KdV equation, direct and inverse scattering

December 29, 2024

Contents
1 Introduction 1
2 A short review of the classical theory of finite-dimensional integrable systems 2

1

2.1 Poisson manifolds . . . . . . . . . ... 2
Korteweg de Vries equation and direct/inverse scattering 11
3.1 Algebra of pseudo-differential operators . . . . . . . ... ... ... ... ... ... 13
3.2 Anexample of R-matrix . . . . . . . ... 14
3.3 Algebra of pseudo-differential operators . . . . . . . . ... ... ... .. ..., 14
3.4 Direct scattering . . . . . . . . . L L 19
3.5 Inverse spectral problem as a Riemann-Hilbert problem . . .. ... ... ... ... 27
3.6 Reflectionless potentials and N-soliton solutions . . . . . . . .. ... ... ... ... 29
Cauchy Operators 31
4.1 Cauchy operator . . . . . . . . . . e 31
4.2 The Riemann-Hilbert problem as a Fredholm integral equation . . . . ... ... .. 34
Fredholm Determinant 38
5.1 Extension of the notion of determinant to operators . . . .. .. .. ... ... ... 39
5.2 Construction of the resolvent . . . . . . . . . . .. .. ... 41
5.3 r7-function of the solution of KdV as Fredholm determinant . . . .. ... ... ... 45
Introduction

The modern theory of integrable systems started with the discovery in 1967 that the Korteweg
de Vries (KdV) equation is integrable [7]. Such equation is an evolutionary partial differential
equation and corresponds to an integrable system with infinite degree of freedom. Before 1967 it
was believed that integrability as opposed to chaotic behaviour was a rare phenomena, restricted
to particular examples. Indeed there were few examples of known integrable systems and results
concerning integrability:

e two-body problem in celestial mechanics (Kepler, Newton 1600-1687);

e geodesics on ellipsoids and separation of variables in Hamilton-Jacobi equation (Jacobi 1837);



e Liouville theorem about the integrability by quadratures of an integrable systems (Liouville
1838);

e harmonic oscillator on the unit sphere (Neumann 1859);
e Clebsh system (rigid body) 1871;
e Lagrange, Euler and Kovalevskaya (1888) tops;

e Noether theorem about the relation between symmetries and integrals of motion of a me-
chanical system (Emmy Noether 1915);

e global version of Liouville theorem (Arnold 1963).

In 1967 Gardner, Green, Kruskal and Miura realized that the spectrum of the Schrodinger equation
2

02 + u(z,t) does not change with time if the potential u(x,t) evolves according to the KdV
x
equation

U — 6uly + Ugge = 0,

where u = u(z,t) is a scalar function of z € R and t € R™ and u; = gu(az,t) and uy = ﬁu(x, t).
With this observation it was realized that the KdV equation can be integrated by inverse scﬂ::ittering
that can be thought of as a nonlinear analogue of the Fourier transform used to solve linear partial
differential equations. Around 1974 there were finite-dimensional versions of the inverse scattering
transform that were applied to solve finite dimensional integrable systems like the Toda lattice
or the Calogero-Moser systems (Flaschka [6], Manakov [14], Moser [15]). The main goal of these
notes is to study integrable sytems with finite and infinite degree of freedoms. We will first study
the inverse scattering transform for the open finite Toda lattice. Then we will consider inverse
scattering for the KdV equation with rapidly decreasing initial data and periodic initial data. In
this latter case, when the periodic initial data is ”finite gap”, namely when the spectrum of the
Hill’s equation has only a finite number of open gaps, the evolution in time of the KdV solution
u(z,t) corresponds to a linear flow on a finite-dimensional tori.

2 A short review of the classical theory of finite-dimensional in-
tegrable systems

We review the basic definitions in the theory of finite-dimensional integrable systems.

2.1 Poisson manifolds
We start with the definition of Poisson bracket.

Definition 2.1. A manifold P is said to be a Poisson manifold if P is endowed with a Poisson

bracket, that is a Lie algebra structure defined on the space C*°(P) of smooth functions over P
C®(P) x C*°(P) — C>(P) (2.1)
(f,9) = {f.9} '

so that Vf, g, h € C>°(P) the bracket {., .}



e is antisymmetric:
{9./} =—{/. 9}, (2.2)
e bilinear
{af +0bh, g9} = a{f, g} + b{h, g}, (2.3)
{f,ag+bh}=0a{f, g} +b{f,h}, a,bER
e satisfies Jacobi identity
{f g} h} + {{h, [}, 9} + {{g,h}, [} = 0; (2.4)
e it satisfies Leibnitz identity with respect to the product of function
{fg.hy =g{f,h}+ Fg,h}. (2.5)

A Poisson bracket defines an homomorphism from the space C*°(P) to the space of vector fields
over P:

C*(P) — vect(P)

f=Xr={../}
so that
(X7 Xgl = =X{ 10
where [.,.] is the commutator of vector fields also known as Lie bracket: LxY := [X,Y]. In order
to write the definition 2.1 in local coordinates z = (z',...,2") let us introduce the matrix

7 (z) ;= {2%, 29}, 4,j=1,...,N=dimP. (2.6)

Theorem 2.2. [5] 1) Given a Poisson manifold P, and a system of local coordinates over P, then
the matriz 7 (z) defined in (2.6) is antisymmetric and satisfies

Ol ok A ok A
Waw(f) ot (z) + ww” (z) + ww“(:c) =0, 1<i<j<k<N. (2.7)
Furthermore the Poisson bracket of two smooth functions is calculated according to
0f(x) Og(x)

{f.g} = () (2.8)

ozt Oxi

2) Given a change of coordinates
i =ik@), k=1,...,N,

then the matrices 9 (x) = {a*, 27} e (%) = {&*, '} satisfy the rule of transformation of a tensor
of type (2,0):

o ot
Ozt O’
3) Viceversa, given a smooth manifold P and an antisymmetric tensor (2,0) 7 (x) such that (2.7)
is satisfied, then (2.8) defines over P a Poisson bracket.

7k (%) = 7 (z) (2.9)



Proof. The matrix 7/ (z) is clearly antisymmetric. In order to derive (2.8) one observe that for a
fixed function f, the application

C>®(P) — C*>(P)
9—19,f}

is linear and satisfies Leibnitz rule (2.5), therefore it is a linear differential operator of first order,
namely

{97 f} = ngv

for a vector field 9
X=Xl —
I foxi’

where we are taking the sum over repeated indices. In order to determine the components of the
vector field Xy one considers
Xt =Xpal ={a’, f}.

Now let us fix x; and consider the linear map

f'_> {f?xj} _Xﬂf_ijaikf

Since X i‘j = 7% by (2.6), it follows from the above relations that

; 0
J _ gk
Xjp =t ol
so that 9 af
i 99 ik 9
— Xpg=x129 _ gk 99
to: 1} 19 Towi — " Bak Oad
Using the same rule for the change of coordinates 2/ = #/(x) and #* = #*(x) one obtains the tensor

rule (2.9). Equation (2.7) follows from Jacobi identity.
To prove the sufficiency of the theorem one observe that given a (2,0) antisymmetric tensor
7% (z), the map 9 5
i J 9Og
is bilinear, antisymmetric and satisfies Leibnitz rule. Furthermore it does not depend on the choice
of local coordinates

(0] Dy _ L DFDF 001051 0F By __si0F Dy _ Ly OF By
oxk o7 Oxs Oxt 0k 0%l Oxt DI ST gt O Ox' OxI

In order to show validity of the Jacobi identity it is sufficient to observe that for any functions f,
g, h and any antisymmetric tensor 7% (z) the following identity is satisfied:

{f,9}: 0} +{{h, f}, 9} + {{g,h}, [}

o o , 1 Of 0g Oh
_ i . k k . 7 J .k %
{{I’,ZL’ }7':U }+{{':U ,I’},I’ }+{{I’ y L }7x} 633181"7 axk'

so that the Jacobi identity follows from (2.7). O




The Poisson bracket is said to be non degenerate if the rank m = dim(P). Clearly the antisym-
metry implies that only even dimensional manifolds can have a non-degenerate Poisson bracket.

Definition 2.3. Given a Poisson bracket the set of functions that commutes with any other func-
tions of C*°(P), namely

{hec™(P)[{h, [} =0,Yf € C*(P)}

are called Casimirs of the Poisson bracket.
For a nondegenerate Poisson bracket, the only Casimirs are the constant functions.

Definition 2.4. A 2n-dimensional P manifold is called symplectic manifold if it is endowed with
a close non degenerate 2-form w.
In local coordinates one has "
w= Z wijdaf:i A dz?
ij=1

n

where A stands for the exterior product. We recall that the form w is closed if dw = )

o kwudaz A
ijk=1

dz' A dx? = 0, which implies that

0 0 0 .
akww %wjk—k@wki:& 1#£j #k.

Lemma 2.5. A Poisson manifold {P,n} with non degenerate Poisson bracket m, is a symplectic
manifold, with w;; = (7*)~1,

For a symplectic manifold (P,w) one has the identies

W(Xfa ) =—df
and
{f,g}—W(Xg,Xf) (f) <df7 >
where (.,.) is the pairing between one form and vectors, i.e. for a one form a = a;dx’ and a vector

.0 } A .
v = v'—— then (a,v) = ;o' In order to verify the above second identity let X} and X} be the

coordinates of the vector fields X; and X, respectively, then one has

0g of 2 0g Of
i zl ik il
o0y 37) = ) = 3 e oo o = 5 S 1.5

1,5 kil il

The classical Darboux theorem says that in the neighbourhood of every point of a symplectic
manifold (P,w), dimP = 2n, there is a local systems of co-ordinates (¢',...q", p1,...,pn) called
Darboux coordinates or canonical coordinates such that

w= Z dp; A dq* . (2.10)
i=1



In such coordinates the Poisson bracket takes the form

{f.ay=> (aqiam - 6pi3f1i>

=1

and the Hamiltonian vector field Xy takes the form

“/9f & Of O
Xp=> (7755255
d <0p¢ dq"  9q" Ip; >

i=1

(%))

The existence of Darboux coordinates is related to the vanishing of the second group of the so
called Poisson cohomology H*(P, ). If the Poisson bracket is non-degenerate, the Poisson cohomol-
ogy coincides with the de-Rham cohomology and Darboux theorem is equivalent to the vanishing of
second de-Rham cohomology group in an open set. There are many tools for computing de Rham
cohomology groups, and these groups have probably been computed for most familiar manifolds.
However, when 7 is not symplectic, then H*(P, 7) does not vanish even locally [16] and it is is much
more difficult to compute than the de Rham cohomology. There are few Poisson (non-symplectic)
manifolds for which Poisson cohomology has been computed [8]. The Poisson cohomology H*(P, )
can have infinite dimension even when P is compact, and the problem of determining whether
H*(P, ) is finite dimensional or not is already a difficult open problem for most Poisson structures
that we know of. In the case of linear Poisson structures, Poisson cohomology is intimately related
to Lie algebra cohomology, also known as Chevalley - Eilenberg cohomology, [18].

Given a Poisson manifold (P,7), dimP = N, and a function H € C*°(P), an Hamiltonian
system in local coordinates (z!,...,2") is a set of N first order ODEs defined by

and the Poisson tensor 7 is

it = {a' H},

with initial condition z*(t = 0) = x}. For a symplectic manifold (P,w), dimP = 2n, the Hamilton
equations in Darboux coordinates takes the form

y i OH
¢'=1{¢" H} = 5~
Pi
) OH (2.11)
pi:{piaH}:_aiqi, 1=1,...,n

with initial conditions ¢*(t = 0) = ¢, p;(t = 0) = p).

Definition 2.6. A function F' € C*°(P) is said to be a conserved quantity for the Hamiltonian
system (2.11) if

dF

— ={F,H} =0.

dt { ) }
Namely conserved quantities Poisson commute with the Hamiltonian. We remark that if Fy,..., Fp,
are conserved quantities, then any function of g = g(F1,..., Fy,) is a conserved quantity.



Let ®% be the Hamiltonian flow associated with F € C*(P) and ®!; the Hamiltonian flow
associated with the Hamiltonian H. The flow ®%.(®%,(z)) indicates the integral curve obtained by
first applying the Hamiltonian vector field Xy and then the Hamiltonian vector field Xr. Viceversa
@ (®%(x)) indicates the integral curve obtained by first applying the Hamiltonian vector field Xp
and then the Hamiltonian vector field Xp. A natural question is to ask when ®%.(®%,(z)) =

@l (Pp(2))-

Lemma 2.7. Let (P,{.,.}) be a nondegenerate Poisson bracket. Consider the Hamiltonians
F,H € C>(P), in involution {F,H} = 0 and the Hamiltonian flows ®%(x) and ®5.(z) associ-
ated with the dynamical systems

dx’ -

C; —{z\,H}, i=1,...,N (2.12)
and )

dz’ ,

dx = {2, F}, i=1,...,N. (2.13)

S
Then the flows commute, namely
Pl 0 B3 = D% 0 DY,

Proof. 1t is sufficient to prove that the time derivative with respect to ¢t and s commute. We have

ddst d dz’ i
ds di = a5 Y = U HY = (e, P, H)
and d dot d A
! i x A
dids @l FY =g FY = (e HY, Fy

subtracting the above two relations and using Jacobi identity

d dxt d dzt

O

In order to introduce Liouville theorem, we first define the concept of Lagrangian sub manifold
and integrable system.

Definition 2.8. Let P be a symplectic manifold of dimension 2n. A a sub-manifold G C P is
called a Lagrangian submanifold if dimG = n and the symplectic form is identically zero on vectors
tangent to G, namely

w(X,Y)=0, VX, Y eTG.

Definition 2.9. A Hamiltonian system defined on a 2n dimensional Poisson manifold P with non
degenerate Poisson bracket and with Hamiltonian H € C*°(P) is called completely integrable if
there are n independent conserved quantities H = Hy, ..., H, in involution, namely

(H;,H,} =0, jk=1,...,n (2.14)

and the gradients VHy, ...V H, are linearly independent.



Let us consider the level surface

Mg = {(p,q) € P|Hi(p,q) = E1, Ha(p,q) = B2, Hn(p,q) = En} (2.15)

for some constants £ = (Ey, ..., Ey).
We now introduce a special type of change of coordinates that leave the symplectic form invari-
ant.

Definition 2.10. A change of coordinates + — ®(x) is defined by 2n functions. The change of
coordinates is a canonical transformation if ®*w = w where ®* is the pullback of ®.

Since w = dW where the one-form W in canonical coordinates take the form
W = pidg’
and the pullback commutes with differentiation, one has
0=w—d"w=dW —®*(dW) =d(W — ®*W) = 0.

Namely the form d(W — ®*W) is exact, so there is locally a function S such that W — ®*W = dS
and S is called the generating function of the canonical transformation.

Theorem 2.11. [Liouville, see e.g. [5]] Consider a completely integrable Hamiltonian system
on a non degenerate Poisson manifold P of dimension 2n and with canonical coordinates (q,p).
Let us suppose that the Hamiltonians H1(p,q), ..., Hn(p,q) are linearly independent on the level
surface Mg (2.15) for a given E = (E1,...,E,). The Hamiltonian flows on Mg are integrable by
quadratures.

Proof. By definition the system posses n independent conserved quantities Hy = H, Hs,... H,.
Without loosing generality, we assume that (g, p) are canonical coordinates with respect to the
symplectic form w and the Poisson bracket {.,.}.

The gradients

VI <8Hj OH; OH, 8Hj)
7\t 8gn T Apy T Opa
are orthogonal to the surface Mpg. Since the vector fields X H; are orthogonal to V Hj because
{Hj, Hy,} = 0, it follows that the vector fields Xy, are tangent to the level surface Mp. Furthermore,
since the Hamiltonian Hj are linearly independent, it follows that the vector fields Xp,, 7 =1,...,n
generate all the tangent space T'Mg. Therefore the symplectic form is identically zero on the tangent
space to Mg, namely w|7ra, = 0 because

W(XHj;XHk) = {Hk,HJ} =0.

This is equivalent to say that Mg is a Lagrangian submanifold. We also observe that since VHj,
7 =1,...,n are linearly independent, it is possible to assume, without loosing in generality that

det OH,; # 0.
Opk

Then by the implicit function theorem we can define

e = pr(q, E).



Putting together the last two observations, we have for fixed £ = (Ey, ..., Ey)

0= w|rrm, = dez q, B) Ndg' = ‘ 69
ij
which implies

9pi _ 9pj _

0¢7  O¢ ’
The above identity implies that the one form W = p;dq’ is exact, and therefore there exists a
function S = S(q, E) so that W|ar, = dS|a,. The function S is the generating function of a
canonical transformation. (¢,p) — (¢, F) where

oW = - ¢'dE,

i j.

and W — &*W = dS implies
> pidg' - —d Z——dE = - VdE;

oS 08
pbi = 87(]“ i = TEZ

In the canonical coordinates (¢, E') the Hamiltonian flow with respect to the Hamiltonian H; = H
takes the form

so that

8H
= {¢y, 1} = 7 = by,

’L

8H1

E = E’H = — - 0.
7 { 7 1} awl
So the above equations can be integrated in a trivial way:
Yr=t+¢), vi=v), i=2,...,n E;=E, i=1,....n

where ¢)and EY are constants. Therefore we have shown that the Hamiltonian flow can be inte-
grated by quadratures. Furthermore

qZQ(t+w?7wg7"'7¢27E)a p:p(t—i_w??wg?"'?wg?E)'
O

In 1968 Arnold observed that if the level surface Mg is compact, the motion takes place on a
torus and is quasi-periodic.

Theorem 2.12 (Arnold). If the level surface Mpo defined in (2.15) is compact and connected then
the level surfaces Mg for |E — E°| sufficiently small are diffeomorphic to a torus

Mg ~=T" = {(¢1,...,¢n) ER™| s ~ ¢ + 21, i =1,...,n}, (2.16)
and the motion on Mg is quasi-periodic, namely
$1(t) = wi(BE)t+ Y, dn(t) = wn(E) t + ¢, (2.17)
where w1 (E), ..., wn(E) depends on E and the phases ¢9, ..., #° are arbitrary.



Proof. To prove the theorem we use a standard lemma (see [5]).

Lemma 2.13. Let M be a compact connected n-dimensional manifold. If on M there are n linearly
independ vector fields X1, ..., X, such that
(X, X;]=0, i,j=1...,n
then M ~ TN, the n-dimensional torus.
In our case the vector field Xp,,..., X, are linearly independent and commuting, so, in the
case Mgo is compact and connected, it is also isomorphic to a n-dimensional torus. By continuity,
for small values of |E — E°| the surface Mg is also isomorphic to a torus. The coordinates 1) =

(11,2, ...,1y,) introduced in the proof of Liouville theorem 2.11 are not angles on the torus. In
the canonical variables (¢, E') the vector fields

OH,, O 9
o = {5 Hin} = ZaE ;O

Let us make a change of variable ¢ = ¢(¢) so that the coordinates ¢ = (¢1,..., ¢,) are angles on
the torus and let I;(FE),...I,(E) be the canonical variables associated to the angles (¢1,...,dn).

By construction one has for any Hamiltonian Hm, m=1,....n
0H,, 8
H,

since H,, depends only on F,, and ¢ depends only on w. It follows that ¢; and 1), are related by
a linear transformation

b; = Z TimPm>  Ojm = Ujm(E)v det ojm # 0.

Comparing the above two relations one arrives to
OH,,
Ojm = —=.
Jm oI,
Let us verify that (¢, I) are indeed canonical variables:
oIy, 0H,, Ol
{¢j’Ik} = {Zk: Ujmwmy-[k} = %:O'jm{d]mv-[k} = %:UjmaEm = m a[j 8Em = 0jk-

The equation of motions in the variables (¢, I) are given by

. OH; L

o = 37116 = Wk(E)
. 0H,
I = — =
" 0oy 0

therefore the motion is quasi periodic on the tori. In the variable (p, q), with p = p(¢, 1), ¢ = q(¢, 1),
the evolution is given as
q= Q(w1t+¢[1)7" : 7wnt+¢27[>
p=nplwit+ ¢, ... ,wnt + %, 1),
0

where (47, ..., ¢Y) are constant phases. O

10



3 Korteweg de Vries equation and direct/inverse scattering
The Korteweg de Vries (KdV) equation
Ut + Uy + Ugge = 0

is a nonlinear evolutionary partial differential equation for the function v = u(x,t), + € R and
t € RT. Here u; stands for the partial derivative with respect to ¢t and u, for the partial derivative
with respect to x. This equation was discovered in 1877 by Boussinesq and in 1895 by D. Korteweg
ad G. de Vries. By the scaling + — ax, t — ft and v — ~yu one can normalised the equation to
the form

— 6utly + Upge = 0. (3.1)

This equation has an exact travelling wave solution, namely a solution of the form u(x,t) = f(x—ct).
Plugging the ansatz into the KdV equation and putting the integration constants equal to zero,
one arrives to the ODE

daf

V2 +c

1
u(x,t) = —5¢ sech?

=df, O=x—ct

(Lo,

Such solution was called soliton by Zabusky and Kruskal (1965) and they observed quite remarkable
properties of the KdV solitons. In 1967 Gardner, Green, Kruskal and Miura discovered that the
KdV equation can be solved via inverse scattering transform method (ISTM). The rest of this
section will be devoted to explain this method. The key observation is the following result. Let us
introduce the operator

and define L; := uq.

Theorem 3.1. The equations .
L=][L,A] (3.4)

is equivalent to the KdV equation (3.1).

Proof. Let us compute the commutator [L, A] and show that is a multiplication operator.
(L, A] = [<0? + u, 402 — 6ud, — 3u,] = 6[02, udy] + 3[02, ue] + 4[u, 33 — 6[u, ud,).
Calculating each single term one has

- uf;th 3u;tfacx - 3ua:acfac - uwx:vf - ufacacx

8] —ufx_UQf — Uy f

[02
[02
[u, 33]
[u, w

11



so that

[L7 A]f = 12uxfx:v + 6Uxxfx + 6uac:cfa; + 3Ugzzr — 12ucha:x - 12Uxxfac — 4fu,a:a:acf + 6uua:f
= _Umc;rf + GUUxf

O
The operator L is an operator acting on functions defined on R. Here we assume that u(z,0)

is such that -
/ lu(x)|(1 + 2?)dx < oco.

—00

For functions % in the Hilbert space L?(R) with scalar product (.,.) one has

+oo +o00 _
(¢, Lap) = ) (@)(=03 + uyy(z)de = / (=02 +u(z, )y ()] (x)dx

—0o0

where we have integrated by parts. It follows that the operator L is Hermitian or self-adjoint,
namely

(¢, Lp) = (L, ).

As a consequence of being Hermitian, the eigenvalues of L are real, since

(¥, Lap) = (1, M) = M(up, ) = (Lap, ) = (M, ) = A(), 9))

so that A = \.
. dA
Lemma 3.2. Let A be an eigenvalue of L, then - 0.
Proof.
Lap + Lp = Mp + Ao,
so that

LAY — AL + (L — \)p = A
Next taking the scalar product with respect to i) one has

(0, LAY) — (1, ALp) + (0, (L — N)ib) = A(1h, 9)
(Lip, Ap) — (tp, AXY) + (L — N)b, ) = AW, 1))
AW, Ap) — Mab, Ap) + (L — \)p, ) = A1, )
0= A, 1),
where we use the reality of the eigenvalues and the symmetry of the operator L. O

The solution of KdV will be obtained by first study the Schrodinger operator L(t = 0). To
such operator we will associate the scattering data. This is called direct scattering problem. In the
scattering coordinates the time evolution is trivial if the potential u = u(z,t) evolves according to
the KdV equation and it is straightforward to obtain the scattering data at time ¢. The inverse

12



scattering aims at reconstructing the potential u(x,t) from the scattering data at time ¢. The
diagram below summarise the procedure just described.

direct scatterin
— s study —92 + u(x,0): scattering data at t = 0

{U(l‘, t= 0)}
KdVevolution

inverse scattering
H

{u(z, )}

scattering data at ¢ > 0.

Before starting the theory of scattering we will say few more words about integrability

3.1 Algebra of pseudo-differential operators

In the theory of evolutionary systems one of the most important issues is a systematic method
for construction of integrable systems. The crucial point of the formalism is the observation that
integrable dynamical systems can be obtained from the Lax equations on appropriate Lie algebras.
The greatest advantage of this formalism, besides the possibility of systematic construction of
the integrable systems, is the construction of bi-Hamiltonian structures and infinite hierarchies of
symmetries and conserved quantities.

The classical R-matrix formalism that originated from the pioneering article [23] by Gelfand
and Dickey, where they presented the construction of Hamiltonian soliton systems of KdV type by
means of pseudo- differential operators.

Let g be an algebra with respect to some multiplication, over R or C and let us assume that g
is endowed with a bilinear product given by a Lie bracket [,] : g — g , which is skew-symmetric
and satisfies the Jacobi identity.

Definition 3.3. A linear map R : g — g such that the bracket
[CL, b]R = [RCL, b] + [(I, Rb]v Va,beg (35)
is another Lie bracket on g is called the classical R-matrix.

The map (3.5) defines a Lie bracket if it is skew symmetric and satisfies the Jacobi identity.
The skew symmetry of (3.5) is obvious. The fact that (3.5) satisfies the Jacobi identity is not
given for free, but some conditions on the map R have to be imposed. These conditions are called
Yang-Baxter equations that we promptly derive. To impose the Jacobi identity on (3.5) one finds
that

0 = [a, [b,c|r]p + cyclic permutation
= [Ra, [RD, c]] + [Ra, [b, Rc]] + [a, R[b, c]r] + cyclic permutation
= [Rb, [Rc, a]] + [Rc, [a, Rb]] + [a, R[b, c]r] + cyclic permutation
= [a, R[b,c]g — [Rb, Rc]] + cyclic permutation

13



where the last equality follows from the Jacobi identity for [-,-]. Hence, a sufficient condition for R
to be a classical R-matrix is to satisfy the following so-called Yang-Baxter equation

[Ra, Rb] — Rla,b|r + cla,b] =0 (3.3)

where ¢ € C.

3.2 An example of R-matrix

Assume that the Lie algebra g can be split into a direct sum of two Lie subalgebras g+ and g_,
namely

g=9+®g- [o9+.04]Cogs grNg-=0
We denote the projections onto these subalgebras by P., where

P.+P_=1.
Next we define a linear map R : g — g as
1 1 1
R=_ (P~ P) S =5 (3.13)

Let ay := Pi(a) for a € g. Then it is immediate to verify that the map R defines a R-matrix.
Indeed
[a,b]lr = [Ra,b] + [a, Rb] = [ay,by] — [a—,b_]

Further
1 1
R[a7 b]R = 9 [a-‘m b-‘r] + 9 [a—7 b—]
1 1 1 1
[RCL, Rb] = Z [a-‘ra b-‘r] - Z [a+7 b—] - Z [a—v b+] + Z [a—a b—]
so that
1 1 1 1 1
[Ra, Rb] — Rla,b]r = ~1 [at,b4] — 1 lat,b-] — 1 la—,by] — 1 la_,b_] = _Z[Clab]

namely the Yang-Baxter equation (3.3) are satisfied for ¢ = i.

3.3 Algebra of pseudo-differential operators
The algebra of pseudo-differential operator (PDO) is the set of operators
N .
1=>—00

where the smooth functions w;(z) depend also on the times ¢t = (¢1,%2,...). The 0, operator is
related to the total derivative with respect to #. Thus, the multiplication in g is defined through
the so-called generalized Leibniz rule

O"u(z) =Y ( mn > u™ (2)om " (3.7)

n
n=0
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where u(™ () := (9,)"u(z) and ( ? ) stands for the standard binomial coefficient. For m < 0

(W)= ()

From the above relation it follows that

one has the relation

Ozt = U0y + Uy
0w =udyt — 0y 0t

=ud, ' — 0,2 + U9, 0% — ...,

The algebra (3.6) with the multiplication defined through (3.7) is an associative and noncom-
mutative algebra. Therefore, we have a well-defined Lie algebra structure on g with the natural
commutator of operators, namely

[A,B]=AB-BA A,Beg

Consider the following decomposition of g = g4+ ® g— where

g+ = {Z ui&i}, g = {Z a,ﬁi}. (3.25)

>0 <0
Then, g4 and g_ are Lie subalgebras of g and Py : g — g+ the projector operators. Consider an
element L from g of the form

L= 83]5\7 + uN_lai,V_l + uN_gﬁiV_Q + ... ug (3.27)

where N > 0. Then its N-th root
L%:8z+ag+a_18;1+a_28;2+..., (3.8)
where coefficients a; are differential function of u;, that are constructed by solving recursively the

identity
N

——f
1\ N 1 1
(L¥)" =1¥-..I¥ =L
In general one can take the fractional powers of (3.8) to obtain

n

——
L¥ =L~ ... L% .

Using the distributive property of the commutator one has that

1 1 1 1

o— = i(58) = () (1) e et (1)

so that one can conclude that

and in general



Definition 3.4. The fractional powers of L generate the following Lax hierarchies

Ly, = [(Lz’@)+,L] L k=1,... (3.9)

In order to investigate the type of equations obtained from (3.9) we analyse the properties of
the above commutator.

Lemma 3.5. The differential operator [(LJIS) ,L] has degree N — 2.
+

Proof. We have that

so that [<L§)+,L] __[<Lz’3),L].

On the other hand (L%) =a_10; ' + l.o.t where l.o.t stands for lower order terms, so that

[a_18_1 15)

LN =a_ 10N — 0N (410, 1) = —N(9pa_1)0Y 2 + Lot
and the statement follows. ]

Remark 3.6. From lemma 3.5 it follows that J;, un—_1 = 0 in (3.9). For this reason, we con-
sider only operators where uy_; = 0 since this term does not contribute to the dynamic, namely
operators of the form

L=0Y +un 202+ .. 4+ w0, +ug.

Example 3.7. [KdV hierarchy] Consider the case N = 2, then
L=-0%+u,

where for normalization reasons we have inserted the minus sign in front of the second derivative.
One finds that

1 1 1 _ 1 _ 1 _
(—L)2 =0, — §u8x Ly Zuxax 2_ 3 (uge — u) 0 34 16 (usy — 6uuy) 814
1
- — (U4x — lduug, — 11u§ + 2u3) 3;5 + ...

32

The fractional power of L gives for example

3 3
:—L-(—L)%:83—§u6m—1ux+(...)8;1+...

The Korteweg de Vries equation is recovered from

+ lw

Lt1 =Uy = |:4 (—L) 7L:| < Uty — 6uUly + Ugzy = 0

16



2k+1
In general, from Lemma 3.5 the commutator [(—L) L2 ,L} is a differential operator of degree

zero, namely a differential polynomial in u, uy, tyy, ... and it defines the KdV hierarchy

+ ol

Ly, = uy, = 2% [(—L) ,L} . k=1,2,... (3.10)

where we have changed slightly the numbering of the times with respect to the Definition 3.4. For
example
Uty = Uggzes + 10UUzze + 20UgUyy + 30u2uy,

and in general the equation u, = w1 44 cuPu,, where ¢ is a constant. Namely the highest
derivative has order 2k + 1 and the highest nonlinearity is of order k + 1.

Example 3.8. [Boussinesq equation] When N = 3 the differential operator L takes the form
L=02+ud; +v

with u = u(x,t) and v = v(z,t). We have

1 1 1
L3 zax—l—gu@;l—f(ux—v)a;Z—F*(2u2x—3vx—u2)3;3

3 9
1
-3 (usg — 2v9, — duuy + 2uv) 8;4
1 3\ o
+ g7 (3w — 9vge — 4B, + 36uv, — 45u2 + 45uv — 9® + 5u’) 07° + ...

Then, for
2 2
<L3)+ =0+ 3"

one finds the Lax equation for the Boussinesq system

o= [(29), 1] = (), = (bl )
+ v t —3U3g + V2 — FUUL

or equivalently

Utaty = (Sumcx - guux)xu
that is called the Boussinesq equation.

Remark 3.9. The KdV equation and the Boussinesq equation are reductions (up to normalization)
of a 2-dimensional integrable equation called the Kadomtsev-Petviashvili equation

(ut + uuy + ua:a:x)x = Uyy -

t-independent solutions satisfy the Boussinesq equation, while y-independent solutions satisfies the
KdV equation.

The very important fact that determines integrability is that the hierarchy of equations (3.9)
commute, namely we have the following lemma.

17



Lemma 3.10. The following relations are satified

0 aLtj, i£k=12,...

oty o
Proof. Let Ay := (L%)Jr. From definition 3.4 we have
0 0 0 0 0 0 0 0
%Ltk - aitkLtj - aitj[AkﬂL] - Ttk[A]vL] - [aitjAk - aitkA]:L] + [Aka ait]L] - [Aja aitk[’]
0 0
= [aTjA’“ - %AJ,L] + [Ak, [A5, L] — [Aj, [AR, L]
0 0
that implies
9 a2 A, A =0 (3.11)
875]- K 8tk J B R '

The above equation takes also the name of zero curvature equation. To show that such equation is
satisfied we first show the following identity:

0

k k
aithN — [AJ,LN] .
To prove it let us start for k =1,
N-1
0, . 1.n 10 11N
aTJ(LN) = Z(LN) 6TJ,LN(LN)
=0
N-1 1 s 1 1 .
= > (LN)[A;, LN)(L¥)N T = [A), I
i=0

as required. The equality for k > 1 can be proved by the same computations. Next we have
0
(56
Ot
where the underscore + stands for the projection on the subspace of positive and constant differ-
ential operators. We are ready to prove the zero curvature equation (3.11):

0 0

L¥)y = [A;,L¥],

c’thAk - éTkaj = [(L¥)4, L]y — [(L¥)4, L¥]y
= [(L¥) 1 (EN)4)s + [ER) 4, (L¥) ]y = [(LN )4, L¥],
= [(L¥) 4, (L¥) )4 + [(LR), (LN) )4 — [(L¥)4, LF,
= [(L%) 1, (L¥) )4 + [(LF), (LV)]4
= (L) 4, (L¥)4]4 = [4), 44

O

We can conclude that the Lax equations (3.4) and in particular the KdV hierarchy (3.10) are
an infinite dimensional set of commuting equations.

18



3.4 Direct scattering

We look for solution of the Schrédinger equation for potentials u(z,t = 0) such that

/OO (1 + 2 |u(z,t = 0)|dz < 0o (3.12)

—00

The first step is to determine the Jost solutions of the equation L1 = k%, k € R namely two sets
of independent and bounded solutions such that

oz, k) — e oz, k) — eFr o oo (3.13)

and
V(x, k) — e p(xk) — e 2 o 4o (3.14)

Since the potential u(x) is real, if ¢(x,k) is a solution of the Schrodinger equation then also
¢*(x, k*) is a solution, where * means complex conjugation. For this reason ¢(z, k) = ¢*(x, k*).
We observe that for k real we also have ¢(z, k) = ¢(z, —k) and ¢(x, k) = ¢(x, —k). Let us define
w(w, k) := ¢(z, k)e*® and w(z, k) := ¢(x, k)e . We observe that from (3.13) we have that

w(z, k) =1, w(x, k) -1, asz— —oo.
Lemma 3.11. The following relation holds
N .
(wleszkx) _ uwefmkz (3.15)
where ! denotes the derivative with respect to x.
Proof. Substituting ¢ into the Schrodinger equation we have
_ (we—ikm>” 4 wve— kT — j2pe-ike

Taking the second derivative and re-arraging the terms one arrives to the statement of the lemma.

O
Lemma 3.12. The function w(x, k) satisfies the following integral equations
T 1— e?ik(x—f)
wle ) =1 [ w@uie. TG de (3.16)

Proof. We first integrate the equation (3.15) once obtaining

T

we ™ = [ ugul et
—0o0

Next we integrate another time from —oo to x and use the fact that w(z,k) — 1 as x — —o0

obtaining

/

w(z, k) =1+ /m da' ¥’ /x u(&)w(, k)e 2 de,

—0o0 —0o0

Exchanging the order of integration we arrive to

T ) T . T . eQikx _ eZisz
w(z, k) =1+ / déu(&w(E, k)e 2k / do' ek’ — 1 ¢ / déu(&)w(E, k)e 2 —
— 00 £ —00 1
which is equivalent to the statement of the lemma. O
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In a similar way one has

T _ —2ik(z—¢)
wok) =1+ [ u@lae, k) e (3.17)

Lemma 3.13. The integral equation (3.16) has a solution.

Proof. We give a sketch of the proof (see Lemma 1, Sect. 2.1 in [?]). We consider an iteration
scheme with wo(z, k) =0, wi(z, k) =1 and

T

wj+1(a:, k‘) =1+ / U(f)w](f, kJ)Dk(l’ — f)df

—0o0

1— e2z‘km

2k \k|
Here | .| stands for the modulus of a complex number. We claim that for all j > 0 and |k| > 0 one
has the estimate

wyned) - w0l <5 ([ dflU(f)l>j <ilm/ j df|u<a>|)j. (3.18)

Such estimate can be easily proved by induction. From the above estimate it follows that w;(z, k) is
a Cauchy sequence and therefore there exists the limit w(z, k) in L>°(R). Using the above estimate
we also have that

where Dy (x) = For |k| > 0 one has the estimate |Dy(x — )| < uniformly in z,£ € R.

N-1 N— 1 400 J
ot = 3w~ < 2; (W /- d&\ﬂ(é)\)

that shows that the limit w(x, k) is uniformly bounded by

“+o0o
fw(z, k:)<exp<|]1|/ dgyu(g)y), k] > 0. (3.19)

In order to prove the existence of a solution of the integral equation (3.16) for k near zero, we need
the estimate |Dy(x — &)| < |z — &| for all real x, £&. In this case we can prove that w;(z,k)/(1 + z)
converges for all real x provided that fj;o luo(§)||c1€ + c2]ld§ < oo for some constants ¢; and co.
Namely a stronger decay at infinity of the function u is required for the case k near the origin. [

Remark 3.14. For proving the existence of the first derivative with respect to k of the function
w(x, k) one has to prove the existence of the solution of the integral equation

xT

v 0
) =1 [ w(@F(E 0D - s+ [ u©ule.h) 5 Dile— e
—co —00

and show that the function F(z,k) coincides with Oyw(z, k). For proving the existence of F(x, k)
one must have that the function ug(z) decays at infinity in such a way that the condition (3.12)
is satisfied. In general the smoothness of the function w(zx, k) with respect to the parameter k
depends on how fast the function u decays at infinity, [19].
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Regarding the Jost function normalised at 400 we define
p(x, k) =z, ke * e p(x, k) == p(z, k)er®

In a similar way as done before, one can obtain an integral equation for the function p and ¢, that
is

400 _—2ik(z—¢€)
pa) =1 [ deu@pie. )5
o - (3.20)
o0 1 _ g2ik(@—8)
Pz, k) =1 +/ d€u(§)p(s, k)T

Remark 3.15. From the formula (3.15) and (3.17) it is immediate to see that the function Dy (x —
1— 2ik(z—&) -
§) = 627% for x > £ is exponentially small for Imk > 0 while Dg(x — &) for x > £ is

i
exponentially small for Imk < 0. On the other hand Dy(z — &) for x < ¢ is exponentially small
for Imk < 0 while Di(xz — &) for z < £ is exponentially small for Imk > 0. From this simple
observation it follows from (3.15) and (3.17) and (3.37) that

e the functions ¢(z, k) and ¥ (z, k) or p(z, k) and w(x, k) have an analytic continuation in the
upper half space Imk > 0.

e the functions ¢(x, k) and (z, k) or p(x, k) and w(z, k) have an analytic continuation in the
lower half space Im k < 0.

Next we consider the Wronkstian W (f,g) = fo9 — gz f-
Lemma 3.16. The following relation is satisfied
W (¢, ¢) = W(,9) = —2ik.
Proof. First of all let us observe that

%W(ﬁb s QE) = be:cﬁg + beqga: - Qba)xx - QSIQEI =0,

because ¢ and ¢ satisfy the Schrodinger equation. Namely the Wronkstian of two independent
solutions of the Schrodinger equation is equal to a constant. In order to evaluate the constant, we
evaluate the Wronkstian with respect to ¢ and ¢ at © = —oo and the Wronkstian with respect to
1 and 1) at x = +oo obtaining the statement of the lemma.

O

Since the Jost functions ¢ and ¢ and 1 and 1 are two independent sets of solutions of the
Schrodinger equation that is an ODE of second degree it follows that they are related by a linear
transformation

(6.0) = (¥,9) (Z 2) (3.21)

for some constants a = a(k) and b = b(k). The matrix

S = <Z 2) (3.22)

is called scattering matrix.
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Lemma 3.17. The matriz S has determinant equal to one.

Proof. 1t is enough to evaluate the Wronkstian

—2ik = W (¢, ¢) = W(ah + by, ayp + bp) = —2ik(aa — bb).

O
Lemma 3.18. The following identities are satisfied
1 [t
) +Oo_°° (3.23)
_ _ —2ike¢
k) = iz [ (et e s

Proof. For the first relation we evaluate W (1, ¢) obtaining
W (1, ¢) = W (¢, a) + b)) = aW (7)) = 2iak.
On the other hand one also has that
W, ) = W (pe*® we™ ) = ikpw + p'w — pw' + ikpw = (p' + 2ikp)w — pw'.

Evaluating the last relation at x = —oo one obtains
/ / oo
W, ) = (p' + 2ikp)w — pw' = 2ik — / u(&)p(&, k)d¢

—00

which combined with the first identity gives the statement of the lemma. Regarding the derivation
of b, we consider the Wronkstian

W (1, ¢) = W, ath + b)) = bW (), 10) = —2ikb.

On the other hand we also have

_ . . . +oo .
W(djv ¢) — W(ﬁe—zksze—zkx) — (ﬁ’w o pw/)e—mkz — / U(ﬁ)ﬁ(é, k)e—szEd&
— 0o
where the last identity has been obtained by evaluating the Wronkstian at x = —oo. Combining
the last two equations one obtains the statement of the lemma. ]

Lemma 3.19. The function a(k) is analytic on the upper half plane and it has at most a finite
number of zeros on the positive imaginary axis. The zeros are all simple and

da 1 Feo 2 . +oo 2 .
z@m:i,{j = B—J . ¢°(x,ikj)dx = f; . W (z,ik;)dx. (3.24)

Remark 3.20. The linear spectral problem can have a point spectrum where the function a(k)
has higher order zeros, but the corresponding potential u(x) is not in L?(R).
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Proof. The function a(k) has an analytic extension for Imk > 0 because of formula (3.23) and
the fact that the function p(x, k) has an analytic continuation on the upper half space. Since the
function p(x, k) is uniformly bounded for |k| > 0, ( see relation (3.19) for the equivalent function
w(x, k)), one also has that

a(k) =1, |k| - 00, Imk > 0.

Therefore a(k) is analytic on the upper half space and bounded at infinity. It follows that a(k) has
at most a finite number of zeros. To prove that the zeros lie on the complex imaginary axis, let us
suppose that k; = & +ir;, k; > 0 is a zero of a, namely a(k;) = 0. Then W (¢ (x, k;), ¢(z, k;)) =0,
which implies that the functions are proportional to each other

o(z, kj) = Bjb(z, kj). (3.25)
We also observe that ‘ ‘
P(x, kj) ~ R = 8iTeTRIT  ag 1 — 400
and ‘ ‘
P, kj) == e hi® = e HiTRIT a5 1 —o0.

It follows that the function f(z,k;) = ¢(z,k;) = B (x, k;) is in L*(R) and Lf = k3 f where kJQ is
an eigenvalue of the operator L. Since the eigenvalues of L are all real, it follows that kg is equal
to &; or to ik;. The first possibility has to be excluded because otherwise the functions ¢ and ¢
cannot be proportional. Hence k; = ikj, £; > 0. In order to show that the zeros of a(k) are all
simple we consider the W (¢, ¢) = 2ika and differentiate with respect to k. Under the assumption
(??) and remark 3.14, the Jost functions ¢ and ¢ are differentiable and we obtain

W (4, 6) + W, 05) = 2ia + 20k 5

so that evaluating the above relation at ix; we obtain

da
265 Vi = WA n)li; + W 0k, 9)li;-

Using the relation ¢(z,ik;) = B9 (x,ik;) we can reduce the above relation to the form

d
2633 limivey = B3 W (0,0 i, + W (0, 0, (3.26)

In order to evaluate the above Wronkstians we consider the sum of the equations (¢, — u¢p +
E29)pr = 0 and (—par + udp — 2kp — k2¢1 )¢ that gives

(Puk® — utr)e = —2ke”
so that

d o
W (1, 6) = —2ke

or
—+00

W(¢k(+oo7 k)> ¢(+Ooa k)) - W(¢k(—00, k)a ¢(_Oov k)) = —2k (l)(x? k)de'

—0o0
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Evaluating the above relation at ix; and subtracting equation (3.26) evaluated at z = 400 we
obtain

[W((bk(_ooﬂ k)a ¢(—OO, k)) + /szw(w('i_()o? k)? ka("i_ooﬂ k))] ’m]—
= 2if€j o ¢($, ilﬁ;j)zdx + 2ﬂjﬁj%|k:iﬁj. (327)

— 00

Since the left hand size is equal to zero, because ¢(z, k) ~ e~ as 2 — —oo and ¥ (z, k) ~ ¢** as

r — +00, we have that

da A e
dk‘|k:mj = Bj -
Setting £ = ir; in the integral equation (3.16) shows that w(x,ix;) is real which implies that
¢(x,ik;) is real, therefore, the integral in the r.h.s. of the above equation is real and non zero. This
shows that the zeros of a(k) are simple at ix;. O

o(x,ik;) da. (3.28)

Now let us consider the function ¢(z, k)

¢(x, k) = a(k)p(z, k) + b(k)p(z, k) = , (3:29)
e T g5 0
then .
fzk:r_’_ ( )eikz’ T — 400
1 a(k)
(. k) = (3.30)
1 .
me*m T — —00
Looking at the first row of the above equation, we can consider e *** as incident wave arriving
b(k) . 1 .
from +oo and aikiem as reflected wave, while in the second row we can consider (k) e kT a5
transmitted wave.
Definition 3.21. The quantities
b(k) 1
k):=—=, tk):=— 3.31
)= o ) = o (331)

are called reflection and transmission coefficients from the right of the Schrodinger equation.

We observe that since |a(k)|? — |b(k)|? = 1 for k real one has
FRE R =1, KR (3:32)

which expresses the conservation of the wave flux. One can also define the reflection coefficient
from the left by considering

%w(x, k) = (3.33)



b(k)

1
and defining rr(z) = ~ath) and tr (k) = o) the reflection and transmission coefficients from the
a a
left.

Lemma 3.22. The reflection coefficient has the following properties
1. |r(k)| <1 for all k € R;
2. r*(k) = r(—k), for all k € R;

1
3. r(k) ~ T as |k| — oo;

4. (k) € L2(R) and r'(k) € L?(R) if the initial data satisfies (3.12).

Proof. The relation 1. follows from (3.32). The relation 2. follows from the symmetry property of
the Jost solutions. Indeed for real k one has ¥*(x,k) = ¢ (x,—k) so that by (3.23) one has that
a*(k) = a(—k) and b*(k) = b(—k), k real.

Regarding relation 3. since p(z, k) is uniformily bounded for |k| > 0 it follows from the definition
of a(k) and b(k) in (3.23) that |a(k)| — 1 and |b(k)| = O(1/|k|) as |k| — oco. The relation 4. follows
from the remark 3.14 and some norm estimates of the derivative of p(z, k) with respect to k. [

Remark 3.23. It is proved by Beals and Coifmann [3] that if u(z)2z/ € L'(R) then » € C7(R) and
r@(k) — 0 as |k| — co with £ = 1,...,j and j > 2. Here #()(k) is the partial derivative with
respect to k. Further, if u(z)z? € L'(R) N L*(R) then ) € L2(R) £ =1...,35.

The scattering data for the potential u(x,0) is the following set

S(0) = {r(k), {rj, Bj}j=1}

where r(k) = r(k,t = 0) and 8; = B;(t = 0). The eigenfunction f; with respect to the eigenvalue
—n? is defined as
e, as r — —o0

Bje T, as r — 00.

i, kj) = {

If the function u(z,t) evolve according to the KdV equation the scattering data at time ¢t can be
obtained in a straightforward way.

Theorem 3.24.

d .
=ik, or r(kt) = r(k, 0™ (3.34)
dﬁ 53
7dtj = 8I€]ﬂ] or /Bj(t) = BJ(O)es Jt. (335)

Proof. Let us consider the equation Ly = Ay where 1 is either a Jost function or an eigenfunction.
Taking the derivative with respect to time of this equation and using the Lax equation L = [L, A]
we obtain (here dot denotes time derivation)

L(AY + 1) = A(AY +1)).
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It follows that there are constants ¢; = ¢1(k) and ca = (k) such that

A+ = e + cotb. (3.36)

In order to evaluate these constants, we evaluate the above relation at +o0o. We assume that
the KdV dynamics does not change the boundary conditions of w(z,t) at infinity. Recall that
P(k;x,t) ~ e and ¢(k;x,t) ~ e ** as x — 400 and using (3.37) we obtain

+o00 ik(z—&) _ e—ik’(:c—{)

wlkiat) =™ = [T agu(e o k)

T

(3.37)

Therefore taking a derivative with respect to x we obtain
, +oo .
O (ks x,t) = ike*® — / déu(E, ) (€, t; k) cos(k(x — €)) = ike'™ + 0(1), as z — +00
x

In a similar way

W (ks t) = (ik)%e™ + K / +°° dgu(&, ) (&, t; k) cos(k(x — €)) = (ik)*e™ +o(1), as x — +oo

T

and
. +m .
Glhn,t) = [ e DU(E ) + u(©(E bR sinfh(e — €) = o(1), a5 w400
Substituting the above relations in (3.36) one obtains
4(ik)3e*® = c1e™*® 4 coe™ kT 4 (1), as x — 400,
that gives co =0 and ¢; = —4ik3 so that
At 4 1) = —4ik3y. (3.38)

In a similar way we obtain .
Ap + ¢ = 4ik’¢
and analogous relations hold for the Jost function ¢ and . Since ¢ = a®) + byp we obtain that
_ _ d -
4ik?(ath + byp) =A(ay) + bip) + Sl +0)
= a( A + ) + (A + ) + ap + b (3.39)
= dik3ay) — 4ikPbp + a + by

which gives ‘
b=28ik®, a=0.

Since the reflection coefficient is r = 3 it follows from the above relation that

drd (b\ _.3b . 3
dt—dt<a>—82ka—8lk7’.
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In order to obtain the evolution of the norming constants we recall the notation
Pz, tiikg) = Bi ()¢ (x, t; ing).
Using the relation A¢ + qﬁ = 4ik3¢ we obtain
AB Ao i) + (B30l tins)) = 4ilin; (e, tin;)
which is equivalent to
Bi(0) (A (x, t;ik;) + (x, tyikg)) + B() (. tying) = A3 (00 (x, i),
Using the relation (3.38) evaluated at ix; the above relation gives B]- = 8/4,5?5]-. O

So the integration of the KAV equation is obtained by the following diagram

direct scattering
{u(z,t=0)} 7 8(0) = {r(k), {85,155} 11}
KdVevolution
inverse scattering k3 o
{ulz,t)} — S(t) = {r(k)e¥™*, {8;e™", k;} 1}

The inverse scattering is the problem to determine the potential u(x,t) from the spectral data
S(t).

Remark 3.25. For the inverse problem Beals and Coifmann [3] proved that if r(k)k™ € L?(R)
then the distributional derivative of u(®) € L2(R) U L®(R), £ =0...,n. If further ¥ € L?(R) for
£=0,...,n+ 1 then also

[u(z)z" T € L*(R) N L™ (R).

Comparing with remak 3.23 one can see that there is no bijective map between the physical space,
where u(x) is defined and the scattering space. In order to obtain such a bijective map a substantial
analytical work has been done by X. Zhou [19] that proved the bijectivity between

u(z) € L*((1 + 2*™)dz) N H?(R)
and 4
r(k) € H"(R) N L*((1 + k¥)dk).
3.5 Inverse spectral problem as a Riemann-Hilbert problem

We define the vector function

<a<1k)¢(l~c; x, 1) a(k; x,t)e‘”“’”) Imk >0
m(k;x,t) == (3.40)

<¢(kz, z,t)eth, a(lk)(zS(k; x,t)e_ik’”) Imk <0
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Observe that m(k;z,t) is analytic for k € C\(R U {+ir;}7_;); Furthermore let us define my =
lim._,o m(x,k £ i€). Then we have the following lemma

Lemma 3.26. The following relation is satisfied
my(k;x,t) = m_(k;z, t)v(k;z,t), keR

where ) (k)
R e L€ e ) . -
v(k;x,t) = <T(k)€9(k;x’t) | , 0 =2ikx + 8ik°t (3.41)

and (k) is calculated at t = 0.

Proof. We consider the r.h.s. of the above relation and using (3.21)

(?/) ik, ( )qb _lkz) v(k) = <((1 — |r|?) + rd_))eikz’(a(i) —F@E)e‘i’fm)

Is]

b _F_e—ilm
(k)¢+¢ (0 )

Using the time evolution of the reflection coefficient (k) in (3.34), one obtains the statement of
the Lemma.

(((1 025+ L+ a))e (-

O

Further as k — ix; using the fact that a(k) has simple zeros at &;

Resk:mjm(k;:r,t) _ (Qs(x?t:;iﬁ;j)e—ﬁj.r’o) _ (BJ( Y (@, t; Z'%J) —njx’0> (3.42)

a(iry) a(iry)
where o (ikj) = \ k=i, Using (3.24) and definining
icj = Gilt = ) ! € iR
! a'(ik; fj;o P2 (x,t = 0;ik;)dx

we can recast the condition (3.42) as a limit, namely

0 0
Resg=ix;m(k; 2, t) = lim m(k;x,1) icje_%jz%”?t

k—in; 0

and similarly

L_ cp ) etk
)

_ i —2k i x+8K3t
o(z, t; —mj)e”jm> = lim m(k;x,t) <0 wje 7 ’ ) .

Resg=—in, m(k; z,t) = Resg=—ix, (&(k;x,t)eikr,

l

k——ik; 0 0

Summarizing we arrive to the following Riemann-Hilbert boundary value problem for the
vector m(k; z,t)



Theorem 3.27. Let S = {r(k); (kj, ﬂj)é-v:l} be the (right) scattering data of the Lax operator
L(0). Then m = m(k;x,t) defined in (4.7) is the solution of the following Riemann-Hilbert
problem.

o m(k;x,t) is analytic for k € (C\(Ru{imj}?:l) with simple poles at +ik;, with kj > 0,
i=1....n;

e the boundary values my = lim._,o m(x, k £ i€) satisfy the jump condition

my(k;z,t) = m_(k;z, t)v(k;x,t), keR,; (3.43)
e the residus conditions at the poles Lik;, j =1,...,n,
Resg—in, m(k;z,t) = lim m(k;x,t) 0 0 (3.44)
k=ir; y Ly b)) = k—bir 5 b Z‘cjee(inj,x,t) 0 :

and

i o= 0(—ikj,x,t)
Resg=—_ix;m(k; z,t) = kli}m m(k; z,t) (8 icje . 5 >
1Rj

where ¢; € RT;
o for|k| — oo
1

m(z, k) — (1,1) + O( 7 )

o Further the symmetry of the Jost solutions implies the symmetry

O Y — <(1) (1]> .

Analyzing the integral equations (3.16) and (3.37) for the functions w(k;z,t) and p(k;x,t) we
see that expanding for large k£ we have

w(z,k) =1 - / T @) Y e - T e

2ik 2ik
o0 "o oo (3.45)
. ) +o00 p L 1— 6721,]6(175) . 1 +o0 p
k) = 1= [ dewmte ) =g =1- g [ e
we deduce that
u(zx,t) = —2i0, klim k(mq(k;x,t) —1). (3.46)
— 00

3.6 Reflectionless potentials and N-soliton solutions

When r(k) = 0, the Riemann-Hilbert problem for m(k) is solved by a vector m(k) rational in k.
Indeed in this case m(k) = (mi(k), ma(k)) is a meromorphic function of C and m;(k) has a
simple pole at ix; while mg(k) has simle poles at —ir;. Keeping track of the symmetry of the
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solution in (4.7) we look for a solution that has the form

N

m(k;z,t) =

N
k+ik;
=

where the constants (in k) a; = aj(z,t) € R ! are to be determined from the residue conditions of
the Riemann-Hilbert problem. Notice that mg(k) = mj(k*). From the constants o the solution of
KdV is obtained from (3.46)

j=1

N
u(z,t) = —20, Z aj(z,t).
j=1

Plugging the ansatz for m(k) into the residue conditions (3.43) gives the equations

N , —10(iky) N - 50(ik;)  —Lo(ik;)
_ a 0(ikg) e 2 . V/Cj€ aje 2 Lo(ing)
ap=11- J cpe’ " & —=|1- \/cpez Ve
jz;k’g—i-k‘j N ]z; ko + k; N
Vk=1,...N. Let & ¢ € RY and (&), = \Fe —50(in) , (&) = /Ck e20(70) and
ﬁcjﬁege(m)%a(inj)
K)., = .
( )]f k( +k]

Then the linear system of equations for o; can be recast in the form
(In+K)a=¢ a=(In+K)!

Proposition 3.28. The matrixz Iy + K is invertible and the N soliton solution takes the form

2
u(z,t) = _2883:2 Indet (In + K) . (3.47)

Proof. We follow the same argument as in [?, Proposition B1].

The matrix K is symmetric and (even better) it is positive definite, as it can be seen as an
inner-product type of matrix:

/ GGkt SR g < N skjeStk?-> (3.48)

and the functions fi(s) = \/cye %% are linearly independent in L*(z + o0) (V ), since k; # k; by

assumption. Therefore for any verctor v = (v1,...,vy) € RY we have
3 _ —sk; 3
(v, Kv) Z 10U = Z <Ug\/0368tkée ske ;. /cje S’“JeStka> = (w,w) > 0,
j7£
3 . . "
where w = (w1,...,wy) and w; = vj,/cje*Skﬂ'eStkﬂ'. We conclude that the matrix K is positive
definite.

Tn principle the constants «; should be taken complex, but to simplify the presentation we take them real, as
this fact is derived from solving the linear system obtained from the residue conditions.
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Notice now that

N
aj =Y (In + K5 /e /e na200m), (3.49)
/=1

therefore

N
3} 0
—_ _17 = ——
Eozg— Tr((IN—i—K) 8:1:K) a:Ulmdet(IN—i—K') (3.50)

k=1

where we used the fact that a%Kkg = —@ﬁeég(w@Hég(mﬁ) and the formula %lndetA =
Tr (Afl%A) for a generic matrix-valued function A(x). Therefore, our KdV N-soliton solution
looks like (3.51). O

Example 3.29. In the case N = 1 we obtain the 1-soliton solution with spectral data (kg,cp) in
the form

0? c 2
t) = —2——Indet | 1+ ——e 207 FSml ) 3.51
u(z,t) 52 nde ( + 2R06 (3.51)
which gives
1 Co
t) = —2k2sech? — 4Kkt — = —1log —.
u(x,t) kgsech?(ko(z — 4kGt — x0), o 5o og org

4 Cauchy Operators

In this section we will show the existence of solution of the Riemann-Hilbert problem 3.27 for all
t > 0. For the purpose we need to introduce the concept of Cauchy operator.
4.1 Cauchy operator

Let T" be a close contour oriented anticlockwise in C and Dy the interior of I' and D_ is the
complement to Dy and I' in C. We have the following result, using the Cauchy theorem:

i 1 du — 1 ifZ€D+
2mt Jpp— 2 0 itzeD_.

When A € T, the integral is defined as a principal value by the limit

du du
. | ——dp =1 —d
p”/FM—A =80 Je =
where I'c := I'\7e and 7. = {u € T'||u — A| < €} for some € > 0. Performing the integral and
choosing the phase of the logarithmic to be equal to zero on the orthogonal direction with respect
to the contour at the point A we obtain



Next, for a function f(z) defined on I" we aim to study the Cauchy integral

fw)

27 F'LL*Z

O(z) = —

(4.1)

which is analytic in C\I" and it has a jump discontinuity across I'. To study such a jump disconti-
nuity we start by making the assumption that that f(z) is Holder continuous on I', namely

|f(21) = f(22)| S clz1 — 22|% 0<a<1, >0

The function
f) = 1),
w—z
is clearly continuous across I and therefore

lim ¢(z) =y (A) = lim 9(z) = d-(2) = p(A)

Z—>)\+ —A_

where Ay denote the limit to I from the left/right with respect to the oriented contour I' in non
tangential directions with respect to I'. On the other hand we have

ve) = tip | [ L0 g TE L] — e g0y

2

P-() = lim [27”/ f—z Q;Z)Auizdﬂ] =2-0

and for A €T

1 F) 50 | ;
{v.p [ - 0, Hdu]—w)zm)

Since the function 9 (z) is continuous for z € C it follows that ¢4 (A) = ¢¥_(A) = ¢(A) for A € T
and therefore we have

L)~ B (V) = FN), B2(N) = 1 FO) + 2

or equivalently

1 v.p. [ f(u)

The above relation is called the Plemelj-Sokhotskij formula. The second term of the r.h.s. coincides
with the the Hilbert transform

pe) =gk [
so that we can re-write it 1
Cr(A) =25 f(N) — (HH), Ael (4.2)
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It can be proved that if f(\) is Holder continuous with coefficient 0 < a < 1, then functions ®4(A),
A € T', are Holder continuous with the same index «.. In general, given a function or a n X n matrix
f defined on T', the map f — £1 f(\) — (Hf)(\) defines the Cauchy integral operators C

= =5 [ LB (43)

where as before Ay denote the limit to I" from the left /right with respect to an oriented contour I'
in non tangential directions with respect to I'.
The operators C. enjoy several important properties, among which we will use the following:

o If f e LP(T,|dz|, Mat(C™)),1 < p < oo, then [Cy f] (\) exists for A € T almost everywhere.

o Let f e LP(T,|dz], Mat(C")),1 < p < o0.

Then C4 are bounded operators in LP(T', |dz|Mat(C™)), i.e. there exists such a constant ¢,
that

||Cif||Lp(r) < el fller) (4.4)

where || f||z»(r) is the norm of the matrix whose entries are | fi;] s ()

e As operators in LP(T'),1 < p < oo, the Cauchy operators satisfy the Plemelj-Sokhotskij

formula ) )
Cy=+x-1d--H
+ 2 9
where Id is the identity operator in LP(I") and H is the Hilbert transform,
1 f(w)
Hf|(\) = —v.p. | —=dp. 3.27
[HfI(A) = —vp el (3.27)

Note that the map f — Hf is not bounded in L'. The formula (3.26) implies that
Cy—-C_=1d, Cy+C_=-H. (3.28)
e One has H? = Id so that Cy are orthogonal projectors, namely
Ci=0Cy C2=C., CiC_=0.

The proof of these properties can be found in [1]. We describe an example that is sufficient for our
purposes.

Example 4.1. Let T = Rand f € L2(R). In this case the Fourier transform f(s) = Jg f(p)e 2™ Hsdy,
is well defined and we have the Parseval identity.

2 = AS 2 S.
/le(u)\ du—/le( )2d
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We show that [Cxf] (\) € L?(R). This is obtained by using the residue theoerm.

1) = 27171 lg%/ j(&“l z'e) an

27rzsl,nf
1 4.5
" omi Egr(l)/ / (A +ie) dp (45)

:/ 2m)\5f( )ds e L2<R)
0

and similarly

€1 = gt [ (x)

271 e—0 — (A — ze)

27715;1']('
— lim / / du (4.6)
T 27 0 R M — i€)

:_/ 271'1)\5f( )d8€L2<R)
On the other hand the Hilbert transform

AN = Zvo. [ L2

is the convolution of f with the kernel K (u) = ﬁ and the Fourier transform

R 1 00 L2Tisp
K(s) = ,v.p./ . dp = sign(s)

i oo
so that
(M) =~ [ sign(s)e"™ s)ds
R

that combined with (4.5) and (4.6) gives (3.28).
Furthermore we observe that
H?>=1d

so that the Cauchy operators C'y are orthogonal projectors, namely

Ci=Cy C:i=0C_, CL0_=C_Cy=0.

4.2 The Riemann-Hilbert problem as a Fredholm integral equation

In order to show existence of solutions to the Riemann-Hilbert problem (3.27) we need first to write
it for a matrix function by taking the first derivates with respect to z of the Jost functions. Namely
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we define

— 1 ) ) -
—— ¢k, t)e*™  ap(k;x,t)e
alk) i | mEzo
/(L. 1k /(L. —1RT
_a(k)¢<k7x7t)e w <k7x7t)e ]
M(k;x,t) :== (4.7)
ks, )™ ——g(k;x, t)e™
i e k) | me<o.
/(Lo ikx 21 ( .. —tkx
||t s d et

For simplifying the derivation we also assume that there is no discrete spectrum. Then the matrix
M (k) is analytic in C\R and satisfies the boundary problem

M, (k) = M_(k)o(k), keR

and
M(z) = [_1“{: ;{] +0(k™), ask — oo
We define
N(k) = [ L 1}_1M(k’)
—ik ik
then

{ N, = N_uv(k) keR

. 48
N k2 Lok (4.8)

Now the solution of the KdV equation is recovered from
u(z,t) = —2i0, lim (N1 + Nap — 1)k.
k—o0

Lemma 4.2. If the solution of the Riemann-Hilbert problem (4.8) exists, it is unique.

Proof. Since detv = 1, we have that (det N)y = (det N)_ so that det N is analytic in C and
det N(k) — 1 as k — oo. By Liouville theorem det N = 1. O

The Riemann Hilbert problem (4.8) can be reduced to an integral equation observing that
N (k) = N (k) = N_(k)(v(k) — )

and using the Cauchy integral we obtain

N(k) =1+ 2% /R N‘(S)S(”_(IZS =D 4

In particular the — boundary value gives

N_(k) =1+ % /R N‘(Ss)(i’(:f —D g (4.9)
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Introducing the Cauchy operator

CFI) = (C-(F(w - D))(h) = 5 [ T =D, (4.10)

the equation (4.9) becomes
[(Id — C,)N_](k) = I. (4.11)

We have thus associated to the di RH problem (4.8) the operator Id — C,,. The goal is to show that
such operator is invertible. For the purpose we show that such operators is a Fredholm operator
with trivial kernel and co-kernel. A Fredholm operator K : X7 — X5 between two Banach spaces
X1, X5 is a linear bounded operator with finite dimensional kernel and co-kernel. The index of the
operator

ind K = dim ker K — dim coker K.

To show that Id — C,, is Fredholm we follow closely [19].
Lemma 4.3. Id— C, is Fredholm operator in L*(R).

Proof. In order to prove that such operator is Fredholm we show that the operator Id — C,, has a
compact pseudo-inverse. Let us define the operator

Oy Fl(k) = [C_(F(u~" — I)](k) = % /R F(s) S’: ]i‘j) 1 4. (4.12)

then we show that Id — C,-1 is a pseudo-inverse of Id — C,

(M—CWMM—CUF:F—WPW[Caﬂ+K%ﬂCFH
— [CoF] = [Cyr F] + [C_([C-F(v = D)) (v~ " = T)] =
— [CoF] = [Cyr Fl + [C- ([C+F(v = 1)) = F(v - I))( D))= (4.13)
=F = [CoF] = [Cpr F] = [C_Flo—=I)(v™' = D]+ [C_ ([C4F(v = D](v™! = 1)]) =
=F+[C_([CtFlv—=D)(w ' =1)]) = F+[KF]=(1d+K)F

It remains to show the compactness of the operator K defined above. Let F}; be a sequence in L?(R)
convergent weakly to zero. We have to show that

j—+oo

I E] | 2 () = 0. (4.14)

This is easily obtained by applying (4.4) where the L? norm is now the matrix norm. In the same
way it can be checked that (Id — C,)(Id — C;!) is compact. It follows that Id — C, is Fredholm
operator. ]

Lemma 4.4. The Fredholm operator Id — C, has zero index.
Proof. Let us consdier the family of operators

Id—C te[0,1] (4.15)
where Cgt) is defined:

[COF] .= CL[F(v—1)i] (4.16)
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There is a continuous map O : [0,1] — B(L?(R), L?(R)). Furthermore, from the previous lemma
the operator Id — Cﬁ” is Fredholm for every t € [0,1]. In particular ngl) =Cye CZSO) = 0. Using
the continuity property of the index of an operator and the continuity of the map O we obtain

ind[Id — C,] = ind[Id] = 0, (4.17)
which gives the result. O

We conclude that the operator associated to the problem (4.8) is a Fredholm operator with zero
index. Next we want to show that the kernel is only the zero element. For the purpose we consider
the same Riemann- Hilbert problem (4.8) with vanishing conditions at infinity, namely

Ny =N_V(k)  keR
00 4.18
Theorem 4.5. The RH problem (4.18) has only the trivial solution.
Proof. Let us define -
H(k) := N(k)N'(k). (4.19)
Then clearly H'(k) = H(k). Further we observe that H (k) is analytic for Imk > 0 and
H(k) = O(k™2) for k — oo (4.20)

It follows by Cauchy theorem that
/ H,(s)ds = 0. (4.21)
R

Hence

0= /R Ny ()N (s)ds = /R N_()V(s) N (5)ds = % /R N_(s) (V(s) + V!(s)) N' (s)ds  (4.22)
Since
— —|r(s)|?
V(s)+ V'(s) _2< LA )

is positive definite N_(k) mus be identically zero. In the same one can show that N4 (k) = 0, and
it follows that N (k) = 0. O]

Lemma 4.6 (Vanishing lemma). The RH problem (4.8), admits a solution if and only if the solution
to the homogenoeus RH (4.18) has only the trivial solution.

Proof. The RH (4.18) is equivalent to the integral equation
[(Id — Cy)N_](k) =0 (4.23)

We proof only <. By theorem 4.5, the only solution of (4.23) is the zero solution. It follows from
lemma 4.3 and 4.4 that Id — C, is a Ferdholm operator with zero index and trivial kernel, and
therefore it is invertible. This guarantees the solvability of the RH problem (4.8). O
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5 Fredholm Determinant

We start with the definition of a standard determinant, first in the conventional form and then in
Fredholm’s form which is specially adapted to the passage of the limit d — co. Let K be d x d
matrix with values in C and consider det(I — AK) that is different from zero for |A| < |K|~! and

A eC,
d

det(I — \K) Z sign(m H (i) — Min(i))

TESy i=1

where Sy is the permutation group of d elements and sign(7) is the sign of the permutation. We
can expand in A the above product and by denoting with I, = (i} < i < -+ <'ip), i1 < iz < ..., %,

a subsets of the d integers (1,2,...,d) and J), its complement we obtain
det(I )\K Z Z Z ) H K’MT(’L) = Z Zdet ZJ i,j€lp
p=1 I, 7 fixing Jp i€lp p=1

Kn‘ K;; K
det Kji ij Kjk + ...

=1-X ) Ky+A? ) det [II?Z ff?ﬂ v
Ji 77 1<i<j<k<d Kkz Kkj Kkk

1<i<d 1<i<j<d

The above expression can be slightly changed if we allowed an unordered set of indices in the sum,
namely

d
det(I — AK) Z p' Z det [Kij), et

p=1 ‘Ip|:p
g . A3 & ij ik
_1—)\ZK”+ > dt[?f ?J.]—?,, Y det |Kji Kj; K| +...+
1<i<d ! 1<i<;j<d Je T L 1<i<j<k<d Ky Kij Kk

where now IAp is an unordered set of distinct p integers in the set {1,2,...d}. The goal is to give a
sense to the limit d — oo of the above series that takes the name of Fredholm series.

Properties of determinants.

Below we summarise the properties of determinants that will be useful to us.

e Let kq,...kq be the rows or columns of the matrix K. Then

det(K) = signed volume of the parallelepiped spanned by the vectors ki, ...kq

e The following relation is satisfied:
logdet(I — AK) = Trlog(I — \K). (5.1)

To prove the identity we consider first the matrix B defined as I — AK = e”. Then the
following identities are satisfied:

det e? = det (e% e e%) = (det e%>N = J\}E)noo (det e%)N

TrB
N

= lim <det(1+]€+0(N_2))>N = lim <1+

N—oo N—oo

N
- O(N—2)> = 1B,

Taking the log of both sides one obtains the statement.
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e Let A be a m x m matrix, D a n x n matrix, B a m X n matrix and C' a n x m matrix. If
det A # 0 and det B # 0 we have

det [é g] = det(D)det(A — BD7'C) = det Adet(D — CA™'B).
To prove the statement we first factor the determinant of A:
A B A B (A= —A7'B
det [C’ D] = det(A) det [C D} det 0 I,

where we assume that det A ## 0. Taking the product of matrices we obtain

I, 0 1 1
CA™' —CA-'B+D =det Adet(D — CA™"B)

det |2 B = det(4) det
o b] =]

¢ D

and similarly if det D # 0 one obtains

det [A B] = det(D)det(A — BD'0).

C D

When A = I, and D = I, we have the equality

det(I,, — BC) = det(I,, — CB) (5.2)
e Derivative of a determinant. Let us supposed that the matrix K depends on a parameter x,
then 3 5
—logdet(I —AK) = —\Tr (I - \K) ' ~K|. :
g o det(1 = AK) = =X (1= 3) L) (53)
e Matrix inverse of a n X n invertible matrix A:
1A -1 H_jM'i?;
(41 = adjA  ((=1)"7 My)i 4 (5.4)

~det(A) det(A)

where adj stands for adjugate matrix and where M;; is the ¢j minor of A, namely is the
determinant of the matrix obtained from A by delating the ¢ — th row j — th column.

5.1 Extension of the notion of determinant to operators

Let us consider a smooth function K : [0,1] x [0,1] — R and for ¢ € C([0,1],R) let us consider
the integral operator

mwm—AKmmamm

The Fredholm integral equation is defined as

1
ww—xlza%wWWszf@x (5.5)

or

(1= Mo = 1

39



where I is the identity operator. If the operator (I — AK) is invertible the solution of the Fredholm
integral equation is given by
¢=I—-M)""f

As in the finite dimensional case (5.4) the inverse of the integral operator can be build from the
ratio between its determinant called Fredholm determinant and another quantity, that takes the
role of the adjugate matrix. The goal of the section is to define the Fredholm determinant of the
operator I — AK and then construct the inverse of this operator.

We first start by discretising the function ¢(y), 0 < y < 1, by the d-dimensional vector
¢(k/d),1 <k < d and similarly the integral operator K becomes the d x d matrix

(K (i/d,j/d)/d)r<ij<a

/ K (e y)o(w)dy
S (52) 3 (3)

7=1
The Fredholm’s series for the determinant of [/ + K (i/d,j/d)/d]i<; j<q is

1+Z Z det[ <d d> clz] er (5.6)

pl " Ipl=p

so that the integral

is approximated by

where I, an unordered set of distinct p integers in the set {1,2,...d}.
Lemma 5.1. The series (5.6) converges in the limit d — oo for all A € C.

Proof. A finite-dimensional determinant is the signed volume of the parallelepiped spanned by the
rows/columns of the matrix in hand so setting m = max{|K(x,y)| : 0 < z,y < 1} we have

i j\ 1 AN J2 (MNP
e (), < 2| ()| e < ()

ick \ jel,

and

2 2 (3)l,.,

is dominated by
pP2mp
pp+% e P\ 21

< (me)pp—p/ 2

Sdd—1).(d-p+ 1 () <

' by Stirling’s approximation
p:
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independently of d. we conclude that

Zd:)\p > [K(z j> 1} zd:(A T
— et - == < me)’p
= p! d d) d ijel,

[Ip|=p =1

p
and in the limit d — oo it has radius of convergence R equal to
1 1
— = lim (me P 7”/2)11 =0,
7 )’p
that shows that the radius of convergence is infinity. O

The Fredholm determinant of the operator K is defined as

0 —\)P 1 1
det(T — AK) = 1 + z; ( p!) /0 /0 det [K (z1,2))],<, <, da” (5.7)
p:

and it is an entire function of A\. The second term of the above series coincides with the ¢race of
the operator K, namely

TrK = /1 K(z,z)dx . (5.8)
0

5.2 Construction of the resolvent

The goal is to solve the Fredholm integral equation

MM—AAK@WWWszﬂw7 (5.9)

where I' is in general some interval of the real line. If the modulus of A is small enough one can
consider the so called Neumann series

o(y) = f(y) + M1 (y) + XN2ha(y) + . .. (5.10)
where
Pi(y) = /F K (y, w) f (w)duw
Yaly) = /F K (s w) s (w)duw = /F Koy w) f (w)dw
Yaly) = / K (y, w)(w)dew / Ks(y,w) f(w)dw
and

Koy, w) = / K(y, s1)K (s1,w)dsy
K3(y,w) :/F/I_‘K(yvsl)K(SlaSQ)K(S%w)dSldSZ (5.11)

Koly,w) = /F K (g, 51) Kn_j (51, w)ds1,
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with 7 any value from 1,...,n — 1 and K; = K. If we expand formally the inverse
(I =AM =T+ M+ NKoK+NKoKoK+...
we see that the corresponding kernel of the opertator K 4+ MCoK 4+ 2o oK+ ... takes the form
K+ MKy + XKz + ... (5.12)

where K are the kernels of the Neumann series (5.11). Introducing the L? norm of the kernel K
as

K2 = /F /F K(y, w)dydw < m?

for some constant m, it is quite straightforward to check that the series (5.12) converges for |A| <
||[K||7t. The series (5.12) is exactly the kernel R(y,w;\) of the resolvent operator R defined as

I+ AXR)I-XC) =T —-AC){+AR) =1. (5.13)
At the same time, using the above equation we can see that the resolvent satisfies
R-—K—-ARoK=R-K—-AoR=0

that implies that the kernel R satisfies the integral equation
R(y,w; \) — K(y,w) — )\/ R(y, s; \)K(s,w)ds =0 (5.14)
r

or

Ry, w: \) — K (y,w) — A /F K(y, 5)R(s,w; \)ds = 0 (5.15)

The goal is to show that the resolvent kernel R(y,w;A) has an expansion in ratio of determinants
of the form
1 —\)P

Z"o (
‘) = -\
R(yawv ) det(]— )\K) = C'p(y,w, ) p!

where the coefficients C), are obtained recursively from the above integral equations (5.14)-(5.15).
Plugging the abose ansatz into (5.14)-(5.15) gives

- —A)P A [LdsK (y,8) 3250 Cy(s, w; \) 9
S Gyl w0 V)L det(T - M) K (g, w) = { Jr dskK(0, ) oo Gl ) S
p:0 p A fl_‘ dSK<S7 w) Zp:o Cp<y7 8; )\) p'
or (assuming it is possible to exchange the sum with the integral)
B _ —p fr dsK(y, s)Cp—1(s,w; \) B
Cp(y,w) — DK (y,w) = { [ dsK (s, w0)Cy1(y, 5 \) p=12... (5.16)

where

1 1
Dp:/o /0 det [K($iaxj)]1§i,j§pdxp’
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and Co(y, w) = K(y,w). We make an ansatz for Cp(y,w) by defining
Cyy,w // / <y, LRI Sp> dsidss,. .. dsp
, S1, S2, ..., Sp

S0, S1, 82, ..., Sp
i = det K (s;, 517
<y0, Y1, Y2, .., yp> ( i yJ)z] =0 ( )

Expanding the determinant along the first row we obtain

* S92, ..., S
Cply,w // /Ky, ( I Sz)d51d52,...d8p
P

where

P ~
_ S5, 81, )y 5j Sp
_K(y,w)Dp—// /ZK(y, s;) K (w’ o S Sp) dsidsg, . ..ds;...ds,
rr r =l
P
:K(y,w)Dp—Z/FK(y,s])Cp 1(s5, w)ds;
j=1

where 5; means that the variable has been dropped. Since this last integral does not depends on
sj we can rewrite it in the form

Cy ) = K(p.w)Dy = [ K(,9)C5 s(svw)ds (5.18)

and C(y,w) = K(y,w). In a similar way expanding C,(y,w) along the first column we obtain

Cy0) = K(y.0)Dy = [ Ca(n 90K (s, 0)ds. (519)
Comparing (5.16) with (5.18) and (5.19) we obtain C}(y,w) = C,(y, w) and we have the elegant
power expansion of the resolvent
Theorem 5.2. The resolvent kernel R(y,w;\) of the operator I — \K takes the form

(=P
Yy, S1, 82, ..., Sp
R(y,w; \) = detl—/\lC E p' // /K<w, st Sen sp) dsidsa,...dsp (5.20)
rr T

p:0

where K <y’ A Sp) is defined in (5.17). The kernel R(y,w;\) is a meromorphic

w, S1, 82, ..., Sp
function of A € C.

Proof. The only point that remains to be proved is the fact that R(y,w;\) is a meromorphic
function of A\. This can be achieved recalling that det(l1 — AK) is an entire function of A by
Lemma 5.1 and showing (along the same lines of the proof of Lemma 5.1 ) that the infinite sum in
(5.20) is convergent for all A in C. O
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Now we consider a very specific case of integral equation called Gelfand-Levitan-Marchenko
equation that is derived in the context of inverse scattering (see below). It is an equation of the

form
—+o00

G(z,y)+ F(x +y) + G(z,2)F(z+y)dz=0 (5.21)

€T
where the function F' and G have some suitable decay at infinity. We introduce the integral operator
of Hankel type F : L?(x,00) — L?(x, 00)

o0
Fiw = [ P+ 21 (5:22)
and we set ¢(y;x) = G(x,y) so that the Gelfand-Levitan-Marchenko equation takes the form

O(y;z) + Flz+y) + (Fo)(y) =0 (5.23)

or
¢p=—(I+F)'F=—-(I+R)F.
Using the resolvent kernel R(y, z;x) of the operator F we have

o

G(y;x) = ¢(y;x,t) = —F(x 4+ y;t) + / R(y,z;2)F(z + z)d=. (5.24)

xT

Further introducing the Fredholm determinant det(I + F) we have the following lemma.

Lemma 5.3. Let F be the integral operator (5.22). Then the solution G(x,x) of the Gelfand-
Levitan-Marchenko equation (5.21) on the diagonal x =y is given by

G(z,x) = 8833 log det(I + F). (5.25)

Proof. We use the property (5.3) so that
a% log det(I + F) = Tr((I + F) " ) = Tr((I — R)F>)

and we observe from the definition (5.22) that

0

%(ff(y)) =—F(y+mzt)f(x)

namely the operator F, is a multiplication operator. Further Tr(F;) = —F(2x) and

—Tr(RF,) = /OO R(z,2)F(z + x)dz

T

so that one obtains
82 logdetdet(l +F) = —F(2x) + / R(z,z;2)F(z + z)dz (5.26)
x €T
that coincides with (5.24) when y = x.
O

In the next section we show how to relate the derivative of the above Fredholm determinant to
the solution of the KdV equation.
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5.3 r-function of the solution of KdV as Fredholm determinant

The concept of 7-function in integrable systems has been introduced by Jimbo-Miwa-Ueno in the
context of isomonodromic deformation equations. At the same time, Hirota [10] introduced a new
formulation of KdV and in general of integrable systems. He introduced the following operator

DYDY f g = (0s — 0)"™ (O — Op)" f(2,)9(2"t) | oma =t/ (5.27)

Then by straighforward algebra it is immediate to check that if 7(x,t) is a nowhere vanishing
function satisfying
(D2D; + D7 -7 =0 (5.28)

then w = 7= solves the equation
wy + 6W2 + Waypy =0 (5.29)

and u(z,t) = —202log(7(x,t)) solves the KAV equation. The goal of this section is to show that
the 7 function of the KdV solution for initial data vanishing at infinity is a Fredholm determinant.
This goal was first achieved by Dyson [2] for the specific case of data vanishing at infinity. Later
Poppe [17] introduced a more general class of initial data.

Theorem 5.4. Let F' be a solution of the linearized KdV equation
Fi+8F.. =0 (3.8)

decaying sufficiently fast for |z| — oo such that F' and its derivatives up to order 4 in x and order
2in t are are decreasing sufficiently fast.
Let F be the integral operator

Fiw) = [P+ s0se (5.30)

Then
(1) = det (14 F)

is a tau-function for the KdV equation, namely

2

u(x, t) = —2% logdet (1 + F) (3.10)

is a solution of the KdV equation.

The proof of this theorem was obtained in [17] by making = and ¢ derivative of the Fredholm
determinant. We follow Dyson’s work that obtained the formula by solving the Gelfand-Levitan
Marchenko integral equation (5.21) where the function F' is related to the scattering data by

1 +00 " p.eksz+8k3t
F(x;t) := / L

ikz+8ik3t
r(k)e dk+) G

2 o0 s=1

and we assume that r satisfies the assumption of Lemma 3.22. Now let us recall the definition of
Jost solutions ‘ ‘
oz, k) — e Bz k) — ez — —0 (5.31)

45



and ‘ ‘
Oz, k) — e P(x k) — e - 400 (5.32)

where ¢(x,k) and 1 (z, k) are analytic in the upper half plane and ¢ and 1 are analytic in the
lower half plane. The following general statement from the theory of Fourier integrals is useful for
establishing the triangularity.

Lemma 5.5. If f(k) is analytic in the lower half plane and behaves like O (%) for |k| = +oo, then
the Fourier transform

for = [ et

is zero for x < 0, and viceversa.

Proof. The shift k — k — ia with a > 0 changes the exponential from e’** to ¢**+2 Such a shift

o~

does not change the integral. Therefore the modulus | f(z)| for negative x admits an upper estimate
as small as we want. O

The Jost solution 1 admits an analytic continuation into the upper half plane Im & > 0.

p(ZE, k) = sz)("% k)e_ikx

an asymptotic expansion of the form
1
p(z, k) ~1+0 (k) . |k| 00, Imk>0

Denote by

+oo )
Az, y) = 1/ e (p(x, k) — 1) dk

21 J o

the Fourier transform of p(z, k) — 1 with respect to k. Due to Lemma 5.5

Az, y) =0 for y<O0
Now taking the inverse transform we get

+oo )
p(z, k) =1+ Az, y)e* dy
0

where the integral starts from 0 thanks to the lemma. Finally,

k) =R+ [ A, ety =
0
. +m . ~
=ethr 4 Az, § — z)e*dy

changing variable (g := y + x). Denoting G(z,y) := A(x,y — z), we get

) too )
U(w, k) = e* + G(z,y)e™¥dy, (5.33)

x

where G(z,y) =0 for y < z.
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Theorem 5.6. The function G(z,y) satisfies the Gelfand-Levitan-Marchenko equation (5.21). The
solution of the KdV equation is recovered from the relation

2
u(z,t) = —20,G(x, ) = —2({)8:[;2 log det(I + F). (5.34)

Proof. The second relation in (5.34) follows from Lemma 5.3. We first derive the Gelfand-Levitan-
Marchenko equation for the kernel G(z,y) and then we prove the first identity in (5.34).

From ¢(x, k) = a(k)y(z, k) + b(k)y(z, k), muliplying by & ( ) and integrating with respect to k,
we obtain

+oo Meikl} B +oo N . i eiky
/_Oo a(k) d’“—/_oo (0, k) + r(k)v(x, k) e*vdk

Since these integrals will be not well defined, we need to subtract something:

/_:o <¢((19(6‘];;f) _ e—ikac) Rl — /_:O (d‘,(l‘?k) _ ik r(k)@b(x,k)) kY g (5.35)

We perform the first integral, using contour deformation and Cauchy theorem and the fact that

(Gt —™)

kx) when Im k& > 0 and we obtain when y —x > 0

is O (e_,:

S k) ) X G, ing) ., L B, iRg)
[ ‘ek>ekydk:2”2 ling) © ”:27”2 ) ¢

(5.36)
—K/J$ j‘+0° /@jsds)

Bj(e x
=27 e MY
Z (6"5])
where the constants (; have been defined in (3.25) and in the last relation we used (5.33). The

second integral
too A A
/ (w(:c, k) — e—”“) ek = 0

—00

using contour deformation and Cauchy theorem. The third integral gives

+oo ) +o00 . +oo . +oo .
/ r(k)(z, ke dk = / r(k)e* W) dg; + / dke™Y G(z,s)e™ds. (5.37)

— 00 —00 —00 T

Substituting (5.36), (5.37) into (5.35) one obtains the Gelfand-Levitan-Marchenko equation (5.21).
To show that the solution of KdV is recovered from the kernel G(z,y) it is enough to observe that
from the integral equation (3.37) for p(z, k) we have

1 [t

pak)=1- g | deu€) + 00, (5.39)
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while from (5.33) we have

oo . +oo )
pz,k) =1+ Glw,y)e™ v dy =1 - —G(w,x) - 1/ 0y Gz, y)e* V=) dy

x
where we assume that G(z,y) is differentiable in y. Comparing the above two relation one obtains

+oo
Gy = [ deuld)

which is equivalent to (5.34).
O

The proof of Theorem 5.4 follows from the proof of Theorem 5.6.

We have thus shown that the inverse spectral problem is reduced to a linear Fredholm integral
equation with Hankel type kernel. The solution of this integral equation is obtained via Fredholm
determinant. This is a very general feature in the theory of integral systems. The nonlinear
problem is linearized in the scattering variables, the solution of the inverse problem is obtained
via Fredholm determinant in the infinite-dimensional setting, or via the usual determinant in the
finite-dimensional setting.
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