JDIOR S
2D
B B wle®
SO BE) NS Se)X
oSl L A |

s )
< Swse s P >
Bl T s
tl\y ~N /D
@. ] O ¢ “ /0
AL e e S
E N'H 4
i 245

Universita degli Studi di Cagliari
Dipartimento di Matematica e Informatica dell'Universita’ di Cagliari

Program Visiting Professor, supported by Regione Autonoma della Sardegna

Integrable nonlinear partial differential equations and
applications

Prof. Tuncay Aktosun
University of Texas at Arlington, U.S.A

Academic Year 2009/2010






Chapter 1

The material contained in the following pages is based on of the lectures given by Prof.
T. Aktosun during the period 01/02/2010-17/02/2010 at the University of Cagliari in the
context of the project “Program Visiting Professor,” supported by Regione Autonoma
della Sardegna.

Lecture 1: Introduction

In this lecture my main goal is the introduction of the Inverse Scattering Method
(IST), i.e. a powerful method which allows us to solve some integrable nonlinear partial
differential equation (NPDEs). In order to make clear this method, I start recalling the
basic terminology and the history related to the integrability . The following items are
analyzed:

e Nonlinear PDEs arising in description of water waves starting from 1850s;

e Some of these equations are integrable and some are not. We are only interested in
the integrable ones;

e Scaling in DE, for mathematical analysis.
For example, let us consider the Schrodinger equation

h? h Oy

——V? Vip = ———

2m vHVY 1 Ot
where h = % = 1.05 x 10727 erg-sec is the reduced Planck constant and m =
9.1 x 10728 gm is the electron’s mass. Putting

t
T T

we get the “usual” Schrédinger equation: —V%w + Vi = i%.
Another illustrative example is the Korteweg de-Vries (KdV) equation. In regard to
physical applications this equation is written as:

on 3 [g( Oon 20n 10
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Usually the mathematicians rescaling this equation in such a way that it is appear
in the simplified form
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up — buty + Uy + Ugze = 07

where u(z,t) = —n(x,t).
The previous examples show the advantage of the rescaling: the coefficients in the



rescaled equation will be simple. Normally scaling involves multiplying those variable
by “positive” constants, but the multiplication by “negative” constants is accepted
as well;

e No general theory to solve NPDEs exists, each must be studied separately;
e Interest in solving NPDEs, due to their phisical importance;

e Finding “exact solutions” in terms of elementary functions: such solutions may be
used as test functions to test numerical methods being developed;

e Certain NPDEs (the initial value problem (IVP) for certain NPDEs) seem to be
solvable by the so-called IST (proposed for the first time in 1967 by Gardner, Greene,
Kruskal, and Miura) and such equations are known as integrable;

e There are two types of NPDEs: the integrable NPDE and non integrable NPDE. It
is natural to ask what determines the integrability. The answer is not yet known, but
we emphasize various common properties of “integrable” NPDEs help us to better
understand integrability criteria;

e Conservation law: some integrable NPDE, can be written in the form
O +V-()=0.

The term “conservation law” is appropriate because integrating the last equation

I [(é)wv-(ﬁ)} =%fﬂ(£)+@ﬁ-da:0

and taking into account that as the surface goes to infinity the second term in the

d
last equation may vanish, we get pr J[J (¢) = 0, implying the conserved quantities.

Many integrable NPDE have many conserved quantities.

History related to integrability
1834, Russell’s observation of a solitary water wave at Union Canal;
1844, Russell’s report to the British for AS;
1877, Boussinesq’s book includes the NPDE, later called the KdV equation;
1895, de-Vries PhD thesis, Korteweg de-Vries paper which contains the KdV equation and

its special solution in the form 7}12;
1954, Fermi-Pasta-Ulam puzzleC(()Ehe object studied in this paper was related 64 masses
interconnected with nonlinear springs and the analysis of the equipartition to the energy);
1965, Zabusky and Kruskal in your publication coined the phrase “soliton”, i.e. solutions
to the KAV equation with nonlinear interactions, and explaining the solution to the Fermi-
Pasta-Ulam puzzle based on a numerical solution to KdV equation;

1967, Gardner, Green, Kruskal, Miura solved the initial value problem for KdV by Inverse
Scattering transform (IST);

1968, Lax’s method to derive integrable NPDE;

1972, Zakharov-Shabat used IST to solve nonlinear Schrodinger equation (NLS);

1972, Wadati used IST to solve the modified KdV equation (mKdV) via IST (Wadati’s
work was one-page long);

1973 Ablowitz, Kaupp, Newell, Segur (AKNS) used the IST to solve the sine-Gordon

equation (SG).



Example of integrable NPDEs
There are two types of integrable NPDEs:

1. KdV-like equation: contain the KdV equation and higher order hierarchies;

2. NLS-like equation: contain the NLS equation, the mKdV equation, the SG equation
and higher order hierarchies.

This classification is related to the corresponding linear ODE. For example the NLS, mKdV
and SG equation are all related to the first order linear system

£ =—iX+aqn

N =vE+i\y
for various choices of v in relation to u (e.g. ¢ = u,v = —u* give us the focusing NLS,
choosing ¢ = u,v = u* we have the defocusing NLS, instead taking ¢ = —u—x, v = % we

get the SG equation). In the Table 1 -at the end of this section- the named integrable
equation and their ODE associated are displayed.

The name NLS arises because the linear part of this equation coincide with the
Schrodinger equation. It is also important to explain the difference between “focusing”
and “defocusing” NLS equation. In the focusing case the nonlinearity tries to focus the
solution, the dispersion tries to broaden the solution. Then these two effects work against
each other, and, in case of exact balance, we get a soliton solution. In the defocusing
case nonlinearity and dispersion both work to broaden the solutions, hence in general we
cannot expect soliton solutions in this case.

Basic idea behind IST
To solve the initial value problem for an integrable NPDE do the following

direct scattering problem
with potential u(z,0)

given u(x,0) S(A,0)
[ss7 time evelution o |
u(x,t) S(At)

inverse scattering problem
with time evolved scattering data

More precisely, we have to do the following step:
1. Associate the NPDE with a LODE;

2. Associate the initial value u(x,0) for NPDE with the potential (i.e. a coefficient
term) in the LODE;

3. Exploit the 1-1 correspondence between the potential u(x,0) in the LODE and the
scattering data S(),0), which is related to the spatial asymptotics (as * — +oo
or x — —oo) of a special “scattering solution” W(\, xz,0). Let us remark the basic
idea: there should be 1-1 correspondence between u(z,0) and S(A,0). Usually the
parameter count is a good guide to guess the 1-1 association. For example, one single
variable x in u(z,0) correspond to one single parameter A in S(A,0);

4. “Time evolution” of the scattering data from S(A,0) to S (A,t), usually by multi-
plying a single phase factor, e.g. €8t for KAV equation, e 4"t for NLS equation.
This will be studied in more detail for each specific integrable NPDE;



5. Exploit the 1-1 correspondence for eaach fixed t between u(z,t) and S(A,t). The
determination S(A,t) — wu(z,t) is known as solving the inverse problem for the
corresponding LODE at time ¢. (The determination u(\,t) — S(A,t) correspond to
solving the direct problem for the LODE).

6. It is amazing and surprising that u(x, t) solves the NPDE and %ir% u(zx,t) corresponds
—

to the initial value u(z,0).



A common attack to look for special solutions to NPDE
Consider a “wave” solution in the form u = f(x — ct) and try to determine the wavespeed
¢ and the profile function f. One advantage of this is that f satisfies a (nonlinear) ODE
even though u must satisfy a NPDE. This simplification at times works, e.g. for the KdV

One can try, e.g. u(z,t) = for some

cosh?’ * cosh? (Bx +~t+¢)
constant parameters «,3,7,e. Now one can try to determine the relationships among
such parameters to get a solution to KdV equation.

Lecture 2 and 3

We can see the IST as a method which associate an integrable NPDE for wu(z,t) to
a linear ODE LY = AV with a spectral parameter \ where u(z,t) appear as a coeffi-
cient in the linear differential operator. It is necessary to analyze the spectrum of L and
determine a scattering-spectral data set for L that uniquely determines L. Various mathe-
matical problems should be investigated. For example, what is the domain of L (i.e. what
function space does L act on?). Depending on u(z,t), L may have continuous spectrum,
discrete spectrum, singular spectrum, etc. By putting restrictions on the function class
to which u(z,t) belongs to, the spectrum of L can be made more manageable (e.g. the
“spectral singularities” or discrete eigenvalues imbedded in the continuous spectrum can
be avoided by using “nicer” wu(z,t)). Now we can reformulate the basic idea of the IST as
follows: In order to solve the initial value problem for the integrable NPDE starting from
u(x,0), analyze the spectral scattering properties of the linear operator L at t = 0. Or
equivalently, analyze the “standard” and “generalized” eigenvectors (By standard eigen-
values and standard eigenvectors we mean eigenvectors of “finite length”, e.g. |[¥||,2 is
finite or ||W||, 1 is finite). Such standard eigenvectors correspond to bound-states of the lin-
ear operator L. Generalized eigenvectors correspond to “bounded” solutions to LW = AW
and in the physics literature they are usually known as the scattering states. If u(z,t) for

ecach fixed “t” belongs to a “nice” class (such as u(-,t) € L'(R) for the 1-D Schrodinger
2

generator L = 2 +u(x,t)) then it can be shown that the spectrum of L consists of all
x

equation where f ~

A > 0 and at most a finite number of dicrete (negative) A values. The case A = 0 must be
analyzed separately because in that case it may or may not be possible to have a bounded
solution; for example in the so-called exceptional case there is a bounded solution but in
the generic case the two linearly indepedent solutions at A = 0 are both unbounded in .
So the scheme of IST is represented in the following diagram:

direct scattering problem

3 with potential u(z,0)
given u(zx,0)

lIST time evolution ofJ/

scattering data

u(,t) L(t)
inverse scattering problem
with time evolved scattering data

Let us discuss this example:
Let us consider L = —D?+wu(x,t) where L : L?(R) — L?(R). The generalized eigenvectors
(two linearly independent Jost solutions) occurring for A > 0 (A = k?) and their asymptotic
behaviour is as below

filke, x,t) ~ ke, xr — 400

fr(k,z,t) ~ e ™ 2 —oo0.
If u(-,t) € Li(R), ie. [* da(1+ |x|) |u(x,t)| is finite, then fi(-,z,¢) and f.(-,z,t) have
eik:x

analytic extensions for k € R to k& € C* with asymptotics in k as fi(-,z,t) ~ and



Name NPDE LODE Lax pair AKNS
KdV p — Gty + Uy = 0 (—L ) = k20 = 02 4 u(x,t) X = Aw iﬁ%;v

A= —403 4 6ud, + 3u, T = Atﬁg L»f%%:ﬁiv
NLS U + Uz + 2JufPu =0 £ =—ir+ulz, by L= ALMMM& \N.Mav X = A|MMM$ :A%“vv

n  =i\n—u(x,t)

2i02+ilul?  —2iu—iuy
\m. — U a2 .12
—2iU—1Uy —2105—1|ul

—20NTHiTy 2002 —i|ul?

L= ("%
e g,

A —2iN2+ilul? 22 utiug v
X =

—iA I\:a
\:a i\

sine-Gordon Uy = Sinu £ =i~ M
/ _ H Vr
n = MMIT@ n Q=1 AQ@MHQI,W%H\HM IMQH\HQIO@WHMV T = S Ao..um: sinu v
~ 8\ so;lc+coyts coplc—sarts = 2x Usinu —cosu
2 A
X 5 d 0 %
L=uv"— X = u
U%B Ut = Qw@ea& Q &.&.w —H 1 0 H_
22, 42— 2w
A = 4u303 + 6ulu..02 — T w TT
w0y + OuTUg Oy T 4 \u —2 Uy
1 0 1 (m+3k)A
L= 3 X=11
Degasperis-Procesi Ut — Ugyt + 2KU; + Uty m + ma 2k w (8; — 0x) 0 w M
T —uy 2k up — Mu(m+ 3k)
= 3UpUpy + Ulgpy A= mmAmw —0z) Y (m + wwv — w0y + Uy = —u w u+ mw
w —u Uy,
= —0p — 10y + u(z,y,1t) X =202+ :M»

Kadomtsev-Petviashvili

(ur — 6UUy + Ugpgs),, = —BUyy

A = —482 4 6udy + 3uy — 3i0; L,

T = —492 + 6ud, + 3u, — 3ew

Table 1.1: Some integrable equations. For complete understooding of the notations used here see Lectures 4,5 and 6.



fr( z,t) ~ e " as k — oo in @+, where C' := C*UR. At most a finite number of bound
states occurs when A € {A1,..., A} for A; < 0. It is convenient to use k; = \/A; = ix; and
use fi(ikj,x,t) or fp(ikj,x,t) as eigenvectors. It is important to remark that f(ik;,z,t)
and fy(ikj,x,t) are linearly dependent as functions of z, i.e. there is a “dependency
constant «;(t)” that depends on t but not on x such that fi(ix;,z,t) = v;(t) fr(ikj, ., t).
How to solve u(z,0) — S(A,0). Simply solve the linear ODE LV = A¥ and obtain
standard and generalized eigenvalues and eigenvectors. Then, from the spatial asymptotics
of those eigenvectors construct the spatial-scattering data that uniquely correspond to
u(z,0).
How to solve S(A\,0) — S(A,t). This time evolution is expected to be rather simple.
Once the standard and generalized eigenvectors are known as function of ¢, then we can
analyze for ¥(\, z,0) — ¥(A, z,t) with the help of the Lax method or the AKNS method.
In general the time evolution of each Jost function is fairly complicated.
How to solve S(\,t) — wu(\,t). This is the final step in the IST and it is known
as inverse scattering problem. Such an inverse scattering problem can be solved by the
Marchenko method or by the Gel’fand-Levitan method or by some others methods. The
Marchenko method consists of the solution to a suitable integral equation which involves
an integration on the semi-infinite interval (z, 00) and whose kernel is related to the Fourier
transform of the scattering data. The solution of the Marchenko integral equation is related
to the potential u(z,t). The Gel’fand-Levitan method presents some little differences. In
order to obtain the potential it is necessary to solve the so-called Gel’fand-Levitan integral
equation which involves an integration on the finite interval (0, ) and its kernel is related
to the Fourier trasform of the spectral measure associated with the LODE.

Many authors try to solve the inverse scattering problem using the so-called Riemann-
Hilbert problem. Let us see in which consists this problem. For the sake of convenience I
introduce this problem in relation to the Schrodinger equation. Then we consider

and recall that the behavior of the Jost is as follows
. 1 . L .
(k,x) ~e™, asx — 400, (k,x) ~ =™ + —e ™", asxr — —o0
f(k ) ikx f(k ) T ikx - ikx
. 1 . R .
rlk,x) ~e asxr — —o0, rlk,x) ~ =€ " 4+ —e asx — +oo
folk,w) ~ e, folk,w) ~ e 4 e,

It is well known in literature that f;(-,z) has an analytic extension to Imk > 0 and it is
continuous to Imk > 0. Now it is possible to define functions g;(k, ) and g, (k, ) as below

(o )= (1)

and the domain of ¢;(-,z) and g¢,(-,z) is Imk < 0. In the common k-domain of f;(k,z),
fr(k, ), gi(k,z), g-(k,x) the following equation hold

gl(kvx) = a(k)fl(ka .T) + b(k)fr(kvl')a k€ Rv

9r (k@) = c(k) fi(k, @) + d(k) £, (k,z), & € R.
Exploiting the asymptotic behavior of f;,.(k,z) it is possible to determine the coefficients

a(k), b(k), c(k), and d(k) in terms of the so-called scattering coefficients T' (transmission
coefficient), L and R (reflection coefficients from the left and right, respectively):

gi(k,z) =T(k) fi(k,z) — R(k) f (k, )
gr<k7 x) = _L(k)fl(k7x) + T(k)fr<k7 x)



The above equations relating functions analytic in ¥ € CT and analytic in C~ form a
Riemann-Hilbert problem. More generally, a Riemann-Hilbert problem can be introduced
as follows: Let us consider two functions f; (k) and f_(k) being f (k) (f-(k)) analytic for
|z| > 1 (]z] < 1) and continuous for |z] > 1 (]z| < 1) and suppose we specify the behavior
of f1(k) as k — co. In the common domain of f(k), f_(k), i.e, |z| = 1, we may have, e.g.

Solving the Riemann-Hilbert problem for f;(k) and f, (k) is equivalent to finding S(k) —
fl/r(k,z) and hence once fi(k) or f.(k) is determined, we can recover the potential u(x)
as

_ k2fl(k7x) + flu(k’x)

u(x) )

bt
Now let us discuss the following simple example: Suppose that S(k) = +Z. The

k—1
Riemann-Hilbert problem reduces to the equation fi (k) = :+ ! f—(k) where fi(k) (re-
i

spectively, f_(k)) is analytic in Imk > 0 (Imk < 0) and f4 (k) S 1ask — oo in Imk > 0.
We can write

(k=) f(k) = (k+ ) f- (k) = F(F).

Since the common domain of f (k) and f_(k) is the real axis, the function f (k) is defined
for k € R, but admit an analytic extension on the upper plane C*. Then (k — i) f4 (k)
has an analytic extension in C*. To the other hand, using similar arguments, we can
conclude that (k+14)f_(k) has an analytic extension on C™. As a result the function F(k)
is an entire function in the form F(k) = c1k + c¢o(k). Taking into account the condition
fr(k) = 1 as k — oo we get

f+(k) = W
(k) = 1+co(k)‘

k41



Lectures 4, 5, 6
In these lectures I introduce the three main methods, i.e, Lax method, AKNS method and
the alternative Lax method, actually used in order to establish the integrability of a given
NPDE. These methods allow help to determine an integrable NPDE corresponding to a
given LODE.

It is a very difficult task to determine if a NPDE is integrable or not (in the sense that
the IST method is applicable or not). On the other hand, if we know that a LODE is
associated with a NPDE, we can state its integrability and use one of these three methods
to determine the corresponding NPDE.

Lax method

The first method that I will discuss is known as the Lax method (proposed the first time
by P. Lax in 1968). This method consists of the introduction of two linear operators L
and A such that

LY = \V¥, spatial evolution of W,
VU, = AV, time evolution of V¥,

where ¥ depends on A, z,t. We can reformulate the Lax method as follows: Given L with
LY = AV, find a linear operator A such that W; — AV satisfies

L(U; — AT) = \(T; — AD).

The last equation is equivalent to LWy — LAV = AV, — ANV, which can be written as
(LV); — LV — LAV = AU, — ANV and taking into account that LW, = AU, and Ay = 0
we get (Ly + LA — AL)V = 0, which implies L; + LA — AL = 0. Even though L and
A are differential operators, we require that Ly + LA — AL should not be a differential
operator but it should be a multiplication operator. Note that L; + LA — AL does not
contain A (this is a consequence of the fact that L and A are linear differential operators
not containing \). Then, the Lax method can be described as follows: Given L, find A
such that

L+ LA— AL =0, (1.0.1)

which will yield the NPDE.
Examples. Let us illustrate this method in several important cases.

e Let us consider the KdV equation u; — 6uuy + Uzrr = 0. We will prove that this
equation is integrable. In order to obtain this result, we consider the linear ODE,
which is the Schrodinger equation

2
—W\IJ + u(z, t)¥ = \U.
This equation can be written as LY = AU where
2
L= e + u(z,t). (1.0.2)

Let us try to determine the associated operator A by assuming that it has the form

A= Ctgai’ + a28§ + o109, + o, (1.0.3)



where the coefficients o; with j = 0,1,2,3 may depend on x and ¢, but no on the
spectral parameter A. Using (1.0.2) and (1.0.3) in (1.0.1), we obtain

()02 + )0z + )82 + 002 + ()0 + () = 0. (1.0.4)

Because of the operator L; + LA — AL is a multiplication operator, each coefficient
denoted by () must vanish. The coefficient of 93 vanishes automatically. Setting the
coefficients of &2 to zero for j = 4,3,2,1, we get

Q3 =C, Q=C, O] =C3— ZClU, Qo =C— —ClUy — CU,

2 4
with ¢, ¢, c3, and ¢4 denoting arbitrary constants. Making the above choices and
putting ¢; = —4 and ¢3 = 0, (1.0.4) becomes u; — 6uty, + Ugyzy = 0, i.e. the KAV

equation. Then we can state that the KdV equation arises from the compatibility
d2

condition (1.0.1), choosing L = o +u(w,t) and A = —403 + 6ud, + 3u,.
x

e Let us consider the first-order system

MRS IH
de | n | | —Fus i n |

This system suggests to choose L and A in the following form

10y Eux
L — 'L 2 5

—Uy  —10,

R Cco;lCc - So;'s —SolC —Cco;ts
8| Sotc+cots  cojte—-Sots |

where

C’fzcos(%) - f, Sf:cos(%) - f,

() =3[ e

If one imposes the condition (1.0.1), then one obtains the corresponding NPDE as
Uyt = sin(u), i.e. the sine-Gordon equation.

and

e Let us consider the Dym equation:
Uy = U Uy

This equation is integrable because arises from (1.0.1) when the Lax pair L and A

are chosen as )

L= A =402 + 6uu,02.

2
u )
dz?
e Let us introduce the Degasperis-Procesi equation:

Up — Ugpt + 2KU, + AUty = U Uzr + Ulgry,



where k is a constant. Putting m := u — u,, and taking L and A as

1

L= 5

2
(03 -0,), A=0%d-0,) ' (m+ §k) — U0y + Ug,
it is straightforward to see that the Degasperis-Procesi equation is integrable because
it derived as in from (1.0.1) with the above specified choices for L and A.

Let us now establish the integrability for another important equation, i.e. the
Kadomtsev-Petviashvili (KPI) equation:

(ug — 6UUL + Upga), = —3Uyy,

where u is a function depending on x, y, t. It can be seen that the KPI equation
can be written as
U — OUUL + Ugpy = —38;1uyy,

<ffoo +f_foo>, i.e.

0 P 1) = ( [+ /+ OO) ds f(s..1).

Choosing L and A, respectively, as

with 9,1 :=

N =

L =0, —i0, +u(z,y,t), A=—40> + 6ud, + 3u, — 3id; ‘u,,
and imposing (1.0.1), we find
)2+ )9z + )2+ ()92 + ()02 + (ur — 6utty + Ugae + 305 'uyy) = 0.

Now we observe that each coefficient denoted by () automatically vanishes, and as
a result the last equation give us

U — OUUy + Upgy + 30;1uyy =0,
i.e. the KPI equation.

All the equations considered until now have only one potential function u(z,t). Now
let us introduce an example in which two potentials u and v are involved:

1G9t + Qua — 26]27“ =0,
iry + Ty — 2qr? = 0.

Choosing the relationship between ¢ and r we obtain various integrable equations
from the previous system. For example putting ¢ = —§um, r = ium we obtain

the sine-Gordon equation, choosing ¢ = — F r* = u we obtain the NLS equation
iug + ugx £ 2|u?>u = 0. Another interesting choice is ¢ = Fr which leads us to the
modified KAV equation u; + 6u’uy + Ugzze = 0. Let us develope the Lax method for
the NLS equation. It is well known, as shown by Zakharov and Shabat in 1972 that
this equation is related to the following linear system of differential equation

are][ alrel.



The LODE associated with the NLS suggests to choose L as

. d .
- ),

- .
mu Z%

where the dependence on ¢ of L is confined only to the potential u in such a way

that
o 0 —iut
Le= [ —iu; 0 ] '
Now we look for an operator A in the following form:

d? d d? d
CLQ@“!‘CH@‘FGO b2ﬁ+b1%+b0

A=
d? d d d
Cogz teig, ta degstdig +do

)

where the coefficients a;, b;, ¢;, d; for i = 0, 1, 2 do not depend on A\ but they may
d

depend on x and t. Now, putting D := T and recalling that the operator D f can
x

be written as Df = f' + fD, we impose the condition

00
beaa=[ 0],

after some straightforward calculations, and with the choices

ag=—do=2i, a1 =d1 =0, ag=—dy= i]u|2, by = co =0,
by = —2iu, by = —iu,, c3=-2iu", by= —iu},
we obtain
. 2
Li+LA—AL=| .. *0 . iU + Ugy + 2|ul*u .
iuf + uk, + 2lul*u 0

As a result the (1.0.1) is satisfied if one chooses

iD  —iu 2iD? 4+ ilul?  —2iuD — iu,
L= Sk ; ) A= -k Pk i 1)2 a2 |0
—iu*  —iD —2iu*D —iul  —2iD* — i|ul

and requires that
g + Uge + 2uPu =0, 4+ uk, + 2lul*u* =0,
i.e. the NLS equation holds.

The final NPDE whose integrability I will demonstrate by the Lax method is the
so-called Jaulent equation:

—U, +ul + kol = k20,

where k is the spectral parameter. Putting

S



we can introduce the linear operator L as

0 1
L_[8§+u v]’

in such a way that we rewrite the Jaulent equation in the form L® = k® as

Lo o] v | =]

Now we have to determine the operator A in such a way that (1.0.1), i.e. Ly + LA —
AL = 0 holds. It is possible to prove that A must be taken as

—403 + (6u + 508, + 3uy — ov, 608, + 3us
—6003 — 30,02 + 6upv + 3uv,  —405 4 (6u + Fv?), 4 3u, — Do,

For the sake of brevity we have specified the operator A, which yields the NPDE
integrable associated with the Jaulent equation as

3 9 3
U — Uy + Ugpr + ivvmx — §vam — buvv, — 5%«1}2 =0,

20, = 0.

V¢ + Vpge — OUV, — BULU — 51}

AKNS method
Another powerful method which permits to determine an integrable NPDE corresponding
to a given LODE is the AKNS method. This method was used the first time by Ablowitz,
Kaup, Newell, and Segur in 1973 in order to establish the integrability to the sine-Gordon
equation. The basic idea behind this method is the following: write LV = AU as a
first-order system in the form 6, = X6 and find an operator T" such that 6, — T'0 satisfies

0, —T0), =X (6 —T9),
(the operators X and T are said to form an AKNS pair). From the last equation we get
Op —T,0 —T0, = X0, — XT6. (1.0.5)

Taking into account that 0y, = (0;): = (X0); = X0 + X0, the equation (1.0.6) can be
written as

X0+ X6, —-T,0-TX0=X6,—XT6,

then after suitable simplications we arrive at the equation
(Xy =T, +XT-TX)0 =0.

Since we choose X and T' as multiplication operators (not differential operator), the op-
erator Xy — T, + XT — T X is a multiplication operator, i.e. is not a differential operator.
This implies

Xe—T,+XT-TX =0, (1.0.6)

where the operator X contains the spectral parameter A, and hence T also depend on
A as well. Summarizing the AKNS method can be illustrated as follows: Given X with
0, = X0, find T such that (1.0.6) is satisfied. The NPDE equation coming from to (1.0.6)
is integrable; i.e., this equation is solvable with the help of the solutions to the direct and
inverse scattering problems for the linear systems 6, = X60. Now I will discuss several
examples in order to illustrate this method.

Examples.



e Let us consider the KAV equation: u; — 6uty, 4+ gy = 0. It is well-known that the
LODE corresponding to this equation is the Schrodinger equation, i.e. —W,, +u¥ =

kE2W. Putting
N2
-V

we can express the Schrodinger equation as 6, = X6, where

0 u—A\
=1

with A := k2. Now we are interested in finding an operator 7" such that X; — T}, +
XT —TX =0 yields the KdV equation. We look for T" in the following form:

7 [ @\ tadtag bA+bid+bo
o C2>\2 +01)\+Co dz)\z +d1)\+do ’

where the coefficients a;, b;, ¢;, d; for i = 0,1, 2 depend on x,t but do not depend on
A. Imposing (1.0.6)and using a prime to denote the z-derivative, we get
0 Ut . a;)\Q + a’l)\ + CL,() blg)\2 + bll/\ + blo
0 0 6/2)\2 + Cll)\ + Clo d/2>\2 + dll)\ + dlo
+ 0 u—A ag)\2+a1)\+ag b2)\2 +b1)\+b0
1 0 CQ)\2 + A+ ¢ d2)\2 + di A+ dy

B a2/\2—|—a1)\+a0 bg)\z-f-bl)\—l-bo O u—=XAX| [0 0
CQ)\2+C1>\+C() dz)\2+d1>\—|—d0 1 0 10 0|

Choosing the coefficients a;, b;, ¢;, d; for i =0, 1,2 in such a way that

T_ Ug —AN? 4 20U + 2u? — ugy
T AN+ 2u —Uyg ’

we can write the compatibility condition (1.0.6) as

[ 0 wu } _ { —Ugy 2 Mg + 4UlUy — Uggs ]

0 O 22Uy —Ugy
n 0 u—A Ug —AN2 + 22 u + 2u? — Uy
1 0 4N+ 2u —Uyg
B Uy AN+ 22+ 20 —ug [ [0 u—A] _[0 0
4\ + 2u — Uy, 1 0 0 0|

Finally, after straigtforward calculations and displaying the (1,1), (1,2), and (2, 2)
entries in the previous matrix equation, we get

—Ugz + (U — N) (4N + 2u) U — 2\Ug
F4AX? — 20 — 2u? U —4utiy + Uper — 2(u — Nug

Uy + Uy + Uy Ugr — (U — N) (4N + 2u)
—4X? 4 20U + 2u? — Ugy



or equivalently

0 ut—6uug +ugze | | 0 O
0 0 0 0|

Then the compatibility condition (1.0.6) holds if the KAV equation is satisfied.

Let us consider the first-order system in the following form, i.e.

i 1 —iA %ux 1S
de | n | | —sus QA n |
Let us choose X and T as

—IA —%uw
1 )
iuz A

in such a way that the spatial evolution is given by 6, = X6 and the temporal
evolution is described by 0; = T, with

-[§]

It is possible to prove that the compatibility condition (1.0.6) holds if the sine-Gordon
equation, u,; = sinu is satisfied.

X = . T

T 4)\ | sinu  —cosu

/) [cosu sinu ]

The integrability of the Dym equation u; = u .., can be established also with the
AKNS method. It is sufficient make the following choices for the AKNS pair:

0 A} T:[2)\ux 42— 2ty

u?
4 \u —2\ Uy ’

X:L 0

in such a way that the spatial and temporal evolutions are described, respectively,
by 6, = X6 and 0, = T0, where
U,
- [ ’ ] .

If one tries to impose the compatibility condition Xy — T, + Xt —TX = 0, one finds
the Dym equation and this proves its integrability.

Let us consider the Degasperis-Procesi equation
Up — Uggt + 2KUy + Uy = SUgUzy + Ulggy,

where k is a constant. Putting

\IJ.Z‘Z‘
m i=U— Ugg, 0: \I]:E 9
v
and
0 1 (m+ 2K\ Ly 2k up — Mu(m + 2k)
3 by T 3 z 3
X=|10 0 LT = —u % u+ 2k ,
01 0 + —u Uy

we know the spatial and temporal evolutions 6, = X0 and 6; = T6. Direct calcula-
tions show that if one imposes the compatibility condition X; — T, + Xt —TX =0,
the Degasperis-Procesi equation is obtained, which implies its integrability.



e Let us now establish the integrability to the KPI equation:
(ur — 6UUy + Upga), = —3Uyy,

where u is a function depending on x, y, t. We have already observed that this
equation can be written as

U — OUUL + Uppy = —38;1uyy.

In order to verify its integrability by using the AKNS method we use the AKNS pair
X and T as

1 - A
X= 202+ U2 T = gt Guds + 0, — 300w,

If we impose the compatibility condition (1.0.6) we get the KPI equation.

e Let us analyze the NLS equation iu; + ugy + 2]u\2u = 0. It is well known that the
LODE corresponding to this NPDE is the Zakharov-Shabat system

T[22 aTe).

Writing this system in the form 6, = X6 where we have defined

X:[—J@@ Mgﬂ]’

we obtain the matrix operator T' as

T —2iA2 +ilu? 2 u + iuy
T 20wt ol 2002 —dful? |

and the compatibility condition (1.0.6) yields the NLS equation.

Alternative Lax method method
Finally, I describe an Alternative Lax method which allows to derive an integrable NPDE
corresponding to a given LODE. We can illustrate this method as follows: Suppose we
write the LODE as
LY =\,

where the linear differential operator contains the highest x-derivative 07 for some n, and
suppose we know the time evolution of the solution of the previous equation is described
by

U, = BU,

where B is usually a linear differential operator in the spatial coordinate . The integrable
NPDE corresponding to the LODE is obtained by imposing the compatibility condition

BT = "8, T, (1.0.7)

where the left side is obtained by taking the time derivative of LW = AW and right side
is obtained by taking the n-th derivative in = of ¥y = BW. I explain the method by
considering several examples.

Examples.



e The KdV equation is obtained from

d2
(—@ + u(z,t)) U = AT, U = (AN +2u) U, — u, ¥

by imposing the compatibility condition 3;,02¥ = 920, V.
In fact, writing the spatial and temporal evolutions given above in the form

Vop = (u— AV,
Uy = (4) +2u) U, — u, U,
we get,
Wozt = us W + (u — )Wy,
Uie = Upe Vo + UpVpp + (dugu — 20u) U + (2u? — 20u — 40%) T,
— Uzzp ¥ — Uz Vs,

where we need to express the right hand sides in terms of ¥ and W, alone. The
compatibility condition W;,, = ¥, implies that

[ur — uz(u— N)] W + (2 u + 2u® — 4\ T, =
[ug(u — ) + duzu — 2 My — Ugpg] U + (Uze + 2Au + 22 —4\? — Uz )Wy
The coefficients of ¥ and V¥, respectively, on both sides should match, yielding
Ut — 6UUy + Uprr = 0,
i.e. the Kdv equation holds.

e The sine-Gordon equation
Uyt = SIN U,

can be obtained as the compatibility condition

from the system

2
&l _ ¢ | cosu sinu 19
n |, 4\ | sinu cosu n |

Uy + Ugy 2|u|2u =0,

e The NLS equation

can be obtained as the compatibility condition

HRHR

HEEEINI

€1 [ —2iN2Ldfu? 2 u+du, 13
n ], | T2 w200 Fiful? n |

from the system



e The Dym equation
u = U lgae,

can be obtained as the compatibility condition W .+ = Wy, from the system

Vor = e ¥
Uy = 4 u(z, )W, — 2 ug (2, ).

e The Degasperis-Procesi equation
Ut — Ugzt + 2KUz + 4UUy = SUgUgy + Ulgey,

where k is a constant, can be obtained as the compatibility condition ¥ ..+ = Vizes
from the system

Voprr = Uy + A(m(x,t) + %K,)\I/
U, = %\Ilm —u(z, t)¥, + uy(z, )V,

where we have defined m(x,t) := u(x,t) — Uz (2, t).



Lecture 7 and 8
Now I would like to describe the Hamiltonian formulation of IST. In order to do that, let
us consider the diagram which shows how the IST works:

direct scattering problem
with potential u(z,0)

given u(z,0) S(A,0)

time evolution of
lIST scattering data J{

u(z,t) S(A,t)
inverse scattering problem
with time evolved scattering data

In classical mechanics is well-known that the problem of motion can be attached using
either the Lagrangian or the Hamiltonian formalism. Let us recall the basic facts about
the Hamiltonian language. If ¢, (h = 1,..., N) denotes the Lagrangian variable which
characterize the observed system, it is possible to define the so-called momentum pp in
terms of the Lagrangian function £(qp, 4p,t) as

_ o
ph—aq.h-

Then we can introduce the Hamiltonian function H (p, ¢,t) of the variables p, s, t in such
a way that

. OH
T
. OH
q‘an

Let us consider some illustrative examples:

e Suppose that H = % + V(q). We easily get

. _OH p
q= Bip = E
. OH 0V
b= _87q = _qu’
where —%—‘; = F represents the force. As a result we find the equation of motion
mq=p=F,
e Suppose that H = 2’:31 + % +V(q1,492). We obtain
. O0H p
N0 T m
. O0H p
=~ my
. OH 0oV
M= ow o
. OH oV
= on T o

The above equations form a coupled first order in ¢ equations describing the time
evolution Of (p7 q) = (p17p27QI7 q2) .



It is interesting to observe that the Hamilton’s principle of lenght actions is valid. The
Hamilton principle of lenght actions requires fttf H dt must be smallest. The path ¢(t)
that gives you the smallest action is the path to use. Then find the evolution from ¢; to
to of the Hamiltonian system is equivalent to determine ¢(t) and p(t).

Now we can approach the problem connected with the IST: Given an integrable NPDE
we can identify the variable g as the unknown function wu(z,t) which appear in the NPDE.
Furthermore, we have some freedom in the choice of the momentum variables: one possi-
bility is to take p = uy(x,t). Since the Hamilton’s equation ¢ = g—g holds, the derivative
with respect to time ¢ ( of the variable ¢) allows us to identify the Hamiltonian H in terms
of the NPDE. In particular, we find that the Hamiltonian function can be expressed in
terms of a density function h in the following way:

+o0o
H(paqat) = / d$h(q, Qquxxa)

Then we have

0H = / dz —5q+ Oh —0q, + Oh = 0Gze + ... |,
ol Gz

taking into account that
oh 0 ([ Oh 0 Oh
0= 55 (0.0) ~ (G 3, )
oh 0 oh 0 (0 Oh 0 Oh
Gy = — 0¢z | — | =— | =— oq ) — | =— 0
0z 4 ox <8qm 4 > [O:U <(’31‘ O0Qza q> (0:1: qu) q}

and integrating by parts, we get

0H [8h 0 (8h> 9% 0Oh N }

o |0g 0z \dq ) " 922 qus
SH_on 9 (on) 0 on
Sp  Op Oz \Ops 0x2 Opge

which show as the Hamiltonian equations can be expressed in terms of the density function

h(p,q,t).

In 1971 Faddeev and Zakharov proposed the Hamiltonian formulation of the KdV equation
— 6utly + Ugze = 0. They chosen the variable g as ¢ = u(x,t) ( where u is the unknown

function appearing in the KdV equation) and they wrote this equation in the following

form

% (3u2 — um) .

Then they defined the Hamilton function H = fix;o dz h(u, uy, ...) depending only on
qn, and did not mention the momentum variable p. Successively, Ablowitz and Clarkson
revisited the same equation introducing the momentum variable p = u, and writing the

= fjoooo dx h(p, ¢, Pxs Qzs Pazs Gua - - - )- Consequently, they got the Hamilton equations as

follows:
__[oh_ 9 (on), & on
P=7 0 02 \0q,) " 0220qm )
1= Opz 0z OPaa

qg=




On the other hand, in the same period, Faddeev-Takhtajan developed the Hamiltonian
formalism for the NLS equation in the scalar case, i.e. for the equation

Uy + Ugy 2\u|2u =0,

where ¢ represents the imaginary unit, the sign + in the third terms on the right side
corresponds to the defocussing case while the sign — corresponds to the focussing case.
Indicating by v* the complex conjugate of u, they considered the equation —iu; + ., +
2|u|?u = 0, the variables p and ¢ and the Hamiltonian function H as

“+oo
g=u, p=u*, H= / dz (qxpx T qz(p)z) . (1.0.8)

As a consequence the density function h can be defined as

h(p, q;Px, %c) = QzPx F q2(p)2, (1.0.9)

and the Hamilton’s equations become

_on_ o (o
4= Op Oz \ Op,

oh 0 ([ 0h
===
dq Ox \ 0q,
In fact, starting from the first of the previous equations and computing the derivative of
the density function given by (1.0.9), we easily get

) 0
q = —i [3F2pq2 ~ o (qx)} :

can be written in the equivalent form iu; + ug, & 2|u|?u = 0 via the definitions (1.0.8).
In a general context we can approach at the Hamilton formulation as follows: Given an
integrable NPDE we have to identify the Hamilton function H and the density function h

in terms of w, Uy, Uy, ... SO that if one is able to solve the Hamilton equation
0H
= — 1.0.10
qt op ( )
_ O0H
Pt = 5q )

obtain the solution of NPDE because ¢ = u(x,t) and p = u,(z,t). Here we remark the
arbitrary in the choice of the momentum variables, although the second of the previ-
ous equation represents the more common choices. In order determine the solutions of
(1.0.10), it can be convenient change the coordinate and pass from (p, q) to (P, Q) in such
a way that the Hamilton’s function H can be expressed in terms of the new variables
H(p(P,Q),q(P,Q)) = H(P,Q) and the Hamilton’s equation becomes

0H
= _y

~50 =



where ¢ is a constant. The variables (P, @) which allow to write the Hamilton’s equation
in the particular form (1.0.12) are called canonical coordinate. In particular, the variable
P is called action and the variable @ angle. From equations (1.0.12) we immediately get

Q=ct+a (1.0.12)
P=b,

where a, b are constants. The canonical coordinates satisfies the following equations
{pna Qm} = 5n,ma {pnapm} =0, {QQO} =0,

where the brackets denotes the Poisson brackets {f,g} = >">°, <£TJ;% - %%) and

On,m represents the Kronecher’s delta.

Now using the inverse of the transformation which permits to pass from (p,q) to (P, @),
we obtain the variables (p,¢) and knowing ¢(t) we succeed in reconstructing the solution
to the integrable NPDE.

The relationship between the Hamiltonian formalism and the Inverse Scattering Transform
can be made clear in the following sense: the variables P and @) are related to the scattering
data S(A,t) (usually Q correspond to the arg R(A,t) and P to |T(\,t)|?) instead p, q are
connected to the unknown function u(z,t). In other words, the passage from (P, Q) to (p, q)
is equivalent to handle the Inverse Scattering Problem with time evolved scattering data.
Obviously, the mathematical difficulties consists of the discovery of the transformation
which allows us to pass from the variable (p, q) to the canonical variables (P, Q).

Let us illustrate the passage to canonical variable in an important case: the KdV equation.
As we have already mentioned the LODE corresponding to the KdV is the Schrodinger
equation. The Jost solution of this equation are defined in the following way:

filk,z,t) ~ e*®  as x — +oo
folk,x,t) ~ e asz — —o0,

where fi(k,x,t) is the so-called left Jost solution and f,(k,xz,t) is the right Jost solution.
It is possible to prove that the expression of f; is given by

; oo sink(y —x
At = e [ ay T o),
T

and similar expression can be obtained for f,(k,z,t). Now, we can compute the reflection
coefficient on the left L(k,t) and the transmission coefficient T'(k,t) from the asymptotic
expansion

eikac e—ika(k. t) ' +oo sin k?(y B x)
2 = k. —oo,t) = ik dy —2 7 t k ).
Tt T Ty koot =e +/m y———u, ) fik,y,1)

In fact, from the last equation we get

L, mdeﬂm K
+/ Yy QZk‘ (yvt)fl( 7y7t)

S
PT‘N‘
~~

~— ~—

)fl(k Y, )7



which allow to write

If now one expand T'(\,t) in powers of } obtain

1 1 1 1

b = 3G+ el ) )

where the terms into the (. ..) are, respectively, fjoooo dyu(y,t), fjoooo dyuy(y, 1), fj;o dytyy (y,t),
etc.

Toda Lattice Equation. In order to understand better the Toda lattice equation, let us
recall the model analyzed by Fermi, Pasta and Ulam. This one dimensional model consists
of 64 particles of mass m joint through springs each one having the same elastic constant
k. Furthermore, in this model the requirement is that the elastic force does not obey at
the Hook’s law but acts in a nonlinear way in such a way that

1
F=—kx+ea? V=-ka?®— Eaz?’,
2 3
where V' represents the potential. Now, let us suppose that the number of particles are
infinite and the potential of the system is given by
400 i
Vir)=e¢ +r—1=> (-1)'~.

7!
i=2

Under these assumptions we can introduce the variables g,- representing the displacement
of the particle sitting at the n-th lattice point- and the momentum variable p,, = ¢;,, where
n € Z. We also define the Hamilton’s function

oo 2
by,
H = E <2 + V(Qn-‘rl - Qn)) )

n=—oo

so that the Hamilton’s equations give us

., _OH _
qn = pn =DPn
) 0H (g _ _
DPn = _87 = V,(Qn—l-l - Qn) - V/(Qn - Qn—l) =€ (@n=an-1) _ € (n+1 Qn)’
an
where we have taken into account that V/(r) = —e™" + 1. Then we immediately obtain

G = Pn = e~ (@n—an-1) _ —(qnt1—qn) (1.0.13)

which is called discrete, nonlinear Toda lattice equation. We can easily verify that the
coordinates (pn, qn) satisfies the following equations

{pm%n} = 5n,m7 {pnapm} = 07 {qTL7 Qm} =0. (1-0-14)



In fact, recalling the definition of the Poisson brackets {f, g} = > 2, (%% — %a‘%)
we calculate

. [Op, Opm  Opp Opim
o = 3 | En P _ pp] —0 (1.0.15)
j=—o00 -

_ 0Pn Ogm._ Opn Ogm | _ 5o
{Prrgm} = ) _ % op, " 9p, B, ) > [nOm.jl = Onm

j=—o0 j=—o0

oo

B [ 04n Odim O O | _
{anqm} - Z _8q]' 8pj 8]?]‘ aQj:| =0

j=—o00

where we have used %L;’; = % <g%;?) = %(5m7j = 0 and, analogously, we can prove the
following identities (also used in order to establish the validity of (1.0.15)) %pT’; =0, ‘g%f]’j =
0, %QT;; = 0. Then, for solving (1.0.13) we have to determine the canonical coordinates
Jn, 0n (called, respectively, action and angle) such that the equations (1.0.14) hold and

the following ones have to be satisfied

where c is a constant.
Finally, we prove that the Toda lattice equation is integrable and then can be solved via
IST. To prove the integrability we build the Lax pair of the equation (1.0.13), i.e. we are
looking for two operators L, and A, satisfying

LV, =V,

\Pn = An\I/n

and such that

L = L,A, — AyL,. (1.0.16)

In order to develop the calculations, we introduce the operators ST and S~ as
(STf)(n) = f(n+1), (S7f)(n)=f(n—-1),

the coefficients a,, = %6_%(‘1"“_‘1”) and b, = —%qn, and the operators L, = a,ST +
an-1S~ +by, and A, = ¢, ST —¢,-15~. Since we want impose equation (1.0.16), we start
computing L, L,A, and A,L,

Ln = an5+ + anfls_ + bn )

LnAn = (anST + @p—15" 4+ bn) (cnS*T —,2157) =

ancn+1s++ —ap-1Cp—2S~~ + annS+ —bnCn1S™ — anCy + an-_1cn-1,

ApLp = (ST = 62157) (anST + @n1S™ + by) =

cnan+1S++ —Cp_1Gn—2S~ + Cnbn—&—lsJr — Cn—1bn—1S™ + cpGn — Cp_10pn-1,
which imply that equation (1.0.16), choosing a,—1 = an—1, ¢, = a,, and é,—1 = ¢p—1, can
be written as

(anan+1 - anan-i-l) S++ + (an—Qan—l - an—lan—Q) Sii + (an + bnan - anbn—i—l) S+

+ (an—l + bn—lan—l - bnan—l) ST+ bn — ApQp + Ap—10p—1 — ApGp + Ap—1Gp—1 = 0.



The coefficients of ST and S~ vanish automatically, while the the non-homogeneous
coefficient equated to zero is equivalent to the Toda lattice equation by — 2&% + 2&%_1 = 0.
In this way we have established the integrability (via the IST) of the discrete version to
the KdV equation.



