, we use the transformation:

{ an e %ef(Qn-H*Qn)/Q

b= 1P,

These are the so-called Flaschka’s variables. Then the equations (2.1) give:
ap = an(bn - bn—i—l)

2 s

11



2 Some useful tools

Observe that these equations are not altered when we change the sign of a,. Since
we are interested in a periodic lattice consisting of N particles, we have

(23) AntN = Qn, bn—i—N = bn

We introduce the N x N matrices L and B by

b1 ay an |
a; by
0
bn—l Ap—1
L= apn—1 bn Gy, )
ap, bn+1
0
by—1 an—1
LaN an-1 by |
[0 —a an ]
aq 0
0
0 —Qn—1
B = Ap—1 0 —an,
an, 0
0
0 —an—
| —an aN-1 0

We write now (2.2)) in matrix form. We have:

(2.4) L = BL - LB =B, L)
dt
This is Lax’s formalism. Lax’s formalism is to write a time evolution equation in
the form of (2.4). Here, it is essential that B is antisymmetric so that the matrix U
defined by
aUu

— =BU, U0)=1
dt Y ( )
is unitary. In other words
dU—t
dt

vul=U"U =1

=-U"'B

12



2.2 Matrix formalism

Therefore, we have

d

—(U'LU) =0
7 )

so that U™'LU is time independent and

(2.5) L(t) = U)L(0)U(t).

Thus, L(t) and L(0) are unitarily equivalent.

Let A(t) (a scalar function) and ¢(t) (a N x 1 - matrix valued function) denote
the eigenvalues and eigenfunctions of L(t) respectively; then at ¢t =0 :

L(0)¢(0) = A(0)$(0)
and using , we have
L()U(t)¢(0) = A(0)U (£)¢(0).
Compairing this with the equation
(2.6) L(t)p(t) = A(t)o(t),

at time ¢, we see that

or
d
(2.7) df Bo
and
A(E) = A(0) = A

Therefore, the eigenvalues are independent of time. Furthermore, since all the el-
ements of the matrix L are real, all the eigenvalues A are also real. Thus, motion
in the lattice conserves its spectrum X (the isospectral deformation). By (2.6 . the
eigenvalues are determined by the determinant equation

det(A] — L) = 0.

The equation of motion (2.4)) is equivalent to (2.6) and (2.7, namely to:
{ L(t)o(t) = Ao(t)
d¢

To show this it is only necessary to differentiate (2.6)) with respect to t, to
obtain p
—qb + LB¢ = /\d—qtb = —gb + LB¢p =AB¢p = BL¢
or L
BL - LB ) —0
(5 ))o

Thus, we have ([2.4)).

13
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2.3 Discrete Hill's equation

Remember that for the dynamical variables we have chosen Flaschka’s variables
an = ap(t), by, = by(t). Remember also that the periodic conditions are expressed
as ApyN = p, bpyny = by,. It is convienient to consider an infinite system composed
of such a,, and b,,. For this infinite system we discuss the equation:

(2'8) (L¢)n = @nfl(b(n - 1) + bn¢(n) + an¢<n +1) = A(b(n),

with a constant . Since the coefficients a,, and b,, are periodic the above is a discrete
version of Hill’s Equation
d*¢ B /) =
2 +(u—Nop=0, u(z+/l)=u(z),

and is called the discrete Hill’s Equation. This is a difference relation of second
rank which can be solved for ¢(n) when for example the values ¢(0) and ¢(1) at
n = 0 and n = 1 respectively, are given. The function ¢(n) obtained is not periodic
in general and may tend to +0o as n — +oo. A solution is said to be stable if it
is bounded. It will be shown below that stable solutions correspond to bands
of the spectrum )\ and between these stable regions there are unstable
regions (gaps). Such a spectral structure depends on a,, b, and conversely the
spectral structure restricts a,,, b, to some extent. It will be shown that if a certain
set of data regarding the initial conditions is given, we can determine the future
evolution of the lattice. Since we want to determine a,, and b, from the knowledge
of the spectrum, this is an inverse spectral problem.

2.4 Some formulas

To begin with, we describe certain properties of the discrete Hill’s Equation. Since
this is a difference equation of the second rank, for every fixed A we have two lin-
early independent solutions (called fundamental solutions). Any other arbitrary
solution (for the same A of course) can be written as a linear combination of these
fundamental solutions. Let us denote the fundamental solutions of by

¢1(n) = ¢1(n, A), - 9a(n) = ¢a(n, A).

Any arbitrary solution ¢(n) = ¢(n, \) can be written as

(2.9) p(n) = c1¢1(n) + ca2(n).

14



2.5 The spectrum

From now on, we consider the fundamental solutions defined by the boundary con-
ditions

»(0) =1, ¢1(1)
(2.10) { $2(0) =0, (1)

0
1

Writing down ((2.8)) for ¢1(n), we have
ap + a191(2) =0

bap1(2) + a201(3) = Ap1(2)
as$1(2) + b31(3) + azér(4) = Ap1(3)

and solving successively, we obtain

6(2) = -
$1(3) = =22 (A — bo)
G1(4) = — o ()\2 — (by + ba)A + boby — ag)

In general, by induction we have :

(2.11) ¢1(n) = —agp (ﬁ aj> - <)\”—2 _ (nz_i bj> A3 > , n>2.

Similarly, we have:

(2.12) a(n) = (ﬁ aj>_1 (Anl _ <nzl bj)AH +. ) n> 2.

2.5 The spectrum

Replacing n in by n + N and remembering we see that ¢1(n + N) and
¢2(n+N) also satisfy ([2.8). So, they can be expressed as linear combinations of ¢;(n)
and ¢9(n). To be more precise: we consider the shift operator acting on sequences,
ie. §:UZ,R) = {(Z,R) (where ¢(Z,R) is the space of real valued sequences from
Z) such that ¢(Z,R) 5 ¢ — S¢ € ((Z,R) and the n-term of the sequence S¢ is

given by: <S¢> (n) = ¢(n + 1) (or else is the (n + 1)-term of the sequence ¢). In

the same spirit, S denotes the composition of N-copies of the operator S. In other

15
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words, <SN ¢> (n) = ¢(n+ N). Replacing now n in 1) by n+ N and remembering
[2:3) vields

o1 (5N¢) (n—1) + by (5N¢) (n) + an (s%) (n+1)= A(5N¢) (n)

But this says that SV¢, and SV ¢, satisfy the discrete Hill’s equation and so they
can be written in terms of ¢; and ¢5. Thus

SNo1 = my1d1 + maads
SNpy = ma1d1 + masds

Or else
SN, 1
=M :
S = |2
where M is the 2 x 2 matriz with real entries

M= {mn m121 _

Equivalently Ma1 Moo
(2.13) [Zﬁigz i %ﬂ =M {izézﬂ

Evaluating this at n = 0 and n = 1 using ([2.10]), we can determine the elements of
M as:

¢1(N) ¢1(N +1)
(2.14) M = LZSQ(N) ¢2(N—|—1)} )

M is called a monodromy matrix.

On the other hand, ¢; and ¢, satisfy

{ an—1¢1(n - 1) + bngbl(n) + an¢1(n =+ 1) = Aqbl(”)
Un-102(n = 1) + bud2(n) + and2(n + 1) = Agz(n).

Eliminating X from these, we have

W = a, (qbl(n)cbz(n +1) — ¢1(n + 1)%(”))
= a1 (61(n = Du(n) = 61(n)oa(n — 1))
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2.6 The discriminant

This is a relationship concerning a discrete version of the Wronskian W for
the differences ¢1(n+1) — ¢1(n) and ¢o(n+ 1) — ¢a(n). Lifting n to N on one side
and lowering n to 1 on the other, we obtain

W =ay <¢1(N)¢2(N +1) = ¢ (N + 1)¢2(N))

= Qo <¢1(O)¢2(1) - ¢1(1)¢2(0)>
(2.15) = Qo

where we have used ([2.10). Further, since ap = ay we have

(2.16) det M = ¢y (N)da(N + 1) — ¢y (N + 1)¢po(N) = 1.

For some very special values of A the solutions ¢(n) in (2.9) can be periodic
but more generally we have solutions satisfying:

(2.17) ¢(n+ N) = p(n)]
which means that for n = 0,1, we have
(2.18) c101(N) + c292(N) = pey
' c1p1(N + 1) 4+ cago(N + 1) = pcy

Multiplying these two equations we see that p is a root of the equation:

(2.19) PP —AN)p+1=0
Here,
(2.20) AN = ¢1(N) + ¢o(N +1) = tr{M}

which is called the discriminant. And solving (2.19) we have

(2.21) p= %(A + m)

2.6 The discriminant

When )\ satisfies
A%(N) < 4,

!Such a function is called Bloch function. The fact that such a function exists is known as the
Floquet Theorem (See chapter 7 of [7])
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2 Some useful tools

Figure 2.1: Schematic diagram of A(A) ~ X - (an example).

p in (2.21)) is in general compler and |p| = 1. Thus, such A belongs to a stable
region, that is, the solution is stable. When p = 1, the period of the solution is
N (since then, ¢(n + N) = ¢(n)) and when p = —1 the period is 2N (we have:
¢(n+N) = —¢(n)).

When
A2(N) > 4,
A belongs to an unstable region.
The roots of the equations
AN —=2=0 and AN)+2=0

(see Figure, belong to eigenfunctions with periods N and 2N. It is easy to show
that these are, respactively, eigenfunctions of L™ and L~ defined by

i bl aq j:aN
aq bg
bn—l ap—1
(2.22) L* = a1 b an
Gy, bn+1
0
b1 an-—1
| Fayn ay-1 by |

Furthermore, the eigenvalues of these symmetric matrices are real (since the

entries of the matrices are real). This is an easy fact. Indeed

ANu-u=u- u=1u-Lu,
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2.7 The spectrum - continued

MNo-T=u-\u=u-Lu=Lu-u=1u-Lu

and then

A=XNu-u=0.
Therefore, A is real. All the eigenvalues of (2.22)) are thus real.
Now, equations (2.11)), (2.12)) and (2.20)) yield:

N B N
(2.23) A(N) = (H aj) 1<AN _ (Z bj)AN_l +)
j=1 j=1
Since A%(\) = 4 has 2N roots N, [ =1,2,...,2N, we have:
N 5 2N
(2.24) A2(\) — 4 = (H aj) TIh - ).
j=1 1=1

If the \;’s are numbered in increasing order, we have:
(225) M < A< A3 <A <Ay < < Aanvea < danvog < Aan.

Only the intervals [y, Agiv1], | = 1,2,..., N — 1 may degenerate to one point
yielding double roots. The spectrum (2.25)) consists of two series interlaced; one
coming from A — 2 = 0 and the other from A +2 = 0.

2.7 The spectrum - continued

To prove the above alteration (2.25) of the spectrum we use two solutions of ([2.8)
with different \:

6(n) = 6(n, N, b(n) = v(n,N).
Then, from (2.8) we have
(A= X)o(m)(n) = (n) (and(n +1) + bud(n) + ap16(n — 1))
= 6(n) (antb(n + 1) + bt (n) + @y (0 — 1))
= a, (6(n + 1)p(n) — o(m)u(n +1))
— ana (9m)(n = 1) = 6(n — De(n)),
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2 Some useful tools

so that
(A=X)D d(n)v(n)

= ax (BN + E(N) = (VDN +1)) = ao (#(1)2(0) = 6(0)(1)).
Applying this to two fundamental solutions:
(;5(71) = qbl (n7 )‘)7 ¢(n) = ¢1 (n7 /\/)

we obtain

N

(/\ - )‘,) Z gb1(71, )‘>¢1(n7 )‘,)

n=1

= ax (61N + 1, 0)61(N, X) = (N, )én(N +1,X))

(always remembering that the boundary conditions for these functions satisfy: ¢;(1, \) =
o1(1,N) =0). We let A converge to X' and write the derivative as

doy
/

¢l dA
Then we have the expression for the norm

lorll® = qul ) = ax (61(N)GH (N +1) = 61(N + 1)g,(N) ).

Similar expressions are obtained for ¢o and ¢; - ¢o. Namely

b1+ 62 = 3 61(n)6a(n) = an (6(N)GL (N +1) = 6a(N + 1) (V)

and

lall® = Z% ) = ax (62(N)GH(N +1) = 63(N + 1)gh(N) ).

Now, if we solve these equations for ¢ (N +1), ¢|(N) etc. and substitute them
into the derivative of A(\) with respect to \, we have

dA , )
N = ¢1(N) + ¢H(N + 1)
- i Z(¢2 — (01(N) = ¢2(N + 1))p1(n)d2(n) — ¢1(N + 1)¢§(n)>,
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2.7 The spectrum - continued

or by using :
dA (N +1) & $1(N) — ¢o(N + 1) 2
i ;((@(n) S TN 61 (n))
r
- Wcﬁ(”))?
where by and :

L= (0:(N) ~6a(N + 1)) +461(N + )n(N)

= (¢1(N> + d2(N + 1))2 —4
(2.26) =A% —4.

Therefore, as long as A? —4 < 0, % will have the same sign as —¢1(N +1). If

¢1(N +1) were to vanish when A? —4 < 0, (2.16) would indicate that ¢ (N)@a(N +

1) = 1 and that |A| = |¢1(N) + ﬁN)’ > 2, which would be a contradiction. So,
¢1(N + 1) cannot vanish as long as A? —4 < 0. In other words, % can only

change sign in the region where A? — 4 > (. This proves the alteration of the
spectral points.
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Chapter 3

Analyzing the problem

3.1 The spectrum - revisited

Though the total number of the roots A; (i.e. the spectrum) of A%*(\) —4 = 0
is 2N and is the same as the total number of the dynamical variables a,, b,, we
cannot determine these dynamical variables even if all the A;’s are given. Indeed, it
can be shown that A\;’s are not all independent. Therefore, to solve the inverse
problem we have to have further information. As such, we may use the auxiliary
spectrum p; which is defined under boundary conditions different from those for
Aj.

But first we shall establish the above assertion about the spectrum. Let )\;L be
the roots of A(A) =2 and A} be those of A(A) = —2. Then if we denote ajay - - - ay
by A, we have

N N
AN =2=ATJ[A= A=A T = A)) -4,
j=1 '

7j=1
which means that if the )\j’s are given then they determine \; and vice versa.

Furhtermore, we shall show that the simple roots of A?()\) = 4 determine
all the roots. For this, let A, i =1,2,...,2g+ 2 be the simple roots of A%(\) =4
and \; be the remaining ones. Then, we may write

2942 N—g—1

4—A2(A)_CIH(1—%) H1 (1—%)2

1= Jj=

with a certain constant ¢; (where for brevity we already assumed that Aj, Aj are
different from zero).
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3 Analyzing the problem

On the other hand, let A} be the root of A’'(\) = dAdE\ ) — 0 which lies between

Ay; and A3;, ;. Thisis simple. Since \; is a double root, it is also a root of A’(A) = 0.
Therefore, we may write

N—g—1

w=all(t-5) 11 (-5)

j=1 k=1

with a certain constant ¢y (remember that since A()\) is a polynomial of degree N
with respect to A, A’(\) is a polynomial of degree N — 1).

Thus, we have
A’(A (A=)

Vi ¢ H?Qﬁ A= x)

where c3 is a constant. Now, let

A(N) = 2cosp(N),
where () is a specific function. Then, we have

v =20 =

AL AW (A=)
 2sin(N) m \/H2g+2/\ )\0)7

with ¢4 = +c3. Integrating, we take
>\ ) o~
/ d.
A1 29+2 A )\o)

Therefore, for sufficiently large A we have 1(\) ~ cqlogA + ---. But we have
A(N) ~ A7H AN +.-+). Thus, we see that

Cqy = +iN.

Also, since A*(X) < 4 and A'()) is real for A € [X3; 1, \3;], ¥ is purely imaginary
in this region and we have

w()‘;j—l) - w(ASJ) = i€,

where ¢ is a certain real number. However, \3; is a root of A? = 4 which implies
that: cos¥(Ay;) = £1, or
w(ASj) = +m;m
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3.2 The auxiliary spectrum (I)

for some integer m;. Therefore, we have
+1 = cosp(Ay; 1) = cos(E£mym +ic) = £ coshe.

So, we obtain € = 0 and
¢()‘§j—1) = ¢(A§g)
Hence, we have the simultaneous equations:

2 TA=X
/ 3 d =0, 7=12,...,¢9
o 29+2A )\O)

These equations determine the A;’s as functions of A7 which means that the function
¥(\) and then all the roots of A?()\) = 4 are determined by the simple roots
A3

3.2 The auxiliary spectrum (1)

Now, we define the auxiliary spectrum s, by:
(31) ¢1(N+1,/JJ]):O, ]21,2,,]\7—1

Since ¢1(N +1) is polynomial of order N — 1, there are N —1 roots ;. According to
the definition of ¢, we have: ¢;(1, it;) = 0 (remember that it also holds: ¢1(0, p1;) =
1, but this doesn’t affect the previous definition). Since by (3.1) and (2.16)):

(bl(Nv M])¢2<N+ 17/19') = 17

we have
1

A(py) = o1(N, pj) + (N0

by ([2.20). Hence

[A(py)] = 2

which means that the y; lie in the unstable regions (or else, spectral gaps).
All the p; are simple and each p; lies between \y; and Agjyq:

/\2j§,uj§)\2j+l> ]:1a277N_1

We are going to show below the reason why the auziliary spectrum p; is simple.

The equation for ¢, is

(3.2) an@1(n +1) + bud1(n) + an—1¢1(n — 1) = Ad1(n).
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3 Analyzing the problem

. .. . . ; dé
Dfferentiating with respect to A and writing ¢} = 3,

(3.3) an®y(n + 1) + by (n) + an16y(n — 1) = d1(n) + Adi (n).

By eliminating A from (3.2), (3.3) and then taking the sum we obtain

we have

> (andr(n+ 1) (n) = an 161 (m)gl(n — 1))
=3 (axd )i+ 1) — ausn(n— 16 ()
== ¢iln)

But since the auziliary spectrum satisfies

{ or(N +1,p15) =0
qbll(onuj) = qbll(lnuj) = 07

we have N
/ o 2
n=1
Therefore:
¢1 (N> ﬂ]) 7é 0
3.4 dp1(N+1,))
(3.4) ZAETERYY B
A=pj

and the second equation of (3.4)) implies that p; are simple.

3.3 The first results

Since by and (3.1):
N N
¢1(N + ]., )\) = —AQyg (H aj> l <)\N_1 - (Z b]> )\N_Q + -
j=1 =2
N-1
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3.3 The first results

we obtain the relation

N N-1
Z bj = Hj
=2 j=1
which can be written as Nl
>bi-hi= Y
7=1

On the other hand, comparing ([2.23 , - we have

N 2N
~ 1
3.5 A= by = — A; = const. (independent of time).
J 2 J
= 7j=1

Thus, if all the p; are known, b; is given as:

5 N-1 2N
(3.6) bi=A-) = Z
j=1 j=1

When the curve A(X) “cuts” the lines y = +2, we have a simple root, and when
it “touches” y = £2 we have a double root. When \y; and g4 coincide, (i.e. we
have a double root), p; also coincides with them (Aoj = pj = Agj41). When Ao, and
Aaji1 differ (so we are in the case of simple roots), p; lies between them (actually,
p; oscillates with time between \;; and )1 as will be shown later). In the
following discussion the simple roots A; play a central role. Changing a little bit the
previously used notation for A; we henceforth denote the simple roots by:

r

l\DIb—

IIM

A1, Az, oy Aggya,

assuming that their number is 2¢g + 2. For the double ones we write:
Aoj+1 = Agjy2, J=¢g+1,...,N—1
We also change the numbering of y; so that:
Aoj < pj < Agjy1, J=1,2,...,g
and of course for the remaining double roots:
Aojy1 = by = Agjyo, J=g+1,...,N—1

Using these definitions, is rewritten now as:

=A- Zﬁ 1M
= 229+ A\; = const.

Therefore, b; is obtained by the auxiliary spectrum p;, j =1,2,...,¢.
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3 Analyzing the problem

3.4 Generalizing the procedure

A similar argument to the above will lead us to a formula for all by if we shift all the
suffizes n by a constant k. Thus, let ¢1(n|k) = ¢1(n, Alk) and ¢a(n|k) = pa(n, Alk)
denote the solutions of

a'n+k—1¢(n - 1) + bn—&-k’gb(n) + a'n—l—kqb(n + 1) = Agb(n)a
subject to the boundary conditions

{ ¢1(0lk) =1, ¢1(1]k) =0
$2(0lk) =0,  @o(1]k) =1

In terms of ¢1(n) and ¢o(n) we can express ¢1(n|k), ¢a(nlk) as

{ o1(nlk) = a101(k +n) + Brga(k + n)
P2(n|k) = axdi(k +n) + Baa(k +n)

For n =0 and n = 1, we have

1 = a1¢1(k) + Biga(k)
0= Oflgbl(k' + 1) + 61¢2(k + 1)
0 = azpy(k) + Bapa(k)
1 =agp1(k+ 1)+ Pada(k+ 1)

Therefore, eliminating 51 from the first two equations we have

G20k 1) = (01 (W)0alk + 1) = 61k + V() = o = Py

Qp Qe
where we have used the Wronskian W (take a look at (2.15)) ). Similarly
{ $1(k+1) = —%51 = —ah

P2(k) = —%042 = —Z—EO@
$1(k) = W, = 2

. Ou(nlk) = 2 (9a(k + 1)1k +n) = 61k + alk+n))
| Ga(nlk) = 2 (=6a(k)1 (K + ) + 61 (k)b (k + )

ag

It is easy to show now that the discriminant remains invariant

A(Ak) = o1(N1k) + ¢2(N + 1]k) = A(N),

28



3.4 Generalizing the procedure

which means that the roots \;(k) of A?(A\|k) —4 =0 are invariant:
Ai(k) = 2;(0) = A
We define now (k) by:
d1(N + 1, pu;(k)|k) = 0.
By an argument similar to the above, we see that:

Agj < (k) < Agjgr,

but in general:
pi(k) # pj = 115(0).
Similarly to (2.11f), we have

N ~ N
o1(N + L Ak) = —ay <H aj+’“) 1 (ANl - (Z D) AV )
: =

Jj=1
N N-1

(3.8) = —a(TTar)  TIO - mk)

j= =1

—_

Therefore, by virtue of

N
Z bjtk = bky2 +bpys + -+ + by +bnyr + -+ b1 + b
=2

= by + b+ o+ by + by by + by,

N
= E by — b1,
=1
we have

N N-—1
sz — b1 = Z i (k).
=1 j=1

On the other hand, we obtain (3.5]) or

2N N
SN =)0
j=1 j=1

A

N |

Thus, we are led to the formula:

N-1
brs1 = A — Z 15 (k).
j=1
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3 Analyzing the problem

By rearranging the numbering so that u;(k), j = 1,2, ..., ¢ is between simple roots,
we have:
{ >\2j<lu’j(k)<)‘2j+1a J=12....9
)\2j+1:,uj(k>:)\2j+27 j:g+1,,N—1

Using the definitions we thus obtain the important formula:

(3.9) { bk+_1 =A=>20 w(k)

3.5 Riemann surfaces: a few facts

Remember that our task is to solve an Inverse Problem and since - as will be clear
in the following pages - this is related to differentials on a Riemann surface [, called
Abelian differentials, we shall investigate them in this section providing a useful
formula.

Our Riemann surface consists of two sheets of complex planes joined along
the branch cuts (A1, Aa], [As, Ay - o[ A2g+1, Aagra] . We first make two complex spheres
by stereographic projection of each sheet. Along the banks of the cuts we put + and
— signs: the + signs refer to the positive side of the imaginary axis and the — signs
to the negative side - take a look at Figure [3.1

We place these spheres so that the corresponding branch cuts of the two
spheres face each other: the + banks facing the — banks of the other sphere and
vice versa. We open the cuts widely and join the facing banks by g + 1 tubes and

paste. (See Figure

By topological deformation we have a surface consisting of handles (tubes) and
a sphere which is made from the two facing spheres and the tube for the branch cut
[A1, A2]. Then, we cut along the curves ay, by, as, bo, ..., a4, by on the surface passing
from a point O as shown in Figure [3.3l Thus, we obtain a simply connected region
So as shown in the same Figure. We specify the edges of this region by the arrows
ay,by,art byt ag, by, ayt byt , g, by, a;l, b;l, and flatten the surface to the nor-
mal form: aibia;'b;’ -+ agbya,'b," (also called the fundamental polygon of
the Riemann surface - take a look at Figure . In this case we say that our

Riemann surface is of genus g.

Consider «;, a closed contour which surrounds the cut [Agji1, Aojio], J =
1,2,...,9 on the upper sheet of the Riemann surface. Also take 3; to be a

Hor example see [3], [4], or [5]. Some introductory results can be found also in the appendix of
.

30



3.5 Riemann surfaces: a few facts

A - sphere

Upper sheet

A - plane

Figure 3.1: Stereographic projection of two Riemann sheets.

closed contour which starts at X2, goes on the lower sheet as far as A\yj i1, crosses
back to the upper sheet and ends where it started at \s.

So, a; gives the path of integration oy, by gives the path 1, a;' gives the path
o' - which is the reverse of ay, by' is the reverse of 3; and so forth.

Let w, n be meromorphic differentials on the Riemann surface E|such that

{ faiw:Ai, fﬁiw:Bz-

fain:A;’ fﬁin:Bl{

The A;’s are called the a-periods and the B;’s are named the -periods of w. The
same holds for the periods of 7.

Let Q' be a point on the curve a;l which corresponds to () on a; as shown in
Figure |3.5] and let

w = df,

2they are meromorphic functions on the Riemann surface times d.
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3 Analyzing the problem

Figure 3.2: Topological mapping of the Riemann surface.

for a function f on the Riemann surface. Then, we have

/QQ’OJ:/QOdf+/Oo'df+/’Q’df: Oo'df:/idf:Bi’

where we just used the fact that

o

I
|
S

R
=

But this says exactly that

Similarly, we obtain
—Ai = f(R) - [(R)

where R’ is the point on b;* corresponding to R on b;.

So, since it holds

(@) = -n(Q)
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3.5 Riemann surfaces: a few facts

7cut” and ”open”

ot

Figure 3.3: Canonical dissection (g=2).

Figure 3.4: Normal form (g=2).

too, we have

/aj+ﬂj+a;1+ﬁj‘1 fn= /aj f77+/j Jn= /Qj(erBf)n_ /5j<f — Aj)n

J

Therefore
g
| =8 - Ba)
c =
where the contour C' encircles the polygon a1b; - - - a;lbg_l.

Some definitions now: meromorphic differentials on a Riemann surface are
called Abelian differentials. The ones that have no poles are called Abelian
differentials of the first kind. Differentials with poles but vanishing residues
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3 Analyzing the problem

Figure 3.5: Paths of integration.

are called Abelian differentials of the second kind and the remaing ones, i.e.
differentials with nonvanishing residues are Abelian differentials of the third
kind.

Let w = df = w! be a differential of the first kind and n = w® be one of the
third kind. Especially, assume that the latter has poles at P, [ = 1,2,..., m with
residues Cy, 1 =1,2,...,m. Then, by the Residue Theorem, we have

(3.10) Z(A B} — B;A) /fw —2mePlC’l_2mZCl/ w!

Jj=1 Po

where Py is a point on Sy (such that f(Fy) =0) and f(F)) = f

Furthermore, let w? be an Abelian differential of the third kmd such that it has
residues +1 and —1 at two points P and @ respectively and furthermore, [ w?® = 0.
Such a differential is called a normal differential of the third kind.

Also consider w! = wy, to be an Abelian differential of the first kind such that
f w! = &;j, 0;; being Kronecker’s delta. Such differentials are called normalized
Abellan differentials of the first kind.

So, with all the above in mind we have
A;ZO and Ajzdjk, j:1,2,
Then by (3.10)), we obtain

m Pl
B]/C = 271 Z Cl / Wi
=1 Po
or
m P
(3.11) / w? = 27TiZCl/ Wk
Bk =1 Py
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3.5 Riemann surfaces: a few facts

If w® has a pole at P = p;(k) with residue Cp = 1 and at Q = u;(0) with
residue Cg = —1, then (3.11]) reduces to:

P Q
/w3:2m'</ wk—/ Wk)7
51@ P() P()
or
P
(3.12) / w3—27ri/ W
Bk Q

This is the formula we promished from the begining.
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Chapter 4

The role of Riemann surfaces

4.1 The auxiliary spectrum (Il)

While the roots A; of A*(\) — 4 = 0 are independent of time, each of p;(k) will
oscillate in the interval [Agji1, Agjie], 7 = 1,2,...,g. Before solving the system we
shall note an important relation between p;(k) and 1;(0).

The Bloch function defined by: ¢(n+ N) = pp(n) in (2.17) may be written
except for a constant factor as

c
(4.1) ¢*(n) = C—;¢1(n) + ¢a(n),
where £ is given by solving (2.18) as

a_p=p(N+1)  ¢i(N)—¢g(N+1) £ VA2 -4
o ¢i(N+1) 201(N +1) '

(4.2)

Alternatively, we may write

a_ () 26(N)

&2 p—01(N) ~ —4u(N) + ¢o(N +1) £ VAT -4

Equating these two expressions we once again obtain ([2.26)). On the other hand,
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4 The role of Riemann surfaces

using (I1), (E2) and (2:26) we have

1

T (n)p~(n) = BN

(@MW—%W+D+¢N—@%W)

-(@ww—@W+U—¢PT@@@H@@W+D@@Q

- m ((@(N) — 6N +1) ) 61 (n) ()
+¢1(N +1)¢5(n) — ¢2(N)¢?(n)>
ag/an—1
= m%@“‘ ljn —1),

where for the last line we have used (3.7)) and (2.13)), (2.14). Changing n to n + 1,

we have

(4.3) pT(n+1)p (n+1) = o (N1

Now, by the definition of y; = p;(0) we have ¢1(N + 1, ;) = 0 where - by (2.26]) -
the numerator of (4.2]) for the + sign is

G1(N, 1j) — Ga(N + 1, ) + /A% (pz) — 4 = 24/ A2 () — 4,

which does not vanish in general. Therefore, ¢ (n + 1) has a pole at A = p;. On
the other hand, ¢1(/NV + 1, A|n) vanishes at A = p;(n) so that by (4.3) we see that
¢~ (n+1,)) has a zero at A = p;(n). Thus writing & for n, we have

¢t (k+1,p5) =00, ¢ (k+1,u(k)=0.

We can consider ¢t (k4 1, \) and ¢~ (k + 1, \) as values of the function ¢(k + 1, \)
on the two sheets of the Riemann surface S with branch cuts along the intervals
between Ag; 1 and Ng;, j =1,2,...,g, (the zeros of (A2(\) —4)!/2). On the upper
sheet (A%(\) —4)'/2 has the value: y/A2(\) — 4 and on the lower sheet has the
value: —y/A2(\) — 4. Thus, the Bloch function ¢(k + 1, ) has simple zeros at
pi(k) and simple poles at 1;(0).
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4.1 The auxiliary spectrum (II)

Moreover, ¢(k + 1, ) has a zero and a pole at infinity on the Riemann
surface. In fact, for sufficiently large \ since ¢1(N) ~ AN72 ¢o(N) ~ AN-L
SN +1) ~ AN 6o (N + 1) ~ AN and A(A) = ¢ (N) + do(N + 1) ~ AV,

(4.4) ¢ (k+1) ~ go(k+1) ~ N
and by (4.3)), and (3.8) we have
6 (k+1) ~ n(N+1k) Ak

¢1(N + 1)t (k+1)

Therefore, ¢(k + 1) has a pole of k'"-order at co on the upper sheet and a
zero of k'"-order at oo’ on the lower sheet.

Consider now the differential:

d
(4.5) wk) = (5 log ¢(k + 1, A))d/\,
which has poles at p;(0) and p;(k) with residues +1 and —1 respectively
and poles at oo and oo’ with residues +k and —k respectively.

Since there are 2g + 2 simple roots among the 2N roots of A%(\) —4 = 0, we

may write
1/2

(AQ()\) - 4) v (polynomial of ) - (R()\))

with
2g+2
RN =[O =x).
j=1
We introduce the differentials:
ASdA
We)y = —775, 5=0,1,2,...,g—1

(R()\)> 1/2°

and define the following base {w;} for the space of holomorphic differentials:

g—1

(4.6) W = chvsw(s), l=1,2,...,9.

s=0

Such differentials have no pole and so are Abelian differentials of the first
kind. The base {w;} consists of normalized differentials of the first kind when the
coefficients c; s are normalized in such a way that

(47) /wl: il j,l:1,2,...,g.

J
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4 The role of Riemann surfaces

Also, we put
/ w =T, Jl=12,...,9.
Bj
Here, o; and (3; are the previously introduced curves on the Riemann surface so
that the above two integrals on the Riemann surface are the o and S-periods (See

Figure [4.1)).

1/2
The function <R()\)> is real as A\ — +o00 on the real axis. Thus, (R()\))

is purely imaginary between [A\yji1, Ayjio] on the real axis and therefore the
coefficients ¢;; are purely imaginary too. Consequently, 7;;, are also purely
imaginary. Finally, one can easily show that: 7, = 7.

1/2

Figure 4.1: a-periods and [-periods. (g=2)

4.2 Jacobi’s inversion problem

By the Residue Theorem, the sum of the residues vanishes. Let w(P, @) denote the
Abelian differential of the third kind with residue +1 and —1 at P and () respectively.
We can add certain differentials of the first kind to the differential of the third kind
so that all the a-periods vanish:

[ wr@-o

Hence, w(P, Q) is a normal differential of the third kind.

Let now Q2 be an Abelian differential of the second kind. The differential
can be expressed as a linear combination of the differential €2, the normal differential
w(P, Q) of the third kind and the normalized differential w; of the first kind. Being
carereful with the poles, we can express as

(4.8) (k) = Q4 k(00 00) + Do (s (). 11,(0)) + D ey

J=1
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4.2 Jacobi’s inversion problem
where ¢; are complex numbers.
Since in (4.5), ¢(k + 1, ) is a single-valued function on the Riemann surface

S, we have
fal w(k) = 2mnyi
g, (k) = 2mmyi

where n; and m; are certain integers. And since w(,uj(k), ,uj(0)> is normalized so

that
[ w(m.mo) =0
e}
(4.8) yields (by virtue of (4.7))
C; = 27T7’Lji.

Therefore, the f-integral of (4.8) gives

(4.9) k/ﬂlw(oo',oo) +Z§/ﬁlw(uj(k),uj(0)> +2m'zg:nj/ w; = 2mmyi.

j=1 B

However, from (3.12)) it holds
(k)
/ w(uj(k),uj(0)> = 27”/ Wi,
B 15 (0)

where as usual w; is the normalized differential of the first kind defined by (4.6)).
Thus, (4.9) yields

oo’ g
k’/ wl+2/ anTl]+ml

Though the first term on the left-hand side vanishes for £k = 0, the second term
depends on the path of integration and is equal - for £ = 0 - to the right-hand side
which does not depend on k. We therefore have:

9 15 () 00
Z / wp; = k / wy
—1 Yo oo’

J
(4.10) —I—Z/ wy — Znﬂl] +my, [=1,2...,9,

where g is a fized point on S which can be chosen arbitrarily. This is the required
relationship between p;(k) and 11;(0). If the A; are given and if we know 1;(0), the
right-hand side of (4.10)) is a known quantity.

41



4 The role of Riemann surfaces

Now comes the power of Riemann surface theory. The above equations indicate
that we can find the p;(k) from the p;(0). In order to prove how this actually
happens, we have to state some definitions first.

Consider the (discrete) subset of CY
L(S)={m+mm,neZ} CC’
and define the Jacobian variety of S
J(S) =CI/L(S).

(It is a compact, commutative, g-dimensional, complex Lie group). Further, we
define Abel’s map with base point pyg

Uy,: S — J(9)

R [(/:wl,...,/:wg)},

where [z] € J(S) denotes the equivalence class of z € C?. It is holomorphic (since
w,l = 1,2,...,9 are) and well-defined as long as we choose the same path of
integration for all wy.

We need to extend the Abel map to the set Div(S) of divisors of S. A divisor
D € Div(S) is a linear combination of points on S, i.e. D =), o npP, where only
finitely many of the integers np are nonzero. The degree of the divisor D is the

integer: deg(D) =) peg np-
Now, the extension of Abel’s map is defined by

Ao Div(S) —  J(S)
D = ) D(PU,(P)

PeS

Note that the above sum is to be understood in J(S).

Also, if we consider the set S, (g being the genus of S) to be the set of all
D € Div(S) such that deg(D) = g, we have Jacobi’s inversion problem which is
to invert A,,: S, — J(9).

So, can be seen in the above spirit. The left-hand side is the image of a
divisor on S (with degree ¢g) under the Abel map and the right-hand side is a point
in J(95).

In our case it is not necessary to obtain each p;(k) but we have to find
?:1 (k) in 1} to express b1 as a function of k.
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4.3 The Riemann ¥ function

4.3 The Riemann ¥ function

The multidimensional ¥ function (the Riemann 9 function) is defined by:

—+00 9 9
Y(u) = E exp <2m E mju; + i E Tjkmjmk-).
mi,...,MMg=—00 Jj=1 Ji.k=1

This can be also written as

J(u) = Z exp (27Tz'm ‘u+ mm-Tm),

where u and m are vectors and 7 is a matriz. More presicely

Uy my Ti1 - Tig

Now, we introduce the notation

O T1k
er= 1], T = | Thk
_0_ _Tgk»_

We easily see that

J(u+ ex) = 9(u)
(4.11) { 19(11 + Tk) _ 6727?75’U«k*7l’i7‘kk/l9(u)

The first equality is clear. The second one is derived by replacing m; by my + 1.
Indeed, we have

19(11) _ Z 627ri(m+ek)-u+7rz'(m+ek)-7(m+ek)

_ 627riek-u+7riek~’rek E 627rim~u+7rim-7m+27rim~7'ek

m

_ 627riek-u+7riek~frek E :627rim~(u+7'ek)+7rim~frm

m

But this tells us that ’ '
Y a+ 1) = e’Q’rluk’”’T’“’“ﬁ(u).
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4 The role of Riemann surfaces

We consider the function
F(u) =1%(u—7)

where € is a constant vector; namely

C1
c=|:
Cq
Therefore
F(u+ep) = F(u)
(412) { F(u + Tk) _ 6—27Fi(uk—5k)_7ri7'kkF(u)
Now, let

(4.13) uAP%:/wwl

Py

or )
g—
ASdA
duy = w; = Z Cls

s=0 (R()\)) v

where P is a point on the Riemann surface. Moreover, we write

ﬁ(u(P) - e),

=
Z
I
3
£
=
I

and let P; be the zeros of f(P):
J(P) =o.

We are going to find the number of zeros of f. In the vicinity of P; we have: f — re®
and [ % =i [ df. Therefore, the integral

1 df
4.14 =— [ =
(114) =55

over the contour C' gives the number of zeros of f.

Let uj and u; be the values at the corresponding points on ay and a,;l, or by
and b,;l. If P is on ay, then

(4.15) @=@+L%=W+%7
k
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4.4 An important formula

and

(4.16) { fm=Fu) = F(ut + 1) = e ?mlma) e f+

df~ = e 2mi(u—C) — itk (df+ 2m‘f+duk> .

Similarly, if P is on by

and

Then, we have

(4.17) =

{i{—_:‘j@f—:—Qmwk, on  ayg
fT

dft+
:]{c—+, on by

and therefore (4.14) gives

)= 5 //ﬁk )(F-F)

1

= — 21 / Wi

2mi o
k=1 k

g
k=1

Hence, we see that the number of zeros P; of f is equal to the genus g.

4.4 An important formula

Since the P; are the zeros of f(P), we may write

J d
(4.18) Z 271m J{
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4 The role of Riemann surfaces

by the Residue Theorem. Using (4.15)), (4.16) and (4.17) we rewrite the integral on

the right-hand side as
7Rl L) )
(JtL ) (2 - zmwk)>
B (ot -w)
SO [P S
(4.19) + 2mi i/ u wy, + g Ci{—:

On a4 if we start from Qék) and finish at ng), then

Fr(@”) = F(ur @) + ) = £(4)

by . Therefore
ci]“r
o IT

Similarly, on g; if we start from @(()l) and finish at @ﬁl), then

@) = (a0 @ e m) =) ),

= log fF(Q") — log fH(Q") = 0.

Hence
J{f tog £ (u(@")) = log * (u(@)))
= —27i <ul (@él)) — El> — Ty,

Thus, using (4.18) and (4.19)) we have the important formula:

g

g
(420) Zul(Pj) :El—Kl—f—Zle,
k=1

=1

where the K ( called Riemann constants) are given by:

g
1 —(1
— E /ufrwk%—énl—i-ul(@é)).
k=1 Y%
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4.5 The integral fC /\%.

: d
4.5 The integral |, )‘Tf'

Here, we consider the integral: fc )\% By (4.17) we have

(4.21) 2% C)\ = 5712 / / £—£> - i /akAwk.

On the other hand, by a Residue Calculation we have

(4.92) i\ i A(P}) + Res(o0) + Res(oc'),

where \(P;) is the projection of the zero P; of f(P) = ﬁ(u(P) — E) on CU {oo}.

The residue at infinity can be calculated as follows. Let (7! = \; then

1 d
—1 = —— [ 2x—1
A 3 og dd\ = / og¥d(.

Noting that the direction of the integration with respect to ( is the reverse of the
integration with respect to A, we have

(4.23) Res(o0) = Res ()\di)\ logd, \ = oo) = Res (A% log?, ¢ = 0).
However, since di( = _C%ﬁ if we use the notation
0
Dy = —
: 8ul

for the upper sheet, we have

d 1 dul —
& logd(u—¢)=——= Z D;logd(u —¢)

g

__ Z(cl,g_l + O(C))Dl log¥(u — ©),

=1
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4 The role of Riemann surfaces

for “small” (. Thus

o d _ RN _
/\h_{go )\d_C log(u—¢) = — %1_{% c ; ¢1.g-1D;log¥(u —©)

and the residue at oo is given by (4.23) as

Res(o0) = — Z c1,g-1D;log¥(u(oo) — ).

=1

For the lower sheet, the sign of \/R()\) is different and we have

g
Res(od’) = + Z c1g-1Dplog ¥(u(cx’) — ©).

=1

Therefore, (4.21)) and (4.22)) give:

g g
(4.24) PRAEDY / A+ Y erg1Dylog
=1 Y% =1

J=1

Y u(co) — E)

ﬁ(u(oo’) — E) .
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Chapter 5

Solving the problem

5.1 Solution of Jacobi’s inverse problem

Let
g
> w(p) =
j=1

Then, from (4.20)) we have

g
(5.1) E;ZXH-KZ—ZTU,

j=1

where v is given by (4.13)). Therefore, for a given X; the solution of Jacobi’s inverse

problem:
9 P
DY RS
=171

is given as the zeros Py, P, ..., P, of ﬁ(u(P) — E) with € specified by 1}
Equation (4.10) can be written as:

9. [Hi(k)
Z/ w; = Xl(k?)
j=1 7 Ko

where:

(5.2) X (k) _k/,lerZ/ Wy — anﬁml
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5 Solving the problem

Thus, if the last term of the right-hand side of (5.1]) is absorbed in X;(k) (namely,
in the third term on the right-hand side of (5.2))), pi(k), pa(k), ..., puy(k) are given

as the values of \ at the zeros P;, j =1,2,...,¢g of 19<u(P) - X(k) — K), or
1 (k) = AMF;).
Thus, by (4.24) we have:

g

g9 g
Z,uj(k’) = Z/ Aw; + Z crg-1D; log
j=1 I=1 7™ =1

and by (5.2) we may write
ul(oo) — Xl — Kl = k?Cl + dl

9 u(oo)—X—K)

ﬁ(u(oo’) -X - K>

with
C = foo’ wy
(5.3) o . )
dl:— ;?:1 lZf()wl—i_Z?:lanlj_ml_'_ o wl_Kl

By the periodicity (4.11]) of ), the second and third terms of d; can be omitted.

oo’ IS oo’
/
ul(OO):/ wz:/ wz+/ wi-
1) ) o0
Therefore we have:

3 J O(ke +d)
G Sm =) [+ > a,Dilog |
j=1 =1 Y =1 19<(k +1)c+ d>

Furthermore

where Y7, faz Awp = 29 1 Aj, i.e. a constant. Inserting 1' into |} we finally

obtain:

g
Y(ke+d

(5.5) bpr1 = const. — Z c1g-1D;log (ke +d) :
=1 19((]6—1— 1)c+d)

5.2 Time evolution
The equations of motion for the lattice:

Pn — 6_(Qn_Qn71) _ 6_(Qn+1_Qn)
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5.2 Time evolution

can be written -as stated in chapter 2- as:

{ an - an(bn - bn—i—l)

b, = 2(a?_| —a?)

n—1
where: | e .

ap = §e_f, b, = §Pn.
We may also write them as:
(5.6) L=BL-LB

with the definition:

(Bo)n = —and(n+ 1) + an_16(n — 1)
(5.7) { (Lo)y = and(n+ 1) +byd(n) + an_1p(n — 1)

In addition, we impose the periodic conditions
Qn—i—N = Qna Pn+N = Pn: ne Z>
which imply

N
A= Hak = 27N.
k=1

We consider ¢ = ¢(n), n € Z which satisfy (2.8) or the equation with a time-
independent parameter \:

69) {505

Differentiating with respect to time, we obtain
Lo+ Lo = \o.
We multiply by ¢ and then substract it from the above equation to obtain
L(¢ — Bo) = (¢ — B).

Since this is of the same form as (5.8)), if we let ¢ and ¢, be the fundamental solutions
of || we see that ¢ — B¢y and ¢ — B¢s are given as linear combinations of ¢,
and ¢. For example

(5.9) (<Z51 — B¢1)n, = api(n) + Beo(n)
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5 Solving the problem

where o and ( are certain constants. We let n = 0 and n = 1 in (5.8)), (5.9) and
make use of the conditions: ¢1(0) =1, ¢1(1) = 0, ¢2(0) = 0 and ¢(1) = 1. Thus,
we get

(Lor)o =bo +a_1¢1(—1) = A

(L) = a1¢1(2) +ao =0

—(B¢1)o = —a_1¢1(—1) = «

—(Bp1)r = a161(2) —ap = f8
and therefore

Oé:b()—)\, ﬁ:—2a0.

Hence, (5.9)) yields
(5.10) $1(n) = —and1(n+ 1) + an_161(n — 1) + (by — A1 (n) — 2aes(n).

In the same way, we have

(5.11) (d2 — B)n = a1 (n) + Bpa(n)

so that
(Lp2)o = ap + a_1¢2(—1) =0
(Lpa)1 = a12(2) + by = A
—(Bga)o=ap —a_1¢2(—1) =@

_(B¢2)1 = a1¢2(2) = 5
and therefore B
a:2a0, ﬁ:>\—b0

Thus, (5.11)) yields

$2(n) = —anda(n + 1) + ap_102(n — 1) + 2a961(n) + (A — bo)da(n).

If we differentiate
A(A) = ¢1(N) + ¢2(N +1)
with respect to time considering the periodic boundary conditions, we obtain
A(N) = ¢1(N) + ¢2(N + 1)
=—an1 (N +1)+ay_101(N — 1) + (by — N)o1(N) — 2anp2(N)
—ans102(N +2) +anyda(N) + 2and1 (N + 1) + (A — by) (N + 1).

But now we see that .
A(N) =0.

Namely, A()X) does not depend on time.

o4



5.2 Time evolution

Now, we put n = N + 1 in (5.7)), (5.10) to obtain

{ a1¢1(N +2) + b1g1 (N + 1) + agpr (V) = Agi (N + 1)
PN + 1) = —a101(N + 2) + agd1(N) + (bo — A)p1(N + 1) = 2a9¢2(N +1).

Eliminating ¢1(N + 2), we get
G1(N + 1) = 2a901 (N) + (bo + by — 201 (N + 1) — 2a9a(N + 1).

The auziliary spectrum p satisfies: ¢1(N + 1, u) = 0. Therefore, by (2.26]) we have

(5:12) SN+ 1) | =200 (01N ) = 62N + 1, p)) = £2a0y/A7(p)

A=p

From ([2.24) we may rewrite the right-hand side of (5.12)):

(5.13) VAZ(N) —4=ATQN)VR(N)
with N-1 2g+2
o =TT (A -m(©). RO =TT (A~ x).

On the other hand, we may write
g
(5.14) SN +1,)) = —apATQ(A H()\ 1 )
7j=1

For [ > g+ 1, (0) = Ayp1 = Agpo is a constant. Therefore, if we differentiate
(5.14) with respect to time keeping A constant, we have

SN +1,0) = A apQ(A i H()\—ul(O))—aoA 100 ﬁ(A i )

I#]

We then let A — 14(0) to obtain

G15)  AN+LN| =A@ (uel0) ) in(0) [T (1(0) — u(0)).

A=p(0) Ik

Equating (5.12)) with (5.15)) and using ([5.13)), we have:

2/ R(0)
[Toar (14(0) = u(0))

(5.16) fu(0) = F
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5 Solving the problem

5.3 Lagrange’s interpolation formula

Continuing our study, we prove the famous Lagrange’s Interpolation Formula. We
are going to use it in a while, so it is necessary to explain it first.

For that, consider a polynomial of degree n + 1, namely

n

P(z) = [J (@ — ),

=0

with constants x; # 0. By Cauchy’s Integral Theorem, for a contour C' which
encircles all the x;, we have

m m

J

) T2 P — o)

J=0

omi Jo P(2)(z —x)

On the other hand, this is the same as the integral over a circle of center O and
“large enough” radius R. Hence
1 2™ g . R™
— Q) ———dz= lim ———.
2mi Jo P(2)(z — x) R—+o0 P(R)
Therefore we have

xm

+Zn: -T}n ~_J 0, 0<m<n
Pr) " & Pl —o) | L m=n+l

where

(o
If we put z = 0, we have
n xyl_l B { 0’ m<n + 1
§=0 H?:Llyéj (xj — 1) 1, m=n+1
or equivalently:
9 S
(5:17) = :{0, s<g-1
j=1 ngzl,l;éj(xj — ) 1, s=g-1

So, if f(x) denotes a polynomial of n'"*—degree, then since

flx) = Z cmx™,
m=0
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5.4 Solving the problem

we have:

- pit
« P'(x;) x—x])

which is exactly Lagrange’s Interpolatlon Formula.

5.4 Solving the problem

We return now to the problem discussed earlier and go back to ([5.3)) and ask for the
rate of change of d; with respect to time which turns out to be:

(5.18) dy(t) = — Z 13 (0, 1) =

)\)\,u]

1 s
__Z“ (0, 1) >y asis(0,t)
- J

i,/R(uJ(o t))'

On the right-hand side, using ([5.16|) we may write

(5.19) zg: 15(0,)25(0, 1) 22 1£5(0,2)

B i) (00 0)

which can be simplified by the use of Lagrange’s Interpolation Formula.
Indeed, putting x; = p;(0,¢) in (5.17)), from (5.19)) we have

(5.20) i A (0. )50,8) [0, jigil
j=1 jF\/m {2> g—1

Equations (5.16)), (5.20) were first derived by Kac and van Moerbeke. Substi-
tuting ((5.20) into (5.18]) we obtain:

dl (t) = —20179_1'[5

or
(521) dl(t) = dl(O) - 2Cl7g_1t.
Thus, using (5.21]) we can write (5.5]) as:

g ﬁ(nc + d(ﬂ)
bnt1(t) = const. — ; ¢g-1Dilog 19((71 +1)c+ d@))
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5 Solving the problem

where we note from (5.21)) that

d
261,9_1Dl = —E.
Finally, since b,, = % = % we have the final results:

( o 4 19<nc—c’t+6’>
PnJrl(t) = Po + Elog
19<(n+1)c—c’t+6’

9 ncfc’tJré’)

Qni1(t) = @nH(O) + Pyt + log

9 <(n+1)c—c’t+6’)

\

where Py and @,,.1(0) are some constants. These results were first obtained by Date
and Tanaka. In these formulas

a :/ wy, ¢ =2c149-1 and &' = (0y,...,0,) = (d1(0),...,d4(0))

oo’

are phase constants determined by the initial conditions.
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