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1 INTRODUCTION TO SOLITON THEORY

1.1 Nonlinearity, dispersion and dissipation. Wave phenomena are abundant in Physics. They
could be described first as waves on strings or perhaps on water surfaces or on stretched membranes.
They also could be related to the propagation of sound and electromagnetic radiation. In all these areas
it’s common practise to develop wave propagation concepts from the well known d’Alembert equation

Ou(x,t) =0,  O:=%8; -0 -0, -9z, (1.1)

where u : R3*! — R describes the wave profile, whilst ¢ € R (e.g., ¢ is the speed of light in vacuum for
e.m. waves). Notice that (1.1) is linear. In this introductory part we’ll work in (1 + 1)-dimension: we
restrict to equation (02 — ¢?92)u(x,t) = 0, whose general solution (expressed in variables x 4 ct) is

u(a, ) = f(x — ct) + gla + cb), (1.2)

being f, g (not necessary differentiable) functions, determined once initial conditions u(z,0), u:(x,0) are
assigned. Solution (1.2) describe two distinct waves moving in opposite directions with the same velocity
¢; those waves do not interact and can be overlapped in light of the principle of linear superposition.
What follows is that these waves don’t change their shape during the propagation'.

Consider now unidirectional propagating waves and introduce the partial differential equation (PDE)

Ut + cuy = 0, (1.3)

having invoked short—hand notation for partial derivatives and chosen ¢ = 1, for simplicity. Equation
(1.3) is an example of evolution equation, in light of the following

DEFINITION 1.1 - An evolution equation is a PDE for an unknown function u = u(x,t) of the form
up = D(U, Ugy Uy - - - )y (1.4)

being D involves only u and its space derivatives. If D is nonlinear then equation (1.4) is called a
nonlinear evolution equation, hereafter abbreviated as NLEE.

To avoid technical arguments we’ll assume solutions of (1.4) to decay sufficiently rapidly, i.e. that
u(z,t) € C*(R) and u,x — 0 for |z| — oo, VEk € Ny (actually k£ = 3 will suffice).
Let’s now discuss some important examples of evolution equation. First, consider the following one

Up + Uy + Ugge = Oa (15)

which represents a dispersive wave equation. To show up this property, impose harmonic wave—type
solutions of (1.5), i.e. that u(z,t) = e***=“1; the latter solves (1.5) if and only if (iff)

w(k) = k(1 —k?), k € R, (1.6)
where k € R lets u(x,t) to oscillate at t = 0. Thus u describes a wave propagating with phase velocity
w(k)

vy = L

which means that waves with different wave number (equivalently, wave length A = 27/k) propagate
with different velocities. This is the fundamental property of dispersive waves. Notice that the idea can
be extended, by integration, to how many components you desire; in fact

=1-k* (ke€R), (1.7)

—+oo
u(z,t) = A(k)eltrr=w )t q k., (1.8)

— 00

ITake the f component of (1.2) and choose the new coordinate & = x — ct: then f = f(£) doesn’t change form during
propagation, for every fixed &; thus f(z,t) has the same shape of f(x,0), Vt € RT.



being A(k) the Fourier transform of u(x,0).

Till now we have tacitly assumed the dispersion function w = w(k) to be a real valued function
for k € R. This is true as far as odd derivatives are added to equation (1.5); the picture changes
dramatically if we add even derivatives. Let’s try, for example, the following PDE

Ut + Uy — Ugy = 0. (1.9)
Again, after imposing harmonic solutions of (1.9), we get the expression
wk)=k(1—ik) =  ula,t)=e Flek@D), (1.10)

In this case vs(k) =1 Vk € RT and u = u(z,t) describes a wave whose profile is damped by the factor
e~*°t as ¢ increases. The exponential decay exhibited in (1.10) is usually called dissipation?.
Finally, let’s discuss a key concept in wave propagation, namely nonlinearity. For this purpose,
consider the NLEE
u + (1 +u)uy = 0. (1.11)

A comparison of the latter with equation (1.3) suggests that the nonlinearity uu, could be obtained by
replacing ¢ with (1+ u) in the solution. Actually, after solving equation (1.11) (e.g., with the method of
characteristics), the suggested substitution holds true and the general solution is [Dr.J993]

u(z,t) = flz— (1+u)t], (1.12)

where f is ad arbitrary function. The problem is then to solve equation (1.12) for u once the initial wave
profile u(x,0) is assigned. This may be a difficult task since solution of equation (1.12) (with f > 0 for
some x € R) is a single—valued function for a finite time. In fact, it exists a time at which the solution
exhibits non—uniqueness as a wave which has ""broken” (see Figure 1). To fix this problem one usually
insert a discontinuity in the solution, simulating a shock.

u u u
(a) (&) (<)

discontinuity

xl Xl x

Figure 1: Temporal evolution of a nonlinear wave profile. (a) ¢ = t1; (b) t = t2 > t1; (¢) t = t3 > t2. The wave
becomes vertical at ¢t = t2 and thereafter the solution is three-valued in a region [DrJ993].

Another complication is that the principle of linear superposition doesn’t generally hold true for
nonlinear equations®. However, we’ll see that a related principle can be formulated for certain NLEE.

Of course one can imagine to combine nonlinearity with dissipative and/or dispersive wave properties.
So, for example, we might derive NLEE like the following ones:

ut+(17u)ur+uzzm :0 or ut+(17u)u$7urz :0

The first one is known as Kortweg—de Vries equation* (hereafter abbreviated as KAV equation) and
embodies dispersion, whilst the second one, known as Burgers equation, has dissipative properties. Our
main concern will be with the method of solution (and the properties of) the KdV equation and other
related ""exactly integrable” equations, briefly discussed in the next section.

2Notice that a linear combination of odd and even derivatives could describes both dispersive and dissipative waves.
3Verify that, given solutions u; = u1(,t), uz = uz(x,t) of (1.11), then u = u1 + u2 doesn’t solve equation (1.11).
4To simplify notation, we’ll drop from now on the saxon genitive in writing equations’ names.



1.2 Some NLEE in (1+1), (2+1)-dimensions. =~ We start with evolution equation in (1+1)-dimensions.

e BURGERS EQUATION
up + (1 + u)uy — vug, =0, veRS. (1.13)

Equation (1.13) is a dissipative NLEE deduced in 1906 by J. M. BURGERS (1895-1981). It is widely
used in Physics, e.g., to describe gas dynamics and traffic flux. The parameter v € Rar is related to the
viscosity of the fluid of interest (case v = 0 is called inviscid Burgers equation). Equation (1.13) can be
written in a more common form: using the transformation a¢ — 14 u, a € R\ {0}, we get

bt + apdy — vy = 0. (1.14)

When solving the nonlinear initial value problem, equation (1.14) can be linearized by choosing
o=-2 1/&, (1.15)
2

known as Hopf-Cole transformation. Applying (1.15), one recovers the heat equation:

S+ OOy = Vbpy = %(sot—usoxm:(sot—vsom)m,

a =1 for simplicity. Then if ¢ = ¢(x,t) solves the heat equation, ¢ = ¢(z,t) solves Burgers one.
e KORTEWEG-DE VRIES EQUATION (KdV)

R
up + (14 w)ug + Ugge =0 ¢ ltu, o€R\{0)

Ot + POy + Prgr = 0. (1.16)

Equation (1.16) was introduced in 1895 by D. J. KORTEWEG (1848-1941) and G. DE VRIES (1866—
1934) to describe the phenomenon observed by LORD S. RUSSELL in 1834. The KdV equation has
many physical applications: for example, in can be used to describe the propagation of unidirectional
waves in shallow waters, as the continuum limit of anharmonic non—linear lattices, for ion—acoustic and
magnetohydrodynamic waves in cold plasma [New985]. The KdV equation is a dispersive NLEE; also (as
we'll see soon) it is Galilei—invariant, it admits infinite non—trivial constants of motion and has soliton
solutions, as N. J. ZABUSKY (1929) and M. D. KRUSKAL (1925-2006) discovered in 1965 [ZaK965].
For now, let’s point out the following property about uniqueness of KAV solutions [Kar998§]

LEMMA 2.1 - KdV solutions that decay sufficiently rapid are uniquely determined by initial data.

Proof. Let u,v be two different KdV solutions belonging to the same initial condition; let then be
w = u — v. Substituting in (1.16) one finds w; + a(uw, + wWV,) + Weee = 0. Multiplying both size of the

latter by w, integrating by parts and using the fact that w is a rapidly decreasing function, we obtain
1d 9
-—— [ widz+« (v — 1y )dex:O.
a1 . + /]R e = Uy

Calling E(t) = & [ w?dz and M = sup|a(v, — %)| < oo we get E(t) < E(0)e~*M!. Since E(0) =
1 Jow?(0,t)dz = 0 we have E(t) = 0 and then w = 0, so u(z,t) = v(z,t) Vt € R{. O

There are many variants of the KdV equation; among others we point out the following one

¢t - a¢)2¢x + ¢$$:E = 07 (117)

known as modified KdV (mKdV). In particular, equation (1.17) is called focusing (defocusin) mKdV
if @ >0 (a <0). In §2.1 we'll see that mKdV and KdV are related: in fact, it will be shown that if
¢ is a solution of mKdV with o = 6, then (and only then) 1) = ¢, +¢? is a solution of KAV (with a = 6).



e SINE-GORDON EQUATION (SG)

u— S (z+t), v g (z—t)

¢tt - (b:v:c + Sil’l(b =0 ¢u7j = Sin¢. (118)

Equation (1.18) is an example of a hyperbolic>® NLEE, whose name comes from the Klein-Gordon (KG)
equation (O + p?)1 = 0. Notice that equations in (1.18) are equivalent: the first one is expressed in
spacetime coordinates (x,t), whilst the second one in light—cone coordinates (u,v). The latter is the
original form derived, independently, by L. BIaNcHI (1856-1928) and A. V. BACKLUND (1845-1922)
when studying auto—transformations of pseudospherical surfaces (i.e., surfaces with negative curvature
constant); their works conduct to the introduction of the so called Bdicklund (auto)—transformations,
whose details will be discussed later (see §4). The SG equation admits soliton solutions.
Among many generalizations of the SG equation, we mention the shine-Gordon equation (ShG)

b1t — Pza +sinh ¢ =0, (1.19)

which shares all properties satisfied by SG with the exception of the existence of soliton solutions.

o BOUSSINESQ EQUATION
¢‘L‘L - ¢tt +6 (¢)2)zr + ¢w4 =0. (120)

This dispersive NLEE was introduced by J. V. BOUSSINESQ (1842-1929) in 1872 in response to Russell’s
observations [Bou871]. His basic idea was to eliminate the vertical component of the welocity fluz,
studying only the planar propagation. This is known as Boussinesq approximation and it can be applied
to the flux with performing a Taylor expansion of the velocity potential ¢ = ¢(z, z;t) around, e.g., the
bed level z = —h, being h the mean water depth. For an incompressible, conservative flux, one has

o=o9r—3(z+h)*(er),, + 351z +h)* () u+-- - (1.21)

where @y (x;t) = p(x, —h;t). Then the expansion is truncated to a finite number of terms. Taking into
account the boundary conditions of the wave profile at the free surface elevation z = n(z,t)
e+, —w =0, i weo
o+ 3 (u? +w?) +gn =0, A oY

and applying approximation (1.21), we gets finally the coupled Boussinesq equations

{nt + [(h+nuy] = %3(1’“7)29:951:’

1.22
(1), + s (), = g = B (), 22

having defined with wu;, the horizontal component of the velocity flux at the bed. Equations (1.22) holds
iff A is a constant independent of position x; they also reduce to the so called shallow water equations
with the additional assumption (up),,, = 0 = (up),,,. Other approximations allow to reduce equations
(1.22) in a single NLEE (conveniently normalized), formally equivalent to expression (1.20).

Many wave phenomena are well described by the Boussinesq equation. Furthermore, under suit-
able assumptions, equation (1.20) reduces to KdV for waves on the line, to the Kadomtsev—Petviashvili
equation (1.25) for planar waves and to the nonlinear Schrédinger equation (1.23) for narrowband waves.

5Second order PDEs have form Atzy +2Bvqy + Cyy + DYe + Eby +F = 0 and can be classified like conics: assuming
W € C2(R), if B2 — AC ; 0 equations are called elliptic (level off noises, e.g. Laplace equation), parabolic (maintain noises,
without magnifying them, e.g. heat equation) and hyperbolic (amplify noises, e.g. d’Alembert equation).

6We remind that fluid properties can be specified by flux velocity’s ones: defining with J : @ C R3 — R3 (Q an open
set) the flux vector field, we’ll say the fluid is stationary iff T+ = 0, incompressible iff V- J =0 (i.e. iff J is solenoidal)
and irrotational iff VA J = 0. Notice that if J is irrotational and € is simply connected, then J is conservative and can
be written as gradient of a given velocity potential ¢ : A C R® — R, whilst if J = Vi, then J is irrotational.



e NONLINEAR SCHRODINGER EQUATION (NLS)

e + it + al)? ¢ = 0. (1.23)

Unlike linear Schrédinger equation, the NLS never describes the evolution of a quantum state. As we
shall see, the NLS is completely integrable [ZaM974] and can be solved by means of the Inverse Scattering
(or Spectral) Transform (IST), which allows to transform equation (1.23) into a set of linear equations
known as Zakharov—-Shabat system (ZS); from this property we’ll show that NLS has soliton solutions.
The NLS is also Galilei-invariant, i.e. if ¢ = ¢(z,t) solves (1.23), also ¢p,)(z,t) = ¢(z —vt, t)e F (2Fvt)
does. The NLS has many physical applications: in Nonlinear Optics, for example, it models many non-
linear effects (due to the propagation of light pulses) in fiber optics like self-trapping, auto-modulations
of monochromatic waves or stimulated—Raman dispersion; it describes the propagation of Langevin
waves in plasma, of heat pulses in solids and it thought to be a good model for explaining the formation
of killer waves. Also it’s gauge equivalent to the so called isotropic Landau—Lifsitz equation (also known
as Heisenberg ferromagnet equation) S; = S A'S,., where S is the spin vector operator.

Notice that expression (1.23) for NLS is not unique in literature. There exist different forms for
NLS, each one ascribable to a perturbation of the free particle linear Schrédinger equation. A general
class of such equations, known as derivative-NLS (d-NLS) is of the form (in (3 + 1)—dimensions)

id)t + V21/J = f(qua d}*a 1/}ac,y,Za ¢;7y7z)7 (1'24)

where f is an analytic function of ¢, its spatial derivatives 1, , . and their complex conjugates. Ex-
pression (1.23) has a relevant role among equations (1.24): in fact, we’ll see that it is possible to put a
generic dispersive NLEE in NLS form under (an appropriate choice of) a multiple scale limit”.

We close this section with a brief discussion about two important NLEE in (2 + 1)—dim.

e KADOMTSEV—PETVIASHVILI EQUATION (KP)

(¢1 + 600y + brzz), + 3070y, =0, o= (1,-1). (1.25)

These two equations where originally written in 1970 by B. B. KADOMTSEV (1928-1998) and V. PETVI-
ASHVILI (1936-1993) with the aim of describing ion—acoustic wave propagation in plasma in presence of
strong, transversal perturbations. Equations (1.25) generalize KdV in two spatial dimensions, the latter
being recovered for no transversal dynamics, i.e. if ¢, = 0. It’s common choice to distinguish equations
(1.25) in KPI for ¢ = 1+ and KPII for 0 = 1. KP equations represent (universal) completely integrable
bidimensional systems (they can be solved with IST), meaning that many bidimensional integrable sys-
tems can be obtained as particular cases of KP; they also admit n—soliton solutions. Next figure shows
a 2-solitons interaction from KPII (left) and a picture of sea waves interaction taken in Oregon (right).

7 Although we don’t have a general theorem, till now there are no counterexamples to this "universal" property.



Furthermore KP equations has periodic solutions such as cnoidal waves®, i.e. periodic unidimensional
stable solutions (see Figure 2), or hexagonal waves solutions, which correspond to biphasic solutions
characterized by an hexagonal periodic cell structure (see Figure 3).

Figure 2: KP cnoidal wave solution (top left), cnoidal waves in shallow waters near the Panama coast (top
right); cloudy cnoidal waves over Atlantic (bottom left) and Indian (bottom right) Ocean.

Figure 3: KP biphasic solution (left), interaction of two wave trains with the walls of an harbor model (right).

8The term ""cnoidal” originates from the symbol ""cn” of a special class of elliptic functions introduced by C. G. J.
Jacosr (1804-1851) in 1829. These functions can be defined by means of their Lambert series expansion as [AbS972]

21 X gntl/2 T _nK! /2 deo
en(z) = cos |—(2n+1)|, =e K, K(m):= — K'(m) =K1 —m),
)= i/ 2 g LGt 0] R Y e LA

where m is a parameter, whilst g, kC, K’ are special functions known as nome, quarter real period, quarter imaginary period.



e DAVEY—STEWARTSON EQUATION (DS)

1 (52 2, -
{zut + 3 (02Uge + Uyy) + o |ul”u — ppu = 0, o=(L1), a=(1,-1), peR (1.26)

baw — 02y = 2a(|uf”), =0,

Introduced by D. J. BENNEY and G. J. ROSKES in 1969 to describe the propagation of tridimensional
water waves with finite depth [BeR969], re-derived and written in the form (1.26) by A. DAVEY and
K. STEWARTSON in 1974 [DeS974], DS equations are a system of coupled NLEE for a complex field
u = u(x,y;t) (wave profile) and a real field ¢ = ¢(z,y;t) (mean—flow). As for the KP equations, DS
equations are called DSI for ¢ = 1 and DSII for 0 = #; furthermore the parameter « distinguishes
DS(LIT) in focusing (or attractive) for « = 1 and de—focusing (or repulsive) for « = —1. The parameter
p in (1.26) is defined by the field of application of DS: p < 0 in optics, whereas p > 0 for water waves.
Notice that the system is decoupled when p = 0 and can be reduced to the classical NLS equation.

Interestingly, DSI and DSII equations integrable by IST [AbC991] and (as the NLS equation) have
universal character. Notice also that DS(I,II) equations admit four types of soliton solutions: linear
solutions, characterized by a unidimensional structure, algebraic, periodic and reticular solutions, charac-
terized instead by a bidimensional localized structure, i.e. exponentially decreasing in all directions. The
existence of such solutions, i.e. of localized multi-dimensional solitons (also known as dromions), was
proved for the first time in 1988 by the group BoITI-LEON—MARTINA-PEMPINELLI [BLMP88, BMP993],
using DS as mathematical model. This result open the way to new applications in Nonlinear Physics,
showing that solitons are not just a unidimensional phenomenon.

1.3 The discovery of solitary waves. In previous sections some important NLEEs were introduced.
Here we’ll give a brief historical introduction to the KdV equation and its solitary wave solution. First
let’s describe some empirical properties of solitary waves, as they were collected by Russell in reproducing
the observed phenomenon in the laboratory [DrJ993]. With simple instruments, he deduced the following
key properties: i) solitary waves are stable and can travel over very long distances (normal ones tend
to flatten out); ¢i) they never merge after a superposition and re—emerge with the same shape, but
translated along the spatial coordinate’; 7ii) with reference to Figure 4, if the amplitude a of the wave
is greater than undisturbed water depth h, then it splits in two waves with amplitudes a;,as (with
a1 # az) s.t. a = ay + asg; iv) the speed ¢ of the wave depends on a and h through the relation

& =g(h+a), (1.27)

being g the gravity acceleration. Thus solitary waves are gravity waves and higher waves travel faster.

Figure 4: Parametrization of a solitary wave (left) and real model experiment (right).

To put formula (1.27) on a firmer footing, both Boussinesq (1871) and Lord Rayleigh (1876) started
from the equations for an inviscid, incompressible fluid and, assuming a solitary wave to have length
scale much greater than water depth (i.e., a < h), they showed that the wave profile z = {(x;t) is

((z,t) =asech’[fla —ct)],  B*= Waﬂo

91In other words, they don’t re-emerge in the same position as they will do if they moved at constant velocity.

Va > 0. (1.28)




However they didn’t find an equation for z = {(z,t) having (1.28) as solution. This step was completed
in 1895 by Kortweg and de Vries: they proved that the wave profile satisfies the NLEE [DrJ993]

% 1 h3 Th
Gt = ; (%) <§€CX + ¢+ (;CXXX) ’ X == (gh)? (1 B %) boo=g—, (1.29)

where € is arbitrary, o incorporates the surface tension 7" of a fluid with density p and x is a coordinate
chosen to be moving (almost) with the wave. Notice that |e, o] < 1. Using then the new variable x =
Y + € (9/n)"/?t, equation (1.29) gets the usual KdV-form ¢; = VCCx 4 0Cue, Where y = 3 (£)2, 6= 27,

Let’s now verify that expression (1.28) is a solitary wave solution of the KdV equation. To do this,

suppose that the solution of (1.29) is stationary in the xy—frame, then ¢ = {(x) and so

%CX 0+ 560 = 0 (1.30)
which is an ordinary differential equation (ODE) in x!Y. Direct integration of equation (1.30) gets
I + 3¢+ %C = g, being a an integration constant; multiplying by ¢, and integrating once more,
one finds o (¢,)? + (3 + 2¢¢? = 6(aC + b), for another constant of integration 6. This equation can be
solved using elliptic integrals, but we’re considering rapidly decaying solutions, then a, # = 0 and so

o (C)? + P +2e¢2 = 0.

This equation can be integrated once again [DrJ993], but it’s simpler to verify directly that {(x) =
asech?(By) solves it: after substitution, we find that a = 4032 and € = —2¢4%. Having then in mind
the definition of the moving variable x, the solitary wave—type solution becomes

¢(x,t) :asechz{; (%)% {x—(gh)% (1+%) t}} (1.31)

This agrees with equations (1.27) and (1.28) iff we neglect surface tension so that o = £h?) and assume
that the water depth is much bigger than the maximum wave amplitude (i.e. ¢/n < 1), for then

1/2 la 1/3a\"?
NCREO O
e~ (oh) " (1455 IV
Thus velocity is proportional to the wave amplitude and width (defined as the distance between points
of height a/2, say) is inversely proportional to /a, i.e. taller waves travel faster and are narrower.

We are left with stability properties of KdV solitary wave solutions; in fact, we need to explain why
they re—emerge with the same form, up to a phase change, after interactions (see figure). The first
intuition there was something unusual about this phenomenon came in 1953, in Los Alamos, where E.
FERMI (1901-1954), J. PASTA (1918-1984) and S. ULAM (1909-1984) were working on a new problem.

10Equivalently, we can deduce equation (1.30) directly from (1.16). In fact, stationary wave solutions have form u(z,t) =
f(z — ct): substituting this in (1.16) one gets the ODE f” 4 (a.f — ¢) f’ = 0, which is nothing but equation (1.30).

10



1.4 The Fermi-Pasta—Ulam problem. During the summer of 1953, at the Los Alamos National
Laboratory, E. Fermi, J. Pasta and S. Ulam!! where performing some simulations for the oscillations
in nonlinear lattices, in order to study the thermalization process of a solid [FPU955]. In particular,
they wish to analyze how a system with many degrees of freedom evolves from a near—equilibrium state
towards thermalization after adding a weak (nearest neighbor) nonlinear interaction.

Their original idea was to simulate the one-dimensional

0 ‘ ‘ ‘ - ‘ ‘ ‘ analogue of atoms in a crystals: a long chain of linear
oscillators with a weak nonlinear correction (quadratic for
the FPU-« and cubic for the FPU-3 one). In light of the
equipartition theorem (a consequence of ergodicity), Fermi,

Pasta and Ulam thought that, due to nonlinear correction,

the energy introduced into the lowest normal mode (i.e.

k = 1) should have slowly drifted to other modes, even-

tually reaching thermalization [DaR008|. First calculations

indeed suggested that this was the case; however, letting the
program run longer, they discovered (with great surprise)
that the system departed from the near—equipartition state,
evolving towards a state where almost all the energy (up to

3%) was back to mode k = 1 (see Figure 5, up). Further in-

vestigations, performed later with faster computers, showed

that the same phenomenon repeats many times and that a

super—recurrence occurs at very late times, at which the

100% of the initial energy is recovered by the initial mode

(see Figure 5, bottom). Therefore, the system behaved in a

completely different way with respect to what was expected.

This highly remarkable result, known as the ""FPU para-

dozx”, shows that nonlinearity is not enough to guarantee

the equipartition of energy [DaR008].

In order to show how the FPU paradox was solved, let’s
introduce the system more formally'?. Let ¢ be the length
of a string of mass M, aligned to the x—axis with origin
fixed in the left extreme of the string itself. Divide then
the interval [0,¢] in N 4 1 segments of length h = ¢/N+1,
each one reduced to a point with mass m = M/nN+2; define
Ty :=nh,n =1,2,..., N, the equilibrium position of the
n—th oscillator so that g = 0 and 241 = £ are the coordinates of the string’s endings (see figure).

hevenen— - —wenenen]

X1 X2 X3 @ - XN-2 XN-1 XN

FPU FPU
RECURRENCE SUPER RECURRENCE

1}; i )
i

ENERGY (arbitrary units)

Figure 5: k-mode energy E, = Ex(t) (equa-
tion (1.35)) for the three lowest normal modes
[DPRO05] (up); super-recurrence of k = 1
mode [TuM972] (bottom).

We add now a small perturbation to the system. Let’s then identify by 7, the displacement of the n—
th oscillator from the equilibrium position (such that ny = 0 = ny41) and define with 2, (t) = z,, +7,(t)
the position of the mass point ad time t; also, assume the (nearest neighbor) interacting potential of
the form U(6,) = $k62 + £kB55, where (< 1) is a coefficient measuring the intensity of the nonlinear
contribution and 6, = [(2],,1 — #},) — h] = (g1 — 1n). If we chose as generalized coordinated the

1'With the fundamental contribution of M. TsiNcou (1928), one of the very first computational physicist [Dau008].
I2For matter of choice, we're going to consider the FPU-8 model; similar arguments follows for the a one.
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(mutually independent) displacements {7, }n=1,2... n, we finally can write the lagrangian

m o ko kB &
L:52:%—52X%H—mf—?;2x%ﬂ—%f. (1.32)
n=1 n=1

n=1

Consequently, the Euler-Lagrange equation of motion for the n—th oscillator is

Ml = k(a1 + M1 — 21n) [1 + B(Nn+1 — nn—l)]y no(t) =0=mnn41(t), YVt € Ra_' (1.33)

Being interested in studying the lattice motion starting from the equilibrium state, Fermi, Pasta and
Ulam imposed the additional condition 7,,(0) = 0 for n = 1,2,..., N. The Cauchy problem for equation
(1.33) is then completely determined by the initial displacements {7, (0)}n=1,2,... ~ of the N oscillators.

It has to be noted that in absence of the nonlinear interaction (i.e. for g = 0), the solutions of (1.33)
can be written in terms of the normal modes'3 (m = k = 1 for sake of simplicity)

N
I . nkm
Qk(t): mn521nn(t)sln <N+1>7 ]{121,2,,N, (134)
with frequencies and energies respectively given by [For992]

W = 2sin EL
k= 2N +1

). =g (Qeetar). (1.35)

Since the system is composed by N uncoupled harmonic oscillators, the energies {Ej}r=12, .~ are
constant of motion for every pair of initial condition and so no thermalization process occurs. If instead
the 8 is small but not zero, then equation (1.33) can be written in mode representation as

N
Qr +wiQr = Z CijQiQjwiwj, (1.36)

ij=1

where the coeflicients C;; define the complicate dependence of the motion from the nonlinear interaction.
The presence of the last term led Fermi, Pasta and Ulam to think that energy would have slowly drifted

to other modes, reaching thermalization'*.

1.4.1 The solution and the discovery of solitons.  The solution of the FPU paradox came in 1965 and
is two—fold: from one side it’s due to deterministic chaos and from another to the existence of solitons.
The first line of thought was developed in 1965 by B. V. CHIRIKOV (1928-2008) and F. M. IZRAILEV
starting from an important result obtained some years earlier by A. N. KoLMoGORov (1903-1987), J.
K. MOSER (1928-1999) and V. I. ARNOL'D (1937-2010), known today as KAM theorem. Invoking the
last one, Chirikov and Izrailev proved that if the perturbation in the FPU system is sufficiently strong
(at least to induce a ""superposition” of the nonlinear resonances), then the observed recurrences brakes
up and the system state goes rapidly towards thermalization [ChI965].

The second approach, instead, was proposed by N. J. Zabusky and M. D. Kruskal using the so—called
continuum limit [ZaK965]; they succeed to relate the periodic behavior observed by Fermi, Pasta and
Ulam to the dynamics of localized excitations, which they called ""solitons”, obtained as solution of the
KdV equation, which turned out to be nothing but the continuum limit of equation (1.33). In order to
discuss the last line of thought, let’s rewrite equation (1.33) in terms of the density p and the elasticity
coefficient p of the string, defined s.t. m = ph, k = u/h. Then equation (1.33) takes the form

. n + n— *2 n
i = ¢ <77 +1 77h2 1 Ui > [1 + BNy — nn_l)], ¢ =/Hp. (1.37)

13Le., the Fourier transform of the displacements {ny (t)}n=1,2,....y with initial conditions o = 0 = gy 41.
MNotice that to prove this assumption, Fermi, Pasta and Ulam integrated the equations of motion (1.36) for different
values of §, fixing the initial shape of the string as sinusoidal one.
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To study the continuum limit of the latter equation, we need to find a function u = w(z;t), with
x € [0, /], that should spatially interpolate the discretized shape of the string, i.e. such that

w(xn, t) = u(nh,t) = n,(t), Vn=12...,N. (1.38)
Notice that 7, = ug(zn;t) and 19,41 = u(z, £ hst), for n =1,2,...  N. Substituting in (1.37), we find

u(z + h,t) + u(x — h,t) — 2u(z,t)
2

Assuming the function u = u(x;t) to be analytic, we can expand it in Taylor series

uge(z,t) = {1+5[ (z+h,t) —u(z — h,t)]}. (1.39)

h2n 2 th Ugp2k—1 Ugax h2 h4 6
27% {1+252 @ 1] }:2{2! +4'uw4+6uze+0(h)}
v h2 h4 2 h4
+4ﬂh{u + et T gy tas +(9(h6)} { gy tas gyt +O(h6)]

Neglecting infinitesimals of order higher than h® and performing the scaling transformation (x,t)
(€,7), with € = 2 — ct and 7 = (Bh)ct, one finds the equation!®

Ly 1h o LR (ug B Bt h? Bt

Taking then the continuum limit (i.e. h — 0), reminding that the nonlinear perturbation is small (i.e.,
B — 0) and assuming that h, 3 tend to zero with the same velocity (meaning that h3 = O(h?)), we
finally find the PDE u¢r + 62u§4 + ugugx = 0, where 5% = limy, g0 \/"/248. Considering then the sub-
stitution =w = ug¢, one recovers the usual form of the KdV equation, that is

wr + wwe + P weee = 0. (1.40) 30

Having discovered the existence of a relation be-
tween the FPU equation and KdV, Zabusky and
Kruskal considered the initial value problem of (1.40)
with periodic boundary conditions: they chose § =
0.022 and assumed a cosine initial shape u(z,0) =
cos(mz) with = € [0,2] (see Figure 6) [DrJ993|. From
their simulations, it was observed that at first the non-
linear term ww, of equation (1.40) dominated over the
dispersive one §%wgee (being 6 < 1) and, as usual, the
wave increase in those regions where it has negative
slope!S. At later times this dominance regime starts Figure 6: ZK solution: ¢ = 0 (dotted line), t, =
to invert itself and the dispersive terms balances the 1 /7 (broken line) and ¢ = 3.6/ (full line) [ZaK965].
nonlinearity, avoiding the formation of a discontinuity;
then the solution develops a train of eight well defined waves (full line) each one with small wavelength
(of order §). The amplitudes of the oscillations grow and finally each oscillation achieves an almost
steady amplitude (increasing linearly from left to right) and has a shape almost identical to that of an
individual KdV-solitary—wave solution (i.e. sinhzflike). «Finally», as Zabusky and Kruskal reported in
their paper [ZaK965], «each such ""solitary—wave pulse” or ""soliton” begins to move uniformly at a
rate which is linearly proportional to its amplitude. Thus the solitons spread apart». However, having
assumed periodic boundary conditions, «two or more solitons eventually overlap spatially and interact
nonlinearly» and, shortly after the interaction, «they reappear virtually unaffected in size or shapey.

NORMALIZED DISTANCE

15Under re-scaling, differential operators transform simultaneously as follows: 8’“ = 8’“ and 0y = —c(0¢ — Bho:), so
02 =c (82 — 2Bh0¢r + B2h202). Thus in coordinates (&, 7) the d’Alembertian has form |:I = —2Bh0¢r + + (Bh)202.

16Assumlng u(z,0) has negative slope, it’s possible to prove that higher parts of the wave travel faster than lower ones.
The global effect is that the wave steepens till a characteristic time ¢, (called ""breaking time”) at which the graph of the
function w = u(z;t) has a vertical tangent; function u(z;t) becomes multi-valued for ¢ > ¢, and a shock wave arises.
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Actually, the only difference after the nonlinear in-
teraction is a small phase change (see figure on the left
[AbS981]), i.e. a shifting of the center of each wave with
respect to where it would have been if it traveled alone.
This property inspired Zabusky and Kruskal to call these
waves ""solitons”, in order to emphasize their particle—
like character (e.g. like protons, photons or phonons).
Therefore FPU recurrences can be understood as (non-
linear) superpositions of solitons.

This discovery leaded to an intese study of the sub-
ject, with the aim to clarify the novel aspects that ap-
peared. For example, it was not clear if (and if so, what)
other NLEE had soliton solutions and how to obtain
them; answering these questions is the main purpose of
the present work. Of course, in order to detect and cal-
culate soliton solutions of NLEE, we need a precise defi-
nition of a soliton. This is not easy task; for now we shall
associate the term with any NLEE solution which rep-
resents a stationary, localized (i.e. decays or approach a
constant value at infinity) wave that can interact strongly
with other solitons and retain its identity!” [DrJ993].

Phase shift

2  MIURA TRANSFORM AND KDV SOLUTIONS BY INVERSE SCATTERING

2.1 Conservation laws and Miura transform. In the previous section we’ve learned that the mech-
anism behind the formation of solitons is (roughly speaking) a delicate balance between nonlinear and
dispersive wave effects. From the beginning this observation attracted the attention of many researchers
and, few years after the discovery of Zabusky and Kruskal, it was understood that the phenomenon
could be explained in terms of one or more conservation laws, which we shall presently define.

DEFINITION 2.1 - A conservation law associated to uy = D(u, uy,...) is an expression of the form
T+ X, =0, (2.1)
where T = T(x, t;u, Uy, ug, . .. ) is the conserved density and —X = —X(x,t;u, Uy, uys, ... ) its fluz.

Notice that a local conservation law depends only on u and its derivatives. For these conservation laws
it’s possible to integrate equation (2.1) to see that I[u] = fR T (u, ug, ug, ... )dx is a constant, i.e. I, = 0.
We then say that I is a constant of the motion of an integral of the differential equation'®.

Consider now the KdV equation. Two conservation laws follow by direct examination:
Uy + <%u2 + uzz) =0, (%uz)t + (%ug + UUzy — %UZ) =0,
x x

where the latter follows from the former by multiplying by u. Besides these ""trivial” conservation laws,
others were discovered by R. M. MIURA [Miu968] and it was conjectured that there was an infinite

17Notice that in the context of the KdV equation and other similar equations, it’s usual to refer to a single-soliton
solution as the solitary—wave, but when more then one of them appear in a solution, they are called solitons. Another way
to express this is that the soliton becomes a solitary wave when it is infinitely separated from any other soliton. Also, it
has to be pointed out that there exist NLEE that have solitary—wave solutions that are not solitons, whereas others (like
the KdV equation) have solitary—waves which are also solitons.

18Notice that not all constants of the motions arise from conservation laws.
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number of them. In studying KdV conservation laws and those associated to the mKdV (see equation
(1.17)), Miura discovered an important transformation: if v is a solution of (1.17) then (and only then)

u=—(v*+v,) (2.2)
is a KdV solution. In particular, renaming mKdV by M|[v] and KdV by K[u], the following holds true'?
Klu] = = (2v + 9,) M[v]. (2.3)

The operator on the r.h.s. guarantees the single valuedness of the transformation in one direction only.

The transformation (2.3) leaded to the discovery of other important properties of the KdV equation.
Originally (1968) it was the basis of a proof, presented by C. S. GARDNER, Kruskal and Miura, that the
KdV equation has indeed an infinite number of conserved quantities [MGK968]. The basic idea follows
from the property of Galilei—invariance of the KdV equation, i.e. the transformation

' =z+ St 1
{ € u(z,t) = (2", ) — = (2.4)

leaves the KAV equation invariant. The proof goes as follows: equation (2.4) implies the differential
operator transformations 0, = 9/, 0y = 5%67«" + Oy, from which we obtain

i 6
Klu(z,t)] EDDE, 0+ — Ut A 6+ Ui = Uty + 6U Uy + Uy = Klu! (2, 8)].
€
Analogously it’s possible to prove that, under Galilei transformations and the rescaling
v(z,t) = —ew(a’,t') + 1, (2.5)

the mKdV equation transforms itself into a conservation law equation of the form [AbS981]

(z,t) —(z',t")

Mlv(z,t)] =0 wy + (6w® — 2e*w® + wyr) , = 0. (2.6)

I/
Thus w is a conserved density and [wda’ is a constant of the motion for the mKdV equation. Substi-
tution of the rescaling expressions (2.4), (2.5) in the Miura transformation (2.2), yields

u' = 2w+ ewy — 2w (2.7)
Thinking of ¢ < 1, we can solve equation (2.7) iteratively?’: after reordering in powers of ¢, one finds

u’ € e n2 / 3

w = wo + ewy + 2wq + O(e?) :

Being w a conserved density, it must be independent of the parameter &: thus also (wg, w1, wa,...) are
(distinct, nontrivial) conserved densities, which implies that KdV and mKdV have an infinite number of
constants of the motion. We shall give later an alternative proof of this property for the KdV equation.

Let’s go back to the Miura transformation. Note that equation (2.2) can be interpreted as a Riccati
equation, a second order ODE with non—constant coefficients of the form

yo (@) = P(z) + Qa)y(z) + R(2)y*(2), (2.9)

19From the expression (2.2) we find the following transformations: u; = — (20v¢ + Vat), s = — (20Vz + vVzz) and so

Ugzr = — (6VzaVe + 20V + Vzzzaz); sSubstitutions in the equation for K[u] with a = 6 complete the proof.
2 / ’
2ONotice that w = "7' — Swy + Sw?, thus w, = u;‘

’

— Swyry + O(2), wyry = % + O(e) and so on; therefore

’ ’

w=g [ s (M - )] (5 ) = -+ 5 [+ @] 0
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begin P(x), Q(x), R(x) smooth, non-zero, real valued functions. Equation (2.9) is generalization of the
Bernoulli equation (which is recovered assuming P = 0): it was introduced by Count J. F. RICCATI
(1676-1754) and can be linearized applying the following transformation

Yy=-— = Yo 2.10
Substituting the latter in (2.9), we obtain the second order ODE with non—constant coefficients
Ripye — (Ry + QR) ¢, + R*Ptp = 0. (2.11)

Therefore, if ¢ is a solution of the linearized Riccati equation, then y is a solution of the Riccati equation.
Comparing equation (2.2) with (2.9) we see that the Miura transformation is a Riccati equation for v
in terms of u, with P(x) = —u(x), Q(x) = 0, R(x) = —1. Thus equation (2.2) can be linearized by the
transformation v = ¥=/y, from which one obtains ¥, + uty = 0. However, since KdV must preserve
Galilei-invariance, Miura, Gardner and Kruskal considered [MGK968|

Yoz + (A +u) =0, (2.12)
which is exactly the stationary linear Schrédinger equation in one dimension. This result has great
relevance: if ¢ is a solution of equation (2.12), then u = —(v? + v,) with v = ¥2/y is a KAV solution.

In this sense we can think the linear Schrodinger equation as an implicit linearization for KdV.

In 1967 the team Gardner, Greene, Kruskal and Miura (hereafter abbreviated GGKM) discovered
a method for exact solving the initial value problem for the KdV equation [GGKM67, GGKMT74].
Before describing the original procedure, let’s discuss the following, slightly different, method [AbS981].
Associate to equation (2.12) the time evolution equation

where A, B are scalar functions independent of ¢. Consider now the system of equations (2.12), (2.13):
forcing the so—called compatibility condition .+ = iy, yields

77[}393? = - (>\ + U) 7/% Vaot= Ytzx >\t + uy + A:c;c — 283;()\ + U) — Bux = 0, (214)
Yy = A + By, 2A; 4 Byw = 0.
Choosing now A = u, and B = 2(2\ — u), we get the non—trivial expression
At + Ut + Uggs + But, :At+/C[u} =0 - IC[u] =0 < M\ =0. (215)

Hence KdV is satisfied iif the eigenvalues of the associated Schrodinger equation are time—independent
(i.e. they are constants of the motion in the KdV equation). There exist some deductive procedures to
calculate the expressions for A and B; also, it can be proved that there are infinitely many equations of
the form (2.13) associated to (2.12), corresponding to different choices of functions A, B. In subsequent
sections we shall discuss how results (2.12)—(2.15) can be used to reconstruct u(z,t) given u(z,0).

REMARK 2.1 — The sufficiency of condition (2.15) can be proved by following an alternative procedure.
Consider the system of equations (2.14) and suppose that A\; = 0; furthermore, let A, B be two first
order polynomials in A, i.e. A= A+ AA; and B = By + AB;. Substitution in system (2.14) yields

2)\2le - /\1 (-Ala:x - 2803: - Qleu - Blux) + )\0 (AOxx - QBOxU - Boux + Ut) = 0,

)\1 (Blmx + 2Alm) + )‘O (BOzz + 2A01) = 0.
Now force to zero the coefficients belonging to the same powers of A: from A2 one gets Bi, = 0 and
then By (z,t) = by (t) (with by = b1 (#) a real function), whilst coefficients of A!, A% give respectively

/\1 . Alazm - 2BOI - 2811’& - Bluz = 07 )\0 . AOzx - 2801” - Bouz +u = 07
. Bla:a: + 2-Ala: =0, . BOza: + 2-'401 = 0.
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Solutions of the first system are A; (z,t) = a1(t) and Bo(x,t) = —3b1(t)u(z,t) + ba(t), which combined
with the first equation of the second system yields Ag(z,t) = 1b1(t)u,(z,t) + ao(t). Substituting now
the expressions for Ay, Ay, B; and By in the second equation of the second system, we find

by (£)=4, by()=0
_—

1 3
ZbIUIIw + ibluugg —boug +ur =0 Klu] = 0.

VteRY

Note that ay,as are not involved in the last expression, so it’s possible to set a;(t) = 0 = ay(t) Vt € R{
without loss of generality. Inserting what obtained in A and B gives A = u, and B = 2(2\ — u), which
are exactly the positions that GGKM made when passing from equation (2.14) to equation (2.15).

2.2 Exact solutions by Inverse Scattering. This paragraph contains a brief, somehow historical,
introduction to the Inverse Scattering Transform method for the KdV equation as was originally intro-
duced by GGKM?! in 1967. Again, we consider only initial data that decay sufficiently rapidly.

Let’s recall some properties of the stationary Schrodinger equation. Assuming u : R — R to be
a smooth real potential function, it’s known that equation (2.12) admits two kind of solutions: bound
states, characterized by negative eigenvalues and a countable set of Ly(R) eigenfunctions and unbound
states, corresponding to positive eigenvalue and generalized eigenfunctions behaving asymptotically as
periodic waves. Under the additional hypothesis that u(z,t) decays sufficiently rapidly as |z| — oo, one
can show that there is in fact only a finite number N of negative eigenvalues. Our purpose is to solve
the KdV equation by determining the time evolution of A = A(t) and ¢ = ¢)(z,t) in equation (2.12).

Consider first bound state solutions. Solving equation (2.12) for u and substituting in KdV, gives

Equation (2.16) can be integrated: since eigenfunctions are square integrable, one finds A,; = 0, consis-
tently with result (2.15). Therefore equation (2.16) can be directly integrated [Kar998|

Ynge Qe 4
Yras _ —  e=clm ot [

Yn Q
and eigenfunctions can be normalized with respect to the Lo(R)-—norm, i.e. fR Y2 (x,t)dx = 1. Having
negative eigenvalues, rewrite A, as (15,)? with £, € R*. Note that function ¢y, (z) = ¢y [; ¥, %(s)d s is

a solution of (2.16); but we know that, asymptotically, solutions of (2.12) look like linear combinations

(2.17)

of e**#»® and, being Lo—functions, 1, — 0 as |z| — co. Thus ¢,, blows up and we must have D = 0.

Substituting in equation (2.17), multiplying by ¢,, and integrating, one funds immediately that ¢ = 0

for discrete eigenvalues. Now introduce the functions ¢, = ¢, (t) for n = 1,2,..., N, defined such that
Uy, ~ cp(t)e™ " as |z| — oo.

Substituting in equation (2.17), using the fact that u — 0 as |z| — oo and A\; = 0, one finds

di:t(t) — By (b).

(2.18)
Thus a trivial calculations allows to determine the time evolution of the coefficients {¢,, }=1,2... n, which
constitute the discrete part of the so—called scattering data for the eigenvalue problem in equation (2.12).

We are left with the case of unbound states. Having in mind that solutions of equation (2.12)
belonging to positive eigenvalues A\ = k? € Rt are asymptotically linear combinations of e**** (being
u— 0 as |z| = o0) and following the same arguments as before, one can prove that \; = 0, as expected.
Thus, in order to solve the KdV equation we need to complete the calculation of the scattering data for

21We’ll mainly follow S. Kariciannis, "" The Inverse Scattering Transform and integrability of NLEE” [Kar998].
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the eigenvalue problem in equation (2.12). With this aim, let’s calculate the reflection and transmission
coefficients associated to the following asymptotic boundary conditions

b~ { e~ 4 p(k,t)et® as  x — 400,

2.19
7(k,t)e ke as & — —00. (2.19)

Actually we only need the first boundary condition to solve KdV; in fact, forcing the latter in (2.16)
gives us [Kar998| c(k) = 41k3, D(k) =0, Vk € R* :== R\ {0} and substitution of (2.19) in (2.16) yields
d p(k,t) dr(k,t)

— Su® bl 17 2.2
12 8uk”p(k, 1), 1 0, (2.20)

which are again trivially integrable. Using equations (2.18) and (2.20), it’s possible to completely
determine the time evolution of the scattering data, which we define formally as

S(t) = {{cn(t), bn() b o, i PR ), 7Ok 1), k€ R*}.

Once scattering data are known, one can finally solve the Cauchy problem for KdV. In fact the initial
condition u(z,0) = ug yields the initial scattering data $(0) and we can use equations (2.18), (2.20) to
calculate S(t), Vt € RT. So what remains to solve the KdV initial value problem is to invert S(¢) to
get u(z,t). This procedure, whose key point lies in the fact that the temporal variable t plays the role
of a parameter, involves a linear integral equation (LIE), known as Gel’fand—Levitan—Marchenko
equation (GLM). We will discuss this inversion method in the next paragraph.

Thus we have in principle the inverse scattering method, summarized in the following diagram.

direct scattering, linear ODE at t =0

u(z;0) 5(0)
solution to NLEEl ltime evolution of §
u(x;t) s(t)

inverse scattering, linear IE at ¢ € Rt

1) Map the KdV—solution u = u(x,t) to a potential in a stationary Schrodinger equation; #2) once the
initial condition u = u(x,0) is given, calculate the initial scattering data S(0) and their time evolution
S(t); we) invert the process to calculate the potential u(x,t). Note that the power of the method consists
in reducing a nonlinear initial value problem to the solution of linear ODEs (for the time evolution of
the scattering data) and a linear integral equation (where ¢ is nothing but a parameter).

REMARK 2.4. The IST method can be interpreted as a nonlinear analogue of the Fourier transform. To
see this, consider the linearized KdV equation: u; + ., = 0. Fourier transforming both sides yields

W=F [u]
—

u(z,t) + Ugaa (x,t) =0 Gy (k,t) = zksﬂ(k, t),

since u — 0 as |x| — oo. Solving the linear ODE with the initial condition 4(k,0) = #[u(z,0)], one

finds @ = 4(k,t) Vt € R*. Inversion of the Fourier-transform gives the solution u = wu(z,t) for the
linearized KdV. Note that in the last step ¢ is nothing more than a parameter (as for GLM).

We finish with summarizing our results in a way that will become useful in §3. Combine equations
(2.12) and (2.17): from the former one gets Ay, = —pze — uz®) — wth, and substitution in equation
(2.12) yields ¢y = =420 — Uzt — 6ut), + Cip. Therefore we are left with the system

LY = [0 —u(z,1)] Y = M,
M = [—405 — 3(udy + Opu) + C| ¥ =y
In what follows we’ll call . the operator of the spectral problem and .# the operator of an associated

time—evolution equation. Note that for discrete eigenvalues (where C(t) = 0) it is possible to recover
relation \; = 0 by forcing the compatibility condition ;.1 = iz, in equations (2.21).

(2.21)
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2.3 Gel’fand-Levitan—Marchenko and KdV soliton solutions. Introduced in 1950’s by I. M.
GEL’FAND (1913-2009), B. L. LEVITAN (1914-2004) and V. A. MARCHENKO (1922) [GeL951, Mar955],
the inverse scattering method for the Schrodinger equation goes sketchily as follows [Akt009]: first form
from the time-evolved scattering data S(t) the kernel % : R x Rj — R, defined as

N

1

B(&;t) =) ca(t)e ™+ o /. plk,t)e*s dk, (2.22)
n=1

then solve the corresponding Gel’fand—Levitan—Marchenko integral equation [New983]
H(x,2;t) + Blx + z;t) + / H(x,y; ) By + z;t)dy =0, (2.23)
R

for function % : R? x Rg — R which is univocally defined by equation (2.23) for < z < 400, is zero
for z > z and is subjected to the asymptotic boundary condition J# (y, z;t) — 0 as y — +o00. Then the
potential u = u(z,t) that gives rise to this scattering data is given by [Kar998§]

w(x,t) = 20,4 (x, x;t). (2.24)

REMARK 2.2 — Let ¢(R? x R{") denote the Banach space of bounded, continuous real-valued functions
on R? x R with the sup norm. Define the functional Zz : €(R? x Rf) — €(R? x R{) as [Pal000]

Foa(H)(x,2,t) = —B(x + 2t) — /R;%/(x,y;t)%(y—i-z;t)dy.

Then % satisfies GLM iif it’s a fixed—point of .#g. Note that .Z4 is Lipschitz with constant ||2||L,,
so if || 2|1, < 1 then Fg is a contraction on (€,0), being ? : € x € — R the metric induced by the sup
norm. Then the Banach fixed point theorem implies that the GLM equation has a unique solution,
obtained by taking the limit of the sequence { £, } en, with 7 = =% and 7,11 = Fo ().

REMARK 2.3 — Suppose that p(k,t) = 0 identically and that 2 is ""separable”, i.e. it satisfy an identity
of the form %A(z + z;t) = Zg:l Zn(2) 252 t), begin Z,,, %, the n—th components of the row and
column N—dimensional vectors X, Z, respectively. Then the GLM equation takes the form

N N +o00
H (2,21 + Y Zn(@) Zn(zt) + > Z(zst) [ H (@) Zuly)dy =0 (2.25)
n=1 n=1 z

and it follows that .# must have the form J# (z,z;t) = % (x;t) 2 (2;t), where # (z;t) is an N—
dimensional row—vector whose entries are unknown functions of  and ¢. Substitution in (2.25) yields

“+o0
Uy (x51) + Zn(x) + Z U (256) D (z58) = 0, Apm (x;t) = Zn(y) 2 (y; t) dy;

x

setting A(xz;t) = (anm(x;t))n 1o gives 24 (Iy +A)% = Oy; therefore % = —o/ ' 2, having
defined o7 (x;t) = 15 + A(w;t) and supposed it non-singular V (z,t) € R x Rf. Finally we have

N
aczt Z

Hence, under the hypothesis of a reflectionless potential p(k,t) = 0 and a separable kernel Z(x + z;t) =
X (x)Z (z;t), the GLM equation is reduced to N linear algebraic equations.

A N t) Lo (23t) = =2 () Ha; t) Z (25 1). (2.26)

Mz

m=1
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The presence of a reflectionless potential has a central role in the search for soliton solutions to
NLEEs. In fact, it turns out that if p(xz,0) = 0, then the solution of the GLM equation describes the
interaction of N solitons??, each one with amplitude and speed characterized by the k,’s and position
characterized by the ¢,’s. To show this property for the KdV equation, integrate expression (2.20) for
the reflection coefficient to get p(k,t) = p(k,0)e*°t V (k,t) € R* x R*; thus, if p(k,0) = 0 it follows
that p(k,t) = 0V (k,t) € R* x R} which means that if u = u(z,t) evolves by KAV and it’s reflectionless
at t = 0, then it stays reflectionless for all ¢. Therefore the kernel (2.22) is separable and we have

2KV () = (e‘"‘”’, e T L, e_'“”), XKV () = (cl(t)e_'“z, co(t)e 2% .. ,cN(t)e_"“NZ)T.

From the above expressions one finds also immediately that, for all n,m =1,2,..., N, it is
KdV +oo 2 e_(’{n"!‘ﬁmr)m
oSV (@it) = | Zu(y) Z(yst) dy = i () ———;
xT Hn + "{m

recalling now that ., (z;t) = dpm + anm(x;t) for n,m =1,2,..., N, we get the relation

ef(nn+mm)x+8nit
o/ KWV (g5 4) = {&m +¢(0) } : (2.27)
Kn + Km n,m=1,2,....N
having used equation (2.18). Now O ™) = —c2 e (Fntrm)T thus expression (2.26) for z = x yields
N N
KdVv —1 2 —(kntEm)r __ —1 KdV
20 2 S ] e = 3 [l o
n,m=1 n,m=1

= Tr | by 0/ BV = 0, [1n (7 B0V | = 0, n [det (a7 B0V)) ],

having used the well-known identity det (eA) = ¢™(4) with A =1n.o/ in the last passage. Substitution
in (2.24) gives finally the expression for N—solitons solution of the KdV equation, namely

W) (w54) = 202 n {det [ V) (z;0)] | (2.28)

Consider the case N =1 (see note 18, pg. 15): substitution of expression (2.27) in (2.28) yields

ung‘i)Y)(:E; t) =202In 1+ %6_2’”’} = 2r%sech® [k(z — 4k%t) + 6o), 6o =1n ‘C/(%,

being k = k1, ¢ = ¢1; therefore, we’ve recovered our earlier formula (1.31) for the KdV solitary—wave
solution. In the same fashion, one finds for the KdV 2-solitons solution the expression [Pal000]

:‘{%Zl + K%Zg + 2(:%1 + H2)2Z1Z2 + CV(FL%ZQ —+ K%Zl)Z1Z2
(1 +2z1 + 20+ OéZ1Z2)2

(Kdv)
Ug g0l = = 2

, (2.29)

2
where /o = £=52 and z(z;t) = D e=27 being 7; = y(x — 4k2t) for i = 1,2; note that

— Kitka 2K;

det (%(_}:jv)) =142z 4+ 20 + az12o.

Assuming k1 > ko, one can show that solution (2.29) actually behaves as a superposition of two traveling
wave solutions of the form (1.31). With this aim, let’s analyze the 2—solitons asymptotics [Dun010],
starting with the case t — —oco: in the limit 2 — —oo one has det(e/) ~ e~2("+72) and then u ~ 0,
as expected. Now move along the z—axis to the right and consider the leading term in det(<) when

22Note that soliton solutions always correspond to eigenvalue problems with reflectionless potentials.
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71 = 0 and then when 79 = 0. We first reach the point x = 4f-£%t where 71 = 0: in the neighborhood of
this point one has 7 = 4r2(k? — k3) < 0, which means that

2 2 2
0 0 0
det(0") ~ 30) —2m, (1 4 261(0) 2, — uEW o 2al0 )
2kKo 2K1 2K1 v

which has the form of a 1-soliton solution with phase 6, = %ln 281/ac2(0). Now move to the left until
reaching the point @ = 4x3t where 75 = 0: around this point 71 = 4x1(k3 — k3) > 0 and then

2
e (o) 1+ G
2/92

Thus the wave profile is a KdV 1-soliton with phase 0, = %ln 2r2/c2(0). Note that at ¢ = 0 the two
solitons coalesce and the behavior depends on k1 /ky. Consider now the ¢ — 400 limit: if x — +oo then
det(«7) ~ 1 and u ~ 0. Moving along the z—axis to the left one first reaches the point 73 = 0, where
79 > 0 and the wave—profile is a KdV 1-soliton with phase 91+ = % In 2x1/¢2(0), and then the point 75 = 0,
where 71 < 0 and the single soliton has phase 0;‘ = %ln 2r2/ac2(0). Comparing asymptotic phases 67,
0 and 65, 6 we can deduce that the taller soliton has overtaken the lower one and that they haven’t
changed in shape but just in phase, with variations given by the expressions

1 1
AO, =07 — 0] = §lnoz7 Aby =05 — 05 :—§lna;

note that the total phase—shift is zero. Hence we conclude that the KAV 2-soliton solution (2.29) de-
scribes the interaction between two separate solitons, whose only result can be measured by In (ﬁ),
which is large iif k1 — ko is small, i.e. iff the two solitons have similar velocities [Dun010].

REMARK 2.4 — The picture above generalized to the case N > 2. As t — Foo the general (so—called
pure) N—solitons solution (2.28) represents N separate solitons ordered accordingly to their speed: the
tallest (and therefore faster) one is at the front, followed by the second tallest and so on. At ¢t = 0 they
all coalesce and then individual solitons re-emerge in the opposite order as ¢t — +oc.

REMARK 2.5 — The number N of discrete eigenvalues for the Schréodinger operator equals the number
of KAV solitons at t — £oo. This number is encoded in the initial conditions; to see this, consider

ul(\llfgc\)? (2;0) = up(x) = 2N (N + 1)sech?(z), N eNy

and make the change of variable R 3 z +— £ = tanh(x) € (—1,1) in the Schrodinger equation:

d dy(§)
—|(1-¢&)—=> N(N +1
sl -t v+
which is nothing but the associated Legendre equation. Analysis of the power series solution of the
latter shows that ¢ € L2((—1, 1)) iif k2 = —k2 with k = 1,2,..., N [Dun010, DrJ993].

2

/(/):rz + ’LL()(‘T)’(ﬁ = k21/) - 1_762

¥(§) =0,

2.4 The Hamiltonian formulation. In the last paragraph we have seen that the KdV equation is
IST—solvable and admits N—solitons solutions. However, proceeding in the same fashion as for the KdV
case, it can be shown that every known IST-solvable NLEE admits multi-soliton solutions®>. Then a
question arises naturally: does every IST—solvable NLEE admits soliton—solutions? As far as we know
there is no definite answer to this problem nor a theorem which states it; however, we can try to answer
a (somehow) less ambitious question, namely why solitary—wave type solutions for IST—solvable NLEEs
are stable. There are different ways to tackle this problem: here we’re going to give some clues about

23This is, for example, the case of NLS & SG in (1 + 1)-dimensions and of KP & DS in (2 + 1)-dimensions.
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the connection with completely integrable Hamiltonian systems [AbS972, NMPZ84].

First of all, recall some basics of Hamiltonian system. Let’s consider a system with n degrees of
freedom, whose motion is described by a trajectory in a 2n—dimensional phase space M, parametrized
with local coordinates (p;, ¢;) for i = 1,2,...,n. The dynamical variables of the system are real, smooth
functions f : M xR — R s.t. f = f(q,p;t) and the phase space M is a Poisson manifold, being
equipped with a bilinear map {-, -}a : C°(M) x C®(M) — C*(M) with respect to which the pair
(C=(M),{-, }m) forms an algebra. That maps is called Poisson bracket and is defined as

{fag}M ::Z(f%gpi_fpig%‘)7 Vf,gGCOO(MXR).

i=1

Note that {-, -} is an antisymmetric derivation, satisfying the Jacobi identity. If {f,g}pm = 0 then
f,g are said to be in involution. The pair (g, p) satisfies the canonical commutation relations

{’Ii"li}M:()’ {Piapj}M:()v {%,Pj}M:éij, Vi,j=1,2,...,n.

Once the Hamiltonian function of the system # = #(q,p;t) is given, the evolution of a dynamical
variable f is determined by the well-known Hamilton—Liouville (HL) equation [GPS001]

df of

E:{fv}[}/vﬂra'

In particular, assuming that the canonical coordinates (g, p) doesn’t depend explicitly on time, one finds
the HL equations of motion p; = —H, and ¢ = —#,, for i =1,2,...,n. Since we’ll soon be interested
in infinite dimensional systems, let’s rewrite the latter equations in symplectic form as

()-8 %) ()

being H, = (0 H,0u,H, ..., 0y, H)T. Within this formulation, one can give a different definition of the
Poisson bracket, namely in terms of the standard scalar product on R?":

{f’ g}/\/l = <fu7 jOgu>R2n- (231)

An arbitrary system v = J G, can be put in Hamiltonian form iff 37 € GL(R*") s.t. Jo = TJIT
this holds iff J is non—singular and skew—adjoint [Lax978]. Having in mind the infinite dimensional
generalization, let’s drop here the non—singular requirement for the following [Kar998|

DEFINITION 2.2 - A system of differential equations is called Hamiltonian iff it is of the form w = JH,,
for some skew—adjoint linear operator J and some Hamiltonian function # .

Consider now a dynamical variable f € C>*(M), constant along the Hamiltonian flow. From the
HL equations it follows that {f, %}, = 0 and it’s also possible to prove the converse [Lax978]. We’ll
say that f is an integral of the motion for the system iff {f, #}r = 0. Constants of the motion are
important since each of them allows to reduce the order of the system by a factor of 2; this property
underlines the following

DEFINITION 2.3 - An Hamiltonian system with n degrees of freedom is said to be completely integrable
iff it admits n independent®* constant of the motion {fiti=1,2,...n, with A = A, in involution, i.e. s.t.

{hifit =0, Vij=12..n

24Meaning that the gradients {Vf;}i=1,2

n are linearly independent vectors on a tangent space to any point in M.

,,,,,
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Integrable systems lead to completely solvable HL equations of the motion; in order to show this, let’s
remind the freedom in the choice of canonical coordinates. Then, consider the coordinate transformation

(4.7) — (Ug.p). 2(g.0))-

This transformation is called canonical iff it leaves invariant the Poisson bracket, i.e. iff

{F(0,0),9(4.D} p, ) = Q)92 g0y ¥ 9ECTM).

Consequently, canonical commutation relations and HL equations are invariant under canonical trans-
formations. To construct canonical transformations, one introduces the so—called generating functions
[Arn989]; for example, given a function S = S(g,?;t) which satisfies the non—degenerate condition
det(Sg ;)i j=1,2....n # 0, one can construct a canonical transformations by setting p; = Sy, Q = Sy, and
H' = 3 + S;. For completely integrable systems, the idea is to seek for a canonical transformations
st. H' = H'(P,...,P,) and then P;(t) = 2(0) = const and Q(t) = Q(0) + Hyt for i = 1,2,...,n.
The latter would then represent the solutions to the HL equations of motion and the integrable systems
would then be completely solvable by quadratures®®. The well-known Arnol’d—Liouville integrability
theorem applies in this contest [Arn989].

THEOREM 2.1 - Let (M, {fi}i=1.2,...n) be a completely integrable Hamiltonian system and let
Mp={(g,p) €M : fi(g,p) =i, k=1,2,...,n},
with ¢ a constantVk =1,2,...,n, be an n—dimensional level surface of first integrals. Then
> if M is compact and connected then it is diffeomorphic to an n—torus T";
> exists a canonical transformation (q,p) — (I, ¢), where
I, 1 }15 z”: d @; € [0,2m) i =1,2
i = 5 j j o % ) 4T t=1,4,...,M,
or Ji. 2 pj a4
T'; the i—th basic cycle of T™, s.t. angles ¢; are coordinates on T™ and actions I; are first integrals;
> in action—angle coordinates, the canonical equation of the motion become
L) =0, ¢i(t) =wi(h, b,.... 1), i=1,2,...,n, (2.32)
where w;(1) := 0,9 are frequencies and H'(1, ) = H(q(1,¢),p(1, P)).
Proof. See V. I. ARNOL'D — Mathematical Methods of Classical Mechanics, ch. 9, pgg: 258-285. O

REMARK 2.6 — The actions I; are independent on the choice of T;: in fact, given a cycle I'; with opposite
orientation with respect to I';, the Stokes theorem implies that

yg ijd%*yglzpjd‘b :#

i =1 %=1 £
being Q; a cylindroid whose top and bottom surfaces have I'; and I'; as boundaries. Note that actions
I; are also first integrals: assuming det(9,,£;) # 0, the system f(g, p) = ¢ can be solved for the momenta
p = p(g,c) and thus ¢ p(g,c) - d g only depends on c. Moreover the I;’s are in involution:

(%Pj - aquk) dg; ANdge =0,

" 91 01
{5,15},, = T b =0, Yij=1,2,...,n
M 8,;1 Ofe Ofm M

25In other words, performing a finite number of algebraic operations and integrations of known functions.
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We can now generalize the discussion to infinite dimensional systems and describe the relation with
IST—solvable NLEEs. Formally one can think to replace our original phase space M with the space of
all real valued C* rapidly decreasing functions, i.e. the Schwartz space S(R). Thus coordinates are
given by functions u = u(z), being z the continuous analogue of the index 4 in the finite dimensional
case; dynamical variables are represented with functionals F : S(R) — R given by integrals #[u] =
fR F(u, thy, iy, . .. ) d and?® gradients #, are replaced by functional derivatives of #, defined as

OF [u] o Fluteo] - Flu]  dF[uied]
/]R Sul) o(x)dz = lim . = e 0 Vv € S(R), (2.33)

where » € S(R) has the role of a test function. In particular, the Hamiltonian is given by the integral
Hlu] = / H(u, vy, iy - .. )d
R

begin H the Hamiltonian density function. From definition (2.33), we can deduce an explicit expression
for the functional derivative. Take e.g. the Hamiltonian functional #: assuming |e| < 1, one finds

}[[uﬁ-sw]:}[[u}—‘,—g/ (Huy"i_Huly:c"'_HuJ_l’Umw'i_)dm
R

Now observe that H,, v, = 0p (Hu,v) —v0:H,, and H,, vee = On(Hy,, v2 — 02202 H
v € S(R), all boundary terms goes to zero and we are left with

H[u+ ev] — H[u] :/ (H OH., | PMi,, PHa,. +> de
R

€ Ox + ox2  Ox3

)+ v0%H,,: since

Uz

Finally, the fundamental lemma of variational calculus leads to expression [GeF963]

O] _ Oy | i P, 1)
Su(x) * ’ '

ox 02 ox3

Observe that if H = H(uy, tye, tege, - - - ), 1.6, if = u(x) is cyclic, then equation (2.34) becomes

6 H [z 9 (7—[ _ OHa,, + PHs, _. > = iéﬂ[uﬂf] (2.35)
e . .

du(x) T oz Oz Ox? T 0z duy ()

In order to introduce the equations of the motion, we need S(R) to be a Poisson manifold; thus one
has to define a Poisson bracket {-,-}gr®) : C*(S(R))** — C>(S(R)) s.t. (C*(S(R)),{-, }gmr)) is an
algebra. The analogy with the finite dimensional case suggests the following definition

0F|u 0Glu
{T’ g}S(R) = <§“T’J5ug>S(R) = /R (55(2;3(%)55([3:% dz,

VF,G e CP(S(R)), (2.36)

where J is a (possibly singular) skew—adjoint linear operator. In what follows we will chose J = 9,
which is skew—adjoint with respect to the inner product of S(R), since V u, v € S(R) one has

400

— 00

(Ju, 7/>S(]R) = /Ruz(x)v(x) do = u(x)v(x)‘ - /]R u(z)vy(z) da = (u, —3v>S(R).

Choosing ¥[u] = u and G[u] = H[u] in (2.36), the HL equation of the motion becomes [Lax978§]

Ou(z) ., | 0H[u] S [u]

Ou(x) N
= {2 lsw = f 5 5 4TI 5

TR {u,}[[u

w=36,4,  (2.37)

26We could in principle allow the ¢ derivatives in f, but is unnecessary for the reasons to become clear shortly.
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which defines an infinite dimensional Hamiltonian system, referring to our previous definition. Note

that in (2.37) we have used the relation g}c( 2) — = d(x — y), where the § on the r.h.s. is the Dirac delta.

REMARK 2.7 — Equation (2.37) can be written in a form closely resembling the usual one, namely
p= —Hy, q = H, To do this, replace the standard derivatives with functional derivatives, so that

qt = 6P'7_[[q7 p]7 Pt = _549[[% p]v (238)

for a pair (g(z,t), p(x,t)) of conjugated variables. Within this formulation the Poisson bracket has form

_ 071970619, 7l _ 0Flg,p1 9Glg, P 4 oo
5 = [ (Tt ot~ oty ot ) 0= YRSECTE®), @)

and the canonical commutation relations between the conjugated variables become Vz,y € R
{4@), 4W) s =0 {p@).pW}ge =0 {4(@). W)}y =z — ). (2.40)

Note that if ¢ = g(z,?) is cyclic, then (from the equations (2.38), combined with (2.35), it follows that)
we may set p = ¢, and use (2.35) to recover the expression (2.36) from (2.39) [AbS981].

2.4.1 KdV first integrals and (bi—)Hamiltonian structure. We are now ready to explain the con-
nections between the KdV equation and the Hamiltonian formalism. In §2.2 we have obtained for the
transmission coefficient the relation 7,(k;t) = 0, Vk € R*. Therefore, one may interpret {7(k,t), k € R*}
as a set of infinitely many first integrals, provided that they are non—trivial and independent. Since we
wish to express these first integrals in functional form, set [MGK968, ZaF971]

W(x, kit) = e~ ket [T Ty kit) dy (2.41)

where 7 is a smooth function to be determined. Now consider the behavior of the wave function
Y = (z,k;t) as x — —oo: equation (2.19) gives expression e ~"¥¥¢)(z, k;t) ~ 7(k;t) and then

T(k;t) = lim e* (ki t) = ele TW ROy, (2.42)

T——00

which holds for Sk < 0, if one assumes k to be in the lower half plane, and then in the limit Sk — 0,
because of real analyticity [Dun010]. Having cast first integrals in functional form, let’s find an equation
for 7. Inserting the expression (2.41) in the Schrédinger equation (here rewritten with A = k?) yields
Tot) + (T +1k)? + uh = —k?1, which holds V1) € Ly(R); therefore we find [ZaF971]

Tolw, ks t) + T2 (w, ks t) + 2kT (2, ks t) = —u(x, t). (2.43)

Note that equation (2.43) is a Riccati-type equation (see formula (2.9)) and one can search for solutions
of (2.43) of the form T (z,k;t) = > (20k) ™" Tn(2;t), leading to the recursion formula [AbS981]

Ti(z;t) = —u(z;t),  Tnpa(ast) = 0, Tn(at) Z (1), (2.44)

m=1
which can be solved for the few first terms, giving the following expressions:
Ta = —Ug, 75 = —Ugy + U2a Ty = —Ugyy + 2(u2)17
Ts = —uga + Z(UZ)M + (ugc)2 + Uty — 2u3.

Combining then the time dependence of T = 7(k;t) given in (2.20) with expression (2.42), implies
i3 fR (z;t)dx = 0 so that I,[ fR (z;t)dx are first integrals for the KdV equation ¥n € N.
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REMARK 2.8 — From the above results it follows that the KdV equation admits a countable infinite set
of first integrals of the motion, as already noted in §2.1 following Miura’s approach [Miu968]; indeed,
the expressions obtained here for the conserved densities T1, T2, Ts coincide respectively (up to irrelevant
multiplicative factors) with the relations for wg, wy,wy given in (2.8). Note also that not all the first in-
tegrals in the set {I,}nen are non-trivial, e.g. hlu] = [ To(z;t)dx = —utz =0, being u € S(R) and
the same holds for 1. Actually, one can prove that all even terms I, are trivially zero, since all the
expressions for Tz, with n € N have the form of an exact z—derivative [NMPZ84].

Therefore, we are left with odd first integrals of the KdV equation, given by the expression
1
I—1[u] = 3 / Tont1 (U, Uy, Uggsy - .. ) d , n € N. (2.45)
R

The first of these is just the integral of w itself, whilst for the next one gets

1 1
Io[u]za/Rude, Llu) = 5/R(u?c—2u3)dac.

These two first integrals are associated with the translational invariance of KAV and thus, via Noether’s
theorem, with the conservation of total momentum and energy, respectively. Now we can cast the
KdV equation in Hamiltonian form: introducing the Hamiltonian functional Hggqv[u] = L[u], with

Hamiltonian density given by Hxav (u, uz) = 2u2 — u3, the HL equation (2.37) becomes

0 0Hkav 0 [ OHxkav 0 OHkav 9
a_ = . =—(3 xxT ), -
ou Oxr Ouy ( ut )r
Thus the KdV is an infinite dimensional Hamiltonian system. Note that Iy commutes with #kqv, since

6Io[u] O 67Hgav|u]
r ou(z;t) Oz du(w;t)

~or ou  ox

Ut

{Io,ﬂKdv}S(R) = dg ulolid=w —/Ru(Guux + Ugaz) dz =0,

being u an S(R) function. Indeed, all the non—trivial first integrals in (2.45) commute with Hgqv:

Ol,[u] Ou(z;t) ~  dIfu]
g ou(zit) Ot dz=—p- =0 VneNo

{I’ru }[KdV}S(]R) =

With a bit of more work [NMPZ84] one can show also that {1,,, I, }g®) = 0, ¥n,m € Ny.

Therefore, one may ask whether or not #iqy is also completely integrable in the Arnol’d-Liouville
sense. The answer is affermative, but rather involved and it won’t be discussed here in detail®”; we
shall give just a clue to the main reasons behind it. First note that the existence of a countable infinite
set of first integrals in involution indeed suggests that the KdV system is completely integrable, but is
not sufficient for the infinite dimensional case since (roughly speaking) one doesn’t know ""how many”
functionals in involution are required to assure complete integrability [AbS981]. From another point of
view, one notes that expressions 7(k,t) = 7(k,0) and In[p(k,t)] = In[p(k,0)] + 8k3t V (t,k) € R x R*,
are formally equivalent with equations (2.32), suggesting that (Inp,7) can be somehow regarded as
action—angle variables for #kqv, thereby identifying the KdV system as a completely integrable one in
a precise sense. Although (In p, 7) are not themselves canonical, it has been proved in 1971 by Zakharov
& L. D. FADDEEV (1934) and independently in 1975 by H. FLASCHKA (1945) & A. C. NEWELL (1941)
[FIN975], that certain functions of 7 and p satisfy the Poisson commutation relations, namely

(2(k), Q(k)) = (—E£In [1 - |p(k)*], arg[p(k)]) , (20, Q) = (— 265, In¢y),

for the unbounded and the discrete components of the spectrum of Fiqv, respectively. Moreover, it
can be shown that Hixav = Hxav (P(k),{®w}n=12..n~), which is the defining property of action—angle
variables. Thus the mapping u {fP(k), Q(k),{ P, Qn}n:LQ’m)N} is canonical, meaning that the IST
is a canonical transformation for the KdV system to a set of action—angle variables.

27See e.g. M. J. ABLowiTz, H. SEGUR — Solitons and the Inverse Scattering Transform, § 1.6.b, pgg. 58-67.
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Therefore, we can reassume the main points of the above arguments?® as follows:

e the time independence property of the transmission coefficients 7 = 7(k, t) related to the Schrodinger
scattering problem, implies the existence of an infinite set {1, }nen, of conserved quantities;

e the IST is a canonical transformation for the KdV equation to a set of action—angle variables;

e the KdV is an infinite dimensional Hamiltonian system, with Hamilton functional given by #Hkqv[u] =
% fR (u2 — 2u®)d x, completely integrable in the Arnol’d-Liouville sense.

The depicted scenario gives then a clue to understand the existence of multi—solitons solutions in the
KdV (and in general in every known IST—solvable NLE) equation. The complete integrability property
for the KdV system may be plausibly regarded as a reasons for the stability of its stationary solutions;
in fact, the relatively simple picture that emerges in physical variables (e.g. solitons with pairwise
interactions) is a direct consequence of the existence of a set of action—angle variables. In particular, no
stochastic motion can occur within an IST-solvable initial value problem?® [AbS981].

We end this section with one last property that is shared by most of the IST—solvable systems,
namely the so—called bi-Hamiltonian structure [FaT007]. Let’s therefore give the following

DEFINITION 2.4 - A differential manifold M over a field K is a bi—Poisson manifold iff it is endowed
with two Poisson brackets {-, -} pm, {-, -} : C°(M)*2 = C®(M) s.t. the linear combination

(1.0} = 1.0\ — 11,9} o0 (2.46)

defines a Poisson bracket Vu € K and V f,g € C®°(M); expression (2.46) defines a pencil of Poisson
brackets and is known as the compatibility condition between the two Poisson structures.

In particular, for the infinite dimensional case the compatibility condition (2.46) has the form

( ‘) ~ ~ ~ [e’e)

{76 em = (OuF 3u0uG)g) = (0., (3 = 10)0G)gzy:  YHEK, VF GECT(SR)),
being J,J" two (possibly singular) skew—adjoint linear operators; following the definition 2.4, the one
parameter family of linear operators {J,, i € K} is called a pencil of Poisson operators.

Suppose now to endow an Hamiltonian system with a bi-Poisson manifold as phase-space; this leads
to the next definition, here formulated for the infinite dimensional case.

DEFINITION 2.5 - Let {J — uJ, 1 € R} be a real pencil of Poisson operators. A system of differential
equations is called bi—-Hamiltonian if there exist two Hamilton functionals Hy, #; : S(R) — R s.t.

w = J6,Holu] = '8, [u], u € S(R). (2.47)
The KdV is a well-known example of a bi-Hamiltonian system [Mag978, FOR996|: the two forms
correspond respectively to the choices #i[u] = I[u], J = 8, and Hy[u] = hlu], I = —03 — ud, — dyu.

The bi-Hamiltonian formulation gives a very effective way to construct first integrals. Assuming that
3,3 satisfy (2.46) and that J is non-degenerate3’, one can define the recursion operator R = J'J~*
and invoke a fundamental result, proved by P. J. OLVER, which states that if 8" (J0,%) lies in the
image of J Vn € Ny, then there exists a set {4, }nen, of conserved functionals given recursively by

36,94, [u] = R"(36,76[4]),  n €Ny, (2.48)

which are all in involution [Olv993]. For the KdV system Rkqy = —02 — 4u — 2u,0; ' (where 9, !
formally defines the z—integration) and all first integrals in (2.45) are recovered by (2.48).

28Note that the discussion in indeed quite general, since the same properties also holds in presence of a very large class
of NLEEs, from which the KdV is recovered as a particular case [AbS981].

29This doesn’t suggest that the problem has become trivial; the inverse method is highly non—trivial and, in general,
one isn’t even guaranteed that its solution are unique and well-behaved. In fact, there are cases of IST—solvable systems
(e.g. the ShG) in which singular solutions may develop, provided they don’t violate any conservation laws .

30 A differential operator J is degenerate iff there exists a non-zero differential operator ﬁ s.t. Jo \:j = 0 identically.
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3 LAX PAIRS AND AKNS METHOD

3.1 Lax pairs for the KdV equation and for other integrable NLEEs.  As briefly described, the
IST was first developed and applied to the KdV equation by GGKM in 1968; however it was unclear
if it would apply to other (physically significant) NLEE [AbS981]. In 1972, V. E. Zakharov and A. B.
SHABAT showed that indeed the method was not a fluke [ZaS972]; using a technique first introduced
by Lax [Lax968|, they showed that the NLS equation is related to a linear scattering problem and
succeeded in solving this way the associated initial value problem. Shortly after, using these ideas M.
WADATY introduced a method for solving the mKdV equation [Wad972] and in 1973 the team of M. J.
ABrowiTz, D. J. Kaup, A. C. NEWELL and H. SEGUR (hereafter abbreviated AKNS) did the same
for the Sine-Gordon equation [AKNS73], developing a general method to obtain, given a suitable linear
eigenvalue problem, NLEEs solvable by IST which also keep the spectrum invariant.

Let’s start with considering the essential ideas behind Lax’s approach. For this purpose, consider
the system of equations (2.21): let £ and .# be two Lo(R)—differential operator respectively related to
the spectral problem and to the associated time evolution equation. Lax observed that the property of
time—invariance of the spectrum o(.Z) could be shown to be equivalent to the statement that £ (0) and
Z(t) (both self-adjoint in this case) with ¢t € R* are unitarily—equivalent, i.e. there exists a continuous
uniparametric family of unitary operators {@(t),t € R{} such that

L(t) = ut)LO0)u" (), VteRg. (3.1)

The proof is straightforward: let ¢ = ¢(x,0; A) be an eigenfunction of .£(0) with eigenvalue A; evolution
under the action of U(t) gives ¢(z,t;\) = U(t)@d(x,0; \) and it trivially follows that

LB, t;N) = Ut).2(0) [ (1) u(t)] ¢z, 03 \) “EEELE A () p(a, 0;0)] = A, £ N).

Taking now the time derivative of both sides of equation (3.1), one gets

M=uu”

Zut) + ZMwt) = wt)Z20) ——— L) = [4(1), L), (3.2)

known as Lax equation; operators £, .# are then called a Lax pair. Note that (.#, Ly(R)) is skew-
adjoint, i.e. M* = —.#, which follows differentiating equation Uu* = 1 with respect to t.
Actually, the skew—adjointness is also necessary to preserve unitarity, as shown in the next [Kar998|

LEMMA 3.1 - Let {U(t),t € R} be a one-parameter family of linear operators s.t. U, = .4 U, for some
skew-adjoint one—parameter family {.# (t),t € Ry}. Then if u(0) is unitary, also U(t) is Vt € R .

Proof. Let vi,va € V, YV a vector space over R; define w;(t) = U(t)v;, Vi =1,2,Vt € Rar. Then

<W17W2t>v = <W17%W2>V = <%*W17W2>V = _<W1tvw2>v - 8t<VV1aVVQ> = 07

v

having observed that w;; = .#w;; note that (-,-)y : V x V — R is a scalar product over V. Thus
<W1(t)7W2(t)>V = (uU(t)vy, ‘U(t)V2>V = (u(0)vy, ‘U(O)V2>V = <V17V2>V,

having used unitarity of @(0). Then «U(t) is an isometry V¢ € Re and u(t)u*(t) = 1 = u*(t)u(t) vVt €
R{, ie. €(t) is unitary Vt € R{. O

Lax showed that if equation (3.2) holds, then the spectrum o(.Z) is invariant in time.

THEOREM 3.1 - Let {(f(t),H),t € Rg} be a one—parameter family of self-adjoint operators on the
Hilbert H. Suppose eigenvalues and eigenfunctions of equation L¢ = Ao continuously differentiable
with respect to t; if I{H(t),t € Ry} s.t. Lax equation holds, then N\, = 0. Also if \ is simple then
¢ = (M +C)¢ for some continuous function C = C(t) and if (M + C) is skew-adjoint then O¢||¢||n = 0.
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Proof. Differentiating Z¢ = A\¢ yields Lo+ Ldr = M\ + A\y; from (3.1) and A4 L P = A\ $, one gets
Moly = (Myg — L) (Md— ¢lp). (3.3)

Now take the inner product of both sides with ¢ and use self-adjointness property of £ to get

Mo|% = (Mu—2) (M= diln),8),; = (Mé—3dn), Nly—L)),, =0 = A =0

Now return to equation (3.3): if A is simple, since .# ¢ — ¢; belongs to the same eigenspace, we must
have ¢y = (M + C)¢, for some ¢ = C(t). Then it follows that

|65 = (&, (A + O)b) , + (A + )b, 0,

and hence if ./ +( is skew—adjoint, then ||@||% is independent from the time variable ¢. O

For the KdV equation we have already shown in §2.2 that C(t) = 0 V¢t € Rg and that operators
Lxav, #kav defined in equation (2.21) constitute a Lax pair for the KdV equation. Indeed one can
easily compute that the Lax equation for Hqv and Akqv gives exactly the KdV equation (1.16).

Thus in general we try to associate to an evolution equation of the form u; = D(u) a self-adjoint
operator % and a skew—adjoint operator .# that satisfy the Lax equation. By the above remarks,
this condition guarantees that the spectrum of % is a set of integrals for u; = D(u) and that the last
one is solvable by IST. The difficulties with this method are that one must ""guess” a suitable £ and
then find the associated .# in order to satisfy equation (3.2). On the contrary, an advantage is that
once .Z is given, there is a somewhat systematic (but complicated) way to find a sequence of evolution
equations for which . constitutes an isospectral flow [Kar998]. To show how this method applies take
the Schrédinger operator . = —0,,, — u(x, t); stationarity yields equation .4, = —u;. Thus the problem
is reduced in finding a skew—adjoint operator # s.t. [#, %] = —us. U we try, e.g., My = O, we
get isospectral flow for the evolution equation u; + u, = 0 (since [#p, L] = u,); trying instead the
skew—adjoint operator .41 = a0yps + b0, + 0,b, with a, b to be determined, one gets

[///1, ,,2”] = 3au,0pp + 3aUgy O + 2buy, — 4b,0py — 400202 — by
Choosing then a = 4, b = 3u(z,t) one recovers the KdV equation and expression®! (2.21) for .#kqv.

REMARK 3.1 — Note that the expression for .#kqv obtained by following the Lax formalism is equivalent
to the form used by GGKM in (2.14) [GGKMG67], i.e. the associated time evolution equations

G = MY = Ay — uthy — Bugth, Py = MGG = w4 2(20 — )by,

are equivalent. To prove this, invoke the spectral problem: differentiation of both sides with respect to x
gives Yype + A +uzp+urh, = 0. Now isolate the term w1 and substitute it into the GGKM expression
to get ¥y = —Yppr +3AY; —3ut,; doing the same for Ay, leads to equation vy = —4 ;00 — 6Uy — Uz,
Note that implication Lax — GGKM simply follows by inverting the previous argument.

As written at the beginning, other NLEE where found to be IST-solvable by means of the Lax
formalism. In particular, in 1972 Zakharov and Shabat found a Lax pair for a slightly generalized
version of the NLS equation (1.23) with the factor a replaced by ﬁ, for some p # +1 [ZaS972]. The
Lax pair they discovered consisted in the following pair of 2 x 2 differential operators

|u\2 *
_(1+p O 0 0 u* _ 0° Ty Uz
Ly NLs =1 ( 0 1- P) 2t (u O) : My NLS = Zp]lzﬁ + o, —‘1u_|2 . (3.4)

31The constant ¢ = C(t) in expression (2.21) must be set to zero, since .#xqv is already skew—adjoint.
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With these choices, the Lax equation (3.2) is satisfied and equals the ZS—form of the NLS [Kar998].

REMARK 3.2 — Note that if p = 0 one recovers the NLS equation (1.23) with o = 2. In this case it’s
easy to see that Znrg is self-adjoint and .#n1s is skew—adjoint, although is not true in general for p # 0.

In their paper, ZS applied the IST method to a general 2 x 2 eigenvalue problem obtained applying to
equation .Z, nLs@ = A, where ¢ = (¢1,¢$2)T is a 2 x 1 column vector and ¢y, ¢2 are smooth functions
with respect to spatial and time variables, the following change of variables [ZaS972]

¢1:\/1—P€_l(ﬁ)z¢27 ¢2=\/1+P€_2($)I@17 qE\/%’ Czl_pz'

Performing these changes of variables leads to the eigenvalue problem [Kar998|

1, +1Cp1 = q(z,t)p2,
P2, —10p2 = —q"(x,t)p1.

Replacing now ¢, —g¢* with the arbitrary (still smooth and slowly decreasing) functions v = »(x,t),
u = u(x,t) respectively, we finally obtain the so—called Zakharov—Shabat equations [AbS981]

1, + 11 = u(w,t)p2,
2, — 1Cpa = v(z,1)p1,

written equivalently in matrix form as

D1 =1 u(@,t)\ (1) _
= = = Xop. 3.5
Pu (@295) (U(% t) ¢ P2 v (8:5)
REMARK 3.3 — Note that functions u, » play in equation (3.5) the same role that the potential u = u(z,t)
has in the Schréodinger equation. Also, if we choose v(x,t) = —1 in equations (3.5) and let o = 1, then

after some simplifications, the Zakharov—Shabat system of equations reduces to 1, + (% +u(x,t)h = 0,
which is nothing but the linear Schrédinger equation we used in §2.2 to solve the KdV equation.

3.2 The AKNS formalism and applications to the ZS spectral problem. We'll now follow an
alternative method introduced by AKNS [AKNS74] in 1974 and inspired by the matrix form of the ZS
equations. The procedure can be formulated as follows: consider the following two linear equations

P, = Xp, (3.6)
p, = Tep, (3.7)

where ¢ # 0 is an n—dimensional vector and X,7 are n x n matrices. Cross differentiating equations
(3.6), (3.7) and imposing the compatibility condition ¢, = ¢,,, leads to (X, — T, + [X, T]) = 0 which
holds V ¢ # 0. Therefore, we are left with the following equation

X — T, + [x, 7] =0, (3.8)

where O is the null n X n matrix. Equation (3.8) is equivalent to Lax equation and it’s a matter of
convention to refer to (3.6), (3.7) as to the principal and the auxiliary spectral problem, respectively.

It turns out that, given X, there is a simple deductive procedure to find a T s.t. equation (3.8)
contains a NLEE; of course, in order for (3.8) to be effective, the operator X should have a parameter
which plays the role of an eigenvalue, say ¢, obeying condition (; = 0. Although the method is very
general, we’ll concentrate on the case of a 2 x 2 eigenvalue problem®2. Then consider the ZS equations

32For a more general treatment see e.g. M. J. ApLowiTz, H. SEGUR — Solitons and the Inverse Scattering Transform.
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(3.5) and associate to them the most general form of a linear (but local) time evolution equation for the

2 x 1 column vector ¢ of functions @1, 2, i.e. [ADSI81]
P10\ _ [ —C ul(zt)) (e P\ _ (A B\ [(¥r (3.9)
P2y o(z,t) g 2]’ P2y C D) \¢2)’
where 4, B, C and D are scalar functions independent of ¢, but can depend on u, » and their derivatives.
To simplify notations, let’s rewrite equations (3.9) in terms of the Pauli o3 matrix as

P = (Q,i 7’403)907 Pr = Tep,

being Q a 2 x 2 matrix with entries Q2 = u, Q1 = v and zeros on the main diagonal. Note that if
v = —1, we get the linear Schrédinger equation (where ¢? plays the role of \) as pointed out in §3.1 and
if v = +u* (or v = tu, if u is real) one can also get some physically significant NLEE.

Since we desire to derive NLEEs for » and v that leave the spectrum of equations (3.9) invariant
under their flow, we make use of condition ¢; = 0 and proceed in cross—differentiating equations (3.9);
forcing the compatibility condition ¢, = ¢,, V¢ # 0 yields (after some calculations) equation

Q-7 = [T,Q] _ZC[{TvUBL

A, w—B,\_ [ Bv—Cu  (A-D)u o0 B
%—Co  —Dy —(a-2)v —(Bv— Cu) -Cc 0
Note that 4, = Cu — Bv = —D, thus, without loss of generality, we can take 4 = —2 in what follows.
With this position, we restrict to the system of three differential equations with unknowns 4, 8 and C

explicitly

A, = Cu — Bo,
w = B, + 24u + 21(B, (3.10)
v = Cp — 2v — 21(C.

We want to solve the system (3.10) so that equations (3.6), (3.7) are compatible. Doing this, we’ll see
that still another condition must to be satisfied, which turns out to be an evolution equation. Various
methods are feasible to solve system (3.10): here we're going to adopt an expansion procedure [AbS981].

Since ( is a free parameter (it might be small), we try for a polynomial solution to (3.10) in powers
of (. Let’s start with a first order polynomial, i.e. suppose that 4 = 4y + (41, B = By + (B; and
C = G + €y are solutions of the set of equations (3.10). This yields the system

(Aog — Con+ Bo) + (A1p — Clu+ Biv)¢ =0,
w = (Boy + 240u) + (Bi, + 2411 + 20B0) ¢ + 208, (3,
v = (COI — 2/(407/) + (Clm — 27//(41 — 2260)( — 22C1C2.

Now equate coefficients belonging to same powers of ¢. For ¢2 one finds B, = 0 = ¢, whilst ¢ gives

/qlz :Clu—fﬁv, ﬂl(l',t) :al(t)
B, = —NBy — 21, Z=0=a,
Cly =20+ 240, Co(w,t) =1y

finally, equating ¢®—coefficients and substituting what previously obtained, we get

w(z,t) = 1a1 (t)uy(z,t) + 209 (L) u(x, t),

w = % + 2201! ﬂozilal[ﬂ,u]:o
= Bo, ,
! ve(x,t) = 1a1 () vy (2, t) — 2a9(t)v(z, ).

v = Cop — 2207/7

(3.11)

Ao (x,t)=ao (t)

Ay, = Cou — Byv, {
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Therefore first order polynomial solutions of (3.10) doesn’t yield interesting evolution equations for
""potentials” u and vz, since the ones we’ve found are both linear in their arguments.

Let’s try second order polynomials, i.e. suppose that 4 = 4y + (41 + (%4, B = By + (B + (2B, and
C= G+ (a1 + ¢%G are solutions to (3.10). Substitution yields the following system

(Ao, — Cou+ Bov) + (A1y — Clu+ B1o) ¢ + (A2 — Cu+ Bow)(? =0,
w = (Bop +2u0) + (Bry + 20y + 20B)C + (Bay + 20y + 2031 ) (2 + 2B,C3,
o = (Cox — 2040) + (Cla — 2081 — 20G0) ¢ + (G — 2042 — 20(1)C? — 20625,

Equating (3—coefficients immediately gives B, = 0 = ¢, whilst from ¢? and ¢ one gets respectively

A2, = Gu — By, oo A(z,t) = ax(2),
2 By = —2udy — By, N By(x,t) = 1ax(t)u(z, t),
Cgm = 27/542 + 2’LC1, CQ($,t) = lag(t)v(l'ﬂf)
A1, = Cu— By, o A(z,t) = ai (1),
C: < B, = —2ud — 2B, ;;4:21;) By(x,t) = 1ay (O)u(z,t) — %ag(t)uw(aj,t),
Cip = 2041 + 210y, e Co(w,t) =i (t)o(x,t) + 5a(t)ve(,t)

Note that ¢3,¢%2-coefficients for second order polynomials gives formally the same results obtained from
¢?,(—coefficients for first order polynomials. Finally, equating ¢(%—coefficients yields

= — Bov
Hos = Cou 0" A0, =101 [v,ul+F (40) s =F (40)a W =0y — Gty + au’v + 2agu,
u = Boy + 2udy, ; @ 5 (3.12)
Ao="2 wo+ao U =10 Uy + —VUgg — B0 U — 2dp0.
% = Cox — 207, 2

Therefore, following the AKNS formalism we have obtained a general family of NLEEs associated to
the ZS problem. In particular, taking for simplicity a(t) = 0 = ap(¢) (i.e. eliminating from equations
(3.12) the LEEs (3.11) obtained from first order polynomials), the coupled NLEEs (3.12) get the form

2 1
{u,g — ®u v+ 5au, =0, (3.13)

2 1
v + auv” — sy, =0,

which are reminiscent of NLS (1.23). Indeed the latter equation results if we let v = eu* with ¢ = £1:

m —€a2u|u|2—|—%a2um =0, (3.14)
uf +eapu’*|ul® — Tapul, = 0. ’
Equations (3.14) are compatible iif aj = —ay, i.e. iff ay = 1 with o € R; it’s a common choice to set

a = 2. Thus system (3.14) reduces to the attractive (4 sign) or repulsive (— sign) NLS equation

Wy = Upy T 2u‘u|2. (3.15)

Note that for the attractive NLS equation soliton solutions can be found, but no soliton solutions exists
in the repulsive one for rapidly decaying potentials [AbS981].

In summary, considering the ZS spectral problem ¢, = (Q—1(o3)¢ and the associated time—evolution
equation ¢, = T, the compatibility condition is given by equations (3.8). Searching for second order
polynomial solutions, we’ve shown that condition (3.10) holds iff potentials u, v, with v = +u*, satisfy
a NLS equation (3.15) and that, with this choice, the operator 7 has the form

For e — elul® + 212~y — 2Cu
NLS eu} — 2eCu* —ae|u]® —2¢%)

Of course one could guess if there are other interesting NLEEs for higher order polynomials. Indeed
this is the case for third order polynomials, which is the last example we're going to treat in this
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paragraph. Thus assume that 4 = 4y + (4; + (?4, + (343 and analogue expressions for 8 and C are
solutions of system (3.10). Therefore, one finds the following results [AbS981]

4 =+ a?+ %(agmer a)C + %aguv — ja3(uvy — uzv) + ap,
B = 1a3ul? + (wgu — %agum)C + (Za1u+ %a3u27/ — %aguw — ia3um), (3.16)

C =1a30C% + (wgv + %agvx)ﬁ + (wlv + %agw2u+ %agvx - ﬁagvm),

and the nonlinear evolution equations obtained from the compatibility condition (3.10) are

{w+z@@mx—mWa+§@@m—2f@-*%%—2%”:“ (3.17)

% + ﬁaS(szm - 6117/7/1) - %a2(7/mz - 27/2”) — vy + 2a9v = 0.
Evolution equations of physical interest are obtained from (3.17) as special cases; in particular, we find

g=m =@ =0 Kul=0 if »=-1,
=
a3 = —4 Mul=0 it »=Fu"

= = =0
(ao nmm *> == 1 =ty + ulul>  (NLS).
a =2, v="TFu

Until now we have considered only polynomial expansions of 4,8 and C corresponding to positive
powers of (. However, we may also find interesting NLEEs corresponding to expansion in inverse powers
of ¢ (or both) [AbS981]. Considerer, as an example, the following choice

a(x,t) 6(x,t) c(z,t)
¢’ ¢’ ¢

Substituting in the compatibility condition (3.10) and equating then ¢°, (~!-—coefficients yields

A(z,t) = B(x,t) = C(x,t) =

a, = cu— bv,
¢o u = b, . ) uy = —dau,
o = —e, (Z‘“”)"i“z(m’;) vy = —duaw, (3.18)
c(z,t)=2%2v (,t
SRR S 2 o = 3 (w),.
¢ = 2aw,

System (3.18) has other important NLEEs as special cases; well-known examples are
t)) = wyt(z,1) = sin [w(x,t)] (SG);
) = wyi(,t) = sinh [w(z,t)]  (ShG).

Note that the presence of the factor 1/2 in the choices made for u, z in both above cases, is inserted in
order to satisfy the third equation in system (3.18), i.e. equation a, = 5(uv);.

Indeed many other (somehow less famous) NLEESs can be derived by taking combinations of previous
procedures or different expansions from above; of course, all these procedures gives exactly the same
results as does Lax approach (3.2), but are simpler because of their algebraic nature [AbS981].
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4 THE CLASSICAL BACKLUND TRANSFORMATION (BT)

The previous sections were mainly devoted to introduce the basics of Soliton Theory. In particular,
we have underlined the importance of the IST method and its connection with multi—solitons solutions
of NLEEs, though stressing its limits and the difficulties related to the inverse problem. Furthermore,
we have emphasized that we still don’t have a definite criterion to characterize IST—solvable NLEEs,
meaning that we still ignore if any of the common characteristics encountered so far (i.e. multi-solitons
solutions, Arnol’d-Liouville integrability, (bi—)Hamiltonian structure, Lax pairs) is both necessary and
sufficient for a system to be IST—solvable. In this section we’re going to discuss a technique that is
generally believed to be a sufficient condition for IST in (1 + 1)-dimensions, that is the existence of a
Bicklund Transform (BT). As we shall see, if this method holds then one can deduce without quadratures
the multi-solitons solutions for the NLEEs under scrutiny.

The BT has its origins in a contest apparently far from Soliton Theory, namely in differential ge-
ometry. It was discovered in 1875 by A. V. BACKLUND (1845-1922) while studying some particular
transformations between surfaces with constant negative total curvature, often referred as pseudospher-
ical surfaces [RoS002]; some years later, it was shown by L. BIANCHI (1856-1928) that this particular
transformation was associated to an elegant invariance of the sine-Gordon equation®® [Bia885, Bia879).
To introduce BT, consider a suitable system of coordinates (u,v) € R?, parametrizing a surface S imbed-
ded in R®. The line element of S is given by the first fundamental quadratic form ds? = g, du* dv”
for p,v = 1,2, being g,, = g, the symmetric metric tensor associated to S [Eis947]|. For surfaces of
constant negative total curvature, the coordinates can be chosen s.t. g11 = g2 = p? and go; = p? cosw,
where p € R* is related to the total curvature % via the relation X = —p~2 € R™. Therefore, the line
element of a pseudospherical surfaces with total curvature X may be written as

ds® = —%(du’ +2coswdudv +dv?),

where w(u,v) € [0,27) is the angle between two asymptotic lines and satisfies the well-known Gauss-
Codazzi—-Mainardi equations. Invoking the Gauss’ theorema egregium, the latter equations simply reduce
to the sine-Gordon equation (on the light—cone) w,, = —Xsinw [RoS002]; therefore, each solution
w = w(u,v) will corresponds to a pseudospherical surface with curvature X = —p~2. Well known
solutions are illustrated in Figure 7 and in Figure 8 below [McL994].
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Figure 7: Pseudosphere obtained as surface of revolution of the tractrix (upper left), Dini’s surface or twisted
pseudosphere (upper center), Kink surface (upper right), hyperboloid of one sheet (lower left), breather surface
(lower center) and parametric breather (lower right); from R. Palais’ Virtual Math Museum.

33Which was introduced in 1862 by the engineer E. Bour (1832-1866), still in the contest of differential geometry.
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Figure 8: Two-solitons (left), breather—soliton (center) and three—solitons (right); from Virtual Math Museum.

Now note that the SG equation is invariant under the scaling (Lie point symmetry) v’ = fu, v/ =
B~ v with 8 € R*, so each solution w = w(u,v) generates a one—parameter class of solutions w’(u’,v’) =
w(Bu, B~1v). It was the quest for additional techniques for generating such surfaces that led Bicklund
to introduce the transformation bearing nowadays his name: he founded that if wy is a solution of the
SG, then a new solution w; can be obtained by means of the following relations [RoS002, Lam976|:

g w1 — Wo _psin(wl—i—o.)o)
. ou 2 B 2 ’
By 0 (w1 +wo 1 . [w —wo (4.1)
— [ ———) = —=sin| — |,
v 2 B 2

which represent the standard form of the Bécklund transform (hereafter indicated as Bg) for the Sine-
Gordon equation®!. The parameter 3 € R* is called the BT parameter. Thus Bg defines a mapping
between pseudospherical surfaces (or, equivalently, SG solutions) which preserves the scalar curvature;
in particular, if Bg is a correspondence between solutions of the same equation (which is of course the
case for the SG), then Bg is commonly termed an auto—Bécklund transformation (aBT).

REMARK 4.1 — The BT wouldn’t be useful if a first solution wy could not be obtained; fortunately,
the so—called "seed vacuum" solution wg = 0 provides a basis for constructing further solutions. As an
example, let’s calculate the second non-trivial SG—solution: setting wy = 0 in (4.1) yields

Wiy = % sin wy, J &z =mn|tan & |+cost In ‘tan %‘ = %u + ¢(u),
Wiy = ﬂlpsinwl, 1n‘tan%‘ = Bipv +¢(v).

The last two expression implies that ¢(u) = ¢(v) = ¢, leading to the one-soliton®> SG-solution
wi (u,v) = 4arctan (e%’“’ﬁ%”“). (4.2)

Analytic expressions for multi—solitons solutions which encapsulate their nonlinear interaction may be
obtained by a purely algebraic procedure. This is the consequence of an elegant theorem proved in 1892
by L. Bianchi and derived from the a~BT B, known nowadays as the Bianchi’s Permutability Theorem.

34Since we’re not going to show how these equations are obtained [RoS002|, let’s simply verify that indeed wo, w1 satisfy
the SG equation. Cross differentiation of equations (4.1) and the compatibility conditions dyyw; = Opuw; yield

w1 —wo _ B wi1+two wi1+wo _ 1 wi1+two : w1 —wo [
(215%0),, = feos(21520) (242), = poos (=0 Jsin (2320) ., wou = Jrsines,

_ _ _ . 1
<w142rwo> _ écos(w12“’0> (W12wo) _ %cos(“’lZ“’O)sm(“’lg“O), add Wlyy = -5 Sinwi.
vu u

hS)

P P

35 Actually, it should be noted that (in light of the identity sin[2tan~1(e*T¥)] = sech(x + y)) it is the quantities

Wiy = %sech<€u+ ﬁv + c), Wiy = %sech(%qu ﬁv + 5),

which have the characteristic hump shape associated with a soliton solution of a NLEE [RoS002].
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4.1 Bianchi’s Permutability Theorem.

Suppose that wg is a seed solution of the SG equation and

let wi, wo be the BT of wy obtained respectively via relations w1 (u,v) = Bg, [wo](u,v) and wa(u,v) =
Bg, [wo](u,v), being 152 € R*; therefore, recalling the expression (4.2), one has

w;(u,v) = 4arctan (

(00— By —(0)
e

- BBI
()\ B,

TE—m ()

i 1 .
e*), aizﬂ—u—i— v, i=1,2.
p Bip
Now define wia := Bg,|wi] and we; := Bg, [we]; the situa-

tion is schematically represented with the non—commutative
Bianchi diagram on the left [RoS002]. It’s natural to ask if
there are any conditions under which this Bianchi diagram be-
comes commutative, i.e. under what circumstances the identity

Bg, Bg, = Bg,Bg, (4'3)

holds. To investigate this matter, let us consider the u and v—components of the BTs for the non—
commutative Bianchi diagram, respectively given by expressions

_ 281 . (w1 +wo B 281 . (w1 —wo
Wiy =Woy +—sm | ——— |, Wiy = —Woy +—sm | ——— |,
p 2 p 2
28, . (w12 + wy ) 26 (wu - wl)
W12y = Wiy + ——SIN | ——— |, Wiy = —Wiy + ——sin | ——— |,
p 2 p 2
_ 28s . <w2 + wo) _ 202 . (wz - wo)
W2y = Woy + ——sIn | ——(— |, Wy = —Woy + ——sin | —— |,
p 2 0 2
_ 281 . <w21 + w2> _ 201 . <UJ21 — Wz)
Woley =Wy +—sSIN | ——— | . Woly = —Woy + —SIM | ———— | .
p 2 p 2

Inserting the first and third equations in

the second and forth ones and setting then wis = wep = €2, one

obtains respectively from the u and v components, the following relations

B1 |sin Wit wo —sin 2+ ws = 2 [sin wa =+ W —sin 1w
! 2 2 - 2 2 ’

51 {sin (Q —20.)1) + sin (

22| = s (B2 ) s (252,

Now subtract the first equation from the second one, invoke
the addition and subtraction formulas for the sine function and @
7 ~ B
B

the identity tan(#) — sina—cosB 514 rearrange properly the

sin a+cos 3

terms of the equation; one finally arrives to the formula

4 C Be— P

— N
tan(Q_w0>—52+61tan<w2_w1), (4.4) @\Bﬁz /@

4

which is the main result of the Bianchi’s permutability theorem
[Bia923]. Therefore, if the condition (4.3) holds, a new SG’s
solution €2 can be constructed from equation (4.4), for a given

seed wy, and the Bianchi diagram becomes commutative, as indicated in the figure on the right.

REMARK 4.2 — Since the permutability theorem (4.4) allows to construct new solutions for the SG
equation from older ones, it’s usually referred in the literature as the SG—nonlinear superposition
principle, in the sense that if wy = wp(u,v) is a seed solution of the SG equation and 2 is obtained via
the BT with the relation Q = Bg, [Bg, [wo]], then Q = Q(u,v) is also a solution of the SG equation.

36



) The commutative property now allows to construct a

By, - ~ Bg, Bianchi lattice, obtained by iterated applications of the
- ~ permutability theorem (4.4) (see Figure 9). Therefore
(O] (O] . . .
~p NG B N—solitons solutions of the SG equation may be gener-
s ~ - By, s ~ ated by purely algebraic procedures, each corresponding
o% w3 to a nonlinear superposition of IV single soliton solu-
Bg, ol ~ Bg, Bg, -~ tions, with Backlund parameters 81, 82,...,8n. As an
~ ~ ~ example, let’s calculate the two—solitons solution for the
@ ~ P SG. The expression follows immediately from (4.4) with
By, - _ Bg, w1, ws given by formula (4.2): thus we have
w3
(sG) B2 + b1 Wy — w1
. . I Wy o) = 4arctan tan .
Figure 9: Three—folded Bianchi lattice [RoS002]. Ba — b1 4

Invoking therefore the trigonometric subtraction for-
mula tan(a — 3) = % and rearranging the exponential terms in the expression, one can finally
put the two—solitons solution in the following form:

(B — 61) sinh [ 2582 — B1) + (657 — BrY) + |
(B2 — 1) cosh [$p(8a + B1) + (85 + BT) + ¢

wééi)l(u, v) = 4arctan

: (4.5)

where ¢ = ¢ — ¢; and ¢/ = & + . Note that solutions (4.2) and (4.5) represent the angles between
two asymptotic lines of different pseudospherical surfaces, whose expressions may be obtained after
substituting the equations (4.2), (4.5) in the first fundamental quadratic form (now associated to a
surface of revolution) and integrating the expression obtained [RoS002]. Then one finds that the surface
corresponding to the one—soliton solution (4.2) is given by the Beltrami’s pseudosphere (see Figure 7)
and the one associated to the two-solitons solution (4.5) is the so—called two—soliton surface depicted
in the image on the left of Figure 8. It should be also emphasized that other interesting solutions may
be obtained by starting from different seed solutions wg and by searching for periodic solutions, known
as breathers. For example, the so—called two—soliton breathers may be obtained from solution (4.5)
using complex Biicklund parameters 31 9 = z & 1w and introducing a proper coordinate systems®S; the
surface associate to the two—solitons breather solution is depicted in Figure 8.

4.2 BT in other setting and the connection with IST. So far we’ve considered the BT for the SG
equation; we wish now to generalize the argument to other nonlinear systems. Before starting, however,
it should be stressed that since there is no unique definition of BT, there might be different approaches
to the general problem; in this section we’ll mainly follow the argumentations proposed by Ablowitz
and Segur in the third chapter of their monograph®” [AbS981]. Let’s start with the following

DEFINITION 4.1 - Let D[u] = 0 and E[v] = 0 be two PDEs. A (set of ) relation(s) of the form
]L(ua Uy Ug, Uy, Ut, Uty - - -5 T, t) =0
is said to map & into D if every (local) solution of E[u] = 0 uniquely defines a (local) solution of D[v] = 0.

Note that in this paragraph u and v are smooth functions of the independent variables (z,t) € R2.

We have already encounter such relations: indeed the Miura transform u = —v, — v? (see §2.1) is
a map of mKdV into KdV, i.e. K[u] = —(9, + 2v)M]v] and the same is true for the Hopf-Cole trans-
form u = —2v%= (see §1.2), which maps solutions of the heat equation into solutions of the Burgers’ one.

36See e.g. C. RocErs, W. K. ScHIEF — Bédcklund and Darboux transformations, §1.4, pgg. 31-41.

37 Another approach, based on a different BT definition, can be found in the work of R. L. ANDERsoON, N. J. IBRAGIMOV
(1979) for the Lie—Backlund transformations [AnI979] and in the successive papers of N. J. IBrRaGIMOV, A. B. SHABAT
[IbS979] and A. S. Fokas [Fok980]; another one, based on local jet-bundles, was given by F. A. E. Piran1 [Pir979|.
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Let’s therefore give the Ablowitz—Segur definition for the BT (AS-BT) [AbS981].

DEFINITION 4.2 - A set of relations involving {x,t;u(z,t)}, {x, t;v(x, t)} and the derivatives of u and
v is a Bdcklund transform between Dlu;x,t] = 0 and Ev; x, t] = 0 if:

o the BT is integrable®® for v (respectively for u) iff D[u] = 0 (E[v] = 0);

o given u (respectively v) s.t. D[u] = 0 (E[v] = 0), the BT defines v (u) to within a finite set of
constants and E[v] = 0 (D[v] = 0).

Besides the BT for the SG, that we’ve already discussed, there exist other well known transformations
in the literature that satisfy the AS-BT: e.g. in the theory of complex variables, the Cauchy—Riemann
conditions (giving a necessary and sufficient condition for a function to be complex differentiable)

Uy = Uy, Uy = —Ug,

identify an auto-BT for the Laplace equation, in fact one has respectively that u,, + u,, = 0 and
Vzz + vyy = 0. Then, given v satisfying the Laplace equation, one has that the CR—-conditions defines a
new solution u of the same equation, to within a constant ug = u(xg,yo). Another interesting example
is the scattering problem for the KdV, given by the set of equations (2.12) and (2.13), namely

Yoz + (CHu)p =0, Py = upth + 2(2¢% — u)p.
One immediately sees that these relations are also a BT between the KdV equation and

obtained by solving the Schrédinger equation for v and substituting into the associated time-evolution
equation; recall that the KdV follows from the compatibility condition t,.; = ©y,. Note that u is
uniquely determined from ¢ (for ¢ # 0), whereas v is only determined by w to within two arbitrary
constants corresponding to ¢ and v, at (xq,to) [AbSI81].

REMARK 4.3 — There is a distinction between a BT and a mapping. Once v is given, a mapping uniquely
defines u without specifying anything about either D[u] = 0 or £[v] = 0, whilst a BT need not define u
uniquely but does specify both D[u| = 0 and £[v] = 0. Also, a BT can be constructed from a mapping
by associating an appropriate evolution equation. For example, the Schréodinger equation is a mapping
from ¢ to u (in a domain where ¢ # 0), but alone does not identifies a BT; another example is the
Miura transform (2.2), which is a map of mKdV into KdV, but not a BT; however, the couple

Uy = 7(“’ - IU2)7 Uy = 67}2@1 — Ugzx, (47)

is indeed a BT between the KdV and the mKdV equations.

We come now to the main point of the section: what do the BT has to do with IST? We have already
seen that the KAV scattering problem is also a BT between KdV and equation (4.6). Now let’s consider
the following problem: once the BT for a certain NLEE is given, can we recover the associated scattering
problem? As a test case, consider the BT for the SG: following a procedure proposed originally by M.
WapaTi, H. SANUKI & K. Konno [WSK975] and later independently discovered by R. K. DopD &
R. K. BULLOUGH [DoB976], set (for notation convenience) w = wp and @ = wy and introduce the new
variable v := tan(2t%). Under this transformation, B becomes

1 9 8 W+ w

Va :5(1+7 )w$+%(1+’y2)sin <w al

> 1(1+’y )wx+—

Bg:

1 (0 —w ~ 1 o .
= 1+ s1n( )cosw 1-— sin w,
Ve 26,0( 7?) 5 5 25p( 7%)

38Here the sentence "v, = f(z,t) and v = g(x,t) are integrable" must be read as "they’re compatible".
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where we have used the identities (1 ++2)sin (25%) = 27, (14++?)sin (95%) = ycosw — (1 —7?) sinw,
which follows from the duplication formulas of the sine and cosine functions. The system (4.8) is a set
of Riccati-type equations which can be linearized by applying the transformation v = po/¢1, defined in
a domain of R? where ¢; # 0 and @3 # 0 (the last condition holds since v = 0 isn’t a solution of system

(4.8)). With this change of variable, the system (4.8) gets the form
P1 (wzm — 3Wap1 — 2%@2) =2 (solz + 3watp2 + %w) ;
01 (<P2t — 3552 COSW + 551 sinw) = @9 (golt + 35,$1 COSW + 55-¢0 sinw) .

Invoking now the conditions ¢1, @2 # 0 and setting to zero each coefficient in the above system, gives

((plz> 1 —% —wy (gpl> <<p1t> _ 1 (— cosw —sinw) (gpl> (4.9)
P20) 2\ we % 2]’ wo,)]  2Bp \—sinw cosw w2 )’ ’
which correspond exactly to the ZS spectral problem for the SG equation (see relations (3.18), §3.2)
with p = 1 and 8 = 2i(. Therefore we can conclude that the linearized aBT for the SG equation
(with curvature X = —1) is equivalent to the ZS spectral problem for the SG; note that the Backlund
parameter of the BT is related to the spectral parameter of the IST via the relation g = 2:i(.

Recalling now the role that the ZS spectral problem had in the contest of the IST method, the results
of the following theorem should not came as a great surprise [AbS981].

THEOREM 4.1 - Consider the ZS spectral problem given by the set of equations (3.6), (3.7) and let
u = (u,v) satisfy the evolution equations Dlu] = 0, each one compatible with (3.6), (3.7). Then for
every ¢ € R* the ZS spectral problem is a BT between D[u] = 0 and some E[p; (] = 0, where E[p; (] =0
is a pair of PDEs for ¢ = (1, ¢2) involving the spectral parameter ¢, but not u.

Proof. See M. J. ABLOWITZ, H. SEGUR — Solitons and the Inverse ..., Ch. 3, pgg. 156—157. O

We won’t prove the theorem above, since we wish to discuss a general procedure to derive BTs for
IST—solvable NLEESs starting from the associated inverse scattering problems. The approach we’ll follow
was originally proposed by H.—H. CHEN in 1974 [Che974]. Consider the ZS spectral problem

P1, = —10p1 + u(z, t)pa, 1 = Ap1+ By,
02, = v(z,t)p1 + 102, P2 = Cp1 — Aps;

recall that the system is integrable (in the sense of AKNS) iff 4,8 and ¢ satisfy the equations (3.10),
obtained by forcing the compatibility condition ¢,, = ¢,,. We have seen that finite expansions of
4,8, C in terms of ¢ and appropriate choices of the potentials u, v reduce the ZS spectral problem to
NLEEs of interest like the KdV, mKdV, SG, ShG or NLS (see §3.2). Now manipulate the ZS systems
in the following way: multiply both members of the first equations for both systems by s /¢3 and both
member of the second equations by 1 /¢3, to get the systems of Riccati equations

Plaf2 _ 0Pl u(a,t), L _ 2%l g
©3 ®2 Y3 (2]
2 2
L%fl :v(x,t)%—i—zgﬂ, Lgtfl ZC%—QE,
$2 ¥32 P2 ¥2 ¥z P2

respectively. Subtracting now the second equations from the first ones, we get the Chen system

{% = —2¢y +u— vy’

4.10
T =247+ B~ Y, (4.10)

having defined the linearizing variable v := ¢ /@2 in a proper domain of R? where ¢y, ps # 0.
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Therefore we have to specify the class to which the NLEE of interest belongs. Let’s start with the one
related to the KdV, for which v = —1 (see §3.2). Setting 5 = 1(, the Chen system becomes

[ Je = 2B,
=227+ 8-

where the expressions for 4, 8 and ¢ follow from equations (3.16):
Agay = 40° 4+ 20u — Uy, Brav = —4B%u+ 2Buy — 2u% — Uz,  Ckav = 45° + 2u.

Now, solving the first equation of the Chen system for v gives u = 7, + 23y — +?; inserting this into the
previous expressions for Axqv, Bkqav and Ckqy yields

Akav = 48° + 487y — 287 — Yuz + 2772,

Biav = —8B%7 — 48%7 — 8877x + 477 e + 887° — 29* — Yauw + 277w
Crav = 4682 + 2, + 48y — 272

Finally, substituting these expressions into the second equation of the Chen system (4.10) we get

Yt = 6790 + 12877 + Yoze = 0, (4.11)

which represents a mixed KdV-mKdV equation and is indeed equivalent (up to a change of variables)
to equation (4.6). In particular, if 5 = 0 then equation (4.11) reduces to the pure mKdV and the Chen
system (4.10) reproduces the BT between KdV and mKdV given in (4.7).

Now it comes the main aspect of the Chen’s approach. Note that equation (4.11) is invariant under
the parity—transformations (v, 8) — (—v,—3), which means that if u is a solution of the KdV, then
another KdV-solution # exists, s.t. —v, = —28v+u+72, —y = —24v+B— 72, where 4 = A, —B),
B8 = 8(u,—B) and C = C(u', —fB) [Che974]. Therefore, one is leaved with the two solutions (u, ) of the
KdV equation belonging to the two Chen systems

L e =2 = [ =2y a2 (112)
N w =24y + 8- | w =22y -3+ '

Adding and subtracting the equations belonging to the same derivatives, yields finally

w41 =228 —9), Y(C+0) -2y(a—2)— (8- B) =0,
U—u = 2, 2%—5—72(6'—2')—2’}’(/‘21‘*‘;1)_(fB_%):O'

To complete the task, let’s make the substitution u = w,: therefore one has v = (w — @) + 8 (having

fixed the constant of integration with 8 for historical reasons, clarified below) and then

~ ~ ~\ 2
u+u y=L(w-)+8 w4+ w w—w
o =287 : ( 5 > =5~ ( 5 ) , (4.13)

which is the z—component of the aBT of the KdV, originally found by H. D. WAHLQUIST & F. B.
ESTABROOK in 1973 [WaE973]. For the t—component one can insert v in (4.11) to get [WSK975]

(43%) = trmy 2(*39)(43%) . (10

or equivalently into the second equation for the Chen system?? [Che974, AbS981]. The set of equations
(4.13), (4.14) is an aBT for the KdV equation with Bécklund parameter g = i(.

39Note that other forms for the KdV-aBT might be obtained by following different ways during the calculations [Che974].
We want to stress here that this is not wrong, in fact the BT for a given NLEE is not necessary unique.
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Consider now a different class, namely the one associated to the SG and the mKdV equations; in
§3.2 we’ve seen that these NLEEs are recovered from the ZS spectral problem by choosing v = —u,
having supposed u real. Setting § = 21, the Chen system (4.10) becomes

. e = By,
| w =2ay+ 8-

In order to work with the system above, introduce the convenient re-parametrization v = tan ¢, being
w = w(z,t) an S(R?) function. The following relations follow immediately:

ol 1 1 72

— : _ 2 (1
1+72—§smw, 1+72—COS (gw), 1—|—72

’Vm,t
1+ ~2

= sin? (1w).

= Oy arctan(y) = —wy 4, 5

2

Therefore, dividing both equations of the Chen system IT by 1 + 2, one finds

1 .
u = §(wm +ﬂsmw),
Im {1 1 1 (4.15)

swy = Asinw + B cos? (iw) — Csin® (iw).
Let’s specialize to particular cases. We start from the mKdV: recalling formulas (3.17), (3.18), one has

Ankav = 38° + 1% sin® w + 3 5%w, sinw + L fw?,

BnKdv = — %53 sinw(l + %sin2 ) — %ﬁme(% sin® w — cosw + 1)+
— %&uﬁ sinw + %me(l — cosw) — iwg — %wmx,

CnKdv = %ﬁ3 sinw(l + %Sin2 w) + %5211)1(% sin® w + cosw + 1)—|—

+ 1w sinw + 1w, (14 cosw) + WS + FWaaa;
substitution of the previous expressions in the second equation for the Chen system I (4.15) gives
wy + %wg + Wege + %BQwI sin® w = 0. (4.16)

Equation (4.16) is invariant under the transform (v, 8) — (£, £8). Thus considering, e.g. the invari-
ance (v, 8) — (—v,—p), one has two mKdV-solutions u, %, belonging to two Chen systems of the form
(4.15): adding and subtracting relative expressions yields v + @ = 8sinw and u — & = w,, respectively.

Setting u = %= we obtain w = %(w — @), having fixed (for simplicity) to zero che integration constant.
Substituting the previous relations in u+u = §sinw gives immediately the z—component of the MkDv—
aBT, that is §(w — @), = Bsin [§(w — @)]. The t—component is obtained by inserting w = (w — @) in
equation (4.16). Ultimately, one finds the following expressions for the mKdV—-aBT [Che974]

wtw C(wFw
(57) =2 (*57),

_ _ _ N (4.17)
+ - +
YECY — 98w?sin (YY) F28wppcos [ L) F #sin [ LY + 282,
2 ), ' 2 2 2
Consider now the SG equation: in this case we have Agg = —QL cosw, Bsg = Csg = B tue. It turns
to be convenient to set u = —%= at this stage s.t. Asq = —%(1 —4u?)'/? being cosw = (1 —sin? w)!/?

= (1 —w?,)"?, where we have assumed that w satisfies the SG equation); note that the expression for u
is given by the first equation in (4.15), i.e. uy = %(wmt + fwy cosw). Now express functions 4sc and Bsg
in terms of w = 2arctan(y) and insert the results in the second equation of the Chen’s system (4.15):

using well-known trigonometric identities, we finally obtain

Wy = sinwy/1 — f2w?. (4.18)
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4.2.1

Equation (4.18) is (v, 8) — (&7, 8)-invariant; thus, as for mKdV, there exist two SG-solutions (u, @),
with @ associated (say) to the (v,5) — (—~v,—f) invariance, s.t. u+ @ = Ssinw and u — ¥ = w,.
Having chosen u = —%¢, one has w = (& — w) and then }(w + @), = Bsin [4(w — @)]. Insert now

2
w = (@ — w) in the second equation of (4.15): since Bsg = Csg one has

2

—~ =

%wt = Agq sinw + Bsg cos w,

where we have used the identity cos?(w/2) — sin?(w/2) = cosw. Invoking now the original expressions

Asg = f% cosw and Bsg = f% sinw, one finds 1 (w—), = %SiH(U/‘F(U) = %sin [3(@+w)]. We have

therefore recovered the original expressions for the SG-aBT, namely

(w:;w>z:ﬁsin<w§w>, (“g“’)t:;sin(“tw), (4.19)

where the equations with different signs follow from the (v, 8) — (£, F8) invariances [Che974].
Proceeding in the same fashion as before, one can treats other classes of NLEEs and deduce the
associated aBTs: e.g. the ShG—aBT might be obtained by studying the class v = u and the NLS-aBT

*

(or, more generally, aBTs associated to NLS—type equations) from the class v = —u*.

The connection with multi—solitons solutions. The auto-Bécklund transforms for the KdV,
mKdV and SG equations can be deduced by following a different approach, suggested by K. KONNO &
M. WaDATI [KoW975]. The main idea is to construct a transform (v, u) — (7,%) that leaves invariant
the system (4.10). For the class I (i.e. v = —1) the couple (¥, u) can be chosen s.t.

v = —v+ 283, u=u+29,, (4.20)
where § = —i(. It is easy to verify that (7,u) satisfy the Chen system I. If we chose u = w,, © = @, in
the second transformation 5, = (4 — u), we get the relation ¥ = (@ — w) — B, where the integration
constant has been chosen s.t. v = %(Ua — w) + B. Inserting this relation into I, one finds

Yo = =28y +ut?,  amp@-wss [ (ww), =267 - I(w-w),
vi =247+ B — Cy?, (w—u'), =2a[(w-uw)+28] +28 - C[(w-w')+ 26]2,

which are to the KdV-aBT. For the class IT (i.e. v = —u), one has the transforms [KoW975]

~ 1 ~
5= e u = u — 29, arctan(7y). (4.21)
Now distinguish between the mKdV and the SG equations: choose (@, u) = (%, ¢) for the former and

(w,u) = (=%, —%) for the latter. From the second transformation in (4.21), one therefore obtains
mKdV:vztan(w;w>, SG:yztan<w;w),

respectively. Inserting these expressions in I, yields ultimately the aBTs for the mKdV and the SG.
Indeed it might be thought that the transformations (4.20), (4.21) have been chosen on purpose,
just to recover the correct expressions for the aBTs. Actually, those transforms emerge from a deep
argumentation, developed independently by three groups, namely M. WaADATI, H. SANUKI & K KonNO
[WSK975], P. DEIFT & E. TRUBOWITZ [DeT979] and F. CALOGERO [Cal978], which is at the heart
of the connection between the aBTs of NLEEs and multi—solitons solutions. The common aspect here
is that the main effect of a BT on a given solution of a NLEE is to add or (regarding the inverse BT)
subtract one soliton. We have already encountered a similar property in the beginning of §4.1, when
we have derived, starting with the seed solution wy = 0, the one—soliton (4.2) and two—solitons (4.5)
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solutions of the SG equation from the associated aBT. However, a general theorem can be proved stating
that if the original solution ug = ug(z,t) of a given NLEE satisfies the condition

/R luo (2, 1) (1 + |z|) d& < oo, (4.22)

then the new solution u; = Bglug] satisfies condition (4.22) and its spectrum (thinking of u; as a
potential in the associated spectral problem) differs from that of uy by exactly one discrete eigenvalue
[ADS981]. We’re not going to prove this result in general; however, following the work of M. Wadati et
al. [WSK975], we are going to show how this happens for the KAV equation. We will be then in the
position to justify the relations chosen at the beginning for the transforms (4.20), (4.21).

Let’s therefore start from the KdV scattering problem, that is the Schrédinger equation®® v, +
(€% + u(x)]y = 0; let ¥y = 1)o(x) an eigenfunction with eigenvalue (y and 9 (x, () an arbitrary solution.
Consider now the so—called Crum Transform (CT) here defined:

Ce¢y i m{¢(£a§),¢o(x)}
Y(z, () — Y(z,() = , 4.23
(@¢) (@8) (€ = ¢§)tho(=) (429)
where 20{1, ¥o} := Y0 — ¥ibg,, is the Wronskian between functions 1), 1. A transformation similar
to the one in (4.23) was introduced in 1955 by M. M. CRUM to change a Sturm-Liouville operator
defined over a finite interval into an operator having one less eigenvalue than the original one [Cru955].
Recall now two useful properties of the Schrédinger equation, summarized in the following

THEOREM 4.2 - The function (4.23) is a solution of the Schrodinger equation with potential
u(z) = u(x) + Flu(z)], Flu(x)] = 2[In (¢o(2))] (4.24)
V(¢ # (. Also the transformation inverse to (4.23) is given by
_ W{(, ) V()
Yo1(z)
Proof. See M. WADATI et al., Inverse Method, Bdacklund Transform and ..., pg. 426 [WSK975]. O

¥(,¢) , You(z) =Yg (@) (4.25)

It turns out that the CT is closely related to the KdV-aBT. To show this, let uy) and w41y be
the N and (N + 1)-solitons solution, respectively. We know from §2.2 that KdV-soliton solutions are
associated to bound states of the Schrodinger equation. Consider therefore the system

|z|—+o00

{i € La(R) : 934bi + [CF + ww)vi = 0, ¥i() 0} 1o (4.26)
{¢1‘ € Ly(R) : &3@% + [@'2 +“(N+1)]¢i =0, ¢i(z) e O}i:172,..4,N,N+1'
Without loss of generality, reorder the eigenvalues {(o, (1, ...,¢n,C{N+1} S-t. 412\/+1 > > > (G >
(2 > 0. Now add to the system (4.26) a new eigenfunction 11 satisfying the equation
Ouxdn 11 + [(Regr + uv) YN 41 = 0; (4.27)

note that this is not a bounded solution. As shown in Th. 4.2, the CT exists between two Schrédinger
equations with same eigenvalues and potentials given by relation (4.24). Thus, identifying (¢ = (% i1
U= uNy, v =unt1) and Po(z) = dn41(2) = enia(x), we find from the relations (4.24), (4.25)

uvin(2) = uvy(z) +2[In wNH(x)}m. (4.28)

Equations (4.27) and (4.28) are the same that Wahlquist and Estabrook had derived from the KdV-BT
[WaE973| and gives exactly the transforms (4.20) and (4.21) for the classes I and IT [WSK975].

40Note that the time dependence is irrelevant in this argument and therefore it is suppressed.
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5.1

5 THE GAUGE-BACKLUND TRANSFORM (GBT)

In this section we are going to discuss an alternative procedure to obtain BTs for NLEESs, starting
from the associate spectral problem, by means of the so—called gauge transforms. We will also show
that within this approach, once the BTs for the given NLEEs are have been found, it’s possible to
straightforwardly prove the corresponding permutability theorem, just as the Bianchi’s one for the SG
equation. The presentation given here is based on the works of M. BorTi & G. Z. Tu [BoT982] and of
M. Borri, F. PEMPINELLI & G. Z. Tu [BPT983]; see also the other references given therein.

To introduce the argument, consider the following generalization for the ZS—spectral problem

P = X, . ] o .
{ w, = T, XZX[Q(QC,t),C], T:T[Q(Qj,t),q, (5.1)

where ¢, X and T are complex—valued N x N matrix functions of z,¢,( and X, 7 are rational in the
spectral parameter (; assume also that the components of the matrix Q = Q(x,t) are S(R) functions.
Note that if X = Q — (o3 (see equation (3.9)) then the ZS—spectral problem is recovered. Also recall
that the compatibility condition ¢,, = ¢,, furnishes the so—called Lax representation in the AKNS
formalism for the NLEE on is looking for (as shown in §3.2 for the ZS-system).

Let’s now follow a different approach. Let G = G[Q(x,t); (] be the matrix representation (over the
space where the components of ¢ are defined, usually La(R)) of an infinitesimal gauge transformation g
of ¢ such that ¢ — ¢’ := Gp. This formulation must be consistent with the AKNS’ one, thus ¢ must
be a complex—valued N x N matrix function of x, ¢, ( rational in ¢, defined as

Glz,1);¢] = 1y + T[Q(z,1);¢] dt. (5.2)

Note that equation (5.2) and the time-evolution equation in (5.1) are equivalent, since ¢ + ¢, dt =
@ = []l N+ T dt]go which implies ¢, = T¢. Under the action of the gauge transform, the principal
spectral problem in (5.1) transforms simultaneously as ¢!, = X’¢’, where X’ satisfies the equation

G. = X'G — GX, (5.3)

which follows by noting that the identity (G, + GX)¢ = (Gp). = ¢, = X'’ = (X' G)p holds V¢ # 0.
Now assume that X’ is the infinitesimal time translation of X under the action of the gauge, i.e.

xX'=x[Q/(z,t),¢] = x +xdt, Q(z,t) = Q(z,t +dt). (5.4)

Inserting the relation (5.4) in equation (5.3), by means of (5.2) one has T, dt = (X+X, dt) (Iy+T dt)—
(Iy + 7dt)x = (X + [x, 7]) dt + O(d t?); neglecting higher order infinitesimals, we find

Thus we have recovered equation (3.10) by means of an infinitesimal gauge—transform of ¢. Note that,
since the Lax equation (3.2) involves isospectral flows (see §3.1), the equations in the system (3.8) are
often called in the literature as isospectral deformation equations*! for the matrix potential Q.

Gauge—Bicklund transforms and the permutability theorem.  Having in mind the foregoing
arguments, consider another infinitesimal gauge b of ¢ s.t. ¢ — @ := By, being B the N x N matrix
representative of b over the space where ¢ is defined. Assume then b to be a more general transform
than g, in the sense that 8 = 8[Q(z, 1), Q(x,1); ¢], where the matrix potentials Q and Q are solutions
of (possibly different) isospectral deformation equations. Under the action of b the principal spectral
problem transforms as @, = X@, where X = X(Q(m, t); C) satisfies the equation

B, = XB — BX, (5.5)

41 Therefore, we’ll say that in the AKNS representation for the Lax formalism, the NLEEs can be obtain as isospectral
deformation equations of the linear spectral problem ¢, = X¢ [BoT982].
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formally equivalent to equation (5.3). Since we wish to deduce the BTs from the infinitesimal gauge
transforms, let’s consider the double transform @’ = G, obtained by applying first b and then g on ¢
(note that the index in G reminds the order of the transforms). The global effect of g is an infinitesimal
time-translation of Q = Q(, t); therefore, in accordance with the condition (5.2), we must have

Gs = Iy + Tydt, (5.6)

where 73 is a complex—valued N x N matrix representative, related to the b—transformed auxiliary
spectral problem, that is @, = T3p. Therefore @' = @ + @, dt and so (B + TzBdt)p = GsBp = @ =
[B + (B + BT) d ], which holds V¢ # 0; then, we find the equation

By = TuB — BT. (5.7)
REMARK 5.1 — The infinitesimal gauges transforms b and g commutes, in the sense that
(GsB-BG)p=0, Ve#0. (5.8)
In fact, having in mind that 8 = 8 + 8, d¢ and recalling equations (5.2), (5.6), one finds
GsB—BG=(Iy+Tzdt)B— (B+ B dt)(Iy +Tdt) = (7B — BT — B) dt + O(dt?);

invoking equation (5.7) and neglecting higher order infinitesimals, we get the desired result.
We are therefore in the position to introduce the following

DEFINITION 5.1 - If the matriz B = B[Q, Q; (] satisfies the system of equations (5.6), (5.7), i.e.

B, = XB — BX,
By = T;B — BT,

then the transform ¢ — @' = GgBp is called a gauge—Bdcklund transform (gBT).

Now we desire to determine the equation satisfied by the matrix potential Q = Q(z,t). In light
of the b-transformed principal spectral problem, differentiate with respect to = the gBT to get @), =
(%;ﬁ—gfg;( ). Then, note that g and b are both gauge transforms, thus gob is also a gauge transform and
under its action the principal spectral problem stays formally unchanged, i.e. @), = X'@’. Substituting
this in the previous expression for @', we find that X’ satisfies the relation

Gy = X'Gs — GaX, (5.10)

which is formally equivalent to equation (5.3). Therefore, in analogy with our previous argumentations,
we can assume X’ = X[Q’(z,t); (] to be the infinitesimal time-translation of X under the action of g,
s.t. X' = X 4 X; dt. Inserting this relation and the consistency condition (5.6) in equation (5.10), one
finds Ty, dt = (X + X dt)(Iy + Tpdt) — (I + Tadt)X = (X + [X, T3]) dt + O(d t?), which ultimately
tells us that the matrix potential Q= a(:m t) satisfies the Lax equation

.}t - Tgx + [%, TQ} = ®

As a particular case, assume 73 = 7 = T[Q; (]: then equation (5.7) is replaced with B, = T8— 8T and
the matrix potential Q satisfies the same Lax equation having Q as a solution, i.e. Xz — T, + [X,T] = O.
Since this will be the working case in what follows, let’s remark it with the definition below.

DEFINITION 5.2 - A gBT ¢ — @' 1= GzBp is called an auto—gauge—Bécklund Transform (hereafter
abbreviated as agBT) if the matrix B = B[Q, Q; (] satisfies the system

B, = XB — BX,
{ (5.11)

B, = TB— BT.
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REMARK 5.2 — Forcing the compatibility condition B,; = By, in the system (5.11) yields
By = (X + XT)B— XBT — TBX 4+ B(IX — X;),  w,—m,. [~ ~ o~ ~
1t (~t ~~) x 7 ( t) Bot=Bta, (Xt_r[ﬁ_[x’TDQZg;(xt_rjm+[x7rf]),
By = (T, — TX)B— TBX — XBT + B(XT — T),

Therefore, if B =B [QL Q; (] satisfies the system (5.11) and if the compatibility condition holds, then the
matrix potentials Q, Q satisfy the same Lax equation.

The system (5.11) gives us an expression for the BT of the NLEE under scrutiny. Actually, it should
be noted that the z—component in (5.11) depends just on X and therefore it holds for all the NLEEs
belonging the same hierarchy associated to the spectral problem (5.1), whilst the expression for the
t—component varies case by case. We had already encountered this property in §4.2, where we saw that
the z—component of the aBT was the same for each NLEE belonging to the same class*?. However,
comparing with the Chen’s approach or the Wadati-Sanuki-Konno’s one, a substantial simplification
occurs within this framework: the expression for the ¢—component in system (5.11) is fixed by its
asymptotics, e.g. as x — —oo. To show this property, consider the spectral problem

¢, = X'o. (5.12)
Recalling relations (5.3), (5.10) it is easy to verify that ¢ = (GB — B'G) is a solution of (5.12):
b, = [GoB+ GB — B,G — B'Go + (GB—B'G)X] o =X(G8~ B G)p =X'¢.

Then it follows that the gauges g and b commute iff their asymptotics commute (in fact, if ¢ is zero at
(say) * — —oo, then it is identically zero), which means that

[5(_)$(_) B as’(_)g<‘)]90 =0, Ve #0. (5.13)
Recalling that the equations (5.7) and (5.8) are equivalent, we can replace the (5.13) with
57 = T g-) _ g ) (5.14)

and we can infer that the behavior of the t—component in the system (5.11) is determined by the asymp-
totics (5.14). Therefore, in order to obtain the expression for the BT related to the desired NLEE, one
need to solve for B the first equation in the system (5.11) and then to fix the time-depending integration
constants by requiring that the asymptotics (5.14) is satisfied.

Lastly we have to highlight a remarkable advantage of the
agBT method, related to the permutability theorem. Since
the composition of two gauge transforms is also a gauge trans-

751%)/ \gg? form, the permutability theorem holds trivially within this
/ N framework and can be summarized with the identity
g " BBl = B850, (5.15)

where ﬂi(jk) = B[Q;, Q;; (; {Br}], being {Sr} the set of gauge-

Béacklund parameters characterizing the transform. The situa-

tion is schematically represented with the commutative gauge—
Bianchi diagram above. Therefore, if the potential matrices Q; with i = 0,1,2,3 go to zero as |z| — 400
(which is the case of work, having assumed Q,,, € S(R) Vn,m =1,2,..., N where Q,, is the (nm)-th
component of Q) it is easy to verify equation (5.15) as x — —oo and this proves the theorem, recalling
that the behavior of each B is univocally determined by its asymptotics. At last, note that equation
(5.15) yields the non-linear superposition formula, once the NLEE of interest has been chosen.

42E.g. the z—components of the mKdV and SG-aBTs given in equations (4.17) and (4.19), respectively.
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5.2 Applications to the ZS spectral problem.  We desire now to apply the scheme discussed so far to
the 2 x 2 ZS spectral problem (3.9). Let the 2 x 2 matrix 7 = 7[Q; (] in the auxiliary spectral problem
to have the form of a polynomial of degree n in the spectral parameter (, that is

T[Q(x,1):¢] =) _ "Il 1)], (5.16)

=0

where the 7;’s are 2 x 2 complex—valued matrices to be determined. Inserting the relation (5.16) in the
AKNS representatlon for the Lax equation gives ultimately the following equation

n—1

go(Qt - ‘Tnac + [Qa Tn]) - Z Cnij ((131 - [Qa ‘]3] + Z[J3a ‘Tj+1]) - Cn+1[0—37 Tn] = (Da

=0

begin X = Q — (o3 and (; = 0. Setting to zero the coefficients of the powers of (, yields the system

[03, 7] = O, (5.17a)
ZS - [Q T + s, m} 0, j=01,...,n—1, (5.17b)
— Ty +[Q ] = (5.17¢)

where the last equation gives the desired NLEE; note that the second equation in the system (5.17) is
a recursion relation for the set {7;},;=0.1,.. n—1. Now recall that Q is a 2 x 2 off-diagonal matric, whilst
o3 is a diagonal one; thus, if we separate T = 47 + 7, being 7 = diag(7) and ;7 = T — 47, it’s
possible to rewrite more conveniently the system (5.17) in the form?*?

77 =0, (5.18a)
drrj =[Q, 7, j=0,1,...,n, (5.18b)
1T, =[Q,dT) — 2103741, j=0,1,...,n—1, (5.18¢)
Q — anz +[Q, 47, = O. (5.18d)

Integrating equation (5.18b) with respect to = gives
G =ZI[Q Tl +n;, i=0,1,...,n, (5.19)

where Z[-] := f |da’ is the xz-integral operator over [—oo,z| and {v;}j—01,.. n is a set of 2 x 2
arbltrary dlagonal matrlceb independent on the variable z. Inserting equation (5.19) in (5.18¢) yields

fq_;m = [QﬁI[[Qafqg]jl} =+ [Q’ 77]] - 220’3(1%4—1-

Taking into account that o3 = 15, let’s multiply both members of the previous equation by —503:
isolating then ;7;,1 we obtain the following recursive relation for the ZS spectral problem

1T =L+ Q, =0, (5.20)

where Q;(x,t) = $o3[n;(t), Q(x,t)] with j = 0,1,2...,n — 1 and L is an integro-differential operator
acting on the space of (at least) C! 2 x 2 off~ dlagonal complex —valued matrices, defined as

(3
L-]: A€F(2,0) m L[A) = oy (ﬂw - [@,Z[[Q 4] ) e F(2,0).

43Let D(N,C) and F(N,C) be the sets of N x N diagonal and off-diagonal matrices, respectively; if N = 2 then
an off-diagonal matrix is also anti-diagonal. This property leads trivially to the following algebra: d o d' € D(2,C),
fod,do f € F(2,C) and fo f' € D(2,C), being d,d’ € D(2,C), f, f' € F(2,C). Moreover, one finds that [d,d'] = O,
[d, f1,[f,d] € F(2,C) and [f, f'] = ao3 where a € C is a constant. Also, note that [o3, f] = 203 f which is true V f € F(2,C).
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We'll call £ the ZS—spectral recursion operator (not to be confused with the recursion operator R
defined in §2.4.1). Proceeding in the same fashion for the NLEE (5.18d), we obtain

%agqt = L[;T] + Q. (5.21)

Equations (5.19), (5.20) and (5.21) can be rewritten in a more elegant form, with observing that

1T = LTl + Q=L To] + L]+ =
= LB+ L7l + L7 Q]+ -+ L] + Q-

Recalling that ;7) = O (see equation (5.18a)), we finally find

-1
=) LR,
! ,;) i=0,1,....n. (5.22)

We have thus univocally determined, up to the set of matrix integration constants {77j }j=01,...,n, the
operator 7 of the ZS—auxiliary spectral problem and deduced simultaneously an expression for the
associated NLEESs, collected in different hierarchies according to the value of n, that is

%Uth(x,t):ZE”_k[Qk(m,t)], Qu(,) = ~o3[ne(t), Qx, 1). (5.23)
k=0

?
2
REMARK 5.3 — Although the presence of the integro—differential operator £, the NLEEs in (5.23) are
pure PDEs. In fact, it can be proved that the ZS—system is an infinite-dimensional integrable Hamil-
tonian system [Kar998, AbS981]|, which means that all the NLEEs derivable from equation (5.23) can
be casted in symplectic-like form (see equation (2.37)), namely @ = Joo%,[Q] where 0o,[Q] :=
diag (6, H[u, v], 6, H[u,v]), for some (possibly singular) skew—adjoint linear operator J.

To give some concrete examples of the above considerations, let’s consider the first three equations
of the ZS-hierarchy. It is convenient to deduce first the NLEE from (5.23) and then the associated
auxiliary spectral operator 7 from (5.22). If n = 0, one finds immediately that

5000 = Q=g = Qet) =) 1),

which is a LEE, then uninteresting. Consider therefore the n = 1 case: equation (5.23) becomes
503Q = L[Q] + Qi, which can be rewritten explicitly by invoking the definitions of £, @ and Q as

Q@ = [m, Q] + 503[m, @] - 5[Q Z[[Q o3, Q1] |,

having noted that 79, = 0 by definition. Observe now that the matrices Q and o3 satisfy the the
following identities: Qo3Q = —wvos, Q%2 = uvly and Qo3 = —o3Q; thus the commutator involved in
the z—integral operator on the r.h.s. of the above NLEE is zero, that is

[Q, o3[m0, Q)] = Qo3 + 03QQ — Qo3I — 031 Q° = O.

Therefore, we find the (still uninteresting) LEE @ = [11, Q] + §03[n0, Q. Let’s try with n = 2: in this
case we have £03Q = L3*[Q] + L[Q] + @ and it can immediately be verified that

1

21l = - jor (I @l - [@ @ Im @] ). £lad = jlmal
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where we have used again the fact that [Q, o3[n1, Q]] = O. The NLEE becomes

Q= - [7707 Q| + 203[771, Q] + %[QJ[[Q, M0, QrH” + [12, QJ.

This equation can be further simplified by noting that each n; = n;(t) is by definition a 2 x 2 diagonal
matrix, thus we may set 7; = diag(n;"),7;(®) with i = 1,2,...,n. This yields immediately the identity
(i, f] = (1) = 1) os f, which is true V f € F(2,C); therefore one finds

@zl ]| = (") [@Z[lQ esal]| =2 ("~ n”) wose,

having noted that [Q,03Q,] = —(uv),03 so that T[[Q, 03Q:]] = —I[(uv),|os = —uvos and used then
the property [o3, f] = 205f with f € F(2,C). In the light of the previous observations, we find

Q=- i(né” &) os s + 5 (- (2))%+ (n" = Yuvos + (0" =0 )osq, (5.24)

which can be equivalently rewritten in terms of its components as

wp = i(nu)_ 77(()2)) (2020 — up) + 2( (1) 77%2))% N (nél)_ néQ))u, (5.253)
vy = 4( 1 _ n(()z)) (Vg — 2uv?) + %(nﬁl) n§2))vm _ (n(” néz)) . (5.25D)

As a particular case, let n3(t) = ao(t)os, m1(t) = a1(t)os and no(t) = ax(t)os, where ag, @ and ap are
arbitrary complex—valued functions independent on z; then the system of NLEEs (5.25) reduces to
the system (3.12), obtained by following the AKNS method (see §3.2). Recall that the system (3.12)
contains classes of NLEEs, corresponding to appropriate choices of ay, a1, a2, u and v; in particular,
setting a9 = 0, a1 = 0, ay = 1 and v = eu*, where € R and € = £1, one recovers respectively the
attractive and repulsive NLS equations (see relations (3.14), (3.15)).

Lastly we have to determine the expression for the auxiliary spectral operator 7 associated to the
family of NLEEs given in (5.24). Setting n = 2 in (5.16) leads to 7 = (?>75+(7; +%. Invoking therefore
the equations (5.22) and repeating the same arguments considered above, we find

1 )
-7 7707Q'£] + *03[7717Q] + n2.

1
% =To, ‘Tl - 10’3 [7707 Q] + m, ‘TQ = _ZI[[Q’ [an Q’ﬂ”] 4[ 9

2

Recalling the notation introduced before for the diagonal matrices 7;, one finally obtains
T = o+ Gt 3 (1) - 1) (216 + wvos — 03) + 5 (0 - D) Qb me (5.26)

5.2.1 Gauge—Béacklund Transforms for the ZS spectral problem. Let’s now determine the aBTs for
the ZS system by means of the associated agBTs. Recall that the matrix 8 = B[Q, Q; ¢] must satisfy the
system (5.11), where now X = Q — (03 and~)~C = Q— 103, being Q(z,t) := Ql(u,v)=(@,5) (z, t); note also
that 7 is obtained from 7 via the relation 7 = 7[Q; (] q—g- By analogy with the procedure followed in
§5.2, assume B to be a matrix polynomial of degree m in the spectral parameter , namely

m

BlQ, Q¢ =Y (" 8(Q, (5.27)

j=0
where the B;’s are 2 X 2 complex valued matrices to be determined. Inserting the expression (5.27) into

the first equation of the system (5.11), that is B, = QB — BQ + 1([B, 03], we obtain

m

> (- @y 5,Q) =1 )¢ )

Jj=0 Jj=0

49



Setting to zero the coefficients belonging to the same powers of (, yields finally

[0-37 %] = ®7 (528&)
ZS N @jx = Q@j —ng—Z[03,$j+1], j:O,l,...,m—l, (528b)
Brne — QB + B Q = O. 5.28¢)

(
Note the strong analogy with the system (5.17); in particular, observe that the equation (5.28¢c) gives
the expression for the x—component of the ZS—-aBT between the matrix potentials Q and Q.
The system (5.28) can be further simplified with separating 8 into a sum of diagonal and off-diagonal
matrices, namely B = 48+ ;8. Inserting this into the system (5.28) and recalling the identities [d, d'] = O

Vd € D(2,C) and [o3, f] = 203f V f € F(2,C), we ultimately obtain

B =0, (5.29a)
4B, = QB — £B;Q, j=0,1,...,m, (5.29b)
1B, = QuB; — 4B;Q— 2w035B;11, j=0,1,...,m—1, (5.29¢)
1B, = QiBm — aBnQ. (5.29d)
Integration with respect to x of equation (5.29b) leads to
dBj ZI[éf@j—fﬂjQ] + Vi, 7=0,1,...,m, (530)

where the ~;’s are 2 x 2 matrix integration constants independent of z. By analogy with §5.2 we can
rewrite the recursive relations (5.29¢), (5.29a) in a more elegant form as

1 ~ .

having introduced the integro—differential operator A, which acts over the space of (at least) C' off-
diagonal 2 x 2 complex—valued matrices and is defined as

1 ~ -~
Al-]: f € F2,0) = Alf] == 503(fo + Z[Qf — FQJQ - QZ[QS — /] ) €F(2,C).
Note that the ZS-recursive spectral operator L is a particular case of the ZS—recursive gauge—

Bécklund operator A since Al_, = £. Therefore the gauge-Bécklund matrix 3 = 3[Q, Q; (] is
univocally determined, up to the set of matrices {7;};=0,1,....m, by the following expressions

j—1
7B =Y AR,
k=0

aB; =T[QsB; — 1B;Q) +;,

i=0,1,...,m, (5.32)

being By = O. Within this new formalism, the agBT given by equation (5.29d) becomes

i

O = By, — QBm + aBnQ = Al Bn) — A™TIRI] = 0, (5.33)
k=0

where we have used again the property ;8 = O. The equation (5.33) represents the x component
of the aBT for the ZS system and holds for all the NLEEs belonging to the hierarchy. To obtain the
t—component of ZS-aBT (which depend on the expression for the auxiliary spectral operator 7 related
to the particular NLEE under scrutiny) one need to study the asymptotic behavior (say at z — —o0) of
the second equation in the system (5.11). Practically speaking, it is sufficient to insert the expressions
(5.32) in equation (5.14) and determining in this way the set of matrices {7v;};j=0.1,...m-
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As a concrete example, consider the m = 1 case: equation (5.27) yields B = (B + B; and from the
equations (5.32) we get By = o and By = Iy + I[QHO — 1 Q} + ~1. Therefore, one has

B = (o + 71 + o + Z[QIly — oQ).

For future reference, let’s calculate the integral operator involved in the relation above: recalling that
IIp = 7%0’3(Q"}/0 — Y Q) and that Qo3Q = —uvo3, Q® = uvls, one finally obtains

[QHO —1IIy Q] L [uv — uv] 037%0- (5.34)

Inserting the equation (5.34) in the expression for the gauge-Bécklund matrix B leads to

A S ~
B = o+ + 503 [Z[ — wvyo - (@10 —20Q) . (5.35)
which can be rewritten in terms of its components as
Y 1 1 2
(VY + ST — wolyg” 2(%5 hu— )u)
- 1 2 2 2 .
(’Yé T — )v) v+ = STl — wolyg”

Finally, let’s calculate the associated aBTs. Setting m = 1 in (5.33), yields A[Ilg] + II; = O; thus we
have to calculate the expression for the recursive gauge-Bécklund operator. By definition, one finds

Alllg] = 2o (T, + Z[Qll — o] @ — QZ[QlTy — Q] )
= (%U ) { a0 — w](Qyo +7Q) — (@0 *’YOQ)}

Having in mind that IT; = —% Og(Q’Yl —71Q), we finally obtain

(@0 — 10Q) — Z[uv — uv] (Qyo + 10Q) — 2103(Q1 — Q) = O, (5.36)

which can be written in terms of its components by defining v; = dlag(%(l),%(z)), so that
(3§77 = 1" ua) = Tl — ue] (1P +"w) = 20(+7 - 2w =0, (5.37a)
(751)1)1, 752)%) — Z[uv — uv)] (75 T+ 7(2) ) + 22(7{1)0 — 7%2)1;) =0. (5.37b)

The system (5.37) contains, as particular examples, all the expressions for the z—components of the aBT
we’ve found in §4.2 by following the Chen’s method and the Wadati—-Konno’s approach.

Note that the integral Z[uv — uv] can be put in local form by means of the so—called elemental
BTs [Pem995], which are obtained when the matrices 79 and ~; are singular; in this case the matrix
B is given by the matrix representative of the agBTs generators. However, for some particular systems
different procedures may be used; we present here an approach, suggested in private conversation by B.
G. KONOPELCHENKO, for the mKdV equation u; — 6eu?uy + Ugze = 0 with e = £1 and u = cu.

REMARK 5.4 — Before entering the discussion, note that the matrix potentials’ components are S(R)
functions, so Q, Q — 0 as (say) x — —oo; the systems (5.22), (5.32) behave then asymptotically as

(=) (=)

T\ 7 =0 B =0

T 3 I " i=0,1,...,n, ) . S ) i =0,1,...,m. (5.38)
Ly =1y, aB; " ="

Therefore, in order to fix the expressions for the matrices {n;};=0.1,...» and {v;}i=12,.m we need to
insert the above expressions into equation (5.14); doing this, we get

Q;( ch J( - )Q;( ) 31‘(_)'7}'(_)) — %—%ZC —773 =0,

7=0
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being 7;,n; € D(2,C) and having used the fact that 77; = n; for all j =0,1,...,n since T = T[Q; C]Q:(j'
It must be emphasized that the property v;,, = O Vi =1,2,...,n holds in the case under scrutiny, that
is the (2 x 2) ZS system, but it could not be true for more general system.

From the above consideration it follows that vy, = O = 71,. Now insert the reduction v = ev into
the system (5.37): equations (5.37a) and (5.37b) are consistent iff vg = —215 and 71 = o3, being
~ € C an arbitrary constant. Thus the system of equations (5.37) reduces to the expression

(u—u) = (u—u)(y+eZ[a*—u?]). (5.39)

Let’s express Z[u? — u?] in local form by means of the Konopelchenko’s approach. Consider the mKdV-
BTs with v9 = —2:13 and v; = yo3 but without the reduction v = eu. The system (5.37) becomes

(—wu), = (4+u) (I[?ﬁ —wv] + 'y), (5.40a)
(5-0), = @+0) (T - uo] +7). (5.40b)

Now multiply the equations (5.40a) by v and (5.40b) by w and subtract the latter from the former;
repeat the procedure, this time with multiplying (5.40a) by v and (5.40b) by w. Ultimately, one finds

UpV + Uyl — (uﬁ)m = (1717 — uv) (I[ﬂﬁ — uv} + 'y),
(ﬁv)m — UV — Vpl = —(175 — uv) (Z[ﬂ?) - uv] + ’y).
Subtracting the latter expression from the former, yields finally

[(@— w)(@—v)], = 2(u — w) (z[aa— uv] +7).

Integrate this equation once with respect to 2’ over the interval (—oo, x): recalling that 9, { (I[f(z:)])2} =
2Z[f (2)]0.{Z[f (z)]} = 2f (z)Z[f ()], being f an arbitrary C°(R) function, we find

(I[Tﬁ - uvDQ +29Z[uv — wo] — (0 —u) (0 —v) =0, (5.41)

where the integration constant has been set to zero since Z[uv — uv] = 0 for (w,v) = (u,v). Equation
(5.41) is an algebraic equation of the second order in the unknown Z[uv — wwv] with solution

Z[uv — uv] = \/’quL (@ —u)(v—v) -1, (5.42)

where we have excluded the solution with the minus sign, since Z[uv — uv] is zero for (u,v) = (u,v).
Forcing the reduction v = eu in (5.42) and inserting this expression into (5.39), we find

(ﬂ—u)z: (ﬁ—!—u)y/’yQ—&—s(ﬂ—u)Q, (5.43)

which is equivalent to the formula (4.18) for the 2 components of the mKdV-aBTs.
Lastly, let’s deduce the mKdV-solitary-wave solution from equation (5.43). In order to do this, set
e = —11in (5.43) and choose u(z,t) = 0 as seed—solution; one then obtains

’ljw = ’lj\/ ")/2 - 52 —)ﬂzu/’y G = Vg\/ 1 —52.

The integral [[g(1 — 4%)*/?]~1dg can be casted in a fundamental form by means of the substitution
g~ y=(1—g*2, which leads to yz + f(t) = [(4*> — 1)"'dy = —arctanh(y). Returning then to the
variable g = %/~ and invoking the well-known identity cosh? 2 — sinh? z = 1, we ultimately obtain

u(x,t) = ysech [fyx —|—f(t)]7
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where the integration constant f(¢) is fixed by assuming @ to be a solution of the mKdV, so that
F(t) = =73t + 9. Therefore, the mKdV-solitary-wave solution has the form

u(z,t) = ysech[y(z — v*t) + xo], (5.44)
being v the height of the solitary-wave and +? its velocity.

5.3 Permutability theorem and nonlinear superposition formula. In §5.1 we have discussed the
role that the permutability theorem plays within the gauge-Béacklund transform theory and summarized
it with equation (5.15). Here we wish first to verify the validity of the condition (5.15) for the agBTs of
the ZS spectral problem and then to obtain the associated nonlinear superposition formula.

The proof of the gauge-Bianchi permutability theorem for the ZS spectral problem follows almost
trivially; in fact, we’ve already seen that a sufficient condition to prove the commutativity relation (5.15)
is to verify it asymptotically (say) as © — —oo. But from equation (5.38) we know that the B’s behave
asymptotically like pure diagonal matrices, which always commute and this completes the proof.

Let’s now focus on the ZS—nonlinear superposition formula. Recalling the arguments discussed in
84.1 for the classical aBT of the SG—equation, we want here to develop an equivalent analysis that
would allow us to determine a closed formula expressing without quadratures the matrix potential Q3 in
terms of Qy, Q and @, where Q is a given seed matriz potential (see the commutative gauge—Bianchi
diagram in §5.1), usually taken as Q(z,t) = O. Therefore, consider the commutative condition (5.15)
and assume m = 1 for simplicity: having in mind the shorthand definition for the QBij(k)’s given in §5.1
and the fact that (for m = 1) the B’s are univocally determined by equations (5.32) up to the matrix
integration constants g, v, we ultimately have to calculate explicitly the expression

(2)

B[, Q; G az, 2] B[Q, Qs G an, B1] = B Bl = B4 85 = B[Qs, @i G o, Bi] B[y Q3 G az, B,

having defined (o = 8) = (v0,71), for notation simplicity. Inserting in the above relation the formula
(5.35) for the B’s matrices in the m =1 case, leads us the relation

{Caz + B2 + 503[(13 — )z — (Qaz — 2Q) ] }{Coq + 61+ %03[(11 —Ty)ar — (Qar — 0¢1Q0)]}
= {Cal + b1+ %Us[(zzs — L)oo — (a1 — Q)] }{CQQ + B2 + 503[(12 —Ty)az — (Qaz — 2 Q)] }’

where Z; = 5 f u;v; d 2’ for i = 0,1,2,3. Equate to zero the coeflicients belonging to same powers of
¢: it follows that ¢! and ¢? return tr1V1al identities, whilst ¢° gives a non-trivial equation that can be
conveniently solved by separating again the diagonal terms from the off-diagonal ones. The final results
turns out to be [BoT982, Pem995]

Q = 203(F2 — MN) (01 Moy M — #?) (5.45)

where we operators F, M, M and B are defined as

1
P = 50’3 (angal — OélQQOéQ), (546&)
M = (IQ — I — 1)0’30&2051 + Z(Oégﬁl — Oélﬁg), (546b)
1 1
F = ([1 + I — 10)0'357\/[ - 5?0’3% — ZO{Q(Q; - Qf)al, (546(3)
1
N = gMosQ + %03 (B2uar — a1 — frQas + a1 Qo) — LoPos. (5.46d)

Note that all the integral operators in (5.46) can be put in local form by means of the elemental gBTs.
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6 PAINLEVE TRANSCENDENTS

In previous sections we have discussed some properties that IST—solvable NLEEs have in common. In
particular, we’ve understood that this class of PDEs possess a remarkably rich structure: Lax and
AKNS pairs, soliton solutions, an infinite sets of conserved quantities, Hamiltonian and bi-Hamiltonian
structures, Backlund and gauge-Béacklund transformations. However, as we’ve pointed out elsewhere
through the exposition, we still don’t know whether any condition is both necessary and sufficient for
a NLEE to be IST-solvable. The theory of the Painlevé transcendents places itself in this contest as
a possibly conclusive approach to the problem. In fact, with a series of papers published in the early
80’s, the team of M. ABLOWITZ, A. RAMANI and H. SEGUR introduced a conjecture, known today as
the Painlevé conjecture, which tries to give a unified view of the above scenario [ARS978, ARS80a,
ARS80b]. However, despite the lack of counterexamples and the existence of many arguments that points
toward the validity of the conjecture [ARS80a], we still lack a complete proof. This section provides a
brief introduction to the theory of Painlevé trascendents and its connection with IST—solvable NLEEs.
Note that the exposition mainly follows the one given by M. Ablowitz & H. Segur in their monograph
[AbS981]; for further readings, we remind to the works of J. WEISS et al. [WTC983, Wei983].
We start by recalling some properties of ODEs in complex domain. Consider the n—th order ODE

d" w d" 1w dw

RSy e S O ey -0, 6.1

() ot B () Y+ () (6.1)
where w = w(z). If the functions Py, P, ..., P, are analytic at z = zy, then zy € C is said to be a regular

point for the ODE (6.1) and for a given initial condition there exists a unique analytic solution in the
form of a Laurent series, i.e. w(z) = Y, ar(z — 2)*. Thus any singular point of the solutions of
the ODE (6.1) must be located only at the singularities of the {®,};=1.2,... n, which means that all these
singularities are fized, since their location doesn’t depend on the initial conditions. This is a common

property of ODEs and is lost in the case of NLODESs. A simple example is given by
1

w, +w* =0 = w(z;zo) = ,
z— 20

where the location of the singularity depends on the constant of integration. For this reason, these points
are called movable singularities; note that NLODESs may exhibit both movable and fixed singularities.

Since singular points will play a relevant role in the arguments that will follow, it is convenient to
recall some basics about their classification, summarized in the definitions below [AbF003].

DEFINITION 6.1 - Let zg be a point of the compactified complex plane C* := CU {0} s.t. f & C¥(z).
We say that zo is an isolated singularity of f if 3r € RT and a punctured neighborhood Q,(z0) = {z €
C* : |z—z0| ERT} s.t. f(2) € C¥(Q(20)), Vz € Q(20). An isolated singularity zo of f is called

o removable iff a, =0V k € Z~, i.e. iff f(2) = pen, k(2 — 20)", V2 € Q(20);

o a pole of order m iff Im € N finite s.t. £(z) = S7°°  an(z — 20)*, Vz € Q(2);

k=—m

o essential iff it’s a pole of infinite order, i.e. iff f(z) =3, cpan(z — 20)F, Vz € Q(2).

DEFINITION 6.2 - Let f € C¥(2), Q an open set of C*. A point zy € Q is called a branch point of f
if f(2) is discontinuous upon traversing a small circuit around z**.

Hereafter we will call critical points the family of all singular points that are not poles (of any order).

The need for a complete classification of singularities has its origin in a problem arose in the late
19th century, that is the classification of ODEs on the basis of the singularities they admit [Inc956]. In
particular, a special interest was reserved for ODEs satisfying the following

44Branch points are divided into three subclasses: algebraic, transcendental and logarithmic. Note that all these classes
of singularities aren’t independent, e.g. transcendental and logarithmic branch points are also essential singularities.
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PROPERTY 6.1 - Let ¥ = ?(df_l w,dg_2 w,...,w;z) be a rational function in w and its derivatives,
which is also locally analytic in z. We say that the n—th order ODE

dr dn—l dn—2
w:,‘F( i w...,w;z)7 (6.2)

dzm dzn=17 dzn=2’
satisfies the Painlevé property (equiv. is a P —type) if its movable singularities are at worst poles.

First attempts in the classification of ODEs of the form (6.2) where made by J. H. POINCARE
(1854-1912) and J. I. FucHS (1833-1902), who showed that out of the class of first order equations, the
only ones of Z—type can be transformed into generalized Riccati equations, i.e. w' = By + Py w + Pyw?.
After these results, C. E. PICARD (1856-1941) pointed out that for orders greater than one, movable
critical points can occur, but failed in trying to find new examples. Around 1900 S. V. KOVALEVSKAYA
(1850—1891), P. PAINLEVE (1863-1933) and B. GAMBIER studied second order ODEs of the form (6.2)
satisfying the Painlevé property and found that, up to a Mdebius transform

a(z)w + b(z) -

MO e

P(w; 2), (6.3)

where a, b, ¢, d and ¢ are locally analytic functions, every &#—type 2nd order ODE can be put into one of
fifty canonical forms [Kov889, Pai900, Pai902, Gam910]. Out of these, fortyfour types could be reduced
to already known ODEs (solvable in terms of trigonometric or elliptic functions), whilst the remaining
six defined new NLODEs that cannot be reduced to any simpler known ODE. These are the so—called
Painlevé transcendents (or Kovalevskaya—Painlevé—Gambier transcendents), listed below:

P w

a2
Kz 122 = 6w + z, (6.4)
d2
P w:2w3+wz+a, (6.5)
d z2
Cw 1/dw\® ldw aw? + B 1)
P _Lfdw) _ldw awiH S s 0 6.6
t dz? w(dz) zdz T 2 Tty (6.6)
Pw 1 (dw\’3 5 3w B
: = (SY) 208+ %Y 4 dza® (2 — Z .
P 2 2w(dz> 5% + 5 + dzw” +2(z a)erw, (6.7)
d* w 1 1 dw\® 1/dw (w—1)2 Ié]

P _ dwy  _1fdw)  (w=1)7 I 6.8
v d z2 (2w+w—1>< z) z(dz>+ 22 (aw+w>’ (68)
Cw 11 1 1 dw)? L1 1 \dw
Py dz2 2\w  w-1 w-2z)\dz z z—-1 w—2z)dz (6.9)

w(w—1)(w — z) T z—1 z(z—1)
2(z- 17 (+5w2”<wl>2+5<wz>2)’

being «, 3,7 and § are arbitrary constants*>. Although we will focus on F—PPy1, it has to be noted
that the classification of higher order &?—type ODEs is still an open problem. Actually we know just
few examples of Z—type ODEs of 3rd order [Cha911] and even fewer of 4th and 5th order* [Kud997].

There are at least two tests to check if an ODE is of &?—type. The first one follows from the fact
that if a 2nd order ODE possesses the Painlevé property, then it is either linearizable or can be put
into one of the six Painlevé transcendents by appropriate coordinate transforms. Otherwise, especially

45More correctly, one should call the solutions of Z—%y1 as Painlevé transcendents, since for arbitrary values of
the parameters «, 3,7 and § the general solutions of -y are transcendental, that is they cannot be expressed in
closed—form by means of elementary functions. However, the six equations are often referred in the literature as the six
Kovalevskaya—Painlevé—Gambier transcendents and for this reason we’ll adopt this choice hereafter.

46For further readings see U. Mu&an & F. JraD, Painlevé test and higher order ODEs [MuJ002] and references therein.
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6.1

if one suspects that the ODE is not of Z—type, a singular point analysis may be performed [Dun010].
In fact, if an n—th order ODE is of &—type, then its general solution admits a Laurent expansion with
a finite number of negative powers. Assume therefore that the leading term in the expansion goes like
w(z) ~ a(z — z9)P as z — zg, with a,p € C and a # 0. Inserting this into the ODE and requiring the
mazximal balance condition (i.e. two (or more) terms must be of equal maximally small order as z — z),
one determines a and p and finally the form of a solution around zy. Therefore, if zj is a singularity we
can determine if it’s movable and to what class it belongs. As an example, consider the ODE

W =w+ z;
the maximal balance condition gives ap(z — z0)P~! ~ a®(z — 2)°P so p = —1/2, a = +1/+/2 and then

A (-
(e =)

Therefore w = w(z) possesses a movable branch point at z = zy and the ODE is not of &—type.

—1/2

REMARK 6.1 — The Painlevé property guarantees that the solutions of equations &—%y; are single
valued, thus giving rise to proper functions. The importance of the Painlevé transcendents is that
they properly define new transcendental functions, just as e.g. the exponential function w(z) = €® can
be defined as the general solution of the ODE #' = w with initial condition w(0) = 1 [Dun010]. A
subtle issue related to these new transcendental functions is their irreducibility, in the sense of the
Umemura definition [Ume987|. Roughly speaking, this means that within the field of smooth functions,
the solutions of Z—Fy1 form a set that is disjoint from the one of classical functions, which is defined
by starting off with the rational functions 9 and adjoining those functions which arise as solutions of
algebraic and linear differential equations with coefficients in £. Painlevé himself anticipated that the
solutions of Z1-Py1 define "irreducible functions" (i.e. new transcendentals) but some rigorous proofs
appeared only recently for &1 [Ume987, Ume990], £; and Py [NoO997]. What’s interesting is that
to show this property the authors use a far reaching extension of the Galois Theory from the number
fields to differential fields of functions [Dun010]; in this way the irreducibility problem for the Painlevé
equations becomes noting but than the analogous problem to the existence of non-algebraic numbers?”.

Finally note that the Painlevé transcendents satisfy the so—called coalescence cascade relations, which
can be schematically expressed by means of the so—called coalescence diagram [Oka986]

Py Py Py

! l

P —— Py —— P

For example, setting o = 4e 71 and w(z;a) = ew(() + &> with z = £2¢ — 6710 in 2y, yields
wee = 6w + ¢ + % (2w® + (w) =29, (21) : W' =6w?+C.
Similar transformations allows one to visit the remaining directions in the diagram [OLBC10].

Lax pairs and Hamiltonian structure. In this section we’ll show that the Painlevé equations
are actually isospectral deformation equations, which can be obtained from a Lax—type compatibility
condition. We stress that here the role of the independent variables z, ¢t does not necessarily parameterize
space and time; indeed, the whole argument is extrapolated from a much more general contest that won’t
be discussed [FIN980]. Also, we’ll see how 21—y can be interpreted as Hamiltonian systems.

47For further readings see V. I. Gomak, I. LAINE, S. SMIMOMURA — Painlevé differential equations in the complex
plane [GLS002| or the recent monograph of R. ConTE, M. MUSETTE entitled The Painlevé Handbook [CoMO008].
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Let’s start from the equation &7;. Introduce the linear operators Xg1 = Xgr[w(x,t); x,t] and T =
To1[w(x,t); x, t] associated, say, to the principal and auxiliary spectral problems, respectively

1
Xop1|w; z,t] = (4304 42w + t)ag — 2(430274/ +2a2 + t)az — (wa’ + —)01,
2z (6.10)

1 w
To1|w; x,t] = (x + *)0’3 —1—079,
x x

where 01,09 and o3 are the Pauli-matrices. The compatibility condition force then Xz and T4 to
satisfy the Lax—equation in AKNS formalism (3.8), conveniently rewritten here as

X1y — Tty = [T, Xop1).

Recalling the commutativity relation [o;, 0] = 1€;j,0%, being &;;, the Levi-Civita symbol, one finds
v w v w
X1y — Tor1y = <4ww’ -+ —2)03 + z(— - - dww — 42w — 1)02 —2zw" o,
T T T T

1
[ngl,XQI] = <2ww' + %)03 — z<2$2w’ + 2ww’ + 5 + %2)02 — (6xw2 + ta:)al.
Equating the coefficients of o1 (being the only ones to contain a non—trivial NLEE), one finds

" = 3w + 1t;

thus w = w(x,t) satisfies the first Painlevé transcendental equation with z = t.
In analogous fashion, consider the following two linear operators for the equation yr:

Xy [wa,t] = —1(42® + 20% + t)oy — 2009 + (dow — ax™ )0y,

wo1 + 1203,

(6.11)

Ty [W; €, t]
where a € C is an arbitrary constant. Following the same procedure as for &, we obtain
Xy — Ty = —21ww' o3 — (2w3 +tw + a)oy + 2zwoy,
[Ty, Xy | = —hww'os — 20" 09 + (42 — 1)a' 01,

Equating the o3’s coefficients, we find the equation (6.5). Analogous, but more involved, isospectral
deformation equations can be obtained for the remaining transcendentals [JIM981, FIN980].

Finally, let’s briefly discuss the connection with the Hamiltonian formulation. The main observation
is that the equations 1—%y1 can be written in the form of Hamilton—Liouville equations

dg _ 07q,p; 2] dg _ 07[q,p; 7]
z dop z dog

for non-autonomous Hamiltonian systems, i.e. systems whose Hamiltonian depends explicitly on the
independent variables. For instance, consider the following non—autonomous Hamilton function

7 =rp,

}[gl[q’P;z]:%pQ_Qq:g_zq - {P/:6q2+z

thus ¢’ = 6¢4% + z and ¢ = ¢(z) satisfies 7. Similarly it’s straightforward to verify that
}[911 [%P; z] = %pQ - (q2 + %z)p - (a + %)%
is the Hamilton function for ;. In fact, one finds ¢ = p— ¢> — 2 and p/ = 2gp + o + 1 so that

" =¢ - 3g+a+l,
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which means that g = ¢(z) satisfies ;1 with & = o — 1. Finally the Hamiltonian for %y is

1 1
Hap o [4, 13 2,00, Ooo s 0, Koo] = ;q2p2 - [Koo2q® + (200 + 1) g — Ko2]p + Koo (00 + 00) 4

where 6, 0, Ko and ko are arbitrary constants. In fact, it can be proved that g = ¢(z) satisfies &1 with
(o, 8,7,6) = (—2Ko0boc, 260(00+ 1), k%, —k3) [OLBC10]. Analogous (but rather involved) Hamiltonian
structures can be introduced for the remaining transcendentals Zry—Py1 [FoW004, Oka987].

6.2 Connection with IST—solvable NLEEs. In the last paragraph we’ve noted that the Painlevé
transcendents have many features in common with the NLEEs studied so far. Those common structures
suggest the presence of a direct connection with (say) KdV, SG or NLS, but don’t give a clear answer
to what this connection could be. This paragraph is devoted to give a clue on how the Painlevé
transcendents are related to IST-solvable NLEEs. As an introductory example, consider the KdV
equation K[u] = 0: note that it admits traveling—wave solutions, corresponding to the scaling relations

E=1x—ct, u(z,t) = u(f), (6.12)

which yield the relations w, = Ug& = —cUg and U, = Ue. Therefore the function U = U(z) satisfies the
2nd order ODE Ugge + 6UU: — cUe = 0 which can be integrated once with respect to z in order to give

U—w+c/6
EEE—

Uge +3U> —cU=a’ " + 3w +a=0,

where o = o' + % is an arbitrary constant. The solution of the rescaled ODE above is given by the
Weierstrass elliptic function whose only singularities are poles, thus satisfying the Painlevé property.
Now consider the re—scaling associated to the so—called similarity KdV—solution, given by

z =1z + 3\, u(z,t) = w(z) — M,

being A € C; in this case w = w(z) satisfies the ODE @' + 6ww’ — X\ = 0, whose integration gives

o
W'+ 3w —dz=a Rim A W =3w? — Az — .

Confronting the scaled ODE above with the first Painlevé transcendent (6.4), one deduces that w = w(z)
is expressible in terms of solutions of &2;. Equivalently, it can be verified for the scaling reduction

s=a(30) 7", w(at) = (3t) [0/ (2) + w2(2)], (6.13)
that the function w = w(z) satisfies the second Painlevé transcendent (see appendix A).

DEFINITION 6.3 - Each ODE obtained from a PDE by a proper scaling reduction (i.e. by suitably
restricting the set of its solutions) is called an exact reduction of the PDE.

Another example is given by the mKdV: an exact reduction corresponds to the scaling relation
=237, uat) = (3t) w(z), (6.14)

which leads to u = —(3t)~*3(zw)’ and u, = (3t)~?/3«/, so that one finds

2

" — 6w w® = (zw)’ — ' =20 + 2w+ a.

Thus w = w(z) satisfies &1 with a an integration constant. Similar considerations follow also for the
Boussinesq equation uy; = uy, + %(u2)m + %%4 (see §1.2). An exact reduction was obtained by Zakharov
by looking for traveling—wave solution u(z,t) = w(z) with z = x — ¢t, where w = w(z) satisfies the ODE
w"" + 2(w?)" +2(1 — ?)w” = 0, which can be integrated twice to give

w w—1+02

@' + 2w +4(1 —c)w+az+B=0 w' 4+ 2w +az+ 5 =0,
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where 8’ = 8+ 4c? — 2¢* — 2 is an arbitrary constant. Depending weather o = 0 or « # 0, the function
w = w(z) is expressible in terms of the Weierstrass elliptic function or solutions of &7, respectively.
Finally, consider the (light—cone) SG equation u,; = sin « and assume the scaling reduction

z = zxt, u(z,t) = w(z), (6.15)
where the function w = w(z) satisfies the ODE

wi— w=21n f

2 L
f _Z+2z 2z’

J(// —

' +w =sinw

which is equivalent to ;1 with « = — = 1/2 and v = 6 = 0. The previous equations represent only
few examples of many other known IST—solvable NLEEs that have &—type exact reductions, e.g. it has
been proved that the derivative-NLS (see equation (1.24)) eventually reduces to &y [ARS80D].

What is remarkable in the above scenario is that all those NLEEs are IST—solvable, thus suggesting
an apparent correspondence between P-type exact reductions and IST—solvability. Having in mind the
connection between IST-solvable NLEE and integrable infinite dimensional Hamiltonian systems (see
§2.4.1), Ablowitz, Ramani and Segur made in 1980 the following, still unproved, conjecture:

ARS CONJECTURE - A NLEE is integrable only if all its nonlinear exact reductions are of &2 —type.

Let us assume the validity of the conjecture in order to discuss how it can be used to test PDEs’
integrability. First note that the scaling reductions (6.12) —(6.15) are actually group—invariant solutions
of the equation under the action of some particular Lie point symmetry. As an example, consider
the SG equation u(z,t) = sin[u(z,t)] and the symmetry [Olv993] (z,t) — (Z,t) = (cx,c™'t) with
¢ # 0; the group invariant solutions are of the form u(xz,t) = 7(z) where z = zt is an invariant of the
symmetry. Similar arguments follow for the mKdV equation M[u] = 0, for which one may introduce
the Lie-point symmetry (u;z,t) — (% Z,t) = (cu; Pz, ¢Vt) with ¢ # 0. The symmetry condition holds
if all the terms in the triple have equal weights, i.e. o — vy = 3a — 8 = a — 38 which yields § = —a,
v = —3a and « arbitrary. The corresponding symmetry group, depending on the parameter c®, is
generated by ¥ = v0, — 20, — 3t0; and admits the invariants z = (3t)~/3z and w = (3t)'/3v (having
introduced the constant factor 3'/3 for convenience). Thus the group invariant solutions are of the form
v(x,t) = (3t)"3w(z) with z = (3t)~'/32, which is the scaling reduction given in equation (6.14).

We can therefore introduce an integrability test for PDEs, known as Painlevé test, summarized with
the help of the following algorithm [Dun010]: given a PDE

p1) find all the associated Lie—point symmetries;
2) construct exact reductions from the group invariant solutions;
p3) check if all the non—trivial ODEs obtained satisfy the Painlevé property.

If all the reductions are of &?—type then one may start looking for a BT or a scattering problem with
some confidence. Note that the Painlevé test just gives a necessary condition for integrability, which
means that if all the reductions of a given PDE are of &-type, then the PDE does not have to be
integrable in general. On the other hand, if an exact reduction is not of &P—type, then one can be quite
confident (in the sense of the conjecture above) that the PDE under scrutiny is not IST-solvable in its
present form. In this case, a transformation may be available to make the not—%?—type ODE of &—type;
if such a transformation exists, then the transformed PDE is a candidate for IST*2.

48These transformations are often suggested by the details of the singular point analysis [AbS981].
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7.1

7 ASYMPTOTIC PERTURBATIVE METHODS AND UNIVERSALITY

In the previous sections we’ve discussed the structure of IST—solvable NLEEs. Now we wish to study
a different property of certain NLEEs, namely their universality. Recall that in §1.2 we said that,
out of the family of the so—called derivative NLEs (1.24), the NLS (1.23) plays an important role, since
it is possible to put a generic dispersive NLEE into the NLS form after an appropriate multiple scale
limit. We will refer hereafter to this property as the universality for the NLS equation. To discuss this
argument, we’ll need to introduce some basics of asymptotic analysis and perturbative methods; however,
we refer the interested reader to the monograph of A. JEFFREY & T. KAWAHARA entitled " Asymptotic
methods in Nonlinear wave theory", from which the above argumentations are taken.

Asymptotic series and perturbations.  First recall some basic notions about the so—called Landau
notation. Let f = f(z) and g = g(x) be two functions defined on some open subset of R, with g(z) # 0
for values of x sufficiently close to zero: then f(z) € o(g(x)) as x — 0 iff limsup,_,, |f(z)/g(z)| < o0
and f(z) € O(g(x)) iff lim,_,0 f(x)/g(z) — 0. Thus we can introduce the following

DEFINITION 7.1 - Consider the sequence of functions {@n(€) tnen, depending on the parameter €; if
n+1(€) € o(pn(e)) ase—0, Vn € Ny, (7.1)
then {©n(€)}nen, s said to be an asymptotic sequence as e — 0.

A trivial example is the power sequence, i.e. () = €™, and it’ll be used frequently in what follows.
Consider now a function f : Z C R — R depending also on the parameter £ and assume that, as
€ — 0, there exists a positive integer N s.t. f can be approximated on Z by the sum

N
Flrie) =53 on(e) ful@) + o(pn (e)). (7.2)

n=0

Then, this expression is called an asymptotic approximation to N + 1 terms of f = f(z;¢) as e — 0
with respect to the asymptotic sequence of functions {y,(¢) }nen,-

DEFINITION 7.2 - If equation (7.2) holds VY N € Ny, then it’s an asymptotic expansion of f = f(x;¢)
as € — 0. In particular, if it (doesn’t) holds uniformly® on I, it’s said to be (non)uniformly valid.

Note that convergent series expansions are asymptotic, but the converse is not true in general; asymp-
totic series are, in fact, usually divergent. Remark also that termwise differentiation and multiplication
of asymptotic expansions is not always possible; however, this is not a big deal in our case, since we’ll
work with asymptotic power sequences, i.e. with asymptotic expansions of the form

N
fla,e) =5 3 e fula) + O(ENHY),  Vael (7.3)
n=0

In this particular case it can be proved that the above operations are admitted [JeK982].

REMARK 7.1 — Asymptotic expansions occur frequently in Physics, where problems contain often one or
more small parameters. For instance, consider a boundary—value problem depending on small parameter
e. If the equations are friendly workable for ¢ = 0 (which is called the reduced problem), then a solution
f = f(z;e) might be obtained by means of an asymptotic expansion like the one in (A.3), where the
first term fo = fo(x) is the solution of the reduced problem. When the result of this perturbation
analysis approximates the solution of the original equation and it’s uniformly valid in the range of the
independent variable considered, then the approximation is called asymptotic.

49Recall that {fn : S C R — R}, en converges uniformly to f: S - Rif Ve € RT, IN € Ny s.t. Vz € Sand Vn > N
it is | fn(2) — f(2)] < &
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DEFINITION 7.3 - The perturbation problem is said to be regular iff the asymptotic expansion (7.3)
converges uniformly on I as ¢ — 0 or singular iff f = f(x;¢) doesn’t have a uniform limit in some
regions of I; these regions in which regqular perturbations break down are called regions of non—uniformity.

Remark that singular perturbation problems are very common in asymptotic analysis; indeed, it is true
to say that they are the role rather than the exception in the theory.
Typical examples of perturbation problems are classified as follows [Nay973]:

> sources of non—uniformity appear in relation to an infinite domain, e.g. secular terms®® of the
form 2™ cos x, ™ sin = in nonlinear oscillations, which make f, (z)/fn—1(z) unbounded as z — oo;

> a small parameter multiplies the highest—order derivative terms in a differential equation;
> there is a change of type of a PDE;

> the presence of singularities that doesn’t manifest themselves in the exact solution but appear at
a given order in the perturbative expansion and intensify when going to higher orders.

In what follows we’ll deal only with secular—type problems and our main purpose will be to develop
some basic techniques which eliminate non—uniformities (or singularities) from the perturbation problem,
leading to uniformly valid approximate expressions. These perturbation techniques constitute what we
shall call as singular perturbation methods. In particular, we’ll use as a working laboratory the so—
called Duffing equation (a well-known nonlinear oscillation equation) to show how singular perturbation
techniques (i.e. the Poincaré and multiple-scale methods) do apply.

Before doing this, however, let’s illustrate the regular perturbation procedure; in order to do this,
assume ¢ to be a small real parameter and consider the following Cauchy problem

F1@) +at) f'(6) + [b(t) +eg®)] f(t) =0, f(0) =co, f'(t)le=0 = c1. (7.4)
Following the so—called Poincaré approach, introduce the power—series expansion
fltie)= > e"falt), VteT, (7.5)
neNp

where the f,,’s are C! functions to be determined. Inserting equation (7.5) in (7.4) and setting to zero
the coefficients belonging to the same powers of &, we give rise to the infinite system of ODEs

0 (t) +a(t) fo(t) + b(t) fo(t) =0,
(@) +a)fi(t) +0(t) fr(t) = —g(t) fo(t),
5 (1) +a() f5(t) + b(t) fa(t) = —g(t) 1 (1),

fr @)+ a(®) £, (&) + b() fu(t) = —g(t) fua (1),

fo(0) = co, fo®)li=0 = 1,

F(0) = 0= f.(t)]m0, ¥n €N. (7.6)

Note that the series (7.5) converges uniformly on Z, thus allowing the termwise differentiation. The
system (7.6) can now be solved iteratively, until one arrives to the desired number of terms.

50The term "secular" dates back to the early days of celestial mechanics, when these problems first appeared.
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7.2 Singular perturbation methods: the Duffing equation. Now let’s discuss how secular singu-
larities arise in perturbative methods. Consider the following family of oscillation equation with a weak
nonlinearity F' = F[f(t), f'(t)], whose intensity is determined by the parameter ¢ € R} : ¢ < 1:

f1@) + f(t) = eF[f(1), f'(1)]. (7.7)

Assume also the frequency of the reduced problem (i.e. for & = 0) to be normalized to one. A pedagogical
example is given by the choice F = —f3, corresponding to the so—called Duffing equation

F'(#6) + f(t) = —ef2(1). (7.8)

Following the Poincaré procedure above, introduce the power—series expansion (7.5) into (7.8) and equate
the coefficients belonging to £°,¢! and €2, in order to get the following system

O(E%) + fo®)+ fo(t) =0,
o) = [+ A1) =-f1), (7.9)
O() = fi(t)+ fo(t) = =3/ f2 (D).

The equation for the reduced problem is the usual one for the linear oscillator, whose general solution
is given by fo(t) = acos(t + ¢), being®® w = 1. Inserting fy into the problem of order O(g) leads to
7(t) + f1(t) = —a® cos®(t + ¢) = —3a®[cos (3(t + ¢)) + 3cos(t + ¢)], whose general solution is®?

f1(t) = bceos(t + ) — 2a’tsin(t + @) + 55a° cos [3(t + ¢)],

having absorbed the term %ag’ cos(t + ¢) into the characteristic solution. This quantity can in turn be
eventually included into the zeroth—order solution, when b and ¢ should the be determined from the
initial conditions. The general perturbation solution up to orders higher than O(g) is

f(tie) = acos(t + ¢) + Lea® H cos [3(t + ¢)] — 3tsin(t + (b)} + O(e?). (7.10)

Therefore, it is evident from equation (7.10) that fi/fy diverges as ¢ — oo, due to the emergence of
the secular term tsin(t + ¢); also, if we proceed to a higher—order approximation, secular terms like
t"™sin(t + ¢) or t™ cos(t 4+ ¢) will appear, thus intensifying the divergence of the expansion.

The usefulness of the Duffing equation lies in the fact that it can be solved exactly. Indeed, multiply-
ing equation (7.8) by f’ and integrating once with respect to ¢, yields immediately P2 ieft=2E
with F an integration constant. We obtain the implicit solution

[(1+4eE)Y? —1].

M | =

+— df f=asinf do 2
- (2E—f2—1€f4)1/2 [14—»5(12(1—1c0829)]1/27 ‘-
2 2

51Note that a and ¢ are constants to be determined after an appropriate choice of the initial conditions. However in
this section we shall not impose any initial condition since we’re concerned with general properties of solutions.

52This differential equation can be solved in various ways (by means of e.g. the similarity technique or the Lagrange
method). Here we present an alternative powerful approach proposed by F. G. Tricomr (1897-1978). Introduce the
linear operator £ : C*(Z) — C%(Z) and consider then the non-homogeneous n—th order linear ODE

(23] (2) = [ + ar(@) Ly + - + an-1(2) 2 + an(@)] (@) = g(2).

Let yc = yc(z) be its complementary solution (i.e. the solution of [[Zy](z) = 0); thus the general solution is [Tri961]

&z 0) = ¢'.(x)|t=0 = ¢/ ()|g=0 = -+ = (n_Q)x —0 =0,
vo) = @)+ [ 9@r@-gag, oy = {407 Dl Sl = @
0 g (@)]a=0 = 1.
Let’s apply this method to the case under scrutiny, i.e. fi’ + f1 = —a3 cos® z with & = ¢t + ¢. The characteristic solution

is given by fi.(x) = c1e™** + c2e*® so that 97 (z) = %(e” —e ')

= sinx and thus the particular solution is

xr
fip(z) = /0 a® cos® Esin(€ —x)dé = %ag(cos 3z — 12z sinz — cos ).
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The integral above is an elliptic one, thus f is periodic in ¢ and the period of oscillation is given by

w/2 de a df
‘I:4/ ; 1/2:4/ ; 73 (7.11)
0 [1+4ea?(1— 4 cos?6)] 0 (2E — f2— 3ef?)
Since ea? is small, we can expand in Taylor series the function in (7.11), yielding
/2
T = 4/ [1 — Llea?(1 - Leos20) + O(e%ﬁ)} 40 = 27r[1 — 3ea® + (9(52114)] (7.12)
0

Therefore, defining with 2 = 277 the angular frequency of the nonlinear oscillator, one has
Q=1+ 2ea® + O(%a").

The above approach suggests that, providing ea? < 1, the period 7T is substantially independent of
the amplitude and therefore it seems reasonable to construct a perturbation solution in terms of periodic
functions, each with linearized angular frequency of 1. However, for large ¢, the phase—difference between
the exact phase Qt and the one of the linearized oscillator, i.e. 1¢, becomes very large even when {2 is
very close to unity. This is the reason why the perturbation expansion based on the periodic solution of
the reduced problem fails, giving rise to the secular term ¢sin(¢ + ¢) in (7.10). One may therefore think
to construct a secular—free solution by means of a perturbation approach based on the exact period
(7.11) or on the improved one given by the equation (7.12). These observations point out the role
that independent coordinates have in the search for a uniform expansion; indeed, the secularity may be
eliminated by using an asymptotic expansion in terms of a new time—coordinate 7 = 7(¢;¢) so that

flt;e) = Z e fulr(t;€)], 7= (14 2ea®)t + ¢. (7.13)
n€eNy
In terms of the scaled time—variable 7, the equation (A.10) can be written in the secular—free form
f(tie) = acosT + 35ea® cos 31 + O(e?), (7.14)

since cos T = cos(t+ ¢+ Sea’t) = cos(t+¢)+ 2ea’tsin(t+¢)+O(e?) and cos 31 = £ cos[3(t+¢)]+O(e2),
begin 0 < ea? < 1. The new coordinate 7 = 7(t;¢) is thus called the optimal coordinate. This result
indicates that an appropriate transformation of independent variables is useful for rendering perturbation
expansions uniformly valid. The following two sections are devoted in the description of two basic
techniques, based on scaling transforms of the independent variables, that are often used in singular
perturbation theory, i.e. the Poincaré and the multiple—scale methods.

7.3 The Poincaré method. In this method the solution is expanded in the form of power series in ¢
in order to remove perturbation’s secularities. Recalling that the angular frequency of the linearized
equation is normalized to unity, assume the following expansion

ft;e) = Z e fulr(t;€)], T(te) = wle)t, w(e) =14 ew; +ewo+---. (7.15)
n€eNy

The dependence of 7 on ¢ is thus determined by forcing the non-secularity conditions, i.e. by setting to
zero the coefficients belonging to the secular terms of the form ¢™ cost and t™ sin t.
To show how this method works, insert the expressions (7.15) into (7.7) in order to obtain

IEIACIDY wm) P =eF| D X e i),
n€Ng meNy neNy neNy n,meNg

with wg = 1. Equating the coefficients belonging to same powers of ¢, one finds the system
OE°%)  + f(r)+ folr) =0,

Oh) = f(T)+ A1) = =201 f5 (1) + Ffo(r), fo(7)].
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Inserting the general solution of the reduced problem fo = acos(7+ ¢) into the 1st order equation yields
7(7) + f1(7) = —2aw; cos(0) + Flacosd, —asin 6], (7.16)

being 6 = 7 + ¢. Therefore, if the r.h.s. contains terms proportional to cosf or sin @, then singularities
must occur and no periodic solutions exist. However, those singularities can now be eliminated by
choosing suitable values for a and wi. To do so, let’s perform a Fourier series expansion of F' so that

Flacosf, —asinf] = % + Z [4,(a) cosnf + B, (a) sinnb],
neN

1 2m 1 2m
A, (a) := f/ Flacos@,—asinf]cosnfdb, B,(a):= 7/ Flacosf, —asinf]sinnd dé.
0 0

m s

Inserting the above expansion into (7.16), it follows that the secularities can be removed by forcing the
conditions 2wia + 4;(a) = 0 and B;(a) = 0, which gives us the relations for wy and a. In fact, having
in mind that 7 = wt = [1 — £.4,(a) + O(g?)]t, we obtain the lowest—order approximate solution

f(t;e) =acos [(1— £a1(a)) t + o], (7.17)
which is correct up to O(e). In the case of the Duffing equation, one has F[f, f'] = —f3 so that
Flacos®,—asinf] = —a® cos® @ and the O(e) equation (7.16) takes the explicit form

U+ fi=—1a’cos30 + (2w1 — %aQ)acos 0. (7.18)
The non-secularity condition is wy = %az so that fi'+ f1 = fia?’ cos 36, whose particular solution is
f1,(0) = 35a°(cos 30 — cosf). Since the second term in the r.h.s. can be absorbed into the general

3 cos 30 and the perturbative solution valid up to O(g?) terms is

solution, we have f1,(0) = 35a

f=acos (w(e)t + ¢) + 55ea® cos [B(w(e)t + ¢)] + O(e?), w(e) =14 2ea® + O(e?). (7.19)

We have then reproduced our previous result given in equations (7.13) and (7.14). Note that the analysis

presented here can be straightforwardly extended to an arbitrary (but still finite) order O(e™), arriving
this way at a higher—order perturbative analysis of the solution.

7.4 Multiple—scale method. In the literature there is a variety of versions of the so—called multiple—

scale method; here we discuss a procedure known as the derivative expansion approach. First, let’s

expand the independent variable ¢ to many variables, each with a different scale, by introducing the set
{tn = €"t}n=0.1,... n; now expand the dependent variable f into an asymptotic series of the form

N
ftse) = e falto tr, ... tn) + O(NT), (7.20)
n=0

having assumed that each function f,, depends on the multiple-scales {t,}n=01,.. n. Note that

N
d n O
ai = 2o
n=0
which is the reason why this approach has the name it has. Inserting (7.20) into (7.8), yields

N 2 N N N 3
(Zs"@tn> Zé‘nfn(to,tl,...,t]v)+Z€nfn(t0,t1,...,t]v):—8<Z€nfn(t0,t1,...,tgv)> .
m=0 n=0 n=0 n=0
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Equating to zero the coefficients belonging to the same powers of ¢, gives the first two equations

0E”) 8 fo+ fo=0, (7.21)
o' at20f1+f1 = —204,0¢, fo — f§-
The general solution of the first equation is the usual one of the linear oscillator, namely
folto,t1, ..., tn) = al(tr, ta, ..., ty) cos [to + D(t1, t2, ..., tN)], (7.22)
where a = a(ty,...,ty) and & = §(t1,...,ty) are functions that might depend on the "slow" variables
t1,ta,...,ty and have to be determined. Inserting (7.22) into the second equation in (7.21) gives
Of f1+ f1 = 2ay, sin(to + @) + (Qaq)tl - %aQ)acos(to + @) — La® cos [3(to + @)],
and the non-secularity conditions for f; become now 0;,a =0 and 0y, ® = %az, that is
B(t1,t2,...,tn) = St1alts, ..., tn) + d(t2, ..., tN), (7.23)
having noted that a = a(ta,...,ty). Therefore, if we are interested into solutions that are valid up

to O(e) orders, one can assume a and ¢ as constants. The secular—free equation is then 8,520 i+ fi=
—i cos 30 with 6 =ty + ®, which means that the uniformly valid solution up to O(¢) is given by

f=acosf + 31—2&13 cos 30 + O(£?), 0= (1 + %sa2>t + ¢. (7.24)

Thus the same result obtained in (7.14) and (7.19) is again reproduced. Note that the main idea behind
this method is to extend the independent variable to many variables, including the slowly varying
ones; such an increase in the number of degrees of freedom is then used to make the perturbation
uniformly valid. Since this method is systematic, it is a straightforward matter to proceed to higher
order perturbations and this is why we’ll use it in the following applications in Nonlinear Theory.

7.5 Multiple—scale approach to NLEEs. The previous subsections were concerned with the study of
perturbative solutions of nonlinear oscillation problems and so they involved only NLODEs. It turns
out that the essential ideas we’'ve presented are equally useful in the study of PDEs and, in particular,
of nonlinear dispersive evolution equations (NLDEEs). Indeed, some additional ideas will be needed
for such problems. The aim of this paragraph it to show, by means of the perturbative approach, the
emergence of a "universal" property of some NLEEs within the class of the NLDEEs. In particular, we’ll
see how the differential expansion method introduced in §7.4 leads to the NLS equation, in presence
of wave modulation of quasi-monochromatic waves [Kaw973|, and to the KdV within the long-wave
approximation of the Boussinesq equation, which is a representative model for the family of NLDEEs.

Before entering the discussion, we’ll need to recall some properties of NLDEEs. Let’s therefore
consider a simple but paradigmatic model described by the so—called Boussinesq—type equation

Ut — C2Um - WUttgpe = %(Uz)ma (7-25)

where c is the phase velocity in the limit of long—wavelength and p is a dispersive coefficient.

We search for harmonic wave-type solutions of (7.25) having the form u(x,t) = Ae'kF*=+t 4 cc.,
where k is the wave number, w is the frequency, A is the complex—valued amplitude and c.c. denotes
the complex conjugate of the preceding term. The latter solves the linearized Boussinesq—type equation
Ut — gy — pllgae = 0 iff the following dispersive relation holds:

PD(k;w) = Pk? — w? — pkw? =0, ke R\ {0}. (7.26)

REMARK 7.1 — Recall that, for an arbitrary linear dispersive equation, the relation 2(k;w) = 0 may
have several roots for w, when we may write w = #(k) with [ = 1,2,...,m, where the functions # so
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defined can be complex—valued functions of k. For real roots we’ll say that the relation w = #/(k) is
purely dispersive, where the term "dispersive" is used iff the condition #” (k) # 0 is satisfied. E.g., the
dispersive relation (7.26) for the linearized Boussinesq—type equation has two distinct roots

ck

:ima k€ R\ {0},

so that it is purely dispersive, since #"(k) 20 Vk € R\ {0} and its roots are both real.

Recall that a solution of the linearized equation can be obtained by means of a superposition of
Fourier integrals, whose number is determined by the number of the roots of Z(k;w) = 0. In particular,
for the linearized Boussinesq-type equation one has w = +%#/(k), with # (k) = ck(1 + pk?)~1/? so that

u(z,t):/fl( —wak)t dk+/f2 (Rt q k. Xl’g(k)zﬁ:W(k)—k%.
R

In what follows, we’ll be interested in the far field limit, i.e. |t| — 400 with z/t kept fixed, representing
the case of progressive waves moving with fixed velocity x/t. Within this limit, the integral above can
be solved by means of the stationary phase method, thus obtaining the asymptotic behavior of linear
dispersive waves [JeK982].

7.5.1 Nonlinear wave modulation and the NLS equation. In order to apply the multiple—scale
method to the equation (7.25), let’s rewrite it in the following form

L0y, 0 [ul, )] = N (Ds, D) [u?(x,1)],

L0y, 0y) = 0? — 20% — n0*0?,
( t) 1t C Oy HOL O (727)
2

N (O, 0) 02

In the derivative expansion method, the number of independent variables is extended to include also
slowly—varying variables. Applying the procedure to x and ¢, we introduce the set of multiple—scales

{(xna tn) = (5”35’ ent)}nzo,l,..i,M’

being £ a parameter characterizing the smallness of the associated terms. Accordingly, the dependent
variable must be a function of the new variables, that is v = w({%y }n=01,...Ms {tn}n=01,....p). Further-
more, we assume that the dependent variable has an asymptotic representation of the form®3

w(xo, 1, ... T toste, .oty e) = Z MU (X0, 1y s Tpry o tay oy tar) + O(EM+1). (7.28)

It’s clear that, after the multiple-scaling, the operators .£ and .4 transform simultaneously as
L8, ) Zs”g s+ s Ounr3 O+ oy Oy ) + O(MH), (7.29a)
N (Dy, ) Zenw s+ s Ounr3 Oy - oy Oy ) + O(MHD). (7.29b)

On the other hand we know that 9, = Zﬁio €"0, and 0y = Z?f:o €"0, so that, inserting the last

53In general u = u(z,t) can be expanded in terms of another small parameter which measures the weakness of the
nonlinearity of the wave; for the sake of simplicity, however, here we expand u as an asymptotic power series of €.
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transformation into the original definitions of . and .4 given in (7.27), one finds

Ly =02 — 20> — ud? o?
0 0 to o MOz, 0ty
O(E ) {J%) = %agov
0(61) . ,,2”1 = 28t06t1 - 28283608901 - 2“(810836161520 + 81506751850)7
</V1 = axoaxu
32 = 8,521 + 2at06t2 — C2 (831 + 26$06$2>+
0@E?) - — (0202, + 0202 + 404,01, Do Oy + 202 Do Oy + 20100, 02, ).

e/VQ - %8; + axoa:cza

Using the operators above, we obtain the first four perturbation equation in the following form

1

O(e) Zolua] =0, (7.30a)
O(e?) Zoluz] + L1 [ua] = Ao[ui], (7.30b)
O(e?) Lolus) + Aus) + Lalur] = Ao[2urua] + M [uil, (7.30c)
O(e*) Lolua] + A fuz) + Lolug] + Lur] = Ao[u3 + 2ugus] + H1[2urus] + As[ui].  (7.30d)

Being interested in nonlinear wave modulation, assume that (7.30a) has a solution of the form
U1($071‘1,...,$M;t07t1,...,tM):d(xl,...,SL'M;tl,...,tM)ele+C.C., szxo—wto. (731)

which is nothing more than the harmonic wave-type solution of the linearized Boussinesq—type equation
(7.25). Therefore, the wave number k and the frequency w are not arbitrary, but must satisfy the
dispersion relation (7.26). Since we wish to insert the solution (7.31) into (7.30b), let’s first note that

L] = —z(;zftl@w — %19]@)&0 + c.c., Jlﬁ[uf] = —2k%A%e* 1 c.c.,

where we have used the following facts: 2, (k;w) = —2w(1 + uk?), Zn(k;w) = 2k(c? — pw?) and
u} = 7% 4 o/*2e=2% 1 2| 7). Thus, the second-order perturbation equation (7.30b) becomes

Lolus) = 1( A, Dy — Ay, Di) e — 2k% 7% + coc.. (7.32)
Imposing now the non-secularity condition, i.e. the coefficient of e’ vanishes, gives us the equation

— G _ Dk _
Ay Dy = Ay, Dt = 7 D Vg, (7.33)

where v, is the group-velocity®® of the wave-train (7.31). If (7.33) and its complex conjugate are
satisfied, then (7.32) gets the form .%[us] = —2k%.272e?¥ + c.c. and admits the uniformly valid solution

2k
’U,Q(LU(),xh. s to, t, .- ,tzu) = —mﬂ2($1, e Tty 715]\4)6219-1- (7 34)

+ &1, xanty, . ta)e? e+ Foy, .. xanty, . tar),

where & and .# are respectively complex—valued and real-valued functions of higher—order scaled to be
determined in higher—order perturbations®®. Note that & can be absorbed into u; by redefining o7

54Equation (7.33) follows immediately by differentiating both sides of equation (7.26) squared, that is

3 2 2 2 2
2wdw:202< i 2uk )dkz:Mdk — vg 1= dw M

T+ k2 (1+ pk?)2 1+ k2 9T Ak w(+pk?)

55Note that the solution (7.34) has been obtained by searching for a particular solution of the non-secular second—order
perturbative equation (7.32) of the form us = e + &e + c.c. +.%, where & is complex—valued and .% real.
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To study the next—order equation, we need to insert the relations (7.34) and (7.31) into (7.30c).
With this aim, let’s calculate £ [uz], Z2[u1], A0[2uius] and A [u?]: after some calculation, one has

kQ
A [uz] = 5 (oo, = Do) = 1(Ds, = D)’ + e,
2
1
L [uy] = —g(ﬁw%n + Dok Py 0y — 2Dhes Sy, ) €0 — 1(Du ity — Dty e + cc.,
18k4 3 320 2 210 2 2k2 2 20
N [2urug] = ?&f e’ — Akt L’ — k| A TF — ?JZ{ o e’ +c.c.,
2 2

M [u}] = Gkt oy e + coc.,

where we have introduced the new function %, (k;w) = 2(2k;2w) in order to simplify the notation and
noted that the product of the two functions u; and us takes the form
2k

2 2k2
%36310_‘_&{656219_‘_ ﬂf—iﬂ{Zﬂ* ele+ﬂ*g+C.C-,
Dy Z

Urug = —

in the third relation. The non—secularity condition is more involved than before and is given by

((Purs = D)+ 5 (Do sty = 2D, + Do s, )+

942 (7.35)
+ k2 (%szzd* — &%9) + z(.@ké}l — @wéil) =0,
and its complex conjugate relation. The function .# can be determined by means of the non—secularity

condition for constant terms in the O(¢*) problem. The calculations show that the terms which con-
tribute are %5 [u,] with (07, — ¢?02,).F and A5[ui] with 97 |/|?; therefore, .F satisfies the equation

(07, = ¢02,) 7 = 07, |/ . (7.36)

If we assume that ./ and .% depend on x4, t; only through £ = x1 — v,4ty, i.e. if they are considered in
a coordinate system moving with v,, one can integrate twice (v2 — 02)859’ = 8£2|.5zf |2, so that

g
J(E?‘T27" '7IM;t27"'7tM) = 02 — CQ’"Q{| (Ilr"azM;tl?"'atM) +5($2,...7IM;t2,...,tM), (737)
g
where the term a(xo, ...,z ts,...,t )€ has been absorbed in the expression®® for .. Note that the
function 8 = B(xa, ...,z ta, - .., tar) is determined by choosing suitable boundary or initial conditions.

In order to obtain a closed expression for o7, we need to determine & in equation (7.34). It can be
demonstrated that this quantity can be transferred to the lowest—order solution (7.31) and the transferred
quantity can then be regarded as a new expression for &7, which still satisfies equation (7.34). Thus we
may drop the last term in (7.34) and we can rewrite it in the form

1
— 2

2
Do (s = 0T ) = (Dot + 209 Dhs + 02 Do) e + KUQ - 291) \dﬁﬂ—kﬁd} —0. (7.38)
g

Equation (7.38) can be further simplified by means of the following observations:

dvg (= p?) = Zubwr, K& = ) : 1 :
T Wl AR R ) (e ) k] = 7@7(@“ + 20 T+ 03 Do)

1 2
@_@2((.4); k) = ﬁ(CQk2 —w? — pk*w?) — 6pw? = P(w; k) — 6uw? = —6uw?,

56When vg — c the resonant interaction between short waves and long waves becomes important and has to be treated
separately. We refer the interested reader to the monograph of A. JErFREY & T. KawaHARA [JeK982].
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having invoked the dispersive relation in the last identity. Thus, equation (7.38) becomes

dv,  k? 1 1
Z(JZ%Q Ugﬂx,z) + JZ{gg a1k + @|:<U§— + 6,uw2>|£{| 427+5JZ{:| 0, (739)

where & = &/ (€, xa,...,xp5t,. .., ty) (since we have absorbed in it the term &€, otherwise present
in equation (7.37)). Note that if we're interested in second order perturbations, we can neglect the de-
pendence of 8 = B(xa, ..., T ta, ..., tar) from slowly—varying variables and considerer it as a constant
within the approximation. Finally, introducing the scaling transforms

m | =

&=

(22 — vgta) = 1 — vgt1 = e(x — vyt), T =ty =cety = et

we can write equation (7.39) in the standard form of the nonlinear Schrédinger equation

2
1
vl 4 = dvq%£+k|:(2
Ug

S dn 7 )WP + ﬁ} (7.40)

Gu
having used the transformations 0, = %85 and 0y, = —%"85 + 0;.

REMARK 7.2 — As mentioned in the note preceding formula (7.28), one can expand « in terms of another
small parameter § measuring the strength of the nonlinearity, by assuming the asymptotic formula

N
u(xo,xl,...7$M;t07t17...,t1\/{;67(5) = Z(Snun(.%'o,xl,...,.’L'M;to,tl,...,tM) +O((5N+1). (741)

Several cases may occur depending on the relative importance of the parameters § and ¢, i.e. between
the nonlinear and the dispersive properties of the wave. It is possible to show that [JeK982|:

¢ the case § = ¢ corresponds to the one we’ve already studied;

o the case § = €2 describes a wave system dominated by dispersive interaction, thus characterized
by a linear propagation of the envelopes. Proceeding in an analogous way to the case § = ¢, we
obtain a linear equation that is like (7.39), but without the nonlinear term |.<7|%.¢/;

o the case § = €!/2 describes a wave system dominated by the nonlinear interaction. The non-—

linearity appears already in the first non—secularity condition and the dispersive term is absent
(i.e. 2 = d@ o " (k) vanishes). In an analogous way, one obtains

1,
(o vgte) + g (Gl ) o =

where &7 and § are functions of the slow scales x1,...,x5 and tq,...,t5;.

In summary, in this section we’ve shown how, starting from a paradigmatic model of a NLDEE
(the Boussinesq—type equation (7.25)), it’s possible to recover the NLS equation under an appropriate
multiple—scale limit. In this sense, one can somehow interpret the NLS as an "attractor" in the space
of all possible NLDEESs, thus explaining its, already mentioned, universal character.

7.5.2 Long—wave approximation and the KdV equation.  Here we derive the KdV equation from the
multiple-scale approach to the Boussinesq—type equation (7.25) in the so—called long—wave approzima-
tion. First note that, within the Boussinesq wave—model, the limit of long waves implies that w — 0 as
k — 0, owning to the dispersion relation (7.26). Therefore in the expansions (7.29) for the operators
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Z and 4/, we can naturally remove both 0,, and Jy,, since they don’t contribute to the perturbative
equations (7.30). Thus % = £ = Ay = A1 = 0 and the first few operators are reduced to

OE®) : L=08; -0, Ny =102 (7.42a)
OE®) L =00, —2c20,,0,,, N3 = Oy, s, (7.42Db)
O + L=0} +20,,0, — (02, +20,,04,) — po;, 02, (7.42¢)

The dependent variable u is then expanded completely into the asymptotic series

N
u(mo,xl, N 7£L‘M;t07t17 PN ,tM;&(S) = Zé"un(xo,xh ce ,LL'M;to,tl, ce ,tM) + O((5N+1). (743)
n=1

We now have several cases, depending on the relative importance of the dispersion and nonlinearity
effects into the wave—problem under scrutiny. Let’s consider the case § = £2; we have

oEY : Llw]=0, (7.44a)
oE®) + Bl =0, (7.44b)
OE®) 1 L] + Lofus) = As[ui]. (7.44c¢)
Equation (7.44a) is a d’Alembert equation in the scaled variables (x1,t1), that is (0 — ¢*07 Juy = 0

and it is satisfied if u; depends on x7 and ¢; only thought & = x1 — ¢t; (equivalently, & = x1 + ¢ty for
waves propagating in the negative direction). Inserting what found into (7.44b), we obtain

(6t2 + ca$2)8flul(£7x27 s 7IM;t27 s 7tM) = 07 (745)

having noted that 0,, = O¢, and 0, = —c0O¢,. In turn, equation (7.45) is satisfied if u; depends on
o and to through & = o — cto; accordingly, the operators A5 and %) transforms as A5 = %8521 and

Ly = —c(204,00, + 200,,0¢, + pcdy)) respectively, and equation (7.44c) reduces to
(afl - c2a§1)u2 - c(23t3 + 208, + ,uc@?l)aglul = e, (ur0e,u1). (7.46)

Note that the term %[us] in (7.46) has not been transformed since we don’t know (in general) how wus
depends from the scaled variables x1, t1. If we further assume that also us depends on x; and ¢; only
through & = 1 — ct1, then the first term in equation (7.46) vanishes®” and we are left with

O u1 + Oz uq + %uc@%ul + iula&ul =0, (7.47)

where we have integrated once with respect to & and set to zero the integration constant. Finally,
transforming to a coordinate system moving with the phase velocity ¢ of the long—wave, i.e. introducing
the new variables €3 = x3 — ct3 and 7 = t3, and replacing &; by &, we arrive to the equation

1 1
Oru1 + Zulaful + iucag’ul =0, (7.48)

which is the KdV equation for the function uw; with respect to the independent variables £ and 7. Note
that, differently from the asymptotic expansion discussed in §7.5.2, here it turns necessary to move the
coordinate system with the phase velocity (and not with the group velocity) of the wave.

REMARK 7.3 — Other expansions can be analyzed, e.g. it can be shown that the choice § = £3 leads to a
linear equation, whilst § = ¢ leads to a nonlinear evolution equation with a dispersive term of the form

1
O, u1 + cOzyur + 2—cu18§u1 =0,

where the independent variables are the lower—order scales x5 and t5. Applications to more general
systems can be found in the monograph of A. JEFFREY & T. KAWAHARA, Asymptotic methods in
Nonlinear Wave Theory, §3.5.3, pgg. 98-105 [JeK982] and in references quoted therein.

57Being "on-shell", that is the function uz satisfies the d’Alembert equation (8,521 — 028:%1)u2 =0.
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A  BACKLUND TRANSFORM FOR THE SECOND PAINLEVE EQUATION

In §6.2 we’ve discussed the connections between IST—solvable NLEEs and the Painlevé transcendents.
Having in mind those properties, one may have an intuition about the reasons why the Painlevé transcen-
dents have many common features (Lax pairs and Hamiltonian formalism, see §6.1) with IST—solvable
NLEE:s studies so far. Here we wish to use this connection to gain the BTs of the Painlevé transcendents
from the BTs of the corresponding NLEEs. For instance, we shall treat the case of the KdV equation
and its reduction towards &;; given by the scaling (6.13).

With this aim, consider the so—called potential-KdV w; — 3w? + wyze = 0 where w,(z,t) = u(x,t)
and K[u] = 0; assume then the scaling reduction [FoA982]

7 (6t3)61/3’ w(z,t) = _(6,5)%/3 (377 + 20(n)]

where ¢ = ¢(n) satisfies the similarity equation ¢, + 6<p$] +4npy, — 2¢ = 0. Multiplying both sides by
2¢yy, adding and subtracting 430% one can easily integrate the above equation to get

o2, + 405 + Anpl — dppy = P2, (A1)

with p? an integration constant. Now multiply the similarity equation by 2¢, and subtract it from
(A.1), in order to obtain the equation

20y O + 805 + Anpl — @2+’ =0,

which corresponds, after a proper transformation of n and ¢,, to one of the fifty 2nd order ODEs
classified by Painlevé & Gambier. Its general solution is therefore given by

on(mp?) = =273 [ V(g p) + V(e p) + 52], =2 (A.2)

where V = V(z; 1) satisfies 21, i.e. V..(z;n) = 293(z;m) + 2V(z;n) + p — 1/2. Having in mind this
equation, we find 2p,V = —2-1/3 (2‘V‘VZ + 293 4+ z’V) = —2*1/3(2‘1/‘1/,/ + V., — 1+ 1/2); on the other
hand, the equation (A.2) yields ¢,, = — (%, — 29, 4+ 1/2), so that

2
SN oge1/3Pm () +
Visin) =2 20y (n; p1?) (4-3)

which can be inverted in order to express ¢ = ¢(n; u?) in terms of ¥ = ¥(z; 1), thus giving
1 2
el n?) = g { V2w = [V2(s) + 3]’ = 2w }, (A4)

as it can be easily verified®®. Inserting equation (A.4) into equation (A.1) and turning back to the original
KdV equation, we finally obtain the general similarity KdV-solution, given by the scaling reduction

x
(3t)1/3°

w(o.t) = G [V + V(=) (A.5)

z

We derive now an expression for the &;1—aBTs by starting from the KdV’s ones. Recall therefore the
equations (4.13) and (4.14): having assumed similarity solutions (which are not invariant under Galilei’s
transformations), we have to conveniently replace them with the following ones

{%{VJI-FZUI = %(%{7— w)?,

A6
wy + wy :2w§+wz(z7/fw)2+2wm(5/fw). (A4.6)

58One has oy = (2)_1/3 [2’Vz’l/zz - 2(’1/2 + %z) (2‘V‘Vz + %) - 2/1’1/4 = 72_1/3(’1/2 + 9, + %), as in the equation (A.2).



Let’s rewrite the equations (A.6) in terms of ¢ = ¢(n; u?). In order to do this, note that

Wy 4wy = —2(6t)"2/3(Zy + o + 1),
w4 wy = 2(6t) 230> + 2+ ©) — 20" — 20(3 — 9)?],
202 + wy(w — w)? + 2wpp(w — w) = 2(615)72/3 [772 + 44,0727 + dnpy,+
= 2(0 4 209) (@ — )% + 2(1 + 209 (& — ¥)]-

Inserting these expressions into the equations (A.6), we finally obtain

{fﬁnn%(fﬁw)Q, A

@ = @2+ 1m0y — on(@ — ©)% + ony (@ — ).

Note that if ¢ = 0 in (A.7), then we’re left just with the first expression; otherwise, if ¢ # 0 then the
second equation is algebraic of the 2nd order in (¢ — ¢) and admits the solution

Qo (05 %) £

~ ~2 2
o(n; ~) = @(n; p*) +
2y (15 11%)

having used equation (A.1); note that in (A.1) the integration constant appears as pu?, thus we can
ignore the minus sign in the above expression and absorb the 4 as an indetermination for sgn(u). Also,
observe that inserting the expression for ¢ into the analogous one for ¢, one finds i = (1 — p)? which
implies @(n; %) = @(n; (1 — pu)?). Therefore, recalling the relation (A.3) for ¥ = 9(z; ), we obtain an
expression for the aBT of the exact KdV-reduction associated to the scaling transforms (A.5), namely

o(n: (1= p)?) = p(n; p?) + 22V (5 p). (A.8)

Therefore the effect of two successive aBTs of the form (A.8) is

Gun(n: %) + i _

205 (n; [1%) (i 1%) + 22 [V(25 ) + V(21— 1)], (A.9)

o(n: (2—p)?) =g 1) +

having noted that the choice f = 1 — p returns the original solution, since

2

~ if p=1—p
~2: 1_~2: 12 1 )
e (TR

The generalization of the equation (A.9) to an arbitrary number n of aBTs follows immediately

n—1
o (1 (n—n)?) = @(mp®) +27° > V(zp— k). (A.10)
k=0

The above structure reflects itself quite simply onto the solution % = %(z;u) of the second Painlevé
transcendent. In fact, from the equation (A.3) it follows that

1

V(z;—p) = V(z;
(25 —p) (23 1) + 'Vz(Z;,U)+'V2(Z§,U)+%z’

and, recalling that for 1 = 1 — u we get back the original solution, one finally finds

V(z; ) + V(21— p) = 0. (A-11)
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