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Abstract

The study of KP-KdV equations are the archetype of integrable systems and are one of the most fundamental
equations of soliton phenomena and a topic of active mathematical research. Our purpose here is to give a
motivated and a sketchy overview of this interesting subject. One of the objectives of this paper is to study the
KdV equation and the inverse scattering method (based on Schrédinger and Gelfand-Levitan equations) used to
solve it exactly. We study some generalities on the algebra of infinite order differential operators. The algebras of
Virasoro and Heisenberg, nonlinear evolution equations such as the KdV, Boussinesq and KP play a crucial role
in this study. We make a careful study of some connection between pseudo-differential operators, symplectic
structures, KP hierarchy and tau functions based on the Sato-Date-Jimbo-Miwa-Kashiwara theory. A few other

connections and ideas concerning the KdV and Boussinesq equations, the Gelfand-Dickey flows, the Heisenberg
and Virasoro algebras are given.
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1. Introduction

Korteweg and de Vries have established a nonlinear partial differential equation describing the gravitational wave propagating
in a shallow channel [1] and possessing remarkable mathematical properties :

u du d%u

E_ Ma"‘ﬁzo, (11)

where u(x,t) is the amplitude of the wave at the point x and the time 7. The equation thus bearing their name (abbreviated KdV)
admits a solution: the soliton or solitary wave. In fact, this model was obtained from Euler’s equations (assuming irrotational
flow) by Boussinesq around 1877 (see [2], p. 360) and rediscovered by Korteweg and de Vries in 1890. The solution to this
equation was obtained and interpreted rigorously only in the early 1970s while a solitary wave was already observed in 1834 by
engineer Scott Russell riding on the Edinburgh Glasgow Canal in Scotland; he described his observation of a hydrodynamic
phenomenon as follows : ” I was observing the motion of a boat which was rapidly drawn along a narrow channel by a pair of
horses, when the boat suddenly stopped - not so the mass of watering the channel which it had put in motion; it accumulated
round the prow of the vessel in a state of violent agitation, then suddenly leaving it behind, rolled forward with great velocity,
assuming the form of a large solitary elevation, a rounded, smooth and well-defined heap of water, which continued its course
along the channel apparently without change of form or diminution of speed. I followed it on horseback, and overtook it still
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rolling on at a rate of some eight or nine miles an hour, preserving its original figure some thirty feet long and a foot to a
foot and a half in height. Its height gradually diminished, and after a chase of one or two miles I lost it in the windings of
the channel. Such, in the month of August 1834, was my first chance interview with that singular and beautiful phenomenon
which I have called the wave of translation ”. Fascinated by this phenomenon, Scott-Russell built a wave pool in his garden and
worked to generate and study these waves more carefully. This led to a paper [3] dubbed ”The report on waves” published in
1844 by the British Association for the Advancement of Science.

A little later, Boussinesq, then Korteweg and de Vries proposed equation (1.1) to explain this phenomenon. The KdV
equation preserves mass, momentum, energy, and many other quantities. Many experiments have uncovered the astonishing
properties of the solutions of this equation satisfying zero boundary conditions : when |t| — oo, these solutions are decomposed
into solitons, i.e., in waves of defined forms progressing at different speeds. These waves propagate over long distances

without deformation and one of the remarkable characteristics of solitons is that they are exceptionally stable with respect to
3

. u ) u .
disturbances; the term u—— leads to shock waves while the term —— produces a scattering effect. Everyone can contemplate

solitons where the tide co?nes to die on the beaches. In the field o)% hydrodynamics for example, tsunamis (tidal waves) are
manifestations of solitons. Generally, we group together under the term soliton solutions of nonlinear wave equations presenting
the following characteristic properties : they are localized in space, last indefinitely and retain their amplitude and velocity even
at the end of several collisions with other solitons. Solitons have become indispensable for the study of several phenomena.
In particular, the study of wave propagation in hydrodynamics, the study of localized waves in astrophysical plasmas, They
are involved in the study of signals in optical fibers, charge transport phenomena in conductive polymers, localized modes in
magnetic crystals, etc. Industrialized societies have developed, after soliton studies, what may be called solitary lasers. The
latter play an important role in the field of telecommunications. Ultra-short light signals sent in certain optical fibers made
from a specific material can travel long distances without lengthening or fading. The construction of memories with ultra-fast
communication time and low energy consumption, is based on the movement of magnetic vortices in the dielectric junction
between two superconductors. At the molecular level, the theory of solitons can elucidate the contraction mechanism of striated
muscles, the dynamics of biological macromolecules such as DNA and proteins. In the peptide and hydrogen chain of proteins,
solitons arise from the marriage of dispersion due to intrapeptide vibrations and the non-linearity due to the interaction of
these vibrations with the displacements of peptide groups around their position balanced. But also the theory of solitons had
an impact on pure mathematics; for example, it provides the answer to the famous Schottky problem, posited a century ago,
on the relations between the periods coming from a Riemann surface. Roughly, it is a question of finding criteria so that a
matrix of the periods belonging to the Siegel half-space is the matrix of the periods of a Riemann surface. Geometrically,
Schottky’s problem consists in characterizing the Jacobians among all the Abelian mainly polarized varieties. In addition to
the KdV equation, examples that may be mentioned among the nonlinear equations having soliton-type solutions are: the
non-linear equation of Kadomtsev-Petviashvili, the nonlinear Schrddinger equation, the Sine Gordon equation, the Boussinesq
equation, the Camassa-Holm equation, the Toda lattice consisting of vibrating masses arranged on a circle and interconnected
by springs whose return force is exponential, the non-linear Klein Gordon equation, the Zabusky-Kruskal equation for the
Fermi-Pasta-Ulam model of phonons in anharmonic lattice, and so on.

2. Stationary Schrodinger equation and integral Gelfand-Levitan equation

Since the method (discussed later) of solving the KdV equation is based on the idea of studying it in the form of an equation of
a certain operator and using the analogy with quantum mechanic, we will expose certain mathematical notions of this mechanic.
The terminology of the physicists will be used to describe the properties of the solutions of the stationary Schrédinger’s
equation,

without stopping on the physical motivations of the introduced notions. We will see that the method of the inverse diffusion is
reduced to the solution of a linear integral equation (Gelfand-Levitan equation). In the following, we will simplify the notation

1
by using a system of units in which the Planck constant is 7 = 1 and the mass of the particle is m = 5 So consider the equation

v+ (A —ulx))y =0, —o < x < 00 2.1

where Y (unknown) is the wave function of the particle, the spectral parameter A is the energy of the particle, the function u(x)
is the potential or potential energy of the particle. This potential is assumed to have a compact support, i.e., is different from
zero only in some domain. When the particle is free (i.e., u = 0) and has a positive energy (i.e., A = k2), then equation (2.1) is
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reduced to
v (x) + kP =0, (2.2)

and admits two linearly independent solutions e** (describing the particle moving to the right) and e~** (describing the particle
moving to the left).
Let us denote by E(Sg) (resp. E(Sg)) the space of real (or complex) solutions of equation (2.1) and by Eg) (resp. E<S§)) the

space of the real (or complex) solutions of equation (2.2). The space E(Sg) (resp. E(S§)) is provided with the base (coskx, sinkx)

(resp. (e e~*¥)). Let [, B] be the bounded support of . The monodromy operator of equation (2.1) is a linear operator
defined by

acoskx+bsinkx six< o

M By — Ep), “COS"””““’“M{ ceoskr+dsinkr six> B,

where a, b are constants and (c¢,d) = .#,(a,b). This means that for each solution of equation (2.2) is associated : (i) the
solution of (2.1) which is to the left of @; in this region the solution of (2.2) coincides with that of (2.1). (ii) the solution of
(2.1) which is to the right of 8. Similarly, the complex monodromy operator of equation (2.1) is defined by

ae®™ +be R §ix < o

. sc sc ikx —ikx
M Eg) — Eg), ae™ +be '—>{ceik"+deikx six>B.

Recall that a particle propagating from x = —oo, crosses a potential barrier with a transmission coefficient 7 and a reflection
coefficient R if the equation (2.1) where A = k% admits a solution y such that :

B Te**,  to the right of the barrier,
v e® + Re=** 1o the left of the barrier.

Theorem 2.1. a) Let W be the phase plane formed by the representative points (y,y'). Let
By By — W, y— By = (w(x), ¥ (x)),

be an operator with ¥ a solution of equation (2.1) whose initial conditions for x = x; € R are (y(x1),¥'(x1)). Then the space

E(g) is isomorphic to W and the phase application of x| to x, defined by

2= () W W () ¥ ) e (), ¥ ),

is a linear isomorphism.
b) If equation (2.1) where A = k?, has a confounded solution with ae™®* for x < 0 and with be™™** for x > 0, then this
solution is null. In addition, for all k > O the W, T and R defined above exist and are unique.

Proof. a) %’E‘z‘) is linear and for any representative point (W, y’) € W, there exists from the existence theorem (differential
equations) a solution y satisfying the initial condition (y(x;), ¥’ (x1)). Then Im 932‘2‘) = {%’?2‘) VERVES Efg)} = W. Finally
Ker %’2‘21) ={y:ye E(Sg),%’g) y =0} =0, follows from the uniqueness theorem because the solution satisfying the initial
condition at the point x; is equal to zero. The result follows from the fact that the inverse of an isomorphism is one. If y; and

v, are two solutions of equation (2.1), then (y(x), ¥/ (x1)) = 35’?21) 1 —I—%’g) v = (y1(x1), v (x1)) + (w2 (1), wh(x1)), and
this is equivalent to

(#3) " (il wi o) + (o) wae)) = (233) (i) wi )+ (233)) ™ (sl W)

b) Let be (ae™™*, ae™™), (be™** be=**) and (ae’™, ae~**) the hermitian forms in the space Ef5). Let’s designate by [., ] the
left scalar product, then

ke ikwy _ Lpoike - ik _ L[ @ i 2
ae™ ae™) = ~lae™ e ™) =~ | = T | =la|*.
< J > 2 [ ’ ] 2 a —ia | |
Similarly, we have (be™™** be=**) = —|b|? et (ae™,ae™™**) = 0. By setting z = z1¢* + 70~ where z; and z, are the

coordinates of the vector z in the basis (e, e=*), we obtain (z,z) = |z1]* — |z2|%, i.e., {,,.) is of type (I1,1). Since the



KP-KdV Hierarchy and Pseudo-Differential Operators — 78/104

monodromy operator retains this hermitian form, we deduce that |a|> = —|b|?> and so @ = b = 0. Consider now a particle going
to 4-o0 and let ¢** be a solution to the right of the barrier. To the left of the barrier this solution becomes

™ ~ ae™ + pe~ (2.3)

From what precedes, the coefficient a is nonzero. So to have the solution in question, simply divide the two members of (2.3)
1. . b _; 1 b

by a, —e™ ~ ¢** + —¢~** Taking T = — and R = —, this shows that 7' and R are uniquely defined. O
a a a a

In the same way, we can define an operator L@é‘) of E(Sg) in W that associates with each solution of equation (2.2), its initial

condition at the point x;. In this case, instead of ’phase application”, there will be ”’phase point”.
We will now demonstrate a theorem that will be useful later.

d
Theorem 2.2. (Liouville). Let d—); = f(x), x = (x1,...,Xu), be a system of ordinary differential equations whose solutions extend
to the whole time axis. Let {g'} be the corresponding group of transformations : g'x = x+ f(x)t +o(t*), for t small. We denote
by D a domain in phase space, D(t) = g'D(0) and by v(t) the volume of D(t). If div f = Z a—fj =0, then v(t) = v(0), ie., g'
j=19%j
preserves the volume of any domain.

g ag g d
Proof. We have v(t) = / dx = / d xdx, where 28 is the Jacobian matrix, —5— =/ + —ft +0(1?). The determinant
D) D) Ox dx

ox ox

d
of the operator I + —ft is equal to the product of the eigenvalues. These (taking into account their multiplicities) are equal to

ox
af; af; d
1 —HL where oJi are the eigenvalues of —f Then
dx; ox; dx
dg'x " dfi
det =1+1tY =L +o(r*) = 1 +¢ di ).
et——=1+ le o, +o(t?) =1+rdiv f+o(t?)
. 2 dV(f) . . .
Therefore, v(r) = / (1+zdiv f+o0(t7))dx, and ——=| = / div fdx. Since r =ty is not worse than t = 0, we also
D(0) dr |y Jp()
have
dv(t '
V(o) = / div fdx,
dt |, o)
and the proof of the theorem follows. O

Note that the Liouville’s theorem is easily generalized to the case of non autonomous systems (f = f(x,¢)). Indeed, the
1

terms of first degree in the expression of remain the same. But the terms of degree greater than one do not intervene in the

proof. In other words, Liouville’s theorem )ics a first order theorem.

Let SL(2,R) be the real unimodular group, i.e., the set of all real 2 x 2 matrices with determinant one. In other words,
SL(2,R) is the group of all linear transformations of IR? that preserve oriented area [.,.] (see the notation used in the proof of
theorem 2.1). Consider the group SU(1,1) of (1, 1)-unitary unimodular matrices. This is the set of all complex 2 x 2 matrices
with determinant one preserving the hermitian form |z1|?> — |z2|* (see again the notation used in the proof of theorem 2.1). In

b ) for which |a|?> — |b|> = |c|* —|d|* = 1, ac — bd = 0, ad — bc = 1.

other words, they are matrices of the form d

Theorem 2.3. The matrix of the monodromy operator 4 in the basis (coskx,sinkx) (resp. (e**,e=*)) belongs to the group
SL(2,R) (resp. SU(1,1)).

Proof. We show that the determinant of the monodromy operator of the Schrddinger equation is equal to one. Note that
(coskx,sinkx) is a basis on the space EF). As %2‘3) coskx = (coskx, —ksinkx) and %’z‘a sinkx = (sinkx,kcoskx), so W is
provided with a basis in which the matrix of the operator (we use here the same notation for the operator and the matrix) is

written

B — coskx sinkx
() 7\ —ksinkx kcoskx |’
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hence det ‘%)?3) = k, independent of x. Let us denote by x™ the point x to the left of the support of the potential and by x~ the
one on the right. We have the following situation :

%:E?g)—>Ef§), acoskx + bsinkx — ccoskx+dsinkx, (c,d) = .#,(a,b),

*@g) : E(Sar) — W, acoskx+bsinkx — (acoskx™ +bsinkx™ ,—aksinkx™ + bkcoskx™ ),
%g) tE}y) — W, ccoskx+dsinkx— (acoskx™ +bsinkx™, —aksinkx" + bkcoskx™),

gﬁf :W — W, (acoskx™ +bsinkx™,—aksinkx™ + bkcoskx™) — (acoskx’ +bsinkx™, —aksinkx™ + bkcoskx™).

We verify directly that : gf: o%’g) = ,%’f:) o/, and since det 93?‘;) = %’“&, so we have det.Z = det gf: Now g* preserves the

areas according to Liouville’s theorem (indeed, by putting ¥, = ¥, W, = ¥/, we rewrite equation (2.1) under form
vi=w=fi, W=k -y=h

Here we have f = (f1, f2),t =xand div f = 3‘!’2 + W
bl

For the case of SU(1,1), we will show that the matrix (also denoted .#) of an operator is real and unimodular in the basis

(coskx,sinkx) if and only if it is special (1,1)-unitary in complex conjugate basis (e**,e~**). By setting as in the proof

of theorem 1, z = 7€ + zp¢~* where z; and z, are the coordinates of the vector z in the basis (eik" ,e_"k)‘), we obtain

(z,2) = |z1]> — |z2|%, ie., {.,.) is of type (1,1). The monodromy operator conserves this hermitian form. Say that ./ is real and

unimodular in the basis (coskx, sinkx) is equivalent to .# € GL(2,R)NSL(2,C) or what amounts to the same .# € SU(1,1)

or what is equivalent ./ is (1, 1)-unitary and unimodular in the basis (e’**,e~*¥). O

= 0). Therefore, det g;ir = 1 and consequently det.# = 1.

Define the solutions y;(x,A) and y,(x,A) of equation (2.1) by the initial conditions : y;(0,A) =1, y{(0,A) =0,
v2(0,4) =0, y}(0,A) = 1. For the simple case u(x) = 0, we obviously have

wi(x,A) = cosVAx =1+ (;z) 2+ (;4;3) “+o0 (x6> : (2.4)

Y (x,A) = %Sin\/xx:x—i— (—é}»)x + (1;01 >x5+0(x7) :

For v/, we can choose for example the determination v/A = \ﬁe’g where A = re'® with r > 0 and —7 < 6 < 7. Let & be an
arbitrary real number. The function y(x,A) = y1(x,1) + ayx(x,A) is also solution of equation (2.1) and satisfies the boundary
condition y'(0,A) — oty (0,A1) = 0. For a = 0, we have y(x,A1) = y;(x,A) and for ot = 0, we put y(x,A) = yr(x,1). We
assume that for A € C and x > 0, we have

w(x,A) = cos VAx+ /XK(x,t) cos VArdt, (2.5)
0

where K is a function to be determined, subject to the condition of having partial derivatives of order one and order two
continuous in the set of real pairs (x,) such that : 0 <7 < x. In other words, we look for y(x,.) as a perturbation of the function
x> Ww(x,A) = cosvVAx and precisely, as a transform (I + K)w (x,.) where K is a Volterra operator in [0, +-oo[. We will look for
the conditions that K (x,7) must satisfy for the function (2.5) to be a solution of the differential equation (2.1). From equation
(2.5), we get

PV (¢ 2) = —dcosVax+ KEX) o VT VA Vs K@)
az(x )=—AcosVAx+—"+ ix cosVAx—VAK(x,x)sinVAx+ ——= —

co S\Fx—i—/ cosxﬁtdt (2.6)

I=x

X
Let’s calculate the expression A / K(x,t)cos Vtdt, by doing two integrations in parts, we get
0

OS\/I_X— aK(x,t)
ot

Z/XK(X,I)COS\/Itdt = VAK (x,x)sin VAx + JdK(x,1)
0

9K (x,1)
Fr Y /0 cos VAtdt. 2.7

82

t=x
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To calculate expression (2.1), substitute (2.6) and (2.7),
0 = y'+(A—u)y
= Mcosﬁywr (BK(x,t) + 8K(x,t)) cos VAx— oK (x,t) —u(x)cos VAx
XxX=t

dx ot ox |
*(2K(x,t)  9°K(x,t)
+/0 ( ox2  arr ”(X)K(X,t)) cos V/Ardr.
We have
82[( X, t 32[( Xt
% Uk = %’ 2.8)

with the boundary conditions

8[(;);,1‘) —o, 2.9)
t=0
dK(x,x) 1
== 2u(x)' (2.10)

For the initial conditions, we have y(0,4) =1 and ¥'(0,A4) = K(0,0). As v'(0,1) — ay(0,A) = 0, then K(0,0) = a.
Therefore,

K(x,x)za—k%/().xu(t)dt. (2.11)

If u(x) has a continuous derivative, then there exists a unique solution of (2.8), satisfying conditions (2.9) and (2.11). Hence,
there exists a satisfying function K (x,7) (2.5). Let’s solve equation (2.5) as an equation of Volterra, we get

cos VAx = w(x,A) —/OXK, (e, 0wt A)dt, 2.12)

and in the same way as before, we show that K (x,t) is solution of the equation

PKi(x,t)  PKi(xt)

2 32 u(t)K, (x,1),

. . JK, L~
with the conditions | — — akK; =0,Ki(x,x) =a+ f/ u(t)dr.
Jt =0 2 Jo

1
For the case @ = oo, we look for y(x,A) as a perturbation of the function x — y(x, 1) = 7i sin V/Ax (see expression

(2.4)) or what is equivalent as a transform (7 + K)y; (x,.) where K is a Volterra operator in [0, +o[. In other words, we set
Ac€Candx >0,

w(xA) = Si“\/\/;x +/OXL(x,t)Sir\l/\£tdet, 2.13)

where L is a function to be determined, subject to the condition of having partial derivatives of order one and order two
continuous in the set of real pairs (x,) such that : 0 <t < x. By reasoning as before, we obtain the relation

9°L(x,1)
dx2

d°L(x,1)

7”(X)L(x7t) = o012 )

1 X
with the conditions L(x,x) =0, L(x,x) = E/ u(t)dt. By solving equation (2.13), we obtain
0

sinv/Ax _

= v +/OXL1 (e, )W, A)dt. 2.14)
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The functions L(x,#) and L (x,t) have the same properties as the functions K (x,#) and K| (x,t) previously obtained.
Recall that for every function f € L?>(R), we have the Parseval identity /o ) A (x)dx = / ) F2(A).dp(A) where Z{f(x)} =
/ F(x)y(x,A)dx is the Fourier transform of f(x) and p(24) a monotone function, bounded on any finite interval. The
sequence of functions F,( / S (x)y(x,A)dx, converges in quadratic mean (with respect to the spectral measure p(A)) to
F(A),ie., ,}I_IEO 700(F(7L) - (l))zdp(l) = 0. We choose p(1) in the following form : p(1) = E\/I+ o(A)if A >0and

p(A)=0(A)if A <0, where 6(A) is a measure with compact support satisfying the condition : / |A].|do(A)| < +eo. For

X 'y
0 < b <y < a < x, the functions / y(t,A)dr and / cosV/Azdr are orthogonal with respect to p(A). In other words, we have
b
the orthogonality relation : ‘

I= /:o (/: w(tﬂ)dt) (/bycosx/xtdt> dp(A)=0.

Indeed, by integrating equation (2.12) from b to y, we obtain
y Y y t
/ cosVArdi — / (it )di — / di / Ki(1,5)w(s, A )ds
b b b 0

= [Twtna— [ visas [ K- [yt 2 [ Ko

By definition, this function is expressed using the transform (in y(#,A)) of a null function outside the interval |b,y[. Since
1b,y[N]a,x[= 0, we deduce from Parseval’s equality that we have I = 0.
To obtain the Gelfand-Levitan integral equation [4, 5], we proceed as follows: according to equation (2.5), we have

X "X X 't
/ y(t,A)dr = / cosﬂtdt—i—/ dt/ K(t,s)cos VAsds,
Ja a Ja 0
= /xcos\/Xtdt—i—/acos\/Xsds/xK(t,s)dt+/Xcosﬂsds/xK(t,s)dt
a 0 a a K

by virtue of Lebesgue-Fubini’s theorem. Therefore,

I = /m (/ cosftdr) (/ cosx/Itdt) dp(A)
+/ </ cosx/xsds/a K(t,s)dt—|—/axCOS\/Isds/:K(t,s)dt) X (/bycosﬁtdt> dp(A) =

This expression can be written using the definition of p(4), in the form

I = /m (/a cosftdt) (/ cosﬁtdt) do (1)
+ / ( / cos Vasds / K(t,s)di + / " cos VAsds / xK(t,s)dt) x ( /b ycosﬁtdt) do (1)
+E /700 (/a cos ﬁtdt) (/bycosx/xtdt> do(1)

+%/:o (/O.acos \/Isds/axl((t,s)dt—i—./;cos \/ﬂi.sds./s.xl((t,s)dt) X (/ycosx/xtdt> do(1) =0.

b

Since b < y < a < x, then given the Parseval identity, the third term is equal to zero while the fourth is equal to

/y (/acosx/xsds/xK(t,s)dt—i—/xcosx/xsds/xK(t,s)dt) ds:/yds/XK(t,s)dz
b \JO a 9 g A i
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Therefore,
;- /°° (sin\/Xxfsin\/ia)l(sin\/%yfsin\/)fb) do(s)
+/_m </Oacosx/zsds/axK(t,s)dt+/:cos\/Isds/:K(t,S)dt) X (/bycosx/zsds) do(L)
+/byds/:1<(t,s)dz —0
By setting

Fly)= [ —Smmfin YA i5),

—oo

and
J;K(t,s)dt, 0<s<a
G(x,s) =< [FK(t,s)dt, a<s<x
0, s>x

the equation above becomes

F(x,y) — F(x,b) — F(a,y) + F(a,b) +/byds/axK(t,s)dt+/:o (/OXG(x,s) cos ﬂm) (/ycos \/Isds) do (1) =0.

b

This last equation can still be written, doing an integration by parts and noticing that G(x,x) = 0,

F(x,y)=F(x,b)~F(a,y) +F (a,b) +/ ds/ K(t,s dt+/ </ 9GS mnfst) (Sinﬁy_sm‘/zb>dc(x)o.

v VA
(2.15)
But
G(x,s) smfs sin\/Iy—sin\/Ib
Flesep e
</‘°" <smxfssm\/>y;smxfssm\/>b> (l))ds,

$,) = F(s;b))ds

/G (any) Fss,b)>d87
[ (252 ) [ (422 [ ).
= [[an ) (-2 o

so equation (2.15) becomes

F(x,y)—F(x,b)—F(a,y)+F(a,b) +/ ds/Ktsdt+/ dt/ (any aF(gS;b))dsO.

Deriving this expression with respect to y and then with respect to x (the support of the measure ¢ is compact), we obtain

9°F < d’F(s,y)
ax8y+A K(x,s) asay +K()C,y)—0




KP-KdV Hierarchy and Pseudo-Differential Operators — 83/104

9*F
By setting f(x,y) = 9y we finally obtain the Gelfand-Levitan integral equation for the function x — K(x,y) valid for
xoy
0<y<yx,
X
Fe) + K+ [ Ko fds =0, y<x. 2.16)

For the case o0 = oo, i.e., W(x,A) = y»(x,4), just integrate the two members of equation (2.14) from 0 to x and use a similar
reasoning. Under the continuity assumption of K, equation (2.16) must be checked for x = 0 and x = y. Note also that if we set
x in the previous equation, then we will obtain the so called Fredholm’s linear integral equation. We can prove that, conversely,
equation (2.16) admits a single continuous solution in the set of pairs of real numbers such that : 0 <t < x. We will not look
for the solution at this level, it will be done later (in the next section) when we treat the Korteweg-de-Vries equation.

3. KdV equation and the inverse diffusion method

Let us first examine some particular solutions of the equation of KdV (1.1), of the kind of progressive waves u(x,t) = s(x — ct),
ds s

d
where c is the phase velocity. By replacing this expression in (1.1), we obtain —c—s — 65— + =— = 0. By integrating

dx dx  ox?
this equation with respect to x and imposing the boundary condition that s and its derivatives decrease for |x| — o0, we get
dx? dx

2
s s . . . o
—cs — 35>+ = =0, hence —cs — 25° + <> =0, and the exact expression of the solution s requires the use of elliptic

ﬁ
ox

1
sech denotes the hyperbolic secant, i.e., wosh” Therefore u(x,0) = ug sechzf, where uy = —% et [> = —. This expression
cos

functions. Suppose that —% sech? %(

(0) = 0, in which case the solution of this last equation is s(x — ct) = x—ct), where

shows that u removes infinitely long time in the position u ~ 0, then it reaches the value uy, is reflected on this point and
returns again in the position of u ~ 0. This solution is called soliton. To obtain this solution, we can use the so-called Bicklund
transformations for the Korteweg de Vries equation.

When solitons collide, dimensions and speeds of solutions do not change after collision. This phenomenon has suggested
the idea of conservation laws. And indeed, Kruskal, Zabusky, Lax, Gardner, Green and Miura [6, 7, 8, 9, 10, 11, 12, 13, 14]

have been able to find a whole series of first integrals for the KdV equation. These integrals are of the form / B, <u, ey u(”)> dx,

where P, is a polynomial. Indeed, the conservation equations that can be deduced from the KdV equation take the following

0P, 4
general form : —— + aQ" =0, where P, and Q,, form a series of functions of which here are the first three:
X
(i) The KdV equation can be written in the form
Ju d 0%u %u
—t— 3+ =5 | =0=P = = 3u’ 4 =—.
8t+8x( ”*ax2> 1= Q1=

(ii) Multiply the KdV equation by u, this gives

du  ,du  Pu o (u\ 9 s % 1 u\?)

Hence,
u? Pu 1 [du\?
P=— =23 — = =
2T 2 wHeE T2 <8x>
(iii) We have

2%u du ou d%u
2_7 - - —_— pu—
(3“ 8x2><8t 6u8x+8x3> 0
+(—18

3200, Ju 9
"ot T 9x oxor

PGP Pudu Pudu duPu
Cox T o T X092 T o2 o8 o2 ot oxoxot)

Therefore,

I p (N 2 90, s 1 (%N dudu) _
ar \" T2\ ox o\ 2" T 92 T2\ 9 oxor |
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Consequently,

du 9 4 9u 2u\*  dudu
B=u'ts (ax)’ 03 = —u +37 55— (ax2> T oxor

d : d
If u vanishes for x — oo, we get > / P,dx =0, then / P,dx are first integrals of the KdV equation. Let u(x,t) = a—y (x,t) and
. . x

dy dy 93
suppose that a—y a—y P g} decay when |x| — 0. The KdV equation, is written
dy Iy\* 9
==-3 — =0.
ot <8x> o

Hence,

2

%/w y(o,t)dx = 3/°° (gi) (x,1)dx = 3/00 u? (x,t)dx = constant.

. 0
Since u = —y, we have also

ox

Jd [ o0 [™ [X Jd [ oo
E/_w}’(x,t)dx: E/_m/_mu(at)dzdx: x5 /_mu(z,t)dz )

because by hypothesis u?> and —

- %/m u(z,t)dx = —% /m xu(x,t)dx,

oo

2y
tend to 0 when |x| — co. Comparing the two expressions obtained, we obtain a new first

ax2

integral

5 / xu(x,t)dx = constante.

dA
Lax [7] showed that the equation of KdV is equivalent to the equation : i [A,B], where

9? 93 Jd Jdu
A:waru(x,t), B—4ax33<1/lax+ax>

We deduce that the spectrum of A is conserved : if A is a symmetric operator (AT = A) and T an orthogonal transformation
(T =T7"), then the spectrum of 7~ 'AT coincides with that of A. The appearance of an infinite series of first integrals is
easily explained by the Lax equation.

The Sturm-Liouville equation Ay = Ay, where A is a real parameter, can be written in the form

82

Fr +(l—u(x,t))l[/:0. (3.1)

This equation reminds us the stationary Schrodinger equation. We will see that the complete solution of the KdV equation
is closely related to the solution of this equation. We will look at solutions for which u decreases fast enough for x — +co.
There are other interesting conditions to know: the case where u(x,?) tends to different constants for |x| — o and the one
where u(x,t) is periodic in x. So consider equation (3.1) where u(x,7) is the solution of the KdV equation (1.1). It is assumed
that after a certain time equation (3.1) has N bound states with energy A, = —k,zz, n=1,2,...,N and continuous states with for
energy A = k>. We draw u from equation (3.1) and replace it in equation (1.1). After a long calculation, after multiplying by
1//2, we get the expression

a a( oY a"’r)o

oV T \Yox ox

(32
d 9? d
Tllf v 3+ )2 v

where ¥ = ; +ﬁ I
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Theorem 3.1. a) For the study of the discrete part of the spectrum A,(t) = —k2(t), we consider , (measurable and square

integrable function) and we show that if W, and Y tond to zeros when |x| goes to infinity, then A,(t) = constant and the

dx
solution of equation (3.1) is given by y,(t) = cn(O)ek"(x"‘k%’), where ¢, (0) is determined by the initial condition u(x,0) = up(x)
of the KdV equation.
b) For the study of the continuous part of the spectrum A(t) = k*(t), we assume that a stationary plane wave propagates
Sfrom x = —eo and meets a potential u(x,t) with a transmission coefficient T and a reflection coefficient R. In this case equation
(3.1) admits a solution y such that :

- T (k,t)e™, x— +oo (i.e., to the right of the potential barrier)
V=1 ek +R(k,t)e™ ™ x — + —oo (i.e., to the left of the potential barrier)

where |R|> 4 |T|?> = 1. If u ~ 0 for |x| — oo, then we have T (k,t) = T(k,0) and R(k,t) = R(k,O)e’Sik% where R(k,0) and
T (k,0) are determined by the initial condition u(x,0) = uy(x) of the KdV equation.

Proof. a) Just integrate equation (3.2), this gives

O /wy/,fdx—ku/ngl Wny
oo X

at " J- ox
. 5 AV e oY,
By hypothesis, W, € L~ and v, 3 tend to zeros when |x| goes to infinity, so l;/na— I Y tends to O for |x| — e and
X X

A d aY o
we deduce that A,,(#) = constant. Now, since — Fr = 0, then equation (3.2) becomes > ( 8 ;IIT) = 0. Let’s integrate
x
oY _dy
Va—axl) A T\ A

this expression twice, (xwzx) = W’ ie., (W) llfz’ hence, Y = l,u/ d + B(t)y, where A(t) and B(t) are
integration constants. So we have

81;/,, 8 /% aWn Ap

S I 2 S = y/n/ﬁderB,,w,,. (3.3)

Note that A,,(¢) = 0 because y, satisfies (3.3) and decreases to zeros for  — —oo. Let’s consider u 22 0 for x — —oo because
otherwise y;,, would not have the decay assumption. Multiply (3.3) by y;, and integrate

/ Vi l”"achr/ (wna Vi 3lllln38w")dx—3/ y2dx.

oy, %y,
dx ox2’

Iy Py 3 L(2w Noeen [~
[ %5 [ (e v () Yoo

We have B, (t) = 0 because v, € L* and decreases to zeros when x — —oo. Since u 2 0 for x — —oo, then from equation (3.2),

+4cnk2> knx — 0, hence

This expression can be written, by adding and subtracting

it comes W, (x,1) = ¢, (1)ek~,

dc
x — —oo. By replacing the latter in equation (3.3), we obtain <3t

ea(t) = cn(0)e=*a . Consequently, W, (x,7) = ¢, (0)ekn—4t)
b) Choose A = constant since the spectrum for A > 0 is continuous. So equation (3.3) remains valid,

oy Py dy [ A
F S s +l)g_w/ By, (3.4)

. oT A i
For u 22 0, when x — 4o, we replace w = T'(k,)e**, A = k? in equation (3.4) and we get o —4il°T = T /e_z’kxdx—i—BT.

For this equation to preserve meaning when x — +oo, we must have A = 0, hence

% — (4ik*> +B)T = 0. (3.5)



KP-KdV Hierarchy and Pseudo-Differential Operators — 86/104

Similarly, for u = 0, when x — —oo, we replace ¥ = ¢ + R(k,t)e =™, A = k? in equation (3.4) and we get

dx
o2ikx |- R2o—2ikx  DR"

OR , . . ,
(at +4ik’R — BR> e ™ — (4ik* + B)e™ = A(e™ + Re ™) /

For x — oo, the equation above preserves a sense if A = 0 and is written

JdR . ,
(()t +4ik°R BR> e & (4l + B)e™ = 0.

oOR
For 4ik3 4+ B = 0, equation (3.5) implies that T (k,¢) = T (k,0) while the condition > +4ik’R — BR =0, gives us R(k,t) =

R(k,0)e 8kt O

The knowledge of ¢,(t), k,(¢), n=1,2,...,N and R(k,t) allows to express u(x,t) for any time; it is the problem of the
inverse diffusion. The latter is reduced to the solution K (x,y;?) (to simplify the notations, the reader can obviously use K (x,y)
instead of K(x,y;?)), of the Gelfand-Levitan linear integral equation :

X
K(x,y;t)+1(X+y,t)+/ I(y+z,0)K(x,z;t)dz =0, y<x (3.6)

where

| Y . N
I(x+y,1) = o / R(k,1)e M) qk 1} ¢ (r)ekn ),
- n=1

The solution u(x,) of the KdV equation is then given (see (2.10)) by
(x,1) 2dK(xxt) 3.7
u =2— i1). )
b) dx b)

The nonlinear KdV equation is transformed into the linear Gelfand-Levitan equation. The initial problem is thus completely
solved. This method presents two major simplifications. First, in the analytical approach of the solution of the KdV equation,
it suffices at each stage to solve only linear equations. Then ¢ only appears parametrically and more than for all ¢ the
Gelfand-Levitan equation seems superficially to be an integral equation of two variables, actually x intervenes as a parameter
and so we have to do to a family of integral equations for the functions K(x,y) of a single variable y. Before dealing
with the general case, i.e., the case of distinct N solitons, let us return first to the case of a soliton and therefore consider

the solution u(x,7) = —% sech2§(x —ct) of the KAV equation obtained previously with the following initial condition :

u(x,0) = —2 sech’x, where by convention we put ¢ = 4. The Schrodinger equation (3.1) is written

%y

WHZ sech’x+ )y = 0. (3.8)

To study equation (3.8), one poses

v = A sech®x.w(x), (3.9
where A is an arbitrary amplitude, &> = —A and w satisfies the equation
2 d
a—xvzv —2a tanhxa—v; + (24 o — a?) sech’x.w =0.

By doing the substitution u = 3 (1 —tanhx), the last equation comes down to a hypergeometric differential equation or Gaussian

equation :

9 J
u(l—u)a—uv;—k(c—(a—kbv%)u)—w—

9 abw =0,
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where a, b, ¢ denote constants and are equal to a =2+, b = —1 4+ a, ¢ = 1 + . This equation presents three regular singular
points : u =0, u = 1, u = 0. The solution of this equation for u = 0 is

W= Flabeu) =1+ ab u N a(a+1)b(b+1) .ui a(a+1)...(a+n—1)b(b+1)..(b+n—1) o

c 1! clc+1) 2! c(c+1)..(c+n—1) n!

For x — oo (i.e., when u — 0), we have w — 1. According to (3.9), we have y = A2%(e* + ™)~ %.w(x) and this one tends to

Ae?%e~ % when x — oo. To represent a plane wave Ae’** going to +oo, we will put & = —ik. The asymptotic form of the wave

function for x — —eo (1 — 1) is obtained by transforming the hypergeometric function using the well-known functional relation

+ (3.10)

I'(c)I'(¢c—a—b)

\flle—a—b) e-a-p (O (a+b—c)
I'(c—a)T(c—b)

F(a,b,c,u) = T(a)T(b)

F(a,bya+b—c+1,1—u)+(1—u) F(c—a,c—b,c—a—b+1,1—u),
where I'(z) = / e’ ez_ldt, Re z > 0, is the Euler Gamma function. Taking into account (3.10) and the expression above, the

0
relation (3.9) becomes

B o | T(e)(c—a—D>)
W = A sech x{r( s < a—l—b— (lu)+)
c—a— br( )F(a +b— ) ( _a)(c_b)
+(1—u) T(a)[(b) ( i —— (1_”)+”')]'
When u — 1 (x — —oo), we have (1 —u)“"%? — ¢72%% and since o = —ik, then

oL@T(a+b—c) [ i [(c—a—b)['(a)T(b)
1//—>Ae(ek+r( )

I'(a)T'(b) c—a)'(c=b)I'(a+b—c)
This expression combined with the fact that y tends to Ae**e~%, x — oo, give us the transmission coefficient T and the reflection
coefficient R,
I'(a)T(b) _ T(c—a—-b)['(a)T'(b)
C(c)T(a+b—c)’ - T(c—a)(c—b)(a+b—c)

T =

We have k; = 1, ¢(0) = /2, R(k,0) = 0. For an individual soliton, equation (1.1) has a precise solution. It turns out that the
soliton of amplitude ug has only one discrete level with eigenvalue A = % while the next level corresponds to the point A =0

(with the respective eigenfunction ¥ = tanhx) and already belongs to the continuous spectrum. The Gelfand-Levitan equation
(3.6) where I(p,1) = 3 (t)e1H = ¢3(0)e 8kl k! = 20811 g written

—o0

K(x,y;t) +2e 80y 4 Zefgtﬂ/ e K(x,z;t)dz = 0.

—X
By putting K(x,y,) = f(x)e’, we obtain f(x) + 2e 8+* 4+ ¢ 8+2¥ f(x) = 0, hence, f(x) = —2#. Therefore, the

solution (3.7) of the KdV equation in the case of a solitary wave is

2

——— =2 sech®(x —4t).
cosh”(x —4t)

d
u(x,t) = ZaK(x,x,t) =—

We will now look at the case of N-solitons through the procedure suggested by Gardner, Green, Kruskal, Miura [8] and to
use the results of [15]. In order to solve the Gelfand-Levitan equation (3.6), where R(k,7) = 0, one poses

N
xX,y) = Z wp(x,1)ef, (3.11)

where w,, are functions to be determined. By replacing this expression in the Gelfand-Levitan equation, we obtain the following
system of linear algebraic equations for w,,n=1,...,N :

ek +hm)x

Wl(xat)"i_c%( ) k1x+ZN71 1( ) ki +ki (xvt) :07

(kpy+km )x

wy (x,1) + e (1) + Ty o (1) Sy W (,1) = 0.
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Define the following notations : A = (c,zl(t)e(kﬁkm)x), W=(w--wy),G= (ci(r)ekrx. .. clzv(t)ekNx)T,

) e(k,,+km)x
P=(Pum) = 5nm+cn(t)m =1+A, (3.12)
where [ is the unit matrix. With these notations, the system above is written PW = —G, and it is easy to show that it has a

unique solution. From equation (3.11), we draw K(x,x) =h'w= —h'P~'G, h = (ekl)‘ . ~ekNx)T. Or

d - . N 5 e(kn+km)x

— = nX Kmx detP = o) t)———— | Oym,

d cpe’.emn € ngl nm+cn( ) Ky + ko nm
o,

and P! = 5 ’:’;’), where 0, is the cofactor of P, so
e
Oy d 1 d d
(%) ,g’ndetP dxlm = T Gerp gy \GetP) = — g Indet

d d?
and according to (3.7), we have u = Zd—K (x,x) = _Zﬁ Indet P. Therefore,
X X

Theorem 3.2. The solution of the KdV equation is given by the function

d2
u= 72@ lndetP,

where P is defined by (3.12) and whose c,(t) = c,,(O)e_A'kgt, with k, > 0 distinct.

The function obtained in the this theorem is negative for all x, continuous and behaves like the exponential when |x| — o.
To get an idea of the behavior of solitons and in particular their asymptotic behavior, suppose that k| < ky < ... < ky—1 < kn.
We will need the following result :

1 1 1

a|Tb1 a|Tb2 e ll]Tbn
A: ay—by ay—by ar—by — (_1)@ Hj<k(aj_ak)nj<k(bj_bk)
: . [1jx(a; —bi)
11 1
an—b) an—by e an—bn

Consider the following determinant :

1+c3by; b clbis
A= 0%1721 14 c%bzz C%b23 )
c3bs1 by 14+3by

where ccac3 # 0. If we divide the 1% line by ¢y, the 2"? line by ¢, and the 3" line by c3, we will have

14+c2by;
—— <abn  cbi
1+c3b
A=cicoc3| by #22 cabys
I+C%h33

c3b3 c3bxn o

Multiply the 1* column by cy, the 2"¢ column by c¢; and the 3"¢ column by c3, we get

2
I+cibii  cieabin ciesbiz

A=| ceciby  1+3byn  ccsby
csc1bsi czeabyn 1+c3bss

So for the determinant of order N, just use the same procedure, i.e., by dividing the j*¢ row by ¢ ; and multiply the 7™ column
by c;
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Theorem 3.3. The explicit solution of N-solitons of the KdV equation is given by

N
—2Y ki sech? (kn&n +8,), t— +oo

u(x,t) = v
—2Y ki sech®(kn&y+8,), t— —oo

n=1

where the phase changes are given by

5-&-:1111 C% ﬁkj—k" ’ 5—:11 i ﬁ kj—kn ’
"2 2k, j:1kj+kn ’ 2 2ky \ 2L kit

Jj=n+1

Proof. The determinant of the matrix P is written explicitly in the form

1+ () 2k1x () (erCz) C%(I) e(k] +kj)x L%() (k1+kN)
k1+k2 Rtk R e el
3(1) (k2+k1) 1+ () o2kox 3(1) pllatkix () olka+ey)x
detP = k2+k k2+kj k2+kN
) (kn+k N (ky+k N (ky+k; &0 ok
kNN+ le( Ntk )x kN+k2 elkntho)x kNNiijjg( Ntk 1+ G2 P

Applying the previous remark to the determinant det P above, we obtain

1 + ( ) 2k1x C1 (t)CZ(f)e(kl-‘rkz)x c1(®)e ( ) (k1+kN)
k1+ko T ky+ky
o)yt ) olhatki)x 14 30 o e2(0)en(t) , (ky )
detP — k2+k1 2ky o ko +ky
en(t)e ‘ en(t)e () X
kl(v)+kl( ) (kN+k|) kfviLkz( ) (kN+k2) . 1 + évTNeZkN

3
Since ¢(t) = ¢;(0)e~ ", then

1+ ( ) 2k15| c1(0)c2(0) k15|+k2<§2 c1(0)en (0) ekl‘gﬁ‘kNén
ki+ko Tt ky+kyn
7‘2(0) (0) btk 1+3 62( PriSYs) 2(0)en (0) chaathnén
detP = katky katky
CN]((]\?E:ILI(O) eNEN K1 G CNk(]glfiz(O) enevthab 1+ Clzzvk(]g) e2knEn

where &, = x — 4k%t, 1 < j < N. To get an idea of the behavior of solitons and in particular their asymptotic behavior, suppose
that ky <k < ... <ky_1 <ky. Fort > 0let’s write §; in the form §; =&, — €, 1 < j <N with g, = 4k]2 —4kﬁ and ¢;(0) =c;.
Note that €j, <0if 1 < j<n, &, =0, &, >0if n < j <N, and €j, = —¢&,j. We have also & > €, 1)m > - > Emy1)n >0
ifn>m, and & < (1) < --- < Eymy1) < 01f n < m. Replace these expressions in the determinant above and approximate
the elements of the diagonal (for j < n) :

2 2

c4 c4
1 ) 2kj<€n*£jn[) o _J 2](1'(5,178]',,[) . < f — oo
T 2, IS

(we can do it because for j < n, we have €;, < 0 and 1 +e* = ¢* for x — o). Then, we put in factor the following common
expressions : 21 (Gn—euwt) | o2ka(Gn—et)  2Kn- 1(En=€u-1n?) . By turning 7 to infinity, we have (since €, > 0 for n < j < N) the
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following situation :

1 [41%) C1Cn—1 Ci1Cn_ Hknn
2% ki +ky e [TE Ty +kn € 0 ... 0
[S19] < €2Cn—1 26 knén
ko +h 7% - Kotkn_1 T +hn € 0 ... 0
Cn—1C1 Cn—1C2 0371 Cn—1Cn ek,,é,, 0 0
detP=C| %, Foithy Dbt kn_1+§n
_CnCl_ Lkn&y €2 Lkn&y Cnln—1_ky&, 2kn &
Tt € Tl € SRR e 4 1+ o ...
0 0 . 0 0 1 ... 0
0 0 0 0 0 1
n—1
where C = H ezkf(é”’gf'"). Obviously, we have
Jj=1
i c1c C1Cn—1 CiCn_ knén
2ky k1+k2 te k1 +ky—1 k1+kn
[S19] Cz €2Cn—1 CCn ek,lén
ko+-ky 2ky te ky+ky—1 ko +-ky
detP=C : :
2
Cn—1C1 Cn—1€2 Cn—1 Cn—1Cn ekné,,
ky—1+k1 ky—1+ky e 2ky— kn—]+2kn
_CnC1 knén ﬂeknén CnCn—1 k én 1 + cinezknén
kn+kl kn+k2 e knJFkn 1 2kn
This determinant is still written in the form
1 _1 _ 1 1
1 1 1 2k, itk 0 Ktk kit
2k ky+ko e ky+ky,—1 1 1 1 1
- ﬁ i # i otk s otk kothks
2+k; 2 e 2tkn—1 . .
detP:Cl—Icl2 ) - —|—CH012 : : ,
=1 : . . =1 1 1 1 1
1 1 1 kn—1+ki  kpithky 7 2k, ky—1+kn
Fno1tki  knitka 0 2kely 1 1 1 1
krﬁ’k] kn+k2 e kn+kn—1 2kn

2k1 &

2
for n > 2, while for n =1, itequals to 1 + ;Tlle . Using the previous lemma, we get for ¢ > 0,

_ _ 2 _ )
detP — ri—ll e2ki(€n*€int) (= C?M + nI_]]: C?Meycnén
i=1 i D Mijlki+ky) = T(ki+kj)

By replacing this expression in the solution obtained in the last theorem, we obtain the explicit solution of N-solitons :

2
2 n—1
c ki—ky
u(x,t) = —-2Y k2 sech? | k,&, 4 = In - ! , t— oo,

n;l 2 2k s kj+ky

Similarly, it is shown that for t < 0
N 2 N 2
2 2 1< kj —kn
u(x,r) = -2 ;kn sech” | k,&, + ilnz—kn II _ , 1 — —oo,

n= Jj=n+1

This completes the demonstration. O

This result can be interpreted as follows: for example for t — oo, we have

tlir?ou(x,t) = ,152 ulx—ct) =

—2k2 sech? (k,(x —4k2t) + 8;) if c =4k2
0 ifc+#4k2
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This is the form of a solitary wave of amplitude Zkﬁ, propagating on the right with a constant velocity equal to 4k,%. The solution
of the KdV equation actually splits into N-solitons at the limit for || — co. This indicates that each soliton preserves its shape
after collisions. These are analyzed by the phase changes 8" and &, . The relative phase change is determined by

2 2
12 (Hki—k 1o (& ki—k oki—ke & ki—k
& =8 = ([T2—2] —snam | [ 2—=2) =Y 2" ¥ =
2" 2%, ke 27 2oy \ 2 b Kt E kit ke e kK

and it is expressed in terms of k; (1 < j < N). Since k; are invariant with respect to time, then the §,” — 8, are also invariant.
Recall that we assumed k| < kp < ... < ky, then

6*—6’:—ilnﬂ>0 Sy — Oy = 21 =k
1 1 i kj+k1 ’ N kn + kl

N
In addition, it is easy to show that Z 5 = Z 0, -
n=1
We could not finish this section w1thout mdlcatmg some results related to the KdV equation. The KdV equation (1.1) is

written in the form

du_ 0 (4o Fuwy_ooH
o ox\"" T o2) T axou’

where
oo o 1/ou\?
H= [ Pdx= Sy (=) |4
/—oo3x /_m<u+2(3x)> )

0H
is the first integral (Hamiltonian) obtained previously and 67() denotes the gradient (Fréchet derivative) of the function H.
u(x

This equation forms an infinite dimensional Hamiltonian system, completely integrable and the Hamiltonian structure is defined

by the Poisson bracket : {F,H} = / 65F ; 351;1 )
x Ou(x

further (in the following sections) the problem of studying the KdV equation via symplectic structures on operator algebra,
the relation with the KP hierarchy [16], the Sato theory [17] 7 functions and the work of Jimbo-Miwa-Kashiwara [18, 19].
The study of the periodic problem for the KdV equation allowed some authors to discover an interesting class of completely
integrable systems. The obtained solutions are endowed with remarkable properties : they define functions u(x) for which
equation (2.1) with periodic coefficients has a finite number of zones of parametric resonance on the axis A. The spectrum of
the Schrodinger operator is invariant by the Hamiltonian flow defined by the KdV equation. And as we have already pointed
out, this spectrum provides an infinity first integrals or invariants. The isospectral sets related to invariant manifolds defined
by putting these invariants equal to generic constants are compact, connected, and infinite-dimensional tori. Each of these
isospectral sets is isomorphic to the real part of a Jacobi variety associated with a hyperelliptic curve of finite or infinite genus.
The periods of this torus can be expressed using hyperelliptic integrals; in short, the explicit linearization of the flow of the
KdV equation is made on this Jacobian variety using the Abel application, the Jacobi inversion problem and the theta functions.
For other interesting integrable systems that will not be discussed here, the solutions blow up after a finite time as Laurent
series depending on many parameters (see for example [20, 21]).

dx. We check that the latter satisfies the Jacobi identity. We will discuss

4. Pseudo-differential operators

Let L be a pseudo-differential operator with holomorphic coefficients. The set of these operators form a Lie algebra that we
note .o/ The algebra .o# decomposes in two sub-algebras <7, and & : of = o/, @ o/, where o7, is the algebra of differential

d
operators of the form § = Z uy(x 8" finite sum, d = > and o7 is the algebra of strictly pseudo-differential operators of the
k>0 X

form

n= Zu,k(x)c9*k=8flvo—|—872v1+-~~, 0=—

k>0
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The algebra 7 is an associative algebra for the product of two pseudo-differential operators L and L/,

=]
Lr'=Yy Fagm.af(y):,

k=0""

d . o .
where d = P and the symbol :: denotes the normal order, i.e., it means that the derivatives always appear on the right
X

independently of the commutation relations.
For m,n € N*, we have for all functions u, v,

m n - m' m-+n—. - 1 m n
uo" vo" =y Wwwa DY H:ag(ua ).05(va™): 4.1)
k=0 k=0
and
O u=ud' =92 +u"9 3+ = Z :85(8_1).8;‘(14): 4.2)
k=0

where 0! is a formal inverse of 9, i.e.,d 1.0 =d.07 ! = 1.
We define a coupling between <7, and .«7_ as follows : Let Res({n) be the coefficient of d~! in {n. We have

<Zukak Zu 0 > Moao—i—ulal ",371v0+872v1+--~>
>0 k>0

ie,(,n)= / Res({n)dx = / Z ugvrdx. Therefore, the Volterra group (I + <7 ) acts on <7_ by the adjoint action and
—ee = k>0
on &7, by the coadjoint action. Let { € <7, and 1 € &/_. We obtain from [22],

(ady (8),m2) = (C.ady, (m2)) = (£,[m,m)),
/(9’1—termof(Cnmz—anm))dx

= /(a_l—termof (Cm—n1C)+TIz)dX,

= <[C7n1}+an2>'
So the set &7, (L) of the differential operators of the form

N=2
L=0d"+ Z ug(x)9%, N fixed, (4.3)

is a coadjoint orbit in .7, .

(0

Let f be a function of class 4" in x and dependent on a finite number of derivatives u, ~ of the coefficients u; of L. Let

N—-1 l N—1
— Z afkflz(_l)l ( d) 8f Z afkflf;i[{7
k=0 ] Uk

ap! p k=0

be the gradient of the functional, H (L / flx ...)dx defined on <7, and such that :

5uk

N
dH — /—duk <Zduk.8k,VH>_<dL,VH>,
k=0

N
where dL = Z dug.0%. We recall that the scalar product between two pseudo-differential operators L and L' is defined by
k=0

(L,Ly = — / (LL')_dx = / (L'L)_dx). According to the Adler-Kostant-Symes [20, 22, 23, 24, 25, 26, 27, 28, 29], the

Hamiltonian vector fields on the coadjoint orbit & x define commutative flows and are given by

dL
2 = vny (L) = [LVH(L)]., (4.4)
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where H(L) is the Hamiltonian on «7;. The operator L does not contain the coefficient uy_1. Since the vector field (4.4)

applied to the operator L (4.3) imposes the condition Res [L, VH (L)] = 0, we can replace the gradient by any expression

H
e . o OpN-
satisfying this condition. A first Poisson bracket is given by

{H,F}, = (L,[VF,VH]) = / Res (VH[L,VF], ) dx = / Res (VH[L, VF]) dx — / Res ([VH,L]VF) dx. 4.5)

N .
Consider the Hamiltonians Hyy = N / (Rés L%> dx, k € N*. We have VH,Ei)N = (L%) , and the vector fields (4.4)

applied to these Hamiltonians, provide the integrable equations; N-reduction of Gel’fand Dickey equations of KP hierarchy
(see below for definition) :

dL

=L VHun ), = = [@h)-L] = [@h)L. (4.6)

Note that since {(L% )+,L} = {L§ — (L% ),,L] =— [(L% ),,L} € o/ ~, then equations (4.6) determine an infinite number
+ +

of commutative vector fields (see below) on &/t + &7 ~. N
We will now study [22, 30, 31, 32, 33] the existence of a second symplectic structure. Let L = L+ z where L is a differential
operator of order n. We have

% _ (~VH)+Z7Z (VHZ)+. @.7)

Note that (4.7) is a Hamiltonian vector field generalizing (4.4). Indeed, let J : &7 /o7 oo y_1 —> Pon—1, be the function
defined by

J(E) = (z¢)+z_z(gz)+ _ (Zg)iuz(;z)i, Ced |ol wni.

dL ~ - o~
Hence, i (L) = (LC ) L—-L (C L) , which shows that it is indeed a vector field on the differential operators L of
+ +
dL ~ ~ o~ ~
order n. Similarly, we have o =— (LVH ) L+ L (VHL) , and the same conclusion remains valid. We also have the

dL
relation i (LVH), L—L(VHL), +z[VH,L],, which shows that this vector field is an interpolation between (4.4) for

7z = and a new vector field for z = 0. Consider the 2-differential form
© (3 ay) = WO = [Res (E)m)ax.

This form is closed (d = 0) and is antisymmetric (J($),n) = —(¢,J(1)). and furthermore [, 9)(n)] = 9y (¢)- Where
&= (-¢(In) +(¢2)n) (= (28), +(nE)_€) +arem-anmt.

The functional algebra on the operator space of the form (4.3) for this symplectic form is the so called % algebra.

Theorem 4.1. The Hamiltonians Hy,Hyn,Hyon, ..., defined in (4.6) are all in involution for the bracket (4.5).

Proof. Indeed, let J = J if z =co and J = J, if z = 0, where the Poisson brackets {.,.}1, {.,.}, are given by {H;, Hi}| =
/Res (VH;J\(VHy)) and

(H;,H}2 = (VH,],(VF)) = / Res (VH((LVF), L—L(VFL),))dx = / Res (LVH(LVF), — VHL(VFL), )dx.

‘We deduce from the relation

() ) oa((57) 2), +[(9) ] o



KP-KdV Hierarchy and Pseudo-Differential Operators — 94/104

the expression {H;, Hy }1 = / Res (VH;J,VH_y). Since the form o is anti-symmetric, we have
{Hj,Hi }1 = —/Res (VH,_nJ2(VH))) = —/RCS (VH,_nJ1(VHj1N)),

{Hj,H}1 = f/Res (VHj nJ1(VH_p)),

{H;H} = {Hjsn.Hin}, = {Hj,Hi}1 = {Hjson.Hi—an }  »

for o large enough with J; (VH_qy) = 0, i.e., Hy_q is trivial for o large enough and we get {H;, Hy}1 = 0, so H;, Hy are in
involution. [

5. KdV equation, Heisenberg and Virasoro algebras

Theorem 5.1. a) The operator L = d° + q, corresponding to the case N = 2 with q = uo, is related to the KdV equation and
d
the Poisson bracket is provided in this case by {q(x),q(y)}1 = d—5(x -¥).
X
b) By replacing in a), q(x) by the Fourier series

gx)=a Y e ™o, +p, —ia =1, (5.1)
n—=—oo
where (@ )rez are new coordinates (Fourier coefficients), one obtains the Heisenberg algebra and the Poisson bracket is
provided by { @y, O }1 = 1810 0.
¢) In the case N = 2 one obtains the Virasoro algebra and its structure is given by

- m)6m+n,0~

c
{On; On}2 = (m—1) Qi+ E(m

Proof. a) Indeed, since

8H 1 /6H\’
I | -2
VH(L) =0 S0 +0 2(&1)’

1
then the vector fields applied to the Hamiltonian H = / (q3 — zq’z) dx, provide the KdV equation

dg dL 1 _dS8H dg g dq
ar ~ar VS sy T T ae %y 62
O0H d 6F

d
The Poisson bracket is in this case is {H,F}; = Sq dx 6q° and therefore, {g(x),q(y)}1 = aS(x —y).

b) Let .# be the set of matrices (ax), (k,! € Z), with complex coefficients and
N ={(an) € A : there is at least r such that ay; = 0 for [k — 1| > r},

the C-algebra, i.e., the set of infinite matrices with support in a band around the diagonal. The product of two matrices belonging
respectively to .4 and ./ is defined in the usual way. Note that .4 is a Lie algebra and .# is a .#"-module. Their extensions
A and A are defined by

O—>Cc—>¢7—>¢1/—>0, O—><Cc—>j/v—>///—>0,

with . = A @ Cec, M= M & Cc, where ¢ is a central element, i.e., we have [¢,A] =[c¢,B] =0, VA € e/I/v, VB e . 4. We

notice e; ; = (0;-0j) i the elementary matrices, i.e., the matrices whose coefficients are all zero except the one of the line i and

the column j which is equal to 1. Since a Jacobi matrix has no trace, then we consider the matrix A[J,B] where A € A, B € .#

and J is the matrix defined by J = Z €(i)e;;, where €(i) = +1if i <0 and —1 if i > 0. The elements of the matrix A[J, B] are
i€Z

null except for a finite number, so it is a finite matrix and we define the cocycle of A € .4” and B € . using the formula

pAB) = STHAW,B) = 3 X (e() — e(i)ab;:
LJ
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Therefore, the bracket [,] of A € .4 and B € ./ is defined by

——

[A,B] = [A+ac,B+Bc] =[A,B|+p(A,B)c.

We note that the .4 algebra is a non-trivial central extension of N while the subalgebra /Z/\; = M5 ®Cc, is a trivial central
extension of

My ={(a;jj) € A : (i, j) — (a;;) with finished support}.

Let’s put E; = Z ennti, Where e;; = (0y;.8;j)x are the elementary matrices defined above. The subspace E = @, CE;, is a
nez
commutative subalgebra of .#". The subalgebra of .4 defined by setting E = E®Ccis called Heisenberg subalgebra. We have

e~

[Ei,Ej] = i5i7,jc. (53)

We now reconsider the previous example and replace g(x) with the Fourier series (5.1). Let H be a functional of g. Its Fréchet
derivative in terms of the coordinates ¢ is written

0H = O6H J > OH
Ly 2yt y ik (5.4)
8q =89 dq e Ok
. . . . . . . 29, . 1 OH
We substitute (5.3) and (5.1) in equation (5.2) and we specify the Fourier coefficients; we get the relation & 5 =—ix n%
n
Moreover, since the symplectic structure is given by the matrix of the Poisson brackets, we also have
90 _ v oH
o m;w{(ﬁ’m ‘Pm}lm-
Therefore, {@,, @ }1 = —ict 218,10 0. By putting —iat=2 = 1, we obtain the Heisenberg algebra (where {, } plays the role

here of the bracket [,] (5.3) above).
¢) Let Diff(S') be the group of diffeomorphisms of the unit circle : S' = {z€ C: || = 1}. Let

d 1
F:{f(z)dz 1f(Z)€(C[ZaZ]}’

be the set of vector fields (Laurent’s polynomials). Note that F can be seen as the tangent space Diff(S') at its unit point, so F

d
is a Lie algebra with respect to the bracket [,]. By setting @, = —"*! oo e obtain
z

[(va(l)n] = ((n-i— l)zm+n+l . (m+ l)m+n+l) diz _ _(m_’_n)zmﬂwrldiz7

1
i.e., [@m, ©u] = (m—n)@Qui,. We show that H*(F,C) = C and p(@n, ¢,) = E< 3 —m)&y_n. The vector space F @ Cc is

called Virasoro algebra, it is a central extension of the algebra of complex vector fields on the circle. The bracket is given by
the formula

(s @u] = (1= 1)+ = (> =) . (5.5)

Let us now consider the example of the KdV equation. We have N = 2 and

dg _dL _ B (93 57H
2l = 2= (LVH), — L(VHL);, = (9 +2(dg+49)) 55

The (Poisson) bracket is written in this case

_ [O6H 3 SF
{H,F}z—/s—q(a +2(aq+qa))5—q,
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and we have {g¢(x),q(y)}2 = (83 +2(dg+qd)) 8(x—y). By reasoning as before (while taking into account the Fréchet
derivative (5.4)), we obtain

oOPm . SH i SH
=1

Zxm _ L (P
(1 ot ;(” m)(Pm+n6(pn+2a(m 4l}m)6(p7m,

6i
where (@ )rez are the Fourier coefficients of g. By setting 48 =1, o« = X and taking into account the Fourier series (5.1), we
c

obtain
B —nth column nth column :
e — l l OH
a | P |7 - O
. mthline —  S(m*—m) .. (m—n)@uin .

3

Consequently, we have {@n, @, }2 = (m—n)Qpin+ % (m”> —m) 840, 1.e., the Virasoro structure [19] (where {, }» plays the

role here of the bracket [,] (5.5) above). This establishes the theorem. O
2
ForN=3,u=uy,v=u3,L=09>+ud+v, and L3 =93 + gu, the flow (5.2) takes the form

u 0%u v dv 9% 2d% 2 du

- o2 lax anow 3oe 3Yax

Eliminating v from these equations yields the Boussinesq equation
ou\> 9% (% . ,
3| =— — | == +2 =0.
<3t2> o (axz e )

6. KP hierarchy and vertex operators

Consider the pseudo-differential operator of infinite order

d
L=04uid '+uwo+.., d=— (6.1)
ox
where uy,uy, ... are functions of class ¥ depending on an infinity of independent variables x = #1,1,,.... The compound

operator L" is calculated according to the rules (4.1) and (4.2). We obtain
n )
L"=0"+pu20" 2+ .4 Pun+ Pun19 ' +.. ="+ Y pujd" T+ Y puntjo Y,
j=2 j=1

where p, ; are polynomials in u; and their derivatives in relation to x. The differential part L of L" being equal to L} =

n
"+ Z Pn,j0" 7, we have
j=2

LL:a, Li:82+2u2, Li:83+3u28+3(u3+3u2),... (6.2)

The dependency between the functions u;,u;, ... and the variables x = t1,1,, ... is provided by the following system of partial
differential equations :

oL

oo, neN ©3)

The set of these equations is called Kadomtsev-Petviashvili hierarchy (abbreviated KP hierarchy). It is a hierarchy of isospectral
deformations of the pseudo-differential operator (6.1). We prove (see [34]) the following result :
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Theorem 6.1. There is an equivalence between (6.3) and the equations

d d

— " " =L 6.4

8t,, + 8Z‘m + [ +> +]7 6.4)
as well as their dual forms

d d

— " ——L" =" " 6.5

ot, Oty L7, ©5)

where L' = L" — L. Equations (6.3) determine an infinite number of commutative vector fields on algebra o/ = o/, ® o/_.

JdL
Proof. Note that since L" = L} +L" , then 5 = (L% ,L] = —[L" L] € &/_. Equation (6.3) defines an infinite number of vector
n
d
fields on 7. Since 3 and [L",.] are derivations, then
n
aLm n m n m
o (L%, LY+ L7, L],
n
= _[L’i7L’z] - [LriaLT]a
1 n m n m 1 n m n m
= 5([L-"-?L—&-]_[L—?L—‘r])+E(_[L—aL—]+[L+vL—D7
1 n m n m 1 m n m n
) ([L+7L+] - [L—,L—]) + 2 ([L+7L—] - [L—7L+]) :

Similarly, we have (just swap n and m)

a1 1
%:5([L’ﬁ,L’jr]f[L'f,L'i])+§([L'jr,LT]f[L'L,LT]).
Hence, aait gf — L.~ (L', L"). Or
L I R IR S B I Y
o, o, oL, o, oty + Oty ~ dt, T dt, T Ot Ot
then
a m a n mil __ a m a n n m
ot atmL —[L+,L+]——a—tnL_—i—atmL_—[L_,L_].

Since the expression on the left belongs to 27, and the one on the right belongs to 7, then the result comes from the
decomposition &/ = o7, @ &/ since obviously &7, N.e/ = (. To show that the vector fields defined by these equations
commute, we put X (L) = [L},L] and Y (L) = [L"} ,L]. Hence,

XYL = (XY-YX)(QL)
X ([L.1]) ¥ (1L L).
- X > Y(Ly),L]+ LX) - (LY ()],
=[x -y, + (e ) - [, o),

= [X(Li)—Y(L+)—[L{t,L1]7L]7
according to Jacobi’s identity and taking into account (6.4), we deduce that the vector fields in question commute. O

By specifying the quantifiers of @ in (6.4), one obtains an infinity of nonlinear partial differential equations [5] forming the
Kadomtsev-Petviashvili hierarchy. These equations connect infinitely many functions u; to infinitely many variables #;. For
example, for m = 2, n = 3, relations (6.4) and (6.2) determine two expressions based on u; and u3. After eliminating u3, we
immediately obtain the Kadomtsev-Petviashvili equation (KP equation) :

82u2 8 (481/{2 12 8142 (931/{2) —0.

o on \ dn o or (60
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We can obtain particular solutions of this equation by solving the equations :

d d d J°3

9 o, 422 49,22 T2,

on on o ot
The second equation is precisely the KdV equation. The KP equation is therefore a generalization of the KdV equation, to
which it is reduced when 22 = 0.

2
Equations (6.3) and (6.4) (see also (6.5)) imply the existence of the following pseudo-differential operator of degree 0
(wave operator) W € .¥ + .o/ :

W=1+w ()0 ' +wr(t)d 2+ (6.7)
with = (t,12,...) € C*. The inverse W ! of W is also a pseudo-differential operator of the form

W =140 ()0 "+ vy(1)d 2+,

and can be calculated term by term. Indeed, by definition, we have ww-l=1. So, using the fact that
> m!
My = oo &k Pl amfk "o = am+n
“ k;)k!(m—k)!( ud")o" " u, ’

as well as the formulas described above, we specify the quantifiers of !, d~2.... in the equation WW ! = 1 and we determine
relations between w,, et v,,. We obtain finally for W~! the following expression :

Wlh=1—wid '+ (—wy+wh)d 2+ (w3 +2wiws —widw; —wi)d > 4 -
In terms of W, the operator L (6.1) can be written in the form

L=W.o.w~ ' (6.8)
According to (6.1) and ((6.7), we deduce the relations :

uy = dwy, u3 = —dwy —widwy, ug = —dwz+widwr + (dwy)wr fw%awl - (8w1)2.
We have the following result :

Theorem 6.2. Equations (6.3) or what amounts to the same equations (6.4)) are equivalent to the existence of the wave
operator W (6.7) such that the system of differential equations

LW =Wo, 6.9)
ow )
ot, —L-W, (6.10)

has a solution (which can be inductively obtained).

Theorem 6.3. a) Let £(1,2) = ) t;7/, z € C be the phase function with 9™ & (t,z) = 2" and 3"e5 (%) = 7"¢5(2), There is an
=1
equivalence between (6.6), (6.10) and the following problem : there is a wave function y (Baker-Akhiezer function)

W(r,2) = (1+wi )z +wa(t)z 24 ) 0D =web 3 zeC (6.11)
where W is identified as (6.7) and such that :

2

v
w—w, ¥ _ L. (6.12)
ot,
b) Introduce the conjugation 0* = —0d and let
L'=1+(=0) " ug +(=9) 2ug+---, W =14+(=9) " 'wi+(=9)wy+---

be the adjoints of L and W such that : L* = —(W*)~1.0.W*. The adjoint wave function
W (t,2) = (W*(1,9)) e o),
ov*

satisfies the following relations : L"P* = 7, Fr — (L)
n
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Proof. a) Indeed, we have from (6.11),
oY W o)
ot, ot,

= —L'"Wetd 4 7'Web9) | according to (6.8)
= —L"W+7"¥, according to (6.9)

= —L"W+L"¥, according to (6.10)

= L%

In other words, W satisfies (6.11) and (6.12) is equivalent to the fact that W satisfies (6.7) and (6.10).

b) Just reason as in the proof of a). O

+ szneﬁ(t,z)7

Therefore, the knowledge of ¥ implies the knowledge of W and also of W* and L. Define the following residues :
ResZakzk =a_q, RaesZak&k = a_1 and consider the following result [33],
Z

Theorem 6.4. Let P and Q be two pseudo-differential operators. So

Res((Pe*).(Qe ™)) = Rgs PQO*,

where Q is the adjoint of Q.

Proof. Indeed, we have

RgS((Pe’“Z)‘(Qe"‘Z)):R§S(Zpkzk2qz(%)l): Y ~D'pa,

k+1=—1

and

Res PQ* =ResY pd*(—=d)qi= Y. (=1)pias,
d 9 k=1

hence the result. O

Moreover, we have [33, 34] :

Res (8"‘1’).‘}’* — Res (akWeé(z,z)) (W*)fleftg(hz)’
z b4

= Res(dWeS) (W) le ™, x=1-1,
4

= Rgs oIww1,

= Res 0,
J

= 0.

This bilinear identity can be written in the following symbolic form :
Res (W(1,2).9*(f',z)) =0,
=00
for all ¢ and #’. Therefore, we have
Theorem 6.5. ¥(¢,z) is a wave function for the KP hierarchy if and only if the residue identity is satisfied :

Res (¥(1,2).W*(',2)) =0 Vr,¢’ (6.13)
=00
or what amounts to the same if and only if

1 ¥ () o
ﬁﬁ?(l,Z)T (t 7Z)dZ—O, (614)

dz
with Y a closed path around 7 = oo (such that : | ——— =1).
14 p =0 e )
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Recall that a 7(¢) function is defined by the Fay differential identity (see next theorem) :

{(t =[], e =D} + O =22 (e = D) e = [a) = (@) ot = (1] = [v2]) = 0,

ol y1,y, € C* and {u,v} is the Wronskian u'v —u'.

Theorem 6.6. Let’s put [s] = (s, %, ‘%3, ) The T function satisfies the following identities :
(i) Fay identity :
F(t.y0.y1,92,y3) = (Yo —y1)(v2 = y3) 7t + o] + ) 2(t + [v2] + [y3])

1
v2])T(t + [y2] + 1))

y
+ 2]
+ )+ il + Da))

+(vo —y2)(y3 —y1)T(t + [yo]
+(yo —y3)(y1 —y2)7(t + [yo]

= 0.
(ii) Fay differential identity :
{2t —=D]), o = DD} + 07 ' =y D (e = )Tl = [2]) = 2(0) 2t = ] = [va])) =

where y1,v2 € C* and {u,v} is the Wronskian u'v — uv'. This identity can still be written in the form

1 T(l‘—[l*l}—k[‘ufl])827:1”(“/,/1/).
p—2 (1)

The following equation t = X (t, A, L) 7, determines a vector field on the infinite dimension manifold of the T functions where
X(t,A, ) is the vertex operator (of Date-Jimbo-Kashiwara-Miwa) for the KP equation .

I (1, A)y (1, 1) =

Proof. According to Sato theory [35, 36], the functions ¥ and W* can be expressed in terms of a tau function as follows :

-1
Y(t,z) = Webta) — L[Z])eg (,7Z>’
(1)

* _ *\—1 _ —c(t,z) _ T(t—’—[zil]) —G(#,2
W (1,2) = (W) e 5! )—Te ),

By replacing these expressions in the residue formula (6.13) or (6.14), we obtain a bilinear relation for the 7 functions. Indeed,
the equation (6.14) is written

IR G b R

‘Using the following change : f <t + s and #’ <t + s, we obtain
/)/86(—23,1)1.(): —s—[zPDr(t+s+[z)dz=0.

Using again the transformation

e 2ol = ]~ sl = b)),

st 5 (ol + bl + bz + ), ;

. . oo —1y\j ;—1 . . .
and taking into account that eLi(ab ) ab—!, we obtain via the residue theorem

0 = /H =20 t(t—s—[z DNt +s+z")dz,

] 1 I*Zy]

es _ 1m0 —s—[z! s+ [71
27[\/72}1 )152 ))31 (Hi—l(l_zy]) T(t [Z DT(I+ +[Z ])) )
2w/ —1

- Lg. t7 b b b b
1 =y2)(2=y3) (33— 1) (t:30,31,52,73)
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where

F(,50,51,y2,¥3) = (o—y1)(y2—y3)t(t+ [yo] + [y1])T(t 4 [v2] + [v3])
+(o—y2) (3 —y1) Tt + o] + v2]) Tt + [y2] + 1))
+(vo —y3) (1 —y2)7(t 4 [yo] + [y3])T(t + [v1] + [y2])-

The relation .Z (¢, 0, y1,Y2,y3) = 0 is the Fay identity. By making the transformation in the expression (y;y,) ™! e lyo=y3=0
Yo

and replacing ¢ by t — [y1] — [2], we obtain the Fay differential identity which allows to define the 7 functions :

{2t =]t —D2D)} + 07 =33 ) (2t = D)) e = Dya]) = 7(0) 2t — ] = [2])) = 0,

where y1,y, € C* and {u, v} is the Wronskian u'v — u'. Consider the Fay differential identity above and replace ¢ with 7+ [y;].
We obtain

{2(0), 2+ 1] = 2D+ 0 =22 ) (2T + ] = [y2]) — 2(1)T( = [y2])) = 0.

1 . . .
By putting A = yf', =y, !, we obtain after having multiplied the expression obtained by mezl =2 the following
formula :

T(f+[7fl])efzzjmf(f— [Hil])ezz,-,ﬂ R (ezzj(pfxf) T+ - [Hl])>
7(t) (1) u—2Adx (1) '

Let

el i3
X(t,A,u) = ;eZT?/(W—M)e):I P AT - J)th, A4,

be the vertex operator (of Date-Jimbo-Kashiwara-Miwa) for the KP equation, then X (¢,A, )7 et T+ X (¢,A, )7 are also T
functions. Therefore, © = X (¢,A, )7 determines a vector field on the infinite dimension manifold of functions 7. We deduce,

according to [33], that ! (W* (£, 1) ¥(t, 1)) = %X(t,l,u)r(z). O

Let A(si,...,8n) = H (s; 1= sjfl), be the Vandermonde determinant. Fay identities (theorem 6.6) are generalized as
1<j<i<n
follows. The 7 function satisfies identities :

n—1
T (t - Z[YJ]> A(Mama)’n) ((t_ Z b’j]) A(X],...,)C,,))

n
zdet<<t— [xk]—i—[xj]—[yl]) A(xl,...,)Cj+1,)7jan+1,...,xn)> s
j=1

1<j,l<n

and

V057331 = P e DL Dl

. . Jj-1
where {uj,...,u,} is the Wronskian det ((i{) uj> .
1<i,j<n

We will see that 7 functions characterize the KP hierarchy. Let 5;(r) denote the elementary Schur polynomials, i.e.,
polynomials such that :

oy e 1 1
) = =14 = ¥ () = 1+ 112+ <2t12+t2> 2+ <6t13 +nn +t3> ARREE
j=1
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. o] .~ (3 19 129 .
with 5(1) = ﬁ—i—m—i-tn. By setting 0 = (%,2%,3%7...>,we obtain
) -3
T(hfz_l,tz*%,ts*%,m) = 5i(—)T(t) -,
W(t,7) = o5t J 9 Jebta) — W(t)eé(t-z)’:
) 0 L0

= 5,(~9)7(1)

where W (1) = Y 97/, is the wave operator (6.7). Similarly, we have

= )
= si(d)(
W—] _ Z 8—js./( )T( ) (615)
L7
. , , & si(=D)T o, isi(9)
It follows from (6.8) that L" = W.9".W~" and L" is expressed in terms of the T function, L" = Z f8 Y T By
ij=0

developing this expression, we get

5i(9)Ts;(—d)t

L"=09"+n(logt)"d" >+ + Y 2

i+j=n+1

The formula (6.10) is written taking into account this last expression of L" and the relation (6.15) as follows :

’ (Nre(_D /
9<1_T3—1+...): _ oy T (1_Ta—1+...>.
(91‘,, T i+ j=n+1 T T

Using the Hirota symboll, we have

l_ﬂ;ﬂ (s:)7) (s55(=9)7) =sn @)z,

and we obtain

92 - -
2 *
T°———1logT— si(d)ts;j(—d)T=0, neN*.
8t,,8t1 g i+};+] l( ) ]( )

i,j20

These relations are called Hirota bilinear equations. They show that all the functions, j > 2, can be expressed in terms of the T
function. For example,

—izl T _1 a—34—ii logz _! 8—4—3a—zi+2ii log7 — a—zlor
T2 B To\od Tonan )T M Te\ad  Tadan T Tonan) tt T \ag 8t

2
ot;
In particular, these equations provide the KP equation in the following bilinear form :

L (e Pe e\ Lo (P ax\ 1 (o ar\ (Pt or\
12"\ ot} dnon o3 391\ d} o1 4\ 07 In o o)

Therefore, we have

Theorem 6.7. The T functions characterize the KP hierarchy.

The equations of soliton theory play an important role in the characterization of Jacobian varieties. Let

H;={ZEM,(C):Q=Q",1Q >0},

Lp(d)f(t).e(t) = p (%], 9%* ) ft+s)gt— s)‘ . where p is any polynomial, f(r) and g(¢) are two differentiable functions.

s=|



KP-KdV Hierarchy and Pseudo-Differential Operators — 103/104

be the Siegel half-space, A = Z8 @ ZZ# a lattice in C8 and T = C$8/A a principally polarised Abelian variety. We show
[24, 37] that the following three conditions are equivalent : (i) There are vector fields v, v,,v3 on C$ and a quadratic form

3 3

q(t) = Z qri (1)1, such that : for all z € C8, the function 7(7) = 1o (Z HeVi +z> , satisfies the KP equation. The theta
ki=1 k=1

divisor does not contain an Abelian subvariety of T for which the vector v; is tangent. (ii) T is isomorphic to the Jacobian

variety of a reduced non-singular complete curve of genus g. (iii) There is a matrix ¥ = (v1,v2,...) of order g X oo, v € C8,

of rank g and a quadratic form Q(r) = Z g ()tt;, such that: for all z € C8, 7(t) = ¢2) 0 (¥t +z), is a T function for KP
ki=1
hierarchy.
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