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1 Introduction

In this course we present analytic techniques to investigate important nonlin-
ear aspects of natural phenomena. Most of the model equations introduced
and studied in the first three years of physics courses are linear, like the
harmonic oscillator, describing the small oscillations around a stable equi-
librium position, the wave equation describing the propagation of a physical
signal in a medium under the hypothesis of small (elastic) deformations of
the materials, or the propagation of an electromagnetic wave in the vacuum,
the heat (diffusion) equation, describing heat transfer phenomena, but also
the random walk in probability theory.

There is a practical motivation for the success of linear equations. The
terrestrial environment is quite exceptional in the universe: its temperature
is very low, and this allows for the coexistence of solid, liquid and gaseous
systems, due to the fact that the energetic content of the degrees of freedom
of the constituents of matter is very low with respect to the binding energies
of these constituents. As a comparison, the stellar environment consists of
ionized matter, and the energies of the degrees of freedom of the atomic con-
stituents is extremely high. Therefore the matter in terrestrial environment
is almost always near stable equilibrium states, and the solicitations exercised
through ordinary means are just perturbations, and the restoring forces are
elastic, i.e., linear. In addition, there are important physical theories that are
intrinsecally linear, like the Maxwell theory of the electromagnetic field in a
vacuum, or the Schrédinger wave mechanics. Therefore the study of linear
problems plays a central role in the development of our knowledge of nature.

However there are many phenomena, even in terrestrial environment, that
cannot be explained through linear theories. The equations of fluid dynamics
are systems of nonlinear partial differential equations (PDEs), and phenom-
ena like the turbulence, wave breaking, and shock waves cannot be explained
through linear equations, and problems like the meteorological predictions
cannot be solved through linear theories. Electromagnetism in the matter is
a nonlinear theory for intense fields, due to polarization and magnetization
effcts. Also the Einstein theory of gravitation is nonlinear, and the effects of
intense gravitational fields can be understood only using the full nonlinear
theory.

It turns out that many of these nonlinear phenomena in nature can be
understood perturbatively considering the first nonlinear corrections to the
linearized theories, and the aim of this course is twofold.

i) On one hand we introduce, through the multiscale perturbation method,
several nonlinear model equations of Mathematical Physics generalizing to
a nonlinear context the classical linear equations of Mathematical Physics



known since a long time. We derive these equations in a small field regime
(but not so small to be allowed to completely neglect nonlinear corrections),
sometimes in the presence of a weak dispersion, or diffusion, or dissipation,
then capturing the first nonlinear corrections to the linearized theory.
ii) On the other hand, it turns out that the constructed nonlinear models are
not only physically relevant, but they are also special from a mathematical
point of view, since they can be integrated through particular mathematical
techniques. Therefore the second goal of this course is to introduce these
techniques, allowing one to describe analytically the nonlinear dynamics of
generic and physically relevant initial data. The fact that physically relevant
model PDEs are also special from a mathematical point of view, so special
to be often integrable, is not a coincidence, as we shall see later on.

The nonlinear model equations constructed from physics and solved in
this course are the following. The Riemann equation

u +c(u)u, =0, z,t R, u(x,t) €R, (1)

quasi-linear hyperbolic generalization of the unidirectional linear wave equa-
tion u; 4+ cu, = 0, that can be solved through the method of characteristics.
The Burgers equation

Up + Uy = Vg, v >0, x,t€R u(z,t) R, (2)

nonlinear generalization of the heat (diffusion) equation u; = vug,, v > 0,
that can be integrated using a suitable nonlinear contact transformation of
the dependent variable, the Hopf-Cole transformation.

The Korteweg - de Vries (KdV) equation

Up + WUy + Upee = 0,  z,t €ER, u(x,t) € R, (3)

nonlinear generalization of the linear dispersive PDE wu; + 4., = 0, describ-
ing weakly nonlinear and weakly dispersive wave phenomena, that can be
integrated using the inverse scattering (spectral) transform (IST) method or
the finite gap method, depending respectively on whether the involved fields
are localized or periodic.

The nonlinear Schrédinger (NLS) equations

Wy + Ve + 20|70 =0, n=%1, x,t €R, Y(x,t) €C, (4)

nonlinear analogues of the linear Schrodinger equation for a free particle:
1)+, = 0, describing the propagation of small amplitude quasi monochro-
matic waves in a nonlinear dispersive medium, that can be solved through
the same techniques used for the KdV equation.



The course is organized as follows.
In §2 we summarize the basic properties of linear dispersive PDEs, and the
asymptotic techniques used to investigate the longtime dispersion of a local-
ized wave packet.
In §3 we study through the method of characteristics quasi-linear hyperbolic
waves, how they break in space-time, giving rise to the so-called gradient
catastrophe, and how they subsequently evolve into multivalued waves.
In §4 we describe how it is possible to avoid wave breaking and multival-
uedness i) introducing the so-called shock waves, discontinuous and single
valued waves manifestation of small dissipative effects; ii) regularizing the
hyperbolic model adding suitable dissipative or dispersive corrections.
In §5 we introduce the multiscale perturbation method for ordinary differ-
ential equations (ODEs) and for PDEs, and we use it to derive the above
nonlinear model equations of Mathematical Physics from large classes of non-
linear PDEs.
In §6 we solve the KdV and NLS equations through the so-called Inverse
Spectral (or Scattering) Transform (IST) method, a nonlinear analogue of
the Fourier transform method, and we show how a generic localized initial
datum evolves into a train of “solitons”, localized solitary waves interacting
nonlinearly in an elastic way.
In §7 we use a direct technique, the Darboux transformation, to construct
exact nontrivial solutions from elementary solutions of soliton PDEs like the
KdV and NLS equations.
In §8 we investigate the mathematical properties and the dynamics of NLS
periodic anomalous (rogue) waves, nonlinear waves of anomalously large am-
plitude with respect to the surrounding waves, appearing apparently from
nowhere and disappearing without leaving any trace.



2 Linear Dispersive waves [36, 9, 29|

A linear partial differential equation (PDE) with constant coefficients can be
written as

PO, 0x)u =0, u=u(z,t), (5)

where u = u(z,t) is the unknown field and P(a,b) is an polynomial function
of a and b; here we limit, for simplicity, our considerations to the case of PDEs
in 1 + 1 dimensions, but the generalization to higher dimensions is obvious.
It is dispersive if it admits a monochromatic plane wave as solution:

u(z,t) = aexp [i(kx — w(k)t)] (6)
Vk € R and for a certain function w(k) such that
o w(k) ER, Vk € R,
e W’(k) # 0 for almost every k € R.

k and w(k) are called, respectively, the wave number and the dispersion
relation. The first condition implies that there is no dissipation or a source
term; the second condition avoids that w(k) = ck (in this case, the wave
would travel rigidly with the constant speed ¢ and the equation would be
hyperbolic and not dispersive).

Important examples are

o iu;+u,, = 0the Schrodinger equation for a free particle, with P (9, 0,) =
i0; + 02 and w(k) = k?;

® Uy + Uy, = 0 the linearized Korteweg-de Vries (KdV) equation, with
P(0y,0;) = Oy + 02 and w(k) = —k?;

o uy — Py, + p?u = 0 the Klein-Gordon equation, with P(9;,0,) =
02 — 20? + p? and w? = Ak* + p2.

In general, the PDE P(9;,0,)u = 0 is dispersive if, solving the equation
P(—iw,ik) = 0 with respect to w, one obtains one or more solutions w(k)
satisfying the two properties above.

2.1 Fourier Representation

The linearity of the equation implies that, if (6) is solution Vk, then a linear
combination of monochromatic waves with different k’s is also solution. If
one is interested in localized solutions in space, then one obtains the Fourier



transform (FT) representation of the solution. More precisely, the solution
of the Cauchy problem for the linear dispersive PDE

PO, 0x)u =0, u=u(x,t),
u(z,0) = up(x) given , (7)
u(z,t) = 0 as x — oo

is (see Fig. 45)

U(l‘, t) _ dk ﬁo(k’) (Imcfw(k)t)7
= ®)
to(k) := [ wuo(x)e™**dx  FT of the initial condition
PT A
U[(l) UGL0) -y U K>
Sguvive '
Liw 2 f—wou$‘on
Comelly orollum i Fourtien Space
Kot
x . T -qwog '
U, k) O UKH=UKE

Figure 1: The solution scheme of the Fourier method. We go from the
physical space to the Fourier space because there the evolution is simpler,
being given by an ODE.

Remarks _ R R
1) We observe that, if f(z) € R, then f(k) = f(—k); and if f(k) can be ana-

lytically prolongued outside the real axis, then f(k) = f(—k). In addition, if
u(z,t) € Rin (8), then w(k) is an odd function and (k) = tuo(—k). SHOW

IT!

2) The solution (8) can also be written in the following suggestive form:
) f (k:p w(k)t) f]R{ dye zkyuo(y)

dyu fdkk@@w@) ()
Sw—% uo(y)dy

f
Je



(in the second step we used the Fubini theorem), where S(z, ) is the so-called
“fundamental solution” of the PDE

dk
t) = S ilke—w(k)t] 1
(o) = [ Gt (10)

that particular solution corresponding to a Dirac § function initial datum:

u(z,0) = d(x).

3) If w(k) = k™, SHOW THAT the fundamental solution is a “similarity
solution” of the PDE:

St) = S () F(©) = o fzeiee (1)

(see Appendix 1 for the definition of similarity solution with examples).
The solution (8) is exact but not expressible, in general, in terms of

elementary functions. It is the superposition of infinitely many elementary

monochromatic waves. Each wave travels with its phase velocity

Uphase = — > (12)

different for different £’s. It follows that an initially localized wave packet
disperses as time goes. As we shall see, it is the group velocity

Vgroup = &' (k) (13)

that plays a relevant role in the dispersion of the wave packet. This can be
easily seen in the quasi-monochromatic approximation in which the Fourier
transform 4y(k) is localized around the wave number kg, suggesting the
change of variables

k=ky+ekl, 0<e< 1. (14)

Substituting (14) into (8), and expanding in power series we have

u(z,t) ~ Jg g—]}ﬁo(ko + ek!)eilkotek)z—w(kot+ek')1]
~ cetlkor—w(ko)t] fR g_]:ﬁo(ko + €k/)ez‘k’[e(ac—w’(ko)t)] (15)
= €A (e (x — w'(ko)t)) etkor—wlko)t],

Then the monochromatic crest eilkoz—w(ko)

Y traveling with the phase velocity
Uphase = wg;“) , is modulated by the slowly varying amplitude A (e (x — w’(ko)t)),
traveling with the group velocity vg,oup = w'(ko). In the dispersion of a free
quantum particle, described by the Schrodinger equation 2u; + g, = 0,

w(k) = k% and

Uphase = k() < 2]'{70 = Vgroup- (16)

10



It follows that the amplitude travels with twice the speed of a crest (ripple).
The approximation used in this derivation does not capture some relevant
properties of linear dispersive waves. To get them, it is convenient to consider
the longtime behavior of these solutions.

2.2 Longtime behavior and stationary phase approxi-
mation

Often one is interested in the solution (8) for large x and ¢, and x/t = O(1);
this is consistent, for example, with the quantum mechanical case, where the
times of the experimental measures are much larger than the atomic times.
In this case it is possible to describe analytically such a dispersion. Let’s

rewrite (8) as
o

u(x t) _ dkﬁ (k)ew(k,z/t)t’

6 (k%) == k £ — w(k)

For large t and z/t = O(1), the exponential oscillates very rapidly and the
integral goes to zero as t tends to oo, by the Riemann-Lebesque lemma. To
see how it tends to zero, we use the stationary phase method.

We first observe that the main contribution comes from the points in which
the phase ¢(k, z/t) is stationary with respect to k. Let us suppose that there
exists a unique real stationary point ko(x/t) € R such that

(17)

aek £)lg, = gilko, §) = § —w'(ko) =0,

I NN ) "
In a neighborhood of ky:

io(k) = o (ko (5)) + Ok — ko).

o (k. %) =0 (ko §) + 555(ko, §) (k — ko)? (19)

+O(k — ko)3,

11



Therefore
ko—e
R ko+e .
~ Go(ko) i (ko,z/t)t f e359" (ko.x/t)(k—ko)?t J].
27
ko—e
/12 g2/t

g (ko) eid(ko,x/t)t f : iug2 d£ (20)

7/ 219" (ko,x/t)|t
/\¢”(ko z/t)|t
~ 4o (ko) et ¢(ko,z/t)t fewfzdg
2[¢" (ko,x/t)|t
_ g (ko) el (kow/t)t*‘“/*
2m|¢ (ko /t)|t ’

where o o
v = sign (alj(k’o,x/t)> = —sign <ak2(kzo,x/t)> (21)

In the first step we use the fact that the main contribution is in a neigh-
borhood of kgy; in the second step we use the relevant terms of the Taylor

expansions; in the third step we change variables: £ = M(kj — ko);
in the fourth step the finite integral is approximated by the integral over the
real line, due again to the fast oscillation; in the last step we evaluate the
Fresnell integral as:

/ e dg = v/me' s, (22)
R
expressing this integral in terms of the gaussian integral [ exp(—a?)da =
/7, using the Cauchy theorem. We have qualitatively constructed the lead-
ing order term of the asymptotic expansion of the longtime solution. A quan-
titative proof, together with the estimate of the correction, will be made in
(35) and in the Appendix 9.2.4.
Summarizing, for ¢ > 1 and z/t = O(1):

u(z,t) ~ \/LE'A (ko) e©(@t:ko)
S} ([E, t) kO) = k?().l’ —w (k?()) t7

a . - 23
A (ko) == %exp [—z &gn(w”(ko))ﬂ , (23)

ko= ko (5).

Since ko depends on z/t, the leading order solution (23) represents a non
uniform wave train, and since ky depends on x and t slowly for ¢ > 1:

1 0ko _ ko1

E 8:)30 k t - kow”(kg)(t )<< 1 (24)
1 Oko __ T

Ea_to - _k_0_2 T kow'(ko) t <1

12



it represents a slowly Varying (in space-time) wave train. In (24) we
have used the relation w'(ky) = 7 and its consequence kjw” (ko) = 1, obtained
taking the x derivative of it.

In addition,

(25)

Therefore

i) we have the same formulas as for the single monochromatic wave a exp (i6),
where 0 = kx —w(k)t, for which: 0, = k, 6, = —w(k). But now wave number
and dispersion relation are not constant;

ii) the Schwarz lemma (0, = ©,) implies that the wave number #k
propagates with the group velocity w’(ky) according to the Riemann
nonlinear hyperbolic PDE (see §3):

8k0
875

Ok
(k) 20— g (26)
An observer traveling with constant speed vy = =/t = W'(ko(z/t)) sees
waves with wave number kq(vg) and angular frequency w(ko(vg)); therefore
wave number and angular frequency travel with the group velocity
w'(ko(vp)), but the amplitude of the wave train changes and the crests move
(they separate or get closer). If the phase ©(x,t) is constant, then

doe _o,10,% dx _0 = dx _ 6 N w(ko(x/t)) (27)
dt v dt dt O, ko(x/t)
Therefore an observer moving with a crest travels with the phase
velocity, and wave number and angular frequency vary (the neighboring
crests separate or get closer).

As we shall see now, the energy of the wave train (or probability to find
the quantum particle, or mass if v is a mass density of something, or power
in optics) travels with the group velocity w’(kq).

o (ko (/t))|2
f|UfE t) |2d$N27rthWd

- (28)
= 3 f |t (Ko)|*dko
Fm

8

The change of variables used: = — ko(z/t) at fixed t is given by x =
W (ko(z/t))t, with do = W' (ko(x/t))tdky, and with the end points z; =
W'(k;)t, 7 =1,2. In addition: k,, = min{ky, k2}, ky = max{ky, k2}.

13



Therefore the energy is constant in the interval (z1, x2), where x4, x5 travel
with the group velocity: x; = w'(k;)t. Since xo(t) — x1(t) = |w'(k2) — ' (K1)t
grows linearly in ¢, the energy disperses on an interval growing linearly with

time.

Now we apply these results to two important examples, the Schrodinger

and the linearized KdV equations.

2.3 The Schrodinger equation

For the Schrédinger equation for a free particle
Wy + Ugy = 07
we have w(k) = k?; then

% = u},<k0) = 21{30, = ko= %,
(k) = 2,

and the group lines are straight lines in the (z,t) plane.

O(x,t) = ko(z/t)x — w(ko(z /1))t = 2 /(4t) = O

and the phase lines are parabolas (see Fig. 2).

K<k,

Figure 2: The group straight lines k; and ks constant, and the parabolic

phase lines ©; and ©, constant.

Traveling with the group velocity (with constant speed v), one sees the
wave number ko(v) and frequency w(ko(v)). Since kg = const = z/(2t) =

14



\/@/ Vit =20 /x, increasing x, the phase increases. In addition, at fixed ¢,
increasing x, ko increases (the distance between two crests decreases).

If one travels with a crest (© is constant): © = Oy = z?/(4t) = kat. Increas-
ing time, ko decreases (neighboring crests separate), and since kg increases
increasing x, it means that the observer traveling with constant speed over-
comes the crests (see Fig. 3).

T

Figure 3: The graphs of the analytic formula (23) describing the asymptotics
of the real part of the solution of the linear Schrodinger equation for a gaus-
sian initial condition at ¢ = 10 and at ¢ = 12, to show the following. i) at
fixed t, increasing = the wave-length decreases, since kg = x/(2t); ii) as t
increases, if one travels with a crest, the distance of the neighboring crests
increases (ko decreases), and to see the same kg, one should move to the right
(the observer traveling with constant speed overcomes the crests).

15



At last:

=83
£

0 (51) i
Vant

We remark that the fundamental similarity solution of (29)

dk oy )
S z,t :/_el(k:pk t) _
( ) R 2m VAart
(CALCULATE THIS INTEGRAL COMPLETING THE SQUARE AND

REDUCING IT TO THE FRESNELL INTEGRAL) is the main ingredient
of the longtime solution:

w(z, 1) ~ ), >, Z=on). (32)

(33)

u(z,t) ~ Uz, t) = A (L) S(x,t), t>1, z/t=0(1),
A(5) =10 (5)
where A(-) is then an arbitrary localized function (the Fourier transform of

an arbitrary localized initial datum).
One can show that the correction to the leading order formula (34) reads:

(34)

u(z,t) ~ S(z,t) [A(E) + 1B (%) + 03],

| (35)
B(&) = —iA"(¢), t>1, z/t=0(1).

Indeed, observing that the leading order solution (34) solves the PDE up to
O(t™?) corrections:

U+ Use = AGSi-Sim] TS + R+ A i = O, (30)

it follows that (35a) is the correct ansatz; substituting it in the PDE, one
obtains (35b). VERIFY IT!

16



0.10

0.08

Figure 4: Three snapshots of the numerical evolution, according to NLS, of
the real part of u, for a gaussian initial condition (in blue). COMPARE IT
with the analytic plots of Fig. 3

2.4 The linearized KdV equation

The fundamental (similarity) solution of the linearized KdV equation

U+ e = 0, ule,t) € R 37)
is 3
S(z,t) = [ Leilthath®t — 1 ds (st )

¢ o (38)

R
= WAi(f); 52(3,5+ﬂ1

(in the second step we used the change of variables k — s, s = (3t)'/3k).
SHOW that the Airy function Ai(¢) defined in (38) solves the ODE

Alge(§) = EAI(E) (39)

and then plays an important role in Quantum Mechanic, describing the wave
function of the stationary Schrodinger equation in the small region around
the point in which the potential changes its sign.

Now we look for the longtime behavior of the solution of the Cauchy
problem for the linearized KdV equation

U + Ugee = 0,  u(z,t) €ER,

u(z,0) = uo(z), u(z,t) =0, r — oo, (40)

17



whose solution is

2T

u(zx,t) :/%ﬁo(l{)ei(k”ksﬂ. (41)
R

Now o¢(k,x/t) = kx/t + k3, ¢'(ko) = x/t + 3k} = 0 and there are two
stationary points

=+ (—%)m. (42)

If 2/t < 0 (the observer travels with negative speed), then kF = + |Z] e R

and we can use, as before, the stationary phase method with two stationary
points:

s(kiE, o /t) = F | 2|7,

o' (ko /t) = Oky = +2| %] =
—i 2|£|
u(xﬂf)~%|i@0< / £)€ ( 3t
/471-|3TI|1/2t {3t|
i( 22>
_'_a[)(_ ‘%’)6 |3t|

Since u € R and w(k) is odd, then wy(k) = do(—k) for £ € R, and the

asymptotics can be rewritten in the simpler form

3/2

1) (43)

)} t>1, a/t = 0(1) <0,

u< \;;;“2>
=2 lcosO(x,t), t>1, x/t =0(1) <0,

If 2/t > 0 (the observer travels with positive speed), then ky = +iy/|£| €
1R, the stationary phase method cannot be used anymore and must be re-
placed by the “Steepest descent method”, or “saddle point method”, illus-

trated in Appendix 2.
We have

u(x,t) ~

dk . 1 ithe dk . .
u(z,t) = /]R 27Tuo(k)e(k 3 _ /R%u()(k)ef(k, /t)t7 (45)
with

Flh, oty = ilha/t+ 1), f(k,w/t) =i/t +32) =0 = Kk =+i\/|2].

(ks x/t) = 6iki = F6 e/t — g2l

‘1
3t 17

(46)
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Since now k = kgr + ik; € C, kg =Re k, k; =Im k,

f(k, I/t) = U(I{JR, k]) + iU(/{ZR, k)[),
fR:U(kR,k’]) :k?—gk’%k[—k[%, A7
f1 = v(k, kp) = kpt + k% — 3kpk?, (47)

z [3/2
(k) =0, ulky) = 72|57

Then the curves of steepest variation, defined by

v(kg, ki) — v(kE) = v(kg, ki)

= kr(k} —3k7 +%) =0, (48)

are the imaginary axis kg = 0 and the hyperbola k% — 3k? + % = 0 of the
complex k plane. The conditions of steepest descent

w(kp, ki) — u(kE) = k3 — 3k%k; — k2 £2|2[*% <0 (49)

select the upper branch of the hyperbola passing through ki (on which g =
arg(f”(ky)) = m and 6y = 0), and the semi straight line kg = 0, k; <
(z/3t)"/? passing through k; (on which o = 0 and 6y = 7/2) (VERIFY IT).

In addition, for |k| > 1, then f(k) ~ ik® = i|k|3(cos(3¢) + isin(3p)) =
|k|?(i cos(3¢p) — sin(3¢)), where k = |k|e’?. Tt follows that the integrand
goes to 0 exponentially at oo when sin(3¢) > 0; i.e., when 0 < ¢ < 7/3,
21/3 < ¢ <7, and 47/3 < ¢ < b7 /3 (see Fig. 5).

Figure 5: The two steepest descent contours passing through kj and k, are
in green. In the gray regions the exponential converges to zero at oo
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Therefore the only steepest descent contour that can be connected to
the initial integration contour (—oo, co) through two arcs at oo is the upper
branch of the parabola passing through kg, and the direction at kg is 6y = 0.
More precisely, the integral over the real line is equal to the integral over the
contour 4 consisting of the union of the infinite arc (—oo, oo exp(5im/6)) the
upper branch of the hyperbola 7, from oo exp(5im/6) to oo exp(in/6), and
the infinite arc (coexp(im/6),00), by the Cauchy theorem, having assumed
that uo(k) be analytic inside the closed contour RU#. In addition, since the
integrals over the infinite arcs are zero, we obtain, using formula (1269) in
Appendix 2,

U(:E,t) = f%ao(k))ei(kﬁx+k3t) — f dkﬂo(kj)ei(kx+k3t)

¥

R v
g (@ % o] |3/2 50
- e eli ™ o), o0

We observe that the RHS of (50) is real, as it has to be, since 1g(k) = 1o (—k).

From (44) and (50) we conclude that a localized initial condition evolves
into a slowly varying wave train moving left.

We remark that both asymptotics (44) and (50) diverge for z/t ~ 0. It
means that, for x/t ~ 0, there must exist another asymptotic region in which
the solution is regular and matches well with the left and right asymptotic
regions. To construct the asymptotics in this intermediate region, we observe
that ) . ,

= 5 fR ﬂo(k)@z(kz—i_k t)dk'
= sy Ju o (s ) 1057 s, (51)
£ .= (315)%/3

If t > 1 and x(3t)"/3 = O(1) (z/t ~ 0), the argument of @ is small inside
the second integral : dy(k) = 1y(0) + 4y(0) k + O(k?), and

sy ts /3) _ap(0) St /3)

u(z,t) 27r(3t 1/3 Jue + 2o Jase ds
U it (0
= 32)(10/3147/(:% 1/3> —_ 3t0(2/?3AZ < 1/3), t>>]., (3t)—1/3:O(1)
It is possible to show that the asymptotics (52) match perfectly with the

leading order terms (44) and (50) of the left and right regions, using the
asymptotics of the Airy function (see Appendix 2):

s <3t)1/
(52)

~2¢3/2
6—7 > 1

Aifg) ~ BT S (53)
cos(2£3/2 7 /4) £<< 1

Vrglta
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0.10

0.08 -

Figure 6: Three snapshots of the numerical evolution, according to the lin-
earized KdV, of a gaussian initial condition show that the non uniform wave
train propagates to the left, as shown analytically.

2.5 Exercises

1) Given the Cauchy problem
ut + iw(—i0z)u =0, wu(x,0) given, z € R, t >0, (54)

where w(k) is a polynomial function of k, so that, f.i., if w(k) = k2, then w(—id;) = (—i8)? = -2,
1. show that the Fourier integral representation of its solution is

1 )
u(z,t) = — / dio (k)e! ko= (D) g, (55)
21 Jr
where 4(k) is the Fourier transform of the initial condition u(z,0):
ao(k) = | e uy.0)dy. (56)
R
2. Show that (55) can be written as a convolution integral, in the suggestive form:
u(e,t) = [ (o = yot)uls, 0)dy, (57
R
where S(z,t) is the “fundamental” solution of the PDE, defined as:
1 )
S(x,t) = — / eihr—w(k)t) gp. (58)
2 Jr

™

3. If w(k) = k™, then S(z,t) is the following similarity solution of the PDE:

S(l‘,t) = ﬁf (751%2 ’ (59)

1) = 5 fp e+ dk.
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4. Show that, if v € R, then:

(k) = do(—k), kER
1p Fo (ke—w(k)t) (60)
u(z,t) = = Re [ do(k)e Pz (R g
0
If, in addition, 4o (k) can be prolongued outside the real axis, then
to(k) = to(—k). (61)
(for the second of (60) we have also assumed that w(k) is odd: w(—k) = —w(k))
2) Given the following linear PDEs:
1) idut + uge =0, free particle Schrédinger equation,
i) ut + ugzez =0, linearized KAV equation, (62)

4%) utt — Uge +u =0, Klein - Gordon equation,

1. Construct the fundamental similarity solution (1232) (only for i) and ii)).

2. Study the longtime behavior, for ¢t >> 1, z/t = O(1), of the solutions of their Cauchy problem using
the stationary phase, Laplace, or saddle point methods, depending on the situation, and estimate the
error.

3. Study of the relevance of the exact similarity solution in the longtime behavior (only for i) and ii)).
Solution:

i) Free particle Schrodinger equation:

S(a,t) = #ﬂei(%—ﬂ
u(@, t) = S(z,t) (A(€) + LB(6) + O(t72)C()), £=£ =0(1), t>>1 (63)
A() = ao(€), B(§) = —7Age

ii) Linear KdV. For x/t > 0, the lines of constant v(k) are the imaginary axis and the hyperbola kr? —
3k + z/t = 0. The steepest descent contour passing through the critical point ¢, / is the upper branch

of the hyperbola, while the steepest descent contour passing through the critical point 71',/% is the
imaginary axis. The asymptotics is obtained replacing the integration real line by the steepest descent
contour passing through ¢,/ %

S(avt) = s i (s )
u(z,t) ~ % e 2o/t 2bin/d L e 2 —0(1) <0, t>>1,
u(z,t) ~ %e 2e/3t2 2 _0(1) >0, t>>1, (64)
u(w,t) ~ 27%35;)1)/3 Ai ((Stfl/S) N 2:(236;)2)/3 Al ((3;1/3) ’ (3t;E1/3 =0(1), t>>1,
u(z, t) ~ L0 gz 1), G =0, t>>1,
where Ai(€) is the Airy function
Ai(€) = % /R ei(RE+R?/3) g (65)

solution of the ODE: f"(¢) — £f(£) = 0.
iii) Klein-Gordon equation. The dispersion relation is two-valued (since the PDE is second order in t):

wE(k) = £VE2 +1; (66)

therefore the phase velocity is greater than the light speed 1, while the group velocity is less than 1:

w  VE2Z+1 dw k
CoVETL gy, o (67)
% % dk - VTl
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The Fourier representation of the real solution reads:

u(z,t) = i/B(k)ei<kw+vk2+”>dk+i/B(—k)e“kz—v’“““)dk, (68)
2m Jr 21 Jr
where 1 i (k)
u,
B(k) == (4 —i—2
() = 5 (000 ~ 52, (69)

where (k) and 4 (k) are the Fourier transforms of respectively u(z,0) and u(z,0). For |z/t| < 1 (inside
the light cone) and ¢t >> 1 (see Fig. 7):

2\ —3/4 A .
v = (1-(0)) B () VT (70)
27t 2

t — 22

0.10,
0.0§

0.08 I

10 20

0.10;

0.0f

Figure 7: Three time steps (t = 0, t = T'/2, t = T') of the numerical evolution

of a gaussian initial condition according to the wave equation equation uy —

*ug, = 0 (the figure above) and the Klein-Gordon equation (the figure

below).

3) Study the longtime behavior, for t >> 1, z/t = O(1), of the Fourier integral

u(z, t) = i /R o (k)eitke =< (R g (1)
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under the hypothesis that there exists a unique stationary phase point ko(z/t) € R, and that w’”/ (ko) =

0, w" (ko) # 0.

4) Given the linear PDE P(9¢, Vz)u(Z,t) = 0, £ € R, t € R in (n + 1) dimensions, with v € L1 (R™) N

Ly(R™),
i) show that the solution of its Cauchy problem:
= uo(Z) € L1(R™) N L2(R™)

PO, Vz)u(Z,t) =0, u(&,0)

is given by the Fourier integral:
u(Z,t) = fRn ﬂg(E)e“’zi*w(mﬂ dk
w0(F) = frn uo(@)e~FZdz

where w(k) is obtained solving the equation P(—iw,ik) = 0 wrt w.

ii) Show that, under the hypothesis that the vector equation for k

(72)

(73)

(74)

admits a unique real solution l;o = E() (Z£/t) € R™, the extension of the stationary phase method for multiple

integrals gives the following longtime behavior:

2 20 (&
un (55)"7 (det (GGt

n
m=— Y sign(};)
j=1

))_1/2 iig (Ro)e'(Fo F—w(Fo)tm 3,

32W(’3))
ko

ok, 0k;

where )\j, j =1,..,n are the (real) eigenvalues of the symmetric matrix (

5) Let I'(z) be the Euler I" function:

oo
I'(z) = /efttzfldt7 Re z > 0.
0

i) Show, integrating by parts, that it is the generalization of the factorial:

'n+1)=n!l, neN.

ii) Use the Laplace method to construct the Stirling formula:

nl=n"e""V2mn (1+ O(n_l)) , n>>1.

6) Use the Laplace method to show that, if f(¢) has a max of order n — 1 in ¢¢ € (a, b):

(n)
() = f(to) + foto)(t —t0)™ + O(t — to)" 1, f<">(t0) <0, mn even,

then
b
2T(1/n) n! ¢
g(t)ePT D dt ~ n g(to)ePf (to)
a/ n plF ) (to)]
having also used the formula
n 2I'(1
/efs ds = 2ra/m /n)
R n
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7) Obtain the following asymptotics for the Bessel and modifies Bessel functions:

™
In(z) = %Ofcos(nt)ex costdt ~ \/2171_7636, x> 1, "
cosh(vt)e=®coshitgy ~ e % x> 1.
=1 Vi
8) Given the Airy function Ai(x), defined by
’ 1 i(kx—k3)
Ai(z)=— [ e dk, z €R, (83)
21 Jr
i) use the saddle point method to show that
-3 3/2
Al(z) = Qf;cl/zl (1 +O(3 ) )) z > 1, - (84)
Ai(z) = W cos (§|x\ /2 )1 +0@=~ 2)), z < —1.

ii) Use the above asymptotics to show that the longtime behavior of the solutions of the Cauchy problem
for the linearized KAV equation in the region |z|/t1/3 = O(1), t > 1, matches well with the asymptotics
in the left and right regions |z|/t = O(1), ¢ > 1, x < 0 and = > 0.

9) Given the integral
b

fla,t) = / gk **F gk 31, 2/t = 0(1), (85)

a

where we integrate over a contour C from a to b, inside a domain D of analyticity of f and g, i) show that
the saddle point is /2t and the steepest descent contour is given by the straight line passing through
x/2t and parallel to the line bisecting the second and fourth quadrants. ii) Show that, if a < z/2¢ and
b > x/2t, including the cases a = —oo and b = oo, the asymptotics of f(z,t) are given by the saddle point

formula
1

VAart

iii) Show that, if @ < /2t and b € C, with 0 < argb < /2, the leading asymptotics is given, instead, by
the integration by parts formula at the end point b:

Flat) = g(%)ei%*i%(woa/m, t>1, a/t=0(1). (86)

g(b) i(bx/t— b2)t

C Py P TAR

(1+0(/t), t>1, z/t=0(1). (87)
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3 Hyperbolic Waves [36, 12, 23]

This chapter is dedicated to nonlinear hyperbolic PDEs. The prototype
example is the Riemann equation

u +c(wu, =0, u=u(z,t)eR, (88)

where ¢(-) is a smooth function of its argument playing the role of a field
dependent velocity.

If ¢ = ¢y does not depend on u, the equation reduces to the linear first
order wave equation u; + cou, = 0 (also called the “advection equation™)
describing a rigid propagation of the initial profile with constant speed cy:

u(z,t) = f(x — cot). (89)

The simplest and most relevant example of nonlinear equation in the class
(88) is the so-called Hopf equation

u +uu, =0, u=u(zt)€R, (90)

corresponding to a speed ¢(u) depending linearly on the field w.

We have already seen that equation (88) is satisfied by the wave number
of the slowly varying wave train describing the longtime behavior of a linear
dispersive wave (equation (26)).

Equation (88) has also the following physical interpretation. Let p(x,t)
be the density of some physical quantity (mass, charge, ...) and ¢ = pv
the corresponding flux per unit of time; then the conservation law in integral

form reads
T2

y p(z,t)dr = q(x1,t) — q(z2,1) (91)

Taking the limit zo — z;, and assuming that density and flux be smooth
functions, one obtains the continuity equation (SHOW IT)

In addition, if the flux is a smooth function of p: ¢ = Q(p), then p satisfies
(88) with
c(p) = Q'(p)- (93)
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3.1 The Method of Characteristics

The integration of equation (88) is obtained via the method of characteris-
tics, through which the integration is reduced to the solution of an algebro-
transcendental equation.

Suppose for a moment that we know the solution u(x,t) of the Riemann
equation u; + ¢(u)u, = 0; then we introduce the ODE

dx
i c(u(z,t)) (94)

defining a one-parameter family of curves z = z(t,n) in the (x,t) plane,
called “characteristic curves”. The parameter is, for instance, the integration
constant, or it can be identified with the intersection of the characteristic
curve with the z-axis:

r=mn ift=0. (95)

On each characteristic curve, u does not vary, since

du_@u ou dx au—l—%c(u):& (96)

dt "ot dwdi ot
Therefore the PDE (88) is equivalent to the system of two ODEs

dﬁ—c(u) d_u_
dt oodt

(a great simplification). In addition, since u is constant on the characteristic

curve parametrized by 7, it will be an arbitrary function of n: u = A(n). The
dx

first equation becomes %F = c¢(A(n)) = const, implying that

r=c(Am)t+n, u(z,t)=An). (98)

0 (97)

This system of two algebro-transcendental equations defines the general so-
lution of (88) (general because it depends on the arbitrary function A(n)).
If, for instance, we are interested in the solution of the Cauchy problem

u +c(wu, =0, u=u(z,t)eR,

u(z,0) = ug(x), (99)

we remark from the first equation in (98) that, at ¢ = 0, x = 7, implying that
u(z,0) = ug(x) = A(x). Then the solution of (99) is given by the system

r = cluo(m)t+n,  ulz,t) =uo(n), (100)

that can be solved implicitly in the following way.
1) One solves the first equation in (100) with respect to 7, obtaining n =
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n(z,t).
2) Replacing n = n(x,t) in the second equation, one obtains the wanted
solution

u(x,t) = up(n(x,t)) = ug(x — c(u)t). (101)

Comparing the second formula in (101) with (89) we infer that the initial
condition propagates with a velocity ¢(u) depending on the field w. If, for
simplicity, ¢(u) = u, and if the initial condition ug(x) is a localized positive
bump, the max of the profile travels faster than the other parts of the profile,
then the profile deforms and, at a certain time, called the breaking time
t, and in certain point x, the profile becomes vertical. We obtain the so-
called “gradient catastrophe” at finite time. For ¢ > ¢, the solution becomes
multivalued (three-valued in Fig. 8) in a segment (z1(t), x2(t)) (with xy () =
xo(ty) = xp) growing with time:

Y Sy 1) S—
“osp O 08t AN
06 06 \
04 04
- 02 - _— 02 \\
2 -1 1 2 2 1 1
10 o 10 —
08f _— 08 -
06k 06— /
////0.4 1 ///,04 /
— 02 \ o _— o _

Figure 8: Four snapshots of the evolution of a localized initial condition
for ¢(u) = w, obtained through the numerical inversion of the algebro-
transcendental solution. 1st shot: the initial condition of gaussian type;
2nd picture: the deformation of the profile for ¢ < ¢,; 3rd picture: the gradi-
ent catastrophe at ¢t = t,; 4th picture: the three-valued profile for ¢t > ¢,.

A geometric description of the process comes from the study of the slopes
of the one-parameter family of characteristics. Each portion of the initial pro-
file ug(n) travels on the characteristic straight line of parameter 1. Different
portions travel on different characteristics having different slopes c¢(ug(n)),
and one expects that different characteristics may intersect in space-time. In
a point of intersection (x,t) the solution u has more values, the values carried
by the intersecting characteristics (see Fig. 9):
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Figure 9: The (handmade) figure shows the characteristics generated by a
generic localized bump initial condition for ¢(u) = w (the characteristics are
vertical lines far away from the bump, and they have a maximal slope where
the bump has its maximum). For ¢ > ¢, the characteristics start intersecting.

COMPARE this figure with Fig. 8

How to find the breaking time t,, the time at which the first gradient

catastrophe takes place?” There are many ways.

1) Two characteristics intersect. Suppose the characteristics n and 1 + on

intersect in the space-time point (x,t):
x=n+F(n)t,
r=n+dn+ F(n+ont~n+ Fnt
+on(1 + F'(n)t),

where

implying the condition

Since t > 0, then 1 must be such that

F'(n) < 0.
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2) The slope must be oo. Taking the partial derivative with respect to z and
t of equations (100):

uy = ug(n)ne, 0= F(n)+ F'(n)tn + n

RNl

=F(n)+m(l+F(n)t) = o (106)
_ __F) _ _ Fu
= _1+F'T£n)t = U= 14:7F/€77;7t

Uy = U/o(n)% 1= F’(W)tﬁx + N

=n.(1+ F'(n)t) = (107)

e = R
Therefore u; and w, are infinity when (104) holds.
3) Impossibility to solve the first of equ.s (100) with respect to n. From the
Dini condition, it is not possible to solve the first of equations (100) when its
partial derivative with respect to 7 is zero, and one obtains again (104).

Since 1, is the first time at which one has multivaluedness, then —F"(n)

must take its maximum value at n = n,. It follows that the corresponding
characteristic parameter 1, is defined by the equations

F'(m) <0, F"(my) =0, F"(m) > 0. (108)
Known n, then
1
F'(m)’
If, for instance, c(u) = u (F(n) = ug(n)) and ug(x) = exp(—2?), VERIFY

THAT
771:21/\/57 tb: \/57 l‘b:\/§. (]‘10)

In general, the system of algebro-transcendental equations (100) cannot
be solved in terms of elementary functions. In §3.2 we shall discuss two rel-
evant cases that can be treated via elementary functions. In §3.3 we will see
that, using a regular perturbation theory, it is possible to describe the break-
ing features of the solution near breaking in terms of elementary functions.

ty = — Ty =1y + F ()t (109)

3.2 Compression and Rarefaction Waves

Consider the following Cauchy problem for compression and rarefaction waves
of the Hopf equation:

w4+ uu, = 0, (111)
ai, r < —lI,
up(w) = e+ ade <<, (112)
as, x>
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a rarefaction wave if a; < ag; a compression wave if a; > ay (see Fig. 10).

Figure 10: The first figure shows a rarefaction wave and the non intersecting
characteristic curves; no breaking in this case. The second picture shows
three snapshots of the evolution of a compression wave, before, at, and after
ty, and the third picture the corresponding intersecting characteristic curves.

We recall that the solution is:
r=uo(nt+mn, u=uo(n) (113)

For n < =1, up(n) = ay; then x = a1t +n, = n=x—at < —I, and u = a;.
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Therefore

u(z,t) =ay, x<at—IL. (114)
For |n| <1, uo(n) = “25%n + “+92; then

_ + $77a1+a2t
v =Byt SRt e, = = et

az—aj
p—t1tasy 1+ I (115)
= —-I< 1+“2§;’1t <l, = z<ast+1, x> at—I.

Therefore

az—ay x_alga%
u=ug(n) = *5

e T uts gt —1l <z <axt+l (116)

Ifn>10 u(n) =ag; thenz =agt+n = n=x—agt >0 = x> axt+1I;
therefore

U = asg,

x> ast + L. (117)
Summarizing, the solution is
ap, Tz <apt—1
gy w—ate2y
u(z,t) = 254 1+”2;2l“1t +ade gt -l <z <at+l, (118)

A, T > agt + l.

For |n| <[ then
1 21
ty = —— = . (119)
ug(n) — ar — a

In the rarefaction case t;, < 0; then there is no breaking and the wave is more

and more rarefacted as time goes. In the compression case t;, > 0, then there
is breaking, with

|7’]b| < l, ty = a12_1a2 > 0,

az—a ai1+a ai+a 120
ajb:(22l1nb—{— 1—52)a12ja2+nb:ﬁl>l' ( )

In the limit [ — 0, the initial condition is discontinuous, the compression

wave breaks immediately (¢, = 0), but the the rarefaction wave case becomes
continuous for ¢ > 0 and is described by (VERIFY IT):

ai, T <ait

u(z,t) = §, ait <z < ast, (121)
o, T > aot.
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3.3 Study of the solution near breaking

Consider the evolution of a localized one-dimensional wave according to the
Hopf equation

u +uu, =0,

u(z,0) = up(x) =: F(z), = eR.

We have seen that such evolution is described by the implicit equations

u="F(¢), {=z—F(&t, (123)

in which one solves the second equation with respect to &, obtaining ¢ =
&(z,t), and substitute it into the first, to get the solution u = F(&(x,t)).
The 1-dimensional (movable) Singularity Manifold is:

(122)

Since P
_ £
Ot (125)

the wave breaks on the singularity manifold.
We are interested in the first time ¢, in which the breaking of the solution
occurs, corresponding to the characteristic values &, such that

ty = t(&) = global min{t(§)} >0 =

126
Fe(§) <0, Fee(&) =0,  Feee(&) >0, (126)
& is an inflection point of the initial profile.
At t,, the wave breaks in the point x; of the z-axis defined by
Ty = F(fb)tb + fb. (127)

To study the solution (123) near breaking we introduce the variables:

r=x,+7, t=t+t, E=&+E,

128
2], 12, J€] < 1. (128)

Subtracing the equations £ = x — F(§)t and & = x, — F (&)1, expanding in
terms of the small parameters o', ', £, and using t, = —1/F¢(&), Fee(&) =0,
we obtain, to leading order, the following cubic equation for &':

&+ (g —yX (2 1) ~ 0, (129)
where o
_ _ _ 6
b(t') = @t/’ X2, t) =2/ —Ft, 7= o (130)
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and from now on, unless specified, I’ and its derivatives are evaluated at &,.
The cubic corresponds to the maximal balance

X =0, ¢ =0, (131)

The three roots of this cubic are given explicitly by the well-known Cardano
(Tartaglia, Ferro) formulas:

&y (@ y ) =3 ((5;)% + (S,)%) + 43 <(S+>§ B (S,)%) 7 (132)
where

S, =R++VA, A=R>+Q5

Q) = b(g,ﬁ = —ﬁt', R(a/,t) = IX (a/,t') = L(a’ — Ft)). (133)

Expanding the SM equation one gets the parabola (see Fig. 11):

Fs&s(&;) Feee(&), tbFsss

=S(& 1) ~ Fe(&)t' + o = (€*+Q).  (134)

The singularity manifold

th

Figure 11: The singularity manifold near breaking.

Before breaking
Ift <t (t <0), then b(t'), Q(t'), A and S are strictly positive, and only the
root &) is real; correspondingly, the real solution of (122) is single valued:

F(& +&o(a', 1)) (135)
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and the negative slope u, of the profile, finite Vz, reaches its minimum at
the inflection point z¢(t'):

zi(t') =z + F(&)t = X =x —x4(t)). (136)
Since, at © = z¢(t'), X =0, then & = 0 and
w@s(1),8) = F(&), ualap(®).0) ~ Py waalop®),0) =0, (137)
Indeed we have the formulas
G=5~ T G = —Fe(O8 w = F(& ~

F,
Fet'+ 525'5 €’ ’

trs = Feg(€)€2 + F/(E)6ea = Fee)8] ~ ¢,

F,
Fet/+ =555 4,¢")

F, I
I 2~§}§§§ tp€!

(138)
that evaluated at &' = &) = 0, give (137).
To analyse the solution in a smaller region around the inflection point,
we choose .
X | = |z —ap ()] = O(t'[""2), p>1, (139)
Then &° << b¢’ ~ —yX and the solution becomes more explicit:
, X ' —Ft

= 140
o~ Fet! (140)
reducing to the exact similarity solution of the Hopf equation:
x—z
wr F(&+ &) ~ F 4 Fefy o~ ——- t”, (141)
— Uy

describing the tangent to the profile at the inflection point (see Fig. 12), with

Uy ~ (t— 1)t (142)

X f(E) Xn

Figure 12: The profile immediately before breaking.
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At breaking

In the limit ¢ 1 £,,

i) the inflection point reaches the breaking point: z¢(t) — x, and the tangent
to the inflection point becomes the vertical line x = x4,

i) the cubic becomes &° ~ vX (2/,t') = 0 whose solution reads:

& =~/v(r— 1), (143)

and, correspondingly,

§|

Fe

u~F<§b+ 3/7@_%)), O e (144)

describing the typical vertical inflection at t = t;, in the neighborhood of z;
(see Fig. 13):

Figure 13: The profile at breaking.

After breaking

For t > t;, the line t = const, t > t, intersects the SM in the two points (see
Fig. 11)

E(t) — & = £/ il (1 — 1,) = +/]Q(F")]- (145)

toFeee
and, correspondingly, S < 0 for £_(t) < ¢ < &,.(¢). In addition Q(¢') < 0 and
the discriminant A can be positive or negative, depending on the space-time
regions we consider. When A < 0 the cubic has three real roots and we have

multivaluedness:

2

A=R+Q =L (- Ft')

. <. (146)

R
It follows that the multivaluedness region is given by

A<0 & o (t) <z <z'(t),

El) =z + F(&)(E— 1) + #%(t — 1,)3/2. (147)
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We conclude that, for ¢ > ¢, the solution is three-valued for z € [x~ ('), 2™ (¢)]:
uo(x,t) = F(& +&o(2', 1), ux(z,t) = F(§ + &4 (2, 1)). (148)

and single valued outside. At the end points x*(¢') of the interval A = 0,
and two of the three solutions coincide (see Fig. 14).

X x“(t) ‘ X¢(t) xH(t)

Figure 14: The profile immediately after breaking, and the interval
[ (), 27 (¢')] in which the solution is three valued (A < 0).

The movable singularity manifold presents several universal features. Cor-
respondingly, also the solution of the Cauchy problem for the Hopf equation
presents universality features near the singularity manifold.

3.4 Geometric Meaning of the scalar hyperbolic PDE
in arbitrary dimensions

Now we consider a scalar quasi-linear PDE in M > 2 dimensions

M
ij@’ wug, = Qz,u), = (T1,...,7M), (149)

or, in vector form:

P(z,u) - Veu = Q(z,u). (150)
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If
o(x,u) = c = const (151)

defines implicitly a solution of (149), and if d¢p/0u # 0, then we can in
principle solve (151) with respect to u, obtaining

u=u(z,c). (152)

This solution defines the M-dimensional “integral hypersurface S of (149) in
the space (z,u) = RM*L,

Since 9 5
P PPy =0, i=1,.... M, (153)

D, p=
i ox; Ou

in vector form: 3

we have that /¢ || Vzu.
If V = (P,Q), then equation (150) (with (154)) becomes

V- Vgup =0 (155)

Since V/(zu)® is normal to S, it follows that V is tangent to the integral
hypersurface S at the point r = (z,u) € S, defining a direction on S. Moving
along that direction, one constructs a “characteristic curve”, always tangent
to V (see Fig. 15).

M=Z
'h‘i‘ 'ld,l cu ; Yo
el cwfoce in
thena CTanittie A o E q)'ﬂ{
Cu pye-

Figure 15: The geometric meaning of the hyperbolic PDE

If s is the arc length parameter of the characteristic curve, then dr/ds is
tangent to S and parallel to V. = (P, Q); then dr/ds || V. Therefore

d;; = 1Pja J=1..., M,

u — IQ, (156)
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Therefore the PDE (149) is equivalent to the following system of M inde-
pendent ODEs

dx; du ds
A -2 —1.....M 157
P, (z, u) Q@,u)( u)’] b M (157)

in the philosophy of the characteristics method. It is easy to verify that these
equations reduce to the characteristic equations (97) if M = 2.

Examples. Find the general solution of the following equations.
1. zuy + yuy = u.

Equations (157) become

de _dy _ du (158)
x Y u’
implying
Iny=Inz+c Y=z
{ Inu=Inx+d = { U = Cok (159)

One can write ¢ = f(c1), where f(-) is an arbitrary function; then
_ ARG
=t (G) =valy) (160
is the general solution (with f(&) = £g(€)).

2. u +uu, = 1.
Equations (157) become

dx dz du

at =2 g @ M 161
T T T (161)

The second equation implies u = t+b, and the first equation becomes dz /dt =
t + b, implying

x:%—f—bt—l—c:%+(u—t)t+c:ut—§+c,

w=1t+b=1t+ f(e). (162)

Then

2
u:t—i—f(m—ut—i—a) (163)

is the general solution, where f(-) is an arbitrary function.
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3.5 Hyperbolic System of PDEs

Consider the system of N quasi linear 1st order PDEs:
N
wi + Y Cyj(@)uy, + hi(i)) =0, i=1,....N (164)
j=1

that can be written in vector form as follows

i, + C (@), + h(@) = 0, (165)
uy (z,t) hy (i)

iz, t) =| : . h(@) =] : e RV, (166)
UN(J:,t) hN<ﬁ)

where C(u) is the N x N matrix of components C;;(%).
Construct eigenvalues ¢() and left (row) eigenvectors L() of the matrix
C(w), and suppose that there are N independent eigenvectors:

(167)

If one takes the (real) scalar product of these left eigenvectors times the
vector equation (165), using (167), one obtains N scalar equations:

— L®(q) @,uﬁm@+ﬁwg:, k=1,....N (168)
that can be written in the characteristic form:
L®)(7) - <% + ﬁ(ﬁ)) =0, k=1,...,N (169)
on the characteristics defined by
ﬁ—::ck(ﬁ), k=1,...,N. (170)

Therefore, for each k, we have a system of two ODEs defined on the charac-
teristic ¢x (). In components:

N du; dpx
Z L§k) (d_tl + hi) = on % = cx (). (171)

i=1
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We are finally ready to give the definition of hyperbolic system of PDEs.
Definition. The system of N quasi linear PDEs (165) is hyperbolic if the
eigenvalue equation (167) has only real eigenvalues (not necessarily distinct)
and N independent left (row) eigenvectors.

Remarks.

1) Since , h, and matrix C (@) are real, if the eigenvalues are real, then also
the eigenvectors are real.

2) If C(w) is a symmetric matrix, then the system is hyperbolic.

3) The existence of N independent eigenvectors implies that the N informa-
tions associated with the N real fields uls propagate on the N characteristics
associated with the N real eigenvalues. Some of the eigenvalues may coin-
cide, corresponding to the situation in which some of the informations may
travel on the same characteristic curve.

Example: The equations of the gas dynamics.

Pt + UpPy + pUy = 07

s+ utty + 5 py =0,

St + US;E = O,

p=p(p,S), equation of state of the gas,

(172)

where p is the density, v is the gas velocity, p is the pressure and S is the
entropy.
It might be convenient to eliminate p using the equation of state. From

it follows that
Pt = a% (Pt - g_gst) v Pz = a% (pz - %S@“) ) (174)
where
5 Op
a®=— > 0. (175)
dp

Substituting (174) in (172), on obtains the new form of gas equation:

pi + up, + pau, = 0,
up 4 uu, + % pr =0, (176)
St + 'U,Sz = 0,

that can be written in the form (165) with:

P U pa2 0 ~
=1 u |, Ca)=| 1/p u 0 |, h=0. (177)
S 0 0 U
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VERIFY THAT the three eigenvalues of C' are
Co=u, cxt=uxta (178)
and the corresponding independent left eigenvectors are
Ly=1(0,0,1), L. = (1,+ap,0). (179)

We conclude that the gas dynamics equations are hyperbolic, and can be
written in the following characteristic form:

ds da
s _ dr _
A (180)
G Epagr =0 on F=uta
We infer that the entropy travels on the characteristics generated by the gas

velocity, and that a = /0p/0p > 0 has the meaning of velocity of the sound.

Exercise. (DO IT) Solve the gas dynamics equations near the constant
equilibrium state: p = pg, p = po, u =0, S = Sp; namely in the case:

P = Po + €P1, P =DPo + €p1, (].8].)
u=-eu;, S=95+¢€5, 0<ekl.

SHOW that (180) becomes

d(% =0 on fl—f ~ 0,
d(p1Epoaou1) -0 on %% — +ap,

dt dt

dp
o = |/ a—p(ﬂm So) (183)

is the constant sound speed of the linearized theory, implying that

(182)

where

p1 £ poaour = fr(ne) on  x = tagt + 4,

S1 = g(), (184

where f.,g are arbitrary functions to be fixed through the initial data. At
last we obtain the general solution:

p—po =35 [f+(x—aot) + f-(x + aot)] + O(€?),
spean L+ (@ = aot) = f-(z + aot)] + O(€?),

S = So+eg(x) + O(e?).
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3.6 Riemann invariants

The obtained characteristic form (169),(170)

LO@)- (4 +5@) =0, k=1,....N, (185
dcllc_f Ck<ﬁ), kzl,,N

of the hyperbolic system is very complicated, since it couples all the fields.
Is it possible to simplify further the equation? In particular is it possible to
find a change of variables @ — (@) = (r1(d),...,rn(@))" through which
the dynamics is decoupled in the form

(186)

If so, we have found the Riemann variables 7, the Riemann invariants if
fe=0,k=1,...,N.

Comparing (185) and (186) it follows that the Riemann variables can be
found if the differentials L™ - dii, k = 1,..., N are exact, i.e, if there exist
2N functions (@), \g(u), k=1,..., N such that:

N

S L (@) du; = Mdri (= A Z ag’“ ui), (187)
Uj

i=1

implying the following N? equations for the 2N unknowns 7, Ay, k= 1,..., N

87°k (’J)
8ui ’

If N =2, we have 4 linear PDEs for the 4 unknowns i, Ay, k=1,...,2,
that can be manipulated to the form

(k) (k)
<L )\k(u)) _ (LQAk(U)> L k=1,2,
us w (189)

Lgk)(g)g_zz _ Lgk)(g)g_;;i, k=12,

LW (@) = A\p(@) ik=1,... N. (188)

and the Riemann variables can always be constructed in principle; if N > 2,
N? > 2N and we have an overdetermined system of N? equations for the 2N
unknowns rg, \g, K = 1,..., N. The construction of these unknowns is not
possible, in general, unless the Lgk)’s are suitably constrained.

Example: the isentropic gas. Let us consider, as a basic illustrative
example, the case of the gas dynamics equations under the hypothesis of
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constant entropy S = Sy (the isentropic gas). In this case we have only the
two variables p, u and the construction of the Riemann invariants is possible.
We recall that the characteristic form of the equations is

d u fy
P +pat=0 on E=uta. (190)
It is more convenient to use here the density p; since p = p(p,Sp), then

dp/dt = a*dp/dt, and equations (190) become

a(p)dp = du dx
+ 2 =) — =u+ta. 191
o dt a0 M g T (191)

The N? = 4 equations (188) for the 2N = 4 unknowns r4, \s+ read

alp) — ), O
— N\t )
Py o (192)
+1 = A:55,
defining the Riemann invariants
re = [ %dp’ + u, (193)

with Ay = £1 (VERIFY IT). We conclude that the equations for an isoen-
tropic gas decouple in the form

d d
%:o on d—f:uia. (194)
If the gas is polytropic:
p= kg (195)

(in the case of an adiabatic transformation: v = ¢,/c, > 1, where ¢, and ¢,
are respectively the constant pressure and constant volume specific heats),
then a® = Op/dp = kyp?’~! and (VERIFY IT)

21//{ ~y—1 2
ri:7—_3p2 tu= 1aﬂ:u. (196)

3.7 Exercises

1) Show that the following linear PDE for the field p(z,t):
ot + (2, )ps + alz, t)p = bz, 1) (197)
is equivalent to the system of two ODEs:

d
42 4 a(a,t)p = bla, 1),

9 = c(z,t).

(198)
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2) Find the general solution of the following linear PDEs:

ug 4+ t2uz +zu =0, (u = F(x _ t3/3)e*(t4/12+t(m7t3/3))) ,

iyur + yuge —zuy =0, (...),

yue —zuy =0, (u= F(z?+y?)),

Yuz + xuy =0, (u = F(ac2 - y2) R

Tue +yuy =0, (u=F(y/z)), (199)
Tue —yuy =0, (u=F(zy)),

Tug + Yuy =22, (u:x2/2+F(y/x)),

Tug +yuy = u, (u=zF(y/z)),
xuz+yuy+zuz :07 (u:F(y/z,z/x’)),
Gyuz — gaty =0, g(z,y) given, (u= F(g(z,y)))

3) Find the general solution of the following quasi-linear PDEs:

1) ut +c(u)uy =0, u=F(z— c(u)t),
1) ut + c(w)ug =1,
u)=u = u=t+F(x—ut+t3/2),

( (200)
(w)=u? = u=t+ F(z—u?t+ut®>—t3/3)

4) Given the two Cauchy problems for the Hopf equation:

ut +uugy =0, u=u(z,t), z€R, t>0,
i) u(z,0) = e, (201)
i) u(z,0) = (22 +1)71,

i) draw the l-parameter family of characteristic curves; ii) find the first characteristic parameter 7, and
the first breaking point (zp,tp).

A Q) my =1/V2, ty, = \/e/2, mp = /2. ii) my, = 1/3/3, ty = 8V3/9, =, = /3.

5) Compression and rarefaction waves.
Consider the Cauchy problem:

ut +uug =0, u=u(z,t), R, t>0,

w(x,0) = a1 H(—l — z) + agH(x — 1) + H(I? — x2) <7a1;a2 —azez :c) , (202)

in the two cases
z) a1 > ag > 0, compression wave,

i) a2 > a1 > 0 rarefaction wave. (203)

Solve it explicitely, draw the characteristic curves and show that they describe respectively a compression
and a rarefaction wave. Indicate if there is wave breaking and, if so, find 7, and (zp, tp).
A. For the compression wave:

ai, z <ait—I,
ay—az T° aQeral t | astay
u(x,t) = — g oo, + 225 4 ait <z <l+ a2, (204)
az, x> 1+ ast.
There is wave breaking:
2l a1 + a2
ty=——, zp=—1, |pp| <1 (205)
ai — ag ap —az

6) Consider the Cauchy problem
ut + uug =0,

u(z,0) = f(z), (206)
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where f describes a single localized bump, and study analytically the behavior of the solution near breaking
(immediately before, at, and immediately after breaking). See section §2.3.

7) More on rarefaction waves.
i) Show that the solution of the Cauchy problem

ut +uug =0, u(z,0) =a1H(—z)+a2H(z), a1 < a2 (207)
is given by
ay, x < ait,
u=4q x/t, a1t <z < ast, (208)
az, x > ast

Hint. Observe that this Cauchy problem can be viewd as the | — 0 limit of that of the previous problem.
But there are other ways of doing it ...
ii) Show that the solution of the Cauchy problem

ut + c(u)uz =0, u(z,0) =a1H(—z)+ a2H(z), a1 < a2 (209)
is given by
ai, z < c(a1)t,
u=7< c Hax/t), cla1)t <z < cla2)t, (210)
as, x> c(ag)t

where ¢ 1(€) is the inverse of function c(u).

8) Given the following system of PDEs, establish if they are hyperbolic and, if so, write them in charac-
teristic form.

i) The wave equation u¢t — c2ugze = 0.
ii) The Klein - Gordon equation u¢; — Cuge +u=0.
iii) The system
ut + c(u, v)ug =0,

v + c(u,v)vzy = u (211)
iv) The system
ut + c(u)uz =0,
v + c(u)vg + ¢ (w)vuy =0 (212)
v) The gas dynamics equations
pt + upg + puz = 0,
ur + uug + B2 =0, (213)
St + USZ = 0»
where p = p(p, S).
R. i)
%(wfcv)zo, g—‘f =c¢, = w-—cv=A(z—ct),
Zw+ev)=0, F=-c, = wtcv=DB(z+ct), (214)
V= Ug, W= ug
implying the well-known result u = f(x — ct) + g(z + ct), with
/ 1 ! 1
F'O)==5.40), ¢'() =5 B(). (215)
c 2c

ii)
Pt — cpg +u =0,
ut + cugy — @ =0, (216)
© =ut + Ccug.

iii) it is already in characteristic form, with the single characteristic dz/dt = c(u,v) and two different
characteristic forms (two different eigenvectors (1,0) and (0, 1)).
iv) The first equation is in characteristic form for the single field u; the second one cannot be put in
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characteristic form; therefore the system is not hyperbolic. Nevertheless it can be solved solving first the
first equation, hyperbolic, on the characteristic dz/dt = c¢(u), and then solving the second one on that
characteristic (do it!).
v) Rewrite (213) in the form
Pt + upe + paluy =0,
Ut + uug + % =0, (217)
St + US:L‘ = 09

where a?(p) = dp/dp > 0, obtaining the following eigenvalues and eigenvectors:

co = u (gas speed), Ly =(0,0,1),

c+ =u+a (sound speeds), L, = (1,%ap,0). (218)
Therefore the system in characteristic form reads:
%:ﬁ:pa% =0, % =uzta,
(219)
as do __
Gt ar =W
Verify that, in the linear limit in which we study small perturbations of the constant solution:
p=po+epi(z,t) + O(e?), p=po+epi(z,t)+O(), (220)
u = euy(z,t) + O(e2), S = So+ eS1(z,t)+ O(e?),
we obtain
p=po +elf-(x —aot) + fy(x + aot)] + O(e?),
u= agepo [f_ (I - aot) - I+ (CE + aot)} + 0(62)7 (221)
S = Sp + eg(x) + O(€?),
where ag = 1/9p(po, So)/dp, and the functions f+ and g are arbitrary.
9) Show that i) the Riemann invariants of the wave equation wu¢ — Zuge = 0, ¢ > 0 are given by

r4+ = wFcv, where v = uy, and w = ug, so that the PDE is written as the system of ODEs in characteristic

form: J J
e g (222)
dt dt

ii) The Riemann invariants of the gas dynamics equations (213) (under the constant entropy S hypothesis)
are given by
P

+ = / (l(pl) dpl + u, (223)

o

where a2(p) = p’(p) > 0, so that the system (219) decouples as follows:

d;"—ti 0, L _ i) (224)

Show that, for an adiabatic process (p = kp7),

2 _ —1
a® = ryp’ T,

_ 2Ry 2L _ _2a
e :tufﬁzl:u.

(225)
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4 Regularization of hyperbolic waves [36]

If a wave breaking of the profile with a subsequent multivaluedness is accept-
able when we study the amplitude of a water wave near the shore, it is not
acceptable if one studies other wave phenomena, like the sound propagation.
In this case the field is a density, or a pressure, and it cannot have more than
one value in a space-time point. It means that the model equation we used
is not adequate to describe the phenomenon near breaking. There are two
ways to deal with the problem.

1) Regularization of the solution. One introduces “weak solutions”,
substituting the continuous multivalued solution with a discontinuous BUT
single valued solution (the so-called “shock wave”).

2) Regularization of the model. One improves the model equation, in-
troducing suitable corrective terms. If the model is the Riemann equation,
then the corrective terms are usually u,,, in the presence of dissipation or
diffusion, and wu,,, in the presence of dispersion.

4.1 Regularization of the solution and shock waves

We begin with the first way, going back to the physical motivation of the
Riemann equation (88), the conservation law in integral form

€2

p u(z, t)de = q(z1,t) — q(xe,t) (226)
for the density u and the flux q.

If there is a discontinuity of u at x = S(t) (the shock trajectory in space-
time) then (226) must be rewritten as

1 S(t)

S(t) T2
q(z1,t) = q(xa,) = & (f + [ ) u(z,t)dx

S(t) x2

= [u(S™,t) —u(ST,t)] S(t) + ( f —I—S(f ) u(z, t)dx,

)

where u(S7,t) and u(S™,t) are respectively the values of u(x,t) for = 1 S(¢)
and x | S(t). Taking the limits x; — S~ and x5 — ST, we obtain (VERIFY
IT) the Rankine-Hugoniot law, or “shock condition”

Q(S_7t> — q(S+7t>

S = WS —u(sw.) (227)

48



equivalent to the conservation law in the case of a shock.

Since the multivalued continuous curve, obeying the equation w;+c(u)u, =
0, and the discontinuous curve both satisfy the conservation law, it follows
that the shock front cuts away lobi of equal area of the multivalued
profile.

It is important to remark that, cutting away the two lobi one loses a
part of the information contained in the initial condition. Therefore in this
process the entropy increases and the shock condition describes how (see Fig.

16).

BT oLyl

-‘Ei./ [ Lod —>

I L x

Figure 16: For t > t, the solution is 3-valued in the interval (x1,xs), with
values u; = uo(n;), j = 1,2,3 and n;, j = 1,2,3 are the 3 characteristics
meeting at that time. The shock front S(t) € (z1,x2) cuts away lobi of
equal area. Correspondingly, the characteristic curves meets on the shock
line trajectory but do not intersect anymore.
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The unknowns S(t),7;(t), j = 1,2,3 are constructed, in principle, for
t > t,, through the following equations

S(t) =n;+ F(ny)t, j=1,2, F(n):=c(uo(n)), (228)

Lo Quo(m)) — Quo(n2))
) = ) —wolm) 229

with the initial conditions

S(ty) = xp = F(m)ts + 1, m(ts) = n2(ts) = mp, (230)

where

¢=Q(u), Q'(u)=clu). (231)
Equations (228) mean that the characteristics n;(t), n2(t) intersect at t > t,
in the point S(t); equation (229) is just the shock condition (227). For ¢t > t,
the inversion of (228) with respect to 1 gives the 3 solutions n; (¢, S), n2(t, S), n3(t, S)
satisfying the initial condition n;(ty, zs) = m, j = 1,2,3. Substituting
m(t,S),na(t,S) into (229), this equation becomes a first order ODE for
S, that can be uniquely solved, in principle, assigning the initial condition
S(tb) = Typ.

In the simplest case of the Hopf equation u; + uu, = 0,

Q(u) = u?/2 (232)

and the translation in time is proportional to u; it follows that the vertical
discontinuity shock is mapped backward at ¢ = 0 in a segment intersecting
the initial profile in the points 1; < n3 < m3. The property of equal area lobi
is preserved in this backward mapping (see Fig. 17)

Figure 17: The backword mapping for the Hopf equation.
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and can be written more easily on the initial profile. Indeed the area be-
low the initial profile equals the area of the rectangular trapeze of vertices
M1, M2, Ug, Uy (see the initial profile in Fig. 17), and reads:

2
f uo(n)dn — U0(772)(7]2 _ 771) + (Uo(m)*uo(an))(nzfm)

= 30w ) o) + o).

(233)

This formula can be obtained also from equations (228)-(230) as follows.
First, equation (229) becomes

Then we subtract (228) for 7 = 1 to the same equation for j = 2, obtaining

. m — "2 )
- uo(12) — uo(m)’ (235)

then we take the t-derivative of (228) for j = 1,2, we add the obtained
equations and use (235) to get:

Sy 1 / . / . 771 - 772 . .
5= 5 (bt + o] B Gt ) + () + ) ).
(236)
Comparing this equation with (234) we end up with
0 =5 [ug(m)m + ub(n: 772]d(?71 —12) + 5 (M + 12) (uo(n2) — uo(m)
= u(n2)ip — uh(m)in — 535 ((wo(m2) + uo(m)) (12 — m)) (237)

= % Tuo(ﬂ)dﬁ — % (uo(n2) + uo(m)) (n2 — m)

2

It follows that the quantity [ uo(n)dn— 3 (uo(n2) + uo(m1)) (n2 — m) does not
m

depend on time, and since it is zero at t = t;, (see (230)), it is zero (formula

(233)).
4.1.1 Explicit Example: the compression wave

We deal with the Hopf equation u; + uu, = 0 whose initial condition is given
by the compression wave (112), with a; > as. Without regularization the
solution breaks as we have seen in §2.2 (see Fig. 18)
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Figure 18: The breaking of a compression wave.

Since Q'(u) = c(u) = u, then Q = u?/2+const, and the shock equations
read, for t > t;:
S 77 +u0 nj)tv 3_1727
(2EZ)071711) z:Loo(anz ) l[uo(nl) + “0(772)], (238)
tb =y, Ni(ts) =M, J=1,2.

As we have seen, the discontinuity of the initial condition implies that all the
characteristics |n| < [ meet at the breaking point

2
(a:b,tb):(a1+a2l, l ); (239)

ay —az ap—as

then we do not have a unique 7, and the above condition 7, (t,) = 72(t5) = m
may not be valid.
Equations (238) become

S(t):nl_l_alt) j:172a
S(t)=m+at, j=12, (240)
S(t) — a1+a2’

2

Y

and we evaluate the first two equations (240) at t = ¢, using S(t,) = xp =

@tar ] ohtaining
a1—as2

mts) +n2(ts) =0, ma(te) —m(ts) =21 = na(ty) =1, m(ty) = —1. (241)
Now we take the difference and the sum of the first two equations:

=M= 772’
S(t) :ala_llﬁrazt + 771+7]2 (242)

and the derivative of the second equation (242):

G1+a2_|_7'71+7'72.

5= 2

(243)
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Comparing (243) and the third of (240) we infer that
m+n=0 = n(t)+n(t) = const, (244)
and evaluating the last equation at ¢ = ¢;, using (241), we infer that

CL1+6L2

m(t) + ) =0 = St)=—

t. (245)
Summarizing we have the following shock evolution

771<t) = ——a1;a2t, 772(t) = —’rh(t) = —U’l;aQt,
S(t) = 9d2t t >, (246)
indicating that the multivalued region of the compression wave in Fig.18 is
replaced by a single valued shock traveling with a speed that is the average

of the amplitudes in front and behind the shock (see Fig. 19).

Gy f=0 _________Eb_h Q¢ >ty
N T
! : T J ay
Sl R . . S i :
=L L ~ -t L b % -2':'0 St) “x

Figure 19: The regularization of a compression wave.
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4.2 Important application: the piston problem

As an application of the gas dynamics equations, that can be written in the
hyperbolic form

dsS __ dr __
= = 0, on o= u,
dx

dp du __ dx __
o Tpagy =0, on & =u+ta,

(247)

we consider the piston problem described in the following Fig. 20

NN

Figure 20: The piston problem

At t = 0 the gas is at rest in a uniform state:

o)
u=0, p=py, S=5, a*=aj= a—];(po,So). (248)

The piston moves in the x direction on the given trajectory
r=X(t) (249)

and the gas follows it accordingly. The gas particle paths are the charac-
teristic curves dz/dt = u, and the piston trajectory is itself a particle path
trajectory, since the gas follows the piston. Therefore the particle trajecto-
ries are similar to that of the piston. It follows that they all originate from
the x axis (see Fig. 21).
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Figure 21: The three characteristics curves in the piston problem.

Since dS/dt = 0 on the particle paths dz/dt = u, all originating from the
x axis, it follows that S = Sy on each path = S = S; everywhere in the part
of the (x,t) plane accessible to the gas. Then the flow is isentropic and the
gas equations (247) simplify in terms of the Riemann invariants

2 d
ry = ¢ tu=const on = =uta (250)

v—1 dt
for a polytropic gas.

Consider the characteristics C_ such that dx/dt = v — a. Since a > 0,
dx/dt = u — a < u, where u is the slope of the gas particles. Then also the
characterisctics C_ start from the x axis (they cannot start from the piston)
(see Fig. 21). Consequently

2a 2a
r_ = —u= —u
v—1 v—1

on all the characteristics C'_ covering all the accessible space-time. It follows
that

QCLO

= 251
t=0 y—1 (251)

2a 2a
r_ = —u = (252)
v—1 v—1
everywhere, not only on its characteristics, implying, in particular, that a
can be expressed in terms of u

v—1
2

a=ay+ u (253)

everywhere.
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Consider now the characteristics Cy such that dx/dt = v + a. On them

2a
v—1
The slopes u+a of C', is greater than the slope of the particle path, implying
that we have to distinguish two cases: C, curves originating from the x axis

and C curves originating from the piston.
i) If C originates from the x axis, we have, as before:

ry = + u = const. (254)

2a 2a 2ag
ey (7—1+u)t0 y—1 (255)
Comparing (255) and (251) we infer that
dx
u=0, a=ay, on E:a+u:a0:>onx:aot+77. (256)

Therefore the characteristics Cy originating from the x-azxis are the straight
lines x = apt + 1, n >0, and on them u,a are constants: u =10, a = ag.

ii) if C'; originates from the piston, we first rewrite the characteristic equa-
tions for r using (253):

_ 2a _ 2ag _
Ty =0 +u= P + 2u = const on

dr __ _ y+1
g — 4t u=a)+ -S5-u.

(257)

Therefore u is constant on its characteristics (that depends only on u). It fol-
lows that the C'; characteristics originating from the pistons are also straight
lines:

1
x:(ao—i-v;r u)t—l—(, (258)

where ( is the characteristic parameter enumerating the family of character-
istics emanating from the piston. The characteristic ( meets the piston at
t=rT:

u=X(1) at == X(7). (259)
Then u = X(7) on Cy, and at t = 7:
X(r) = (ay + T X ()7 +¢ (260)

Eliminating ¢ from the equations (258) and (260) we obtain the equation of
the characteristic curve meeting the piston at ¢t = 7:

T = X(7) + ag + ”YT“X(T)]@ _ ), (261)
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on which .
w=X(r), a:a0+%X(T), S = Sp. (262)

The equations (261) and (262) provide the solution in the space-time region
covered by the characteristics origination from the piston in the usual way:
one solves equation (261) with respect to 7, obtaining 7 = 7(x, t; ag,y), and
substitutes it into equations (262) to finally get u and a (see Fig. 22).

t 7 =¥/ b\-" »,—QJ‘}:_'-
~ M‘\// / > ;"-"‘XL\C‘, TLO'D &1 X(, A)_“(l'-‘t:-)
- // /AR VAL e
/ L/ o Ozo -1
sl

=0t
‘»""/quuc’ Q:Ro

g Eebey

.-

Figure 22: The C characteristics and the solution in space-time. In the
first part of its trajectory X (7), the piston moves backward with increasing
speed: X(7) < 0, X(7) < 0; the slope decreases, u decreases and we have
a rarefaction wave with no breaking. In the second part of the trajectory
the piston moves backward with decreasing speed: X (1) < 0, X(7) > 0; the
slope increases and we have breaking.

The piston problem can be solved explicitly when the piston moves with

constant speed V:
X(t) =Vt (263)

We recall that

S =25, a=ay+ Ty everywhere, (264)

on the characteristics C', originating from the z-axis
u=0, a=ag, on x=agt+n, (265)

and on the characteristics originating from the piston we have, from (261)
and (262), the solution

x=VT1+ap+ A/T—HV](t—T),

u="V, a:ag—l—VT_lV. (266)
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The characteristics C'; originating from the piston have slope ag+ VTHV. We
distinguish two cases.

i) If V' < 0 this constant slope is less than the slope aq of the characteristics
(', originating from the z-axis; therefore they never intersect (see Fig. 23).
There is a fan of characteristics originating from the origin (0, 0) of the space-
time

1

x:(ao—i—vg u)t, —|V|<u<O. (267)
Inside the fan, the gas velocity is obtained solving (267) with respect to u,
obtaining

2 2 -1

=20 (L q) 5 g2 S0 T (268)

v+ 1 \apt vy+1 ~v+1¢

see Fig. 23:

F e =-Vig 4] g vi](E-x)

u=-vl { Y,/ s =@ iPIV)E
|
:

¢ =(ao+¥H W)L ik < 0

Figure 23: The characteristics curves when the piston moves with a negative
constant speed (a rarefaction wave).

Summarizing:
=V, —|V[t <@ < (a0 — V),
u=1{ 2 (2 1), (- VI <o < agk (269)
0, T > apt.
ap — V], —|[V[t <z < (a0 — V)L,
a={ 204302 (g V)t <z <ag, (270)
ao, T > agt.

If V> 0, the slope of the characteristics C'; originating from the piston
is greater than the slope ay of the characteristics C'y originating from the
x-axis; therefore they intersect immediately at (z4,1,) = (0,0) (see Fig. 24).
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Figure 24: The characteristics curves when the piston moves with a positive
constant speed (a compression wave).

Summarizing;:

V, Vit < x < apt,
u=1q V,0, agt <z < (ap+ %HV) t, (271)
0, xr > (ao + 7T—HV) t.

ao+WT_IV, Vit < x < agpt,
a=< ag,ag+ 77_1‘/, apl < x < (ag + %“V) t, (272)
ao, T > (ao + VTHV) t.

At last we remark that, known u and a, one obtains p and p from

; AN
P = Po (£> s P =Po (—) : (273)
Po Qo

The first equation is for a polytropic gas; the second equation comes from

v—1 y—1
29 _ o (ﬁ) _ a2 (ﬁ) , (274)
dp Po \ Po Po

4.2.1 Regularization and shock in the piston compression problem

We have established, see (261), that the equation of the characteristics
originating from the piston are

x=X(7)+ c(u)(t —71), u:X(T), (275)
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where

1
o) = ao + %u (276)

This velocity fields corresponds to the flux

1
Q(u) = agu + s u® + const (277)

and leads to the shock equation

st - Q=G _, 11

(ug + ua), (278)

where u; and us are respectively the velocities behind and in front of the
shock:

u, = X(1), uy=0; (279)
therefore )
S(t) = ag + %X(T) (280)
with, at x = S(¢):
S(t)=X(1)+ (ao + fYT—HX(T)> (t—1). (281)

Again we solve (281) with respect to 7, obtaining 7 = 7(5,t), and we sub-
stitute it in (280) to get the first order ODE defining S(t), with S(0) = 0
and T’ w0 =10 (t, = xp, = 0 in the compression problem), and the problem is
implicitly solved.

These formulas can be simplified remarking that the sound speed is ag ~
343 m/s (at T' ~ 20 Celsius degrees) while the piston speed is in general much
smaller. If, f.i., V' ~ 10 cm/s, then V/ay ~ 3-107%, the slope of the trajectory
of the piston is much smaller than the slope of the parallel characteristics C'
originating from the z-axis, and

X(1) < ag, X(1)< apt. (282)
Then .
S(t) ~ (ao + %X(T)) t — aoT, (283)
implying
) 1. 1. d
S ~ag+ %X(T) + (—ao + %X(T}t) d—; (284)
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Eliminating S from (280) and (284) and dividing by ao, one obtains (VERIF'Y
IT)

v+1g

1, dr d
X(T)—i—’y—'— . .

X(T)t% ~ (285)

4(10 2@0

Multiplying by X (7):

4ag dt 4dag

(X (n)? + FEX ()X (e = & (32 (X (7))
R (286)
~ X(1)% = E!X(T)dT,

dt

and integrating with respect to ¢, we obtain

v+1
4&0

(X(7))% ~ /X(T/)d’l'/, (287)

where we have set the integration constant to be 0, since, from (283), at t = 0
S =0 and T{tzo =0.

With equations (283) and (287) the shock problem is reduced to the
solution of the algebro-transcendental equation (287) with respect to 7, to
get 7 = 7(t), and its substitution in (283) gives the shock trajectory without
solving the usual nonlinear ODE.

If X(0) > 0 we have an initial compression, the shock starts at the origin:
S(0) =0, T’t:O = 0, and equation (287) simplifies further, for 0 < ¢ < 1:

1.
T %)~ T, O<t< 1. (288)

4&0

Then (283) becomes
S(t) ~ (ao n %“X(O)) t— ag X (0)t o9
- (ao + 'YTHX(O)) '

and the shock starts with speed ag + 7T“X(O).

If the piston moves with constant speed V' > 0, everything simplifies.
The C, characteristics x = agt + n originating from the z axis and those
x = V1 + (a0 + 3 V)(t — 7) originating from the piston meet on the shock
front x = S(t) = (ap + V)¢, and the solution reads (VERIFY IT) (see
Fig. 25)

\%4 1
<u>_ (ao—l-'yTlV)’ Vit <z < (ag+253V)t,

a (20) z > (ag + V) ¢,

61

(290)



Figure 25: The regularized characteristics curves when the piston moves with
a positive constant speed (a regularized compression wave).

4.3 Dissipative regularization of hyperbolic equations
and the Burgers equation [36]

As we have already said, the regularization of hyperbolic systems based on
physical considerations is the best (but, in general, more difficult) way to
deal with the problem of the gradient catastrophe.

In this section we deal with the “dissipative regularization” of the Rie-
mann equation (88), introducing a small dissipative term:

U + (W)U = Vige, 0<v < 1. (291)
This equation implies conservation of the mass:

4 [ou(z, t)de = [, w(z, t)dz
= Jo(=c(w)uy + vug,)de (292)
= [-Q(u) + vu, )7, =0, Q'(u)=c(u),

but a loss of energy. Indeed, multiply (291) by u and integrate:
1

§(u2)t = —(Q(u))y + Vutyy, Q'(u) = uc(u). (293)
% Jr @daz = Jr <“72>td:v
= fR(juc(uolum + VU, )dr (294)

— [—Q(u)} N + v [p utgdr = —v [ ulde < 0.
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In both cases we have assumed that u(z,t), uy(z,t), Q(u), Q(u) — 0 as
r — Foo.

The introduction of the small dissipation introduces a vector field con-
trasting the steepening of the nonlinear term (see Fig. 26)

o Uxx <O = doozenges 4y

g Unx =0
\E Uy >0 = Ihowases Uy

Figure 26: The vector field vu,, contrasts the steepening effect of the vector
field —uu,.

4.3.1 The Burgers equation and its Cauchy problem

From now on we limit our considerations to the simplest among the nonlinear
equations (291), the so-called “Burgers equation”

Up + Uy = Vlgy, v > 0. (295)

It turns out that also the Burgers equation can be integrated, through a
method based on the fact that the equation is the compatibility (integrability)
condition for the following system of linear equations for an auxiliary field
o(x,t):

Pt = VPzxq-
The first equation is the so-called “Hopf-Cole transformation”, the second

equation is the famous “heat (or diffusion) equation”.
To show it, we first establish that (VERIFY IT)

P = 35 (U = 350%) .
_ 1 3 1 3
Przz = 9 Upr — ZUUJ} + (QV)QU > ¥, (297)
Ptz = —5 [y — UL, + U],
Pat = VPgxax = _%[Vuxx - %qu + ﬁug]QO

and the Schwarz lemma ¢,; = ¢y, is satisfied if and only if u satisfies the
Burgers equation (295). Sometimes one preferes the potential form of the
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Burgers equation
1
b = 502 = Voua (298)

linearized to the heat equation p; = vy,, via the point transformation ¢ =
—2v log .

The integrability scheme (296) can be used to solve the Cauchy problem
for the Burgers equation

Up + Uy = Vg, u=u(x,t;v) € R,

u(z, 0;v) = ug(x). (299)

through the following steps.

1. We first go from u(z,0) to ¢(x,0) solving the first ODE in (296);

2. Given ¢(z,0), we solve the heat equation in (296) constructing ¢(x,t);
3. One constructs the solution u(x,t) = 2vp,(x,t)/¢(x,t) again from the
first equation (296).

It is important to remark that the step 2 itself requires the use of the Fourier
transform method scheme of solution (see Fig. 27).

B T A
Lol B CF("& °) — C(OCK,D)
Bur UUM heat [ A A
e 4 Cos r wy / L ipi
g HeLt) & Cﬁ(\:t) e %ﬂkm) épmo)e:m{b
(RCY TRy

Figure 27: Integration scheme for the Cauchy problem of the Burgers equa-
tion.

Let us construct the solution of the Cauchy problem (299) of the Burgers
equation using this integration scheme. We first construct the solution of the
Cauchy problem for the heat equation

Ot = VPxzx,
2(,0) = go(x). (300)

using the Fourier method. The solution

_(z—y)?

o(z,t) = 2\/7? wi—p(y,0)dy,

(301)
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is obtained as follows:

gO(l’,t) — R%eikz—uk% A(k 0) = 27r zkm Vk2tf dye zksygp(y’o)
_(z—y)?

2
= Jpdyp(y,0) [ sEeitle—y)- v Rzn‘P(yaO) vt f dke vt (=i
(z—)? _s2 _(@—y)?

:\/%7]&%%90(%0)6 T fpetds = 5= fre iy, 0)dy.

(302)
In the 3rd step we exchange, as usual, the two integrals using Fubini; in the
4th step we complete the square in the second integral; in the 5th step we
use the identity

/ (z—ia) dx—/exzdx:\/?, acR, (303)
R R

coming from the application of the Cauchy theorem to the integral § e dz,
where the closed contour is the rectangle (=R, R, R — ia, —R — ia).

The solution is exact but, in general, not expressible in terms of elemen-
tary functions. Let us consider the following two interesting examples, in
which non smooth initial conditions evolve for ¢ > 0 into smooth functions.
1. If p(2,0) = d(z — zp), then

1 _ (@—mg)?

x,t) = e i, 304
oo t) = o (304)

A Dirac ¢ initial condition evolves into a gaussian whose amplitude decays
as 1/+/t, and whose variance grows as t (see the left Figure 28).

2. If p(x,0) = H(x—x0), where H(z) is the Heaviside step function (H(x) =
1 for x > 0, and H(z) =0 for z < 0), then

T—x(

f e~ 41}1)2 dy = £ 2]/'% e’dey
VT (305)

).

where Erf(x) is the error function

Bra) = — / gy, (306)

with Erf(—z) = —Erf(x), Erf(0) = 0, Erf(co) =1 (see the right Figure 28).
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Figure 28: Three snapshots of the evolution of the initial conditions ¢(x,0) =
d(x) (left) and ¢(x,0) = H(x) (right) at ¢ = 0.1, 1.0, 10, according to the
Burgers equation for v = 1.

Solving the first of equations (296) for ¢(x,0), with u = u(z,0), one
obtains ¢(z,0) = Aexp (—% J u(y, O)dy). Therefore
0

S
= s Je e POy,
where
r (z — y)’
G(z,y,t) = /u(y’,O)dy' + 2—ty (308)

0

Using again the first of equations (296) with © = wu(x,t) one obtains the
solution of the Cauchy problem (299):

1

o, Pr(@:t) _ I %6_#(%%@@.

p@t) [ ownigy

u(z,t) = — (309)

If v > 0 the solution u(x,t) is continuous and single valued Vz € R, ¢ > 0,
since the solutions of the heat equation are smooth and single valued Va €
R, t > 0.

Although the Burgers equation reduces to the Hopf equation when v — 0,
it is not automatic that the solution of the Cauchy problem for the Burgers
equation tend to the solution of the Cauchy problem of the Hopf equation,
for the same initial condition, when v — 0. Now we shall show that it tends
to the single valued discontinuous solution (the shock solution).
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To do so, we first remark that, if u(z,0) is localized, G behaves asymp-
totically like a parabola: G(x,n,t) ~ n*/(2t) as n — +oo, and has one or
more local minima for 7 finite, depending on z and t (see Fig. 29).

Figure 29: Local minima of G(n), varying = and ¢.

Then —G(z,n,t) has local maxima, and since 1/(2v) > 1, one can apply
the Laplace method (see Appendix 2) to evaluate the leading order term of
the solution (309).

Suppose that we are in a space-time region in which there exists only one
max at 7y such that

0G t
G| _ o o = no(, 1) (310)
877 10
Then 50 ;
9G(z,n,t) = uo(m0) — == = 2 = 5y + om0t (311)
on 70 t
and .
u(z,t) ~ " o _ up(no), 0<v<l. (312)

Therefore, in the space-time region in which there exists only one
stationary point 1), the solution of the Cauchy problem (299) tends
to the well-known solution

u(z,t) = uo(no), =1+ uo(no)t (313)

of the Cauchy problem for the Hopf equation, when v — 0, corre-
sponding to the same initial condition.

We remark, from (311) and (312), that the stationary point equation for
G corresponds to the equation defining the characteristics, and the station-
ary point 1o(z,t) is the characteristic parameter. Since multivaluedness and
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shocks appear when three or more characteristics meet, this corresponds to
the case in which there exist more stationary points. From Fig. 29 the sim-
plest case after that of one stationary point is the case of three stationary
points 7;, 7 = 1,2,3 and two maxima 7, 7,:

9G(z,mt)

o . = O’ = I = ’]7] —+ 'U,O(T]])t’ ] - 1, 2, 3 (314)

Then the Laplace method gives, for 0 < v < 1:

- G(n1) - Gno)
%(G”(m))_l/ge ' +%(G”(n2)) 1/2¢~ o2 (31 )
)~ 1/2e” (1) G(12) . 5
(G"(m)) 1/2¢ ‘2%+(G//(n2)),1/26_#

u(z,t) ~

G(m) G(n2)

If (z,t) are such that G(n) < G(n2), then e 2o > e 2 | and (315)
reduces to

w(z,t) ~ T — (). (316)

t
G(n1) _G(n)

If (x,t) are such that G(n;) > G(n), then e~ 2o < e 2 , and (315)
reduces to

T —T32

If (x,t) are such that G(1,) = G(12), we have

u(z,t) ~

1 2
Y 9 "

/u(y, 0)dy + % - /u(y, 0)dy + % (318)

implying the shock condition (233):

3 (z=m)? _ (z—m2)? tr, 2 2
7{“(347 O)dy - ot - ot - _§[u0(772) - UO(UQ)] (319)

- —2@0(:7722):720(771)] [ug(m2) — ug(m2)] = (2 — Ul)—uoml);w(m)-

In the 3rd step, we have used the fact that ¢t = #Zt(m), coming from
subtracting equations = = n; + ug(n;)t, j = 1,2 in (314).

We have established that in the space-time region in which there ex-
ists three stationary point 7;, j = 1,2, 3, the solution of the Cauchy
problem (299) for the Burgers equation tends, when v — 0, to the
shock wave solution of the Cauchy problem for the Hopf equation,
corresponding to the same initial condition. Therefore the shock solu-
tion of the Hopf equation describes the evolution, according to the Burgers

equation, in the presence of a small dissipation (see Fig. 30).
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Figure 30: Three snapshots of the numerical dynamics of an initial gaussian
profile according to the Burgers equation with a small dissipation, and the
formation of a smooth shock.

4.3.2 The shock structure

Since in the Burgers equation u; = —uu, + vu,, the vector fields —uu, and
vu., play the opposite role of steepening and smoothening out of the profile,
respectively, one expects the existence of a steady state, suggested also by
the shock solution. Therefore we look for a solution of the Burgers equation

in the form
u=U(X), X=z—ut (320)

then U satisfies the ODE —vU’ 4+ UU’ = vU"”. Integrating it once we have
the first order ODE

vU' =U?/2 —oU + A, (321)
where A is an arbitrary constant, that can be integrated once more by quadra-
tures: u

X d
<= / Y . (322)
v y2/2 —vy+ A

Looking for a solution such that
U—Uy, asx —o0; U— Uy, asx — —0o0, (323)

then equation (321) implies:

U? U2
%—le%—A:?Q—UUz—i-A:O (324)
fixing the constants v, A in the following way:
Uy + U. UL U.
vz%, A= 122. (325)
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We remark that the velocity of the profile coincides with the velocity of the
shock wave of the Hopf equation.

Since, from (324), U; and U, are the roots of the denominator of the
integrand in (322), we have

x _ U d _ 1 U —U
v f (y*Ul)%y*Uz) T UL-Us In UlfUz (326)
and _ .
1 2€ 2v
u = Ul_U2X . (327)
14+e 2

This formula describes a compression wave moving rigidly with velocity v =

Utz - with shock strength (the relative jump) UlU_l U2 and shock thickness
Ulsz2. The shock thickness tends to zero when the dissipation parameter

v — 0 and leads to a discontinuous shock (see Fig. 31).

Uy

Ocv>

Figure 31: The shock structure in the case of a small dissipation.

4.3.3 Conclusions

Let us summarize what we learned from the previous considerations.

1) If the initial condition of the Burgers Cauchy problem (299) when 0 <
v < 11is a smooth localized bump, initially

[Vt || < ], [Juus || = O(1) (328)

and the dynamics is ruled by the Hopf equation. Then the wave deforms and,
when |t —t,| < 1, t < tp, the profile has a fast variation. In the neighborhood
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of (xp, 1) the space-time dependence is rule by the “fast variables”

zi=L_ow), (329)

v 14

5=
and the dynamics is now ruled by the Burgers equation

in which there is no small parameter anymore; the solution (327) describes
the shape of the profile around the shock.

2. If the initial condition is given by a smooth compression wave, the Hopf
equation rules the dynamics until we are in the neighborhood of (4, t;), when
the dynamics is ruled by (330) and the solution near the shock is described
by (327).

3. If the initial condition is given by a smooth rarefaction wave, the Hopf
equation rules again the dynamics, but now the solution becomes more and
more rarefacted, and the Burgers equation does not play any role.

4.4 Dispersive regularization of hyperbolic equations
and the KdV equation

In the KdV equation u; + ut, + €Upee = 0, u = u(z,t) € R, dispersion
and nonlinearity have opposite effect, and one expect that a rigidly traveling
wave solution can exists. Therefore we look for a solution in the form

u=U(0), ©:=z—ct— x, (331)
obtaining the following ODE for U:
—cUo + UUg + €Ugpo = 0. (332)

Integrating once we obtain:

1 FE
€2U@@ + §U2 —cU = Fl;

multiplying by Ug and integrating one more time we obtain the first order
ODE

(333)

Cc
— —-U*=—"U
> 76 2 6~ "%

where F; and FEs, are the two constants of integration. It can be rewritten as

(334)

U = 3P(U),

3

PU) == —U?43cU? + B\U 4+ By = —(U — a)(U = B)(U — 7). (335)
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Since U3 > 0, then also P(U) > 0; therefore the real constants Fy, Fy are
chosen to have three real roots, and we order them as a < 5 < ~.

Figure
From the figure it follows that the region in which U € R and bounded
is U <.
The relation among the coefficients of the polynomial and its roots are
e — otB+y
3 Y
Ey = —(aB + By +ay), (336)
Ey = afy.
From the figure it follows that the region in which U € R and bounded is
U<y,
The ODE (335) becomes
dUu 1
—=—VPU 337
% = 75 VPO (337)
that is integrated by quadrature
1 ’ av’
(338)

Vie ) /P
8!
Since the polynomial has degree 3, the solution can be expressed in terms of

elliptic functions.
Looking for the solution in the form

U= = (y— B sin? (90 <9)) (339)

one can show that

PU) = (v —a)(y = 8)* (1 — x*sin®(p)) sin?(p) cos*(p), (340)
where 5
_ 7=
K= o (341)
Therefore......cccccooooei..

and show that the solution can be written in terms of the elliptic sine as:

U=y~ (- Bt (52 En). (312
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11) Show that, if 5 — « (the case of two coinciding roots), then x — 1, and
sn(u, k) — tanhu. (343)

Consequently, the travelling wave solution of KdV reduces to

Toab) g, 1-e (344)

12« cosh? (W%%)

If, in addition, @ = 0, then the travelling wave solution reduces to the so-
called 1-soliton solution of KdV

U =7 — (y— a)tanh?

3¢
U= o <§i€7$0>, (345)

an exponentially localized travelling wave whose velocity is proportional to
the amplitude and inversely proportional to the v width.

4.5 Exercices

1) Regularize the compression wave of problem 5) of section 2.1.2

2) What happens if we look for discontinuous solutions of u: + wuy = 0 in the form v = H(s(t) —
z)u~ (z,t) + H(z — s(t))ut(x,t), where H(z) is the Heaviside step function and u®(zx,t) are smooth
functions?

3) Consider the Cauchy problem
ut + uug = 0,

u(x’ 0) = f(w)’

where f(x) describes a single bump, and study the behavior of the regularized (shock ) solution near
breaking.
A. See section 4 of Appunti 1.

(346)

4) Given the Cauchy problem
ut +c(u)uzs =0, c(u) =Q'(u),
347
w(z,0) = (), (347)

where f(z) describes a single bump,
i) construct the shock condition

i Q(u2) — Q(u1)

U2 —u1

(348)

and show that it is equivalent of placing the vertical shock to cut equal area lobi of the three valued
solution.

ii) Show that, if c(u) = u, Q(u) = u?/2, the shock equations involving s(t),n1(t), n2(t) can be reformulated
as cutting equal area lobi on the initial profile:

72
[ £0dn = 3 (= me)(Fm) + £ (e) (349)
m
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5) Given the Burgers equation u; + wus = vugs, v > 0,
i) Show that, for localized solutions in R, dM/dt = 0 and dE/dt < 0, where M is the mass and F is the
energy:

M = / w(z,t)de, E = / u?(z,t)dx. (350)
R R
ii) find its traveling wave solution satisfying the boundary conditions u(z,t) — u+, x* — +o00, where u+t

are constants, and discuss the shock structure.
iii) Find its similarity solutions.

6) Show that the solution of the Cauchy problem for the Burgers equation u; + uugz = vuge with initial
condition u(z,0) = f(x) is given by

G(z,m,t)

f TN e~ S0 d’l’]
u(z,t) = H—t— s (351)
Re_Tdn
where
n
/ ,, (@— 77)2

G(z,n,t) = [ f(n')dn' + Tor (352)

0

7) Consider the Cauchy problem for the Burgers equation u¢ +uuy = vuge with Gaussian initial condition
u(z,0) = f(z) = 6_12, and let mp, = 1/v/2 ~ 0.71, x, = /2 ~ 1.41, t, = 1/e/2 ~ 1.16 be the breaking
parameters of the Hopf equation u¢ + uugz = 0 corresponding to the above Gaussian initial condition (see
a previous excercise).

7a) Study the function

[/ 2
GG t) = [ Syl + 21 (35%)
0

as function of the variable n, with € R, ¢t > 0 parameters in the following way. i) Show that, for n — +oo,
G(z,n,t) behaves as a parabola: G ~ n?/2t. ii) Show that, for 0 < t < t;, G(x,n,t) possesses just one
extremal point, a global minimum 7. iii) Show that, for ¢ > t;, there is a finite interval z € (z—,z4) in
which G(x,n,t) possesses three extremal points 72 < 9 < 11 such that 11,72 are local minima and 79 is
a local maximum. iv) Show that: if # € (x—,x4) and is close to x_, the global minimum is 72o; if it is
close to x4, the global minimum is 7;; there is an intermediate value of ¢ € (x—, x4 ) for which 11,72 give
the same value of G: G(z,nm1,t) = G(z,n2,t) and are then global minima. v) Show that, if z ¢ (z—,z4),
then there is only one extremal point, a global minimum 7. vi) Make plottings of all the above cases (see
Fig. 32).

7b) Use the above results to investigate the solution (351) of the Cauchy problem for the Burgers equation
ut + uugy = Vuz, with Gaussian initial condition u(z,0) = f(x) = e’zz, when 0 < v < 1 (small
dissipation), showing that such solution tends, for v — 0, to the shock solution of the Hopf equation, for
the same initial condition.
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Figure 32: Plots of the function G(x,n,t) vaying 7, for the Gaussian initial
condition f(n) = e, and for the following choices of (x,t): (p,ty), (zp +
0.440,t, + 1), (xp + 0.547,t, + 1), (2 + 0.700,¢, + 1). We remark that,
at (zp,tp), G(x,n,t) has the global minimum at the triple point n = n; at
t = t, + 1, varying = in a suitable interval, the global minimum changes: if
x = xp 4 0.440, the global minimum is for n =1y, < 0 < ny; if x ~ 2, +0.547,
the first 7y and third n; local minima give rise to approximately the same
value of G = 0.8807 and are global minima; if x = x; 4+ 0.700, the global
minimum is for n = n;.

8) Multidimensional generalization of the Burgers equation. Consider the natural multidimen-
sional generalization of the Burgers equation, a pressureless Navier-Stokes equation:

u + (u-V)u=vvVu, u(xt):R* xRt 5 R (354)
i) Show that it admits the irrotational reduction u = —V¢ to
1
e = 5 |VoI* + vV (355)
ii) show that also this equation can be linearized to the heat equation
or =vV2p (356)

via the Hopf-Cole transformation ¢ = —2v log ¢.
iii) Conclude that the solution of the Cauchy problem

ut + (u-V)u=rvVvauy,

u(x,0) = up(x) = Veo(x), ¢o(x) assigned (357)

is given by .....oeeeeeennenn.
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5 Multiscale Expansions and Model Equations
of the Nonlinear Mathematical Physics

We have already seen dynamics described by different space-time scales like
in the case of the slowly varying wave trains of the linear dispersive PDEs, or
in the case of the hyperbolic dynamics in the presence of a small dissipation.
In this chapter we introduce the pertubation theory corresponding to the
“multiscale expansions method” and we derive several important examples
of “model equations of the nonlinear mathematical physics”. We begin with
the simpler case of the ODEs.

5.1 Multiscale expansions for ODEs

The first example we consider is the celebrated equation for the simple pen-

dulum
i+sinu=0, u=u(t)eR (358)

whose general solution is described by special functions called “elliptic func-
tions”. We ignore it and look for the solution under the hypothesis of “small
amplitudes”:

u=14dq, 0<d<KI1. (359)
Then we expand in power series, keeping only the cubic nonlinearity:
j+q= %qB +O0(?), e= 62, (360)
and, to fix the problem, we choose some initial conditions
q(0) =1, ¢(0)=0. (361)

Since equation (360) depends on the small parameter ¢, it is natural (but, as
we shall see, wrong) to look for the solution in the form of a power series in
e of the type:

at) =3 €qult), (362)

n>0

implying, from (361), that
w0(0) =1; ¢o(0) =0, n>1; 4,(0) =0, n > 0. (363)

In order to keep the expansion ordered (the n'" term must be much bigger
than the next term), we require that the expansion be asymptotic

EHQTL+IHOO

<1, [fllo :=sup|f(t)]. (364)
llgn [ oo >0
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Equation (360) becomes

. . 1
do+qot+e€ <Q1 +q1 — 8613) + 0(63)- (365)

At O(1) we see that gy satisfies the harmonic oscillator equation g + o = 0,
whose general solution reads

qo(t) = Ae + Ae™™, (366)

where A is an arbitrary constant complex amplitude, fixed by (361) to be
A=1/2.
At O(e) we obtain a forced harmonic oscillator equation for ¢;:

G +aq = éqg’ = é (A% + 3A%Ae™ + c.c.). (367)
This equation expresses two important effects of the nonlinearity.
i) Although the initial condition excites the first harmonic only, the cubic
term excites the third harmonic at O(e).
ii) The terms e* in the forcing are solutions of the harmonic oscillator
equation; therefore they are resonant terms and the solution grows linearly
in time:

¢ (t) = tae™ + B + ye' + c.c.,

a=LA*A, B=—£A% 5 ¢eC arbitrary. (368)

It follows that
eqi(t) = O(et) = O(1), if t=0(e) (369)

and the series is no more asymptotic. In addition the solution cannot diverge
in t, since equation (367) is a hamiltonian ODE:

.. 2 €
q1 = —V’(Q1); V(Ql) = % - ﬂﬂl,

)
E :‘:71 + Vi) = £(0 (370)
= (L 44 g4t finite.

(5 +4 - dut) |, fnit

We conclude that the ansatz (362) is wrong, and since the expansion ceases
to be asymptotic for t = O(e™!), it suggests to look for the following richer
ansatz

q(t) = "Qult. ), i =et. (371)
n>0
Then ; ) )
?2 - _ta’j_ ea_tl’a 0 202 (372)
a2 W+2€§8_t1+6 8_t%’
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and
Q0(0,0) = 15 Qu(0,0) =0, n > 1; Qn(0,0) =0, n > 0. (373)

We repeat the previous analysis with this new ansatz in (360), obtaining

(97 +260:01)(Qo + €Q1) + Qo+ Q1 = QR +O(A) = 0. (374)
At O(1) we have again the harmonic oscillator:
Qoy + Qo =10 (375)
with solution L
Qolt,t1) = A(t)e™ + A(t)e ™™, (376)

where now A is a function of ¢; to be determined. At O(¢e) we have the forced
equation
3
Q1 + Q1 = —20:0;, Qo + %
A3 _3it : 1 A2 A\ it (377)
= et —2i (At1 — A A) e’ + c.c.
Again we have a secular term, but now we can choose the dependence of
A on the slow variable ¢; to eliminate it, imposing that the coefficient
of the resonant forcing e be zero:
dA 1 -
— = _A?A. 378
dty, 4 (378)
This equation describes how the complex amplitude of the har-
monic oscillation is slowly varying, due to the nonlinearity.
Using the polar representation of A: A = rexp(if), we obtain the two
real equations (VERIFY IT)

2

Ty = 07 etl = _rZa (379)
implying the solution
3
r = const =1(0) =19, 6= _Ztl + 6. (380)
Then the solution reads
2
ilt—="0¢ 10 .
q = roee (t st 0) + O(€) = 1'% 1 O(e), (381)
where
r2
w=1- EZO (382)



indicates that the angula frequency decreases, due to the non linearity; an-
other important fact is its quadratic dependence on the amplitude, another
typical nonlinear effect.

Having eliminated the secular forcing in (377), the solution is bounded
(VERIFY IT):

1 . 131 ~ i
0~ L) ¢ At e )

where A is an arbitrary function of ¢.
If we want to impose the initial conditions we get (VERIFY IT)

1
o= 3, o = 0. (384)

We conclude remarking that, if we pushed the analysis at O(e?) we would
have seen again secularities, and to eliminate them it would be necessary to
introduce also the slowly varying variable ¢, = €%t; and so on. Therefore the
correct ansatz for the solution is

g(t) =Y €Qut,t), t=(t,... tn,...), tn=€"t. (385)

n>0

Other examples of nonlinear ODEs treated using multiscale expansions
are presented among the exercises of this chapter.

The natural generalization of the method to the case of nonlinear PDEs
is discussed in the remaining part of this chapter.

5.2 Weakly nonlinear quasi monochromatic waves in
nonlinear dispersive PDEs and the nonlinear Schrodinger
equation

Here we apply the multiscale method to nonlinear dispersive PDEs, i.e., to
nonlinear PDEs that are dispersive in the linear approximation. One can
show that, under the hypothesis of

e small amplitudes,
e (uasi - monochromatic waves,

the complex amplitude of the monochromatic wave is modulated by suitable
slow space-time variables, and this modulation is described by the nonlinear
Schrédinger (NLS) equations

iy + Uy + 20|ul?u =0, u=u(z,t), n==+l (386)
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As we have done it in the previous section, we prefer to illustrate the
method on an example, and we choose the natural generalization of the
pendulum equation (358) to a PDE, the so-called Sine-Gordon (SG) equation

Uy — Uy + pPsinu = 0, (387)

an integrable nonlinear generalization of the Klein-Gordon equation relevant
in differential geometry. A physical derivation of it comes from the Scott
model, consisting of a chain of equal masses pendulums hanging by an elastic
thread, with first neighbors interactions due to torsion forces described by
the equations

men = _,U/Q sin ¢ + 7(9n+1 - en) - ’Y(@n - en—l)a (388)

where v is the torsion coefficient (see Fig. 33)

Figure 33: The Scott model of a sequence of pendulums connected by an
elastic string

In the case of a large number of pendulums at small distance § < 1, we
take the continuous limits nd ~ x:

On(t) ~u(x,t), Opi1(t) ~ulx+6,t)

= u(z, t) £ duy (2, 1) + Sug,(x,t) + 0 (5%), (389)

obtaining equation (387).
As we have already mentioned, the linear limit of (387) is the Klein-
Gordon (KG) equation

Lu = Uy — gy + p*u =0, (390)
with two dispersion relations

wy = £/ 1% + 2k? (391)
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(from now on we choose w(k) = w, (k)). Due to the small amplitude hypoth-
esis, we expand the equation (387) in powers:

2
Lu = Uy — Cligy + pu = ’%u?’ +O(u°) (392)

and we look for a solution in the form
u = eup + €uy + Suz + O(e). (393)
At O(e) we have the KG equation
Luy = 0. (394)

The second hypothesis imposes to choose as starting point of our expansion
the monochromatic wave solution of (394):

uy = Ae?@) Lce. O(x,t) = kr — w(k)t. (395)

At O(€?) we also have Luy = 0, and we choose without loss of generality
U9 = 0.
At O(€?) the nonlinear terms come into play:

2 2
Lug = %u‘% = % (A%e* + 3A4|APe" + c.c.). (396)
As in the ODE example of the previous section, the term A%e*? indicates
that, due to the nonlinearity, the energy, initially concentrated on the first
harmonics, spreads on higher harmonics, and the term 3A|A[*¢% is a resonant
forcing that cannot be eliminated, destroying the asymptotic character of the
expansion when ¢t = O(e™!). Motivated by the considerations made in the
ODE case, we assume that the amplitude A depend on the slow variables

Ty =ex, t,=¢€"t, neNT. (397)
Then
0,5 — 0,5 + 6@1 + 62&2 + 0(63),
0?7 — 02 4 2€0,0,, + €% (20,0, + 02) + O(€%), (308)
Oy — Oy + €0y,
02 — 07 + 2€0,0,, + €202 .
At O(e) we have again Lu; = 0, and
_ i0
uy = Az, t)e’ + c.c., (399)

t=(ti,te, . tn,...)

81



with the complex amplitude modulated by the slowly varying space-time
variables in a way to be prescribed.
At O(€*) we have

EUQ = -2 (3,58,51 — 023,58,51) Uy = 400
2% (k) (Atl + %Awl) e + c.c. (400)
Since exp(=£if) are secular unacceptable forcings, their coefficients must be
zero; therefore

Ak

Ay + o (k)

Ay, = Ay +w'(k)A,, =0, (401)

implying
A= A(l’l — w’(l{:)tl, tz, PN ),

us = Aol ) + c.c. (402)
At O(€*) we have
Lug = =2 (0,0, — P040n,) s — (20,01, + 02 — 202 )us + Ll
= 2iw [(Oh, + w'(k)0s,) As] € (403)
2w [(i&tz + 02;;’2331) A+t 5A\A|2] el 1 K2 4330 4 ¢,
Since exp(=%if) are secular unacceptable forcings, and
2 2 P
"(k) = = 404
W) = S = S (101)
we must impose
A2t1 + w/(k?>A2$1 =0 = A2 = AQ(.TI - u},<k3)t1, tg, Ce ), (405)
and ") )
< w H 2
A —2 A, .+ ——A|A|" = 406

Therefore the elimination of all secularities at this order implies that the am-
plitude A depends on ¢y through the nonlinear Schrodinger (NLS) equation
(406).

Summarizing, for real nonlinear PDEs whose linear approximation is
dispersive with dispersion relation w(k), looking for small amplitude quasi-
monochromatic wave solutions:

u(z,t) = eAexp(i(kx — w(k)t)) + O(€*) + c.c., (407)
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the amplitude A is modulated by the slowly varying variables (397) in the
following way:
A= AlE b ), €= ele — o/ (B)D) (108)

iAn, + S8 Age 4 b(k)AJA]2 = 0. (409)

Therefore, with respect to the slow space-time variables x,t; there is a rigid
translation with the group velocity; with respect to the slower time t, the
amplitude evolves according to the NLS equation (409). The dependence
on the slower times t,, n > 3 can be fixed, in principle, eliminating the
secularities at higher order.

We remark that the model equation NLS depends on the original non-
linear dispersive PDE from 1) the dispersion relation w(k) of its linearized
theory, and 2) from the coefficient b(k) containing informations also on the
nonlinear terms (b(k) = p?/(4w(k)) in our example).

We also remark that equation (409) can be written in the suggestive form
of a time dependent Schrodinger equation

"
k
1Ay, + MT()A& — V(& t)A =0, (410)
with the “self-induced” potential

V(€ t2) = —b(k)|A(E t2)|". (411)

To fix the ideas, suppose that w”(k) > 0 Vk. We have two cases.

1) If b(k) > 0 Vk, V < 0, and we have a potential well, the attractive case
with bound states. In nonlinear optics we have a focalization of the energy
in suitable regions of space-time.

2) If b(k) < 0 ¥k, V > 0 and we have a potential barrier, with scattering
states; in nonlinear optics we have defocusing effects.

Therefore, depending on the relative sign of the dispersive and nonlinear
terms, we have two completely different dynamics. If the dispersive and non-
linear terms have the same sign, we have the “focusing NLS” equation; if the
dispersive and nonlinear terms have opposite sign, we have the “defocusing
NLS” equation.

In the example we considered: w”(k) > 0 Vk (see (404)) and b(k) =
1/ (4w(k)) > 0 Vk; then we have obtained the focusing NLS equation. It is
also possible that the signs of w”(k) and b(k) change varying k € R; in this
case the same NLS equation is focusing or defocusing depending on the value
of the wave number k.

We close this section remarking that the slow variables of the multiscale
analysis could be generated also through a linear analysis and the dispersion
relation.
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The two hypothesis of small amplitude and quasi monochromatic wave
imply that, to leading order, the solution is described by its Fourier transform
approximation

u(x,t)rv/;i—kﬂo(k)ei(kx_w(k)t) (412)
R

™

in which g (k) is concentrated around a specific wave number ky, suggesting
the change of variables

k=ko+ek, 0<e<1, (413)

and, consequently,

0(x,t) = kr—w(k)t = (kox — w(ko)t)+k (21 — ' (ko)t1) — w”(zk;o) k2ty, (414)
and the slow variables x1,;,t5 are the ones defined in (397).
§ =11 — W (ko)ts. (415)
Substituting (413),(414) into (412), we have

(:E t ~ ef]R uO k() + Ek’) i[ko+ek)z—w(ko+ek)t]

~ Eez[kox w(ko) t]f deO(ko—f—Ek)ei[’;g_i%k%z]
— A€, ty)lhos oo, (416)

A(E L) = dk tio (ko + Ek) ilke—i (kO)th ]
f =1 — w/(k())tl.

Then the slowly varying amplitude satisfies the PDEs
Ay 4w/ (k) Ay, =0, idy, + S Ae =0 (417)

the first one is (401), and the second one is the linearized version of (406).

This argument allows one to construct the linear part of the nonlinear
PDE describing weakly nonlinear quasi-monochromatic waves in 141 dimen-
sions; the nonlinear part is generically described by the self-induced cubic
potential (411), where the coefficient b(k) is obtained from the multiscale
expansion when t = O(e72).

This simple approach, based on the expansion of the dispersion relation
around a wave number kj, can be generalized in a straightforward way to
higher dimensions. For instance, in d + 1 dimensions, expanding around the
wave vector kg = (kio, k2o, - - kdo) ko+ek, k = (k1,ka, ..., kq), one obtains:

O(x,t) = (ko + ek) X —w (ko + ek) t= ko x — w (ko) ] s

pe d 2w
+k- (a1 = Viw (ko) 1) — 5 3 GG £+ O(e),

3,j=1
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where .
Xy = (131,1'2, R ,Id), X1 = €X, tj = Ejt, j = 1,2 (419)

are slow space-time variables. Correspondingly, the slowly varying amplitude
A satisfies the linear PDEs:

(O, + Vikw (ko) - Vx,) A= 0, (420)

d
1 0?
ZAt2 w

Agiz; = 0. (421)

i lTk=ko

i,j=1
As before, the nonlinear part is generically described by the self-induced cubic
potential (411), where the coefficient b is obtained from the multiscale ex-
pansion at order ¢t = O(e~?). Therefore, taking care of equations (419),(421),
the following NLS equation in 2 + 1 dimensions

9%w(ko) 2
LUy, + A + b(ko)|A|*A =0,
t ]Z Ok;0k; “ &) ( 0)‘ | (422)

A:A(€7t2)? 6]:1'3_%]:0)251

plays an important role as model equation in the description of weakly non-
linear, quasi-monochromatic waves in d + 1 dimensions.

As an application, for the dispersion relation of the Euler equations in
the deep water regime (d = 2):

w(k) = g (K + k)", (423)

and assuming without loss of generality that the monochromatic wave travels
along the x; = x direction: ko = (ko,0), then

2., 2., 2 Cg
gT%(kU) = 2|k| <0, (ko) =0, gk2 (ko) = 74 > 0, (424)

where Cy = £, /% i1 is the group velocity. Then equation (424) reduces the

NLS equation:

Cy
4kol

; 2 992 2k4
iAp, — (02, —202) — \A[ A=0, (425)

whose dimensionless form reads

iy +uxx — uyy + |ul*u = 0. (426)

This equation, called the hyperbolic NLS equation in 2+ 1 dimensions, is fo-
cusing in the wave propagation direction x, and defocusing in the transversal
direction y.
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5.3 Weakly nonlinear hyperbolic PDEs and the Hopf
model

Now we apply the multiscale method to the Riemann class of hyperbolic
equations
ur + c(u)u, =0, u=u(x,t) (427)

under the hypothesis of small perturbation around the constant solution uyg.
Therefore we look for solutions in the naive form

u(z,t) = ug + euy (x,t) + ug(z,t) + O(e). (428)
Then the equation becomes

€ury + gy + Suzy + O(eh) + [co + ech(uy + €uy)

429
+e2 0 ui](eur, + 2ug, + ug,) =0, (429)
where
co = c(ug), cy=c(ug), ¢ =c"(ug). (430)
At O(e) we have the advection equation
Uy + cour, =0, = wuy = f(z —cot), f arbitrary. (431)
At O(€%):
Ugy + Coly, = —Chuity, = g(x — cot). (432)
Since g(x — cot) is a secular forcing, we have the usual linear growth:
uy = tg(x — cot) + h(x — cot), h arbitrary, (433)

and the expansion (428) ceases to be asymptotic when t = O(1/¢€) unless
we impose that uyu;, = ff., = 0, trivializing the solution. In addition, the
theory of hyperbolic waves is not compatible with this linear time growth of
the amplitude.

The way to fix the problem is by now clear: we have to allow the solution
to depend on slower time variables:

Uy = Up (T, T b1, t0,...), t, =¢€"t. (434)

Then
@ — @ + Eatl + 628152 —+ ... (435)

and we start again the analysis. At O(e) and O(€?):

Uy + o1, =0, = wuy = f(x —cot, ty,te,...), f arbitrary. (436)
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Ugy + CoUay = —(ury, + cuiur,) =: g(z — cot, ty, ... ). (437)

Again the forcing is secular and, to avoid the linear growth, we must impose
that the main perturbation satisfy the well-known Hopf equation

U1 ¢y + cgululz =0. (438)

Therefore the Hopf equation is the model equation for the class of
Riemann equations in the weakly nonlinear regime.

We remark that, in the non generic case in which ¢ = 0, ¢{ # 0, then
uyy, = 0, and one has to go to the next order to establish that the model
equation is the cubic Riemann equation

/!

Uiy, + %Ou%ulx —0. (439)

5.4 Weakly nonlinear and weakly dissipative PDEs and
the Burgers equation

Consider the following class of PDEs
u + c(u)u, = (D(uw)u,),, D(u) >0, u=u(z,t)eR, (440)

depending on two smooth arbitrary functions c(u), D(u). It is easy to verify
that the RHS is a dissipative term, showing that

1d

57 Ru2dx - _ /R D(u)uldzr < 0, (441)

if w is localized.
Again we consider small perturbations of the constant solution u:

u(z,t) = ug + euy (x,t) + ug(z,t) + O(e?), (442)
leading, at O(e), to the equation

Uiy + Colr, = Dot 4y,

co = c(ug), Do = D(up), (443)

reducing to the heat equation u;, = Doui¢e via the change of variables
E=x—cot, T=1. (444)

Consider now two different situations.
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1. Small dissipation: Dy =ev >0, v = O(1).
Then, at O(e) and O(e?):
Uy + o1, = 0, = uy = ug(x — cot), (445)

Ugs + Coloy = — (Céululx - Vulzx) = f(ff - COt)v (446)

where ¢ = ¢/(up). We obtain the usual secular forcing that cannot be elimi-
nated without trivializing the expansion. Therefore we introduce slow times

Uj:u]'(l’,t,tl,...), tnzﬁnt, ]2 1, (447)
obtaining now, at O(e) and O(€?):
ult—i—coulx :0, Ui :ul(x—cot,tl,...), (448)

Ugy + Cotlay = — (Ury, + CouIUL, — VU,,) = f(x — cot by, ... ). (449)

Eliminating the secular forcing is equivalent to fixing the dependence of u;
on the slower time ¢; through the Burgers equation

uy = up(x — cot, ty,...),
/ —
Uty + CQUIUL, — VU4, = 0.

(450)

Therefore the Burgers equation describes weakly nonlinear and weakly
dissipative waves.

2. Weakly nonlinear long waves in dissipative media.

We approach this problem as we did with the derivation of the slow vari-
ables of NLS in the second part of §4.2. Let us start with the heat equation
(443) and observe that u = exp(if), 6 = kx — W (k)t is solution of it if

W (k) = cok — iDok?t. (451)

If we look for long waves (small wave numbers) in dissipative media, we
assume that
k=¢e¢k, v>0, Dy=0(1), (452)

implying that

0 = kx — W(k)t = €'k(x — cot) + Do K%t

= /i(fEl — Cotl) + iDolﬁth, (453>
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generating the slow variables
v =€z, t; =€t ty=et, (454)
and the partial derivatives
Oy — €04, 0, — €0, +€70,,. (455)

As in the NLS case, using the linearized theory (coming from the weak non-
linearity) + the physical hypothesis (long waves), we have generated the
proper slow variables of the problem and the correct ansatz

u ~ Uy + euy (71,11, 1) + O(e2). (456)

At O(e!™):
U, + ColUly, = 0, U1 = Uy (Il — Cotl, tg), (457)

At higher order, we have contributions of, in principle, different order:
u2t1 ) ’U/le, ululxl = O(€2+’Y>7 u1t27 ulzlml = O(€1+27)' (458)

Using the principle of “maximal balance”, stating that nature favors situa-
tions in which the maximal number of terms balance at a certain order, we
observe that this maximal balance is achieved when

24y=142y = y=1. (459)
Therefore the next order is O(e?), with
U2ty + ColU2yz; = — (ultz + 06u1u1x1 - Doulmm) = g(‘rl — Colu, t2)' (460)

The usual secular forcing is eliminated imposing that u; evolves with respect
to to according to the Burgers equation

U1t2 —I— cf)ululm = Doulxlxl. (461)
Therefore the Burgers equation describes also weakly nonlinear long

waves in dissipative media.

5.5 Weakly nonlinear and weakly dispersive PDEs and
the Korteweg - de Vries (KdV) equation

Consider the following class of nonlinear dispersive PDEs

ur + c(u)u, + Ky (u) [Kay(u) (Ks(u)ug),] =0, (462)

IL‘LL’
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that can be rewritten in the form

up + c(u)uy + F(u)tger + Gu)ugty, + H(u)ud =0,
F(u) = Ky (u)Ko(u) K3(u),

463
Glu) = 16y (u) [BEo() () + K3 (u) (o), (463)
H(u) = K (u) K (u) K3(u).
The small amplitude hypothesis implies the usual ansatz
u=1uy+eu; +..., ug=const, (464)
and the linearized equation, at O(e), is the linear dispersive PDE
U1 + ColU1, + F()Uzzx = 0, F() = F(Uo) (465)
with dispersive relation
w(k) = cok — Fok®. (466)
We observe that, in the long wave regime (small wave numbers)
w(k) ~ cok = O(k), vy =w(k)/k~co=0(1), |k|]<1. (467)

Therefore we are in the so-called “weakly dispersive regime”.
Since we are interested in long waves, as before we write k = €'k, v > 0,
and

0 =kx — w(k)t = GPYFL(Z‘ - Cot) + F0€3'Yli3t = Ii(&?l — Cotl) + Fofi3t3, (468)

with the introduction of the slow variables

vy =€x, t; =€t ty=eTt (469)
implying
335 — 6'78551, 8t — 673“ + 637@3. (470)
Assuming
U]’ = uj<xlatl7t3)7 j Z 17 (471)

we have, at the leading O(e'*7):
U, + ColUly, = O, U = Uq (fEl — Cotl, tg) (472)
As before, at higher order we have contributions of different order:

U2ty s U2gy , UTUL g, = O(E2+’Y)7 Ultyy Ulgyzyzy = O(El+37>7 (473)
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and the maximal balance principle gives now
1
2+7:1+37:>7:§. (474)

Therefore the next order is O(e*/?), and the equation reads
Uny, + Collag, = — (Urg, + CHUIULL, + FoUig g2,) = 9(21 — cota, t3)  (475)

Again the resonant forcing can be eliminated if the dependence of the field
on t3 is described by the KdV equation

U g + cgululxl + Fgulxlxlm =0. (476)

Therefore the KAV equation is a model equation in the description
of weakly nonlinear and weakly dispersive (long) waves.

It would be possible to show that, if ¢, = 0 and ¢ # 0, the model equation
would be the so-called modified KdV equation

/!

C
Uit + Eou%ulxl + F0u1x1I1$1 = O (477)

5.6 Water wave equations and their NLS and KdV lim-
its

Consider a small volume of fluid subjected to volume forces F= (Fy, By, F3)

(f.i., gravity) and pressure forces, with acceleration @ = (ay, as, as) (see Fig.

34).
t ---*--:- 'ia— ?+g‘£‘r’"

LA 21 P°S -

Figure 34: Small volume dxdydz of fluid subjected to volume and pressure
forces.
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The Newton equation in the z direction reads:

pa;0xdydz = lp(:r) — (p(x) + g—p5x>} dydz + Fioxdydz, (478)
T

where dzdydz is the small volume and p is the density of the fluid. In vector
form:
pd = F —</p. (479)

dv  ov O0vdx Ovdy O0Ovdz _ .

a

Therefore the Newton law (479) becomes the Euler equations

F—
4 (7)) T = Tw. (481)
If F is the weight force: F = — 7 U(2), U(z) = pgz:
U
17t+(U'V)U=—w- (482)

If there is dissipation with coefficient v > 0, one obtains the Navier-Stokes
equations

U
ﬁt+(ﬁ~v)ﬁz—w+uﬁﬁ. (483)
In addition, the conservation of mass
d S
— [ pdV + / pv - ndo =0 (484)
dt Jy av

implies, via the Gauss theorem, the continuity equation

pr+ 7 (pv) = 0. (485)

The last equation (5 equations for the 5 unknowns @/, p, p) is the equation of
state:

p=p(p;S). (486)

In hydrodynamics, p = pg constant, and the continuity equation becomes
v -U=0. (487)
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Applying the operator 7 A to the Euler equations (482) and using the identity

1
(7)) ¥ =5 V[o* = FA (T AD), (488)

one obtains the vorticity equation
G =V A (vAE) =0, (489)

for the vorticity
W= AT (490)

This equation implies that, if & is initially zero, it remains zero during the
evolution. Therefore @ = 0 is a constraint compatible with the evolution
that can be imposed to the equations, obtaining an “irrotational flow”, with
two consequences:

i) the existence of a potential ¢ such that

7= ve. (491)

ii) the simplification of the Euler equations (due to (488))

I S U +
G+ Lo YLD (492)
2 Po
Writing this equation in terms of ¢:
1 U+p

(Vo) + 3 VIveP+v (T) =0, (493)

integrating it:
1 U+p—
o+ 5V o+ 2 = f(), (194)

and observing that ¢ is defined up to a function of ¢, we get rid of f(¢),
obtaining the Bernoulli

1 U+p—
Ot 5 VO + R =0, U =gpoz, (495)
Po
together with the Laplace equation
Np =0, (496)

consequence of (487).
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Surface water waves For surface water waves on a flat bottom (see Fig.
35):

=neey, E
/ {-iu.rlf"ut{‘iQD

und:dturbed
fluid

Lo fto n
}——:'&L‘e—-—,—’wg—
Ll CHXFE P, s s

Figure 35: A surface water waves on a flat bottom.

one has to add the boundary conditions on the bottom:
¢, =0, z=—h, (497)

(the water cannot penetrate through the bottom) and the corresponding
boundary conditions on the free surface of separation between water and air,
defined by the equation

F(Z,t) =z — ((z,y,t) = 0. (498)

Since water cannot mix with air, water particles on the free surface at ¢
remain on the free surface at later times:

F(Z,(1),) =0,

F(Z,(t) + 02yt + dt) = VaF - 07, + Fdt = 0, (499)

Since 67,/dt is the particle velocity, we infer that the “matter derivative” of
the free surface equation is zero:

DF

and, using (498), one finally obtains

b = G+ GG + 0yCy, 2= ((x,9,1). (501)
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We remark that also (497) can be written as DF/dt = 0, for the bottom
surface F' =2+ h = 0.
Summarizing, the surface water wave equations are:

AQS:O, —hgzgﬁ(l’,y,t),

¢, =+ DuCe + stgy’ Z = C(ZE, Y, t)7 (502)
¢+ 510> + 9¢ = 0, z=((z,y,1),

¢Z = 0’ z = —h

In the small amplitude case |¢|, |(| < 1 with their derivatives, equation
(502) reduce to

A¢:Oa —hSZSC(l',y,t)NO,
¢Z_CtN07 ZIC(x7y7t>NOJ

503
bi+gC~0, 2= Clayt) ~ 0, (503)
¢Z:O’ Z:_h

Applying 0; to the third equation and using the second one, one obtains
u+9¢. =0, z2~0 (504)
Looking for a solution using separation of variables:
¢ = ¢o + R(z)e'Frethay=et) oo ¢ = (y(k)elrathay—et oo (505)
the first and fourth of equations (503) imply that

R'(z) = (k2 + k)R(2), —h<z<0,

R(_h) = 0% (506)

whose solution is
R(z) = Ccosh(k(z+ h)), k=1/kiI+ k3 C = const. (507)
Replacing (505) in (504) one obtains
—w?R(0) + gR'(0) =0 (508)

and using (507), we finally obtain w?cosh(kh) = gksinh(kh), implying the
well-known dispersion relation of surface water waves

w? = gktanh(hk), k= /k} +k3. (509)
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At last, from the 2nd equation, we get

k )
(= iC’w( ) cosh(hk)e/Frethay=w(®) 4 ¢ ¢ (510)
g
We distinguish two basic regimes.

1. Long waves (shallow water waves): h/A < 1, = hMk <1 = w~

N NGEY
2. Short waves (deep water waves): h/A>1, = hk>1 = w~ /gk.

An important example of long wave (shallow water wave) is the Tsunami.
Indeed, for it:
A~ 100 Km, ¢~ 1m. (511)

If h ~ 6000 m (off of Polynesia), then h/A ~ 0.06 < 1 and v ~ +/gh ~
870 K'm/h, the speed of an airliner.
The wind waves are instead examples of short waves (deep water waves);
indeed
A~100 m, ¢~2m, (512)

and, if b ~ 6000 m, h/\ ~ 60 > 1.

The KdV and KP water wave regimes. As we have seen in this chapter,
from the dispersion relation of the linearized theory it is possible to extract
important informations concerning the multiscale expansion, establishing the
proper slow variables to use, and the linearized form of the model equations
to be obtained. Here we apply this approach on the water wave theory in
the case of surface waves.

The start with the dispersion relation

w?(k) = gktanh(hk), k= /k? + k3. (513)

We first observe that, in the case of long waves (shallow water theory),
hk < 1, and (513) is expanded in the form

w?(k) = gk (kh — $(kh)® + O(kh)®)

= ghk* (1 — L(kh)? + O(kh)") (514)

implying that

w(k) = \/ghk (1 - 1(h/f)2 + O(k;h)4> : (515)

(e
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One dimensional waves. In the case of one dimensional waves (ko = 0),
this dispersion relation corresponds to the linear PDE

h2

It turns out that, if one takes account of the quadratic nonlinearity of the
water wave equations, in the long wave approximation, one should add the
nonlinear KdV term %{hnnm obtaining the KdV equation

h? 3

for the amplitude n of the surface wave.

Observe that, near the shore (h small) the dispersive term is small with
respect to the nonlinear term, and the equation reduces to the Hopf equation,
describing wave breaking.

If we wanted to play the game of the slow variables, we should proceed
as we did in the previous sections. In the long wave regime: k = €'k, v > 0;
then w ~ /gh(e'r — %263’”{3), and

0 =kx —w(k)t ='kr — /gh(e'k — %2637/£3)t

= k(1 — Vghty) + ‘/fTthﬁ?’tg = kE+ \/;Tthligtg,
for the slow variables

1y =z, ty = €L, ty = €, & = a1 — \/ght. (519)
corresponding to the linear KdV

n= 77(57153)27 E =71 — vV ghtla
My + Vgh's neee = 0.
If one takes account of the quadratic nonlinearity, one would obtain, in the
proper multiscale expansion, v = 1, and the KdV equation

h2 3
N+ gh <gﬁsss + ﬁﬁﬁg) =0 (521)

as the condition of elimination of the usual secularity.

Quasi one dimensional waves. In the case of long and quasi one dimen-
sional waves, the wave length in the y direction is much larger than the wave
length in the x direction: Ao > A1 >1 = 1> k; > ky. Then

2 1 2
k:,/k%+k§:k11/1+%~kl(1+§%>. (522)
1 1
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and the dispersion relation (515) is expanded in the following way:

w /gl (1 212)
~ /gl (1 + %’;7) (1 (g2 kzg)) (523)
~ (kS = ).

corresponding to the linear PDE in 241 dimensions
h? 1.4
If one takes account of the quadratic nonlinearity of the water wave equations

in this long wave regime, one obtains the celebrated Kadomtsev-Petviashvili
(KP) equation

h? 3 1
n + V gh (nx + Enw:m + %T/nx + 58;177%) =0 (525)

for the amplitude 7 of the surface wave. Again, near the shore, h is small,
and the KP equation reduces to the dispersionless KP (dKP) equation

3 1
ne + v/ gh (nz + 5 e + 50, lnyy) =0. (526)
Slow variables can be introduced as follows:
ki = €’k1, ko= e’Tky, p,q> 0. (527)

Then
0 = k‘lfL' + k?gy — W(k’l, k’Q)t

2
= Pr1x + TRy — \/ﬁ[ep/ﬁ + #i—% — %2637”/@? t (528)
The maximal balance principle imposes that
3p=p+2¢ = q=p, (529)

and we obtain

2 2
f = Iil(l'l — ghtl) + KalY2 — v gh [%% o %Kﬂ s (530)
= K1& + Koy — W(’fla “2)753

with the slow variables
€T = epxa tl = Epta Y2 = Epr’ t3 = E3pt> 5 = (xl Y ghtl)? (531)
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and W (k1, ko) is the new dispersion relation

NN
W (1, k2) = Tg (k—j - ?5;’) . (532)

The dispersion relation in (530) corresponds to the linearized KP equation
in the slow variables:

h? 1.
N +V/ gh <g?7£££ + 5% lnyQyz) = 0. (533)

If one takes account of the quadratic nonlinearity, one would obtain, in the
proper multiscale expansion, the KP equation

h2 3 1.
Nes +V/ gh (Emgg + oM + 50 lnym) =0 (534)

as the condition of elimination of the usual secularity.
We remark that, if we break the maximal balance principle in this way

P>4q, (535)

the dispersion in the x direction is negligeable, and the KP equation reduces
to the dKP equation:

3 1,
s + V/ gh (ﬁnng + 585 177y2y2) = 0. (536)

The NLS deep water regime. We consider small amplitude surface waves
in one dimension, in the deep water regime kh > 1, then

w(k) =gk, k € R,
R(z2) = C cosh(k(z + h)) ~ Celkl=. (537)

If we are interested in small amplitude quasi monochromatic waves, we know
from (505,(507),(510) that the solutions read as follows

¢ = e®(x1, 21,11, to,..) 0= L ce. + O(€2),

¢ = €A(x1,0,ty,ty,..)e" + c.c. + O(e?), A= 2P (538)
where the slow variables are
T =€r, 2 =€z, t; =€t j>1, (539)

and

0 = kx — \/gkt. (540)
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From the above considerations we expact the following result The above
multiscale expansion leads to the following equations

Atl —|—U.),(k)Ax1 :O, A:A(g,tQ,...>,

" 041
i, + = Agc + BVIAPA =0, o4

where

f =T — w’(k)tl,
wik) =gk, = W'(k) =492, (k) =22 <0,

2k 7

(542)

and where the coefficient S(k) is obtained from multiscale analysis; since A
is dimensionally a length, an elementary dimensional analysis suggests for
the form B(k) = Bok*w(k), where 3, is a adimensional constant. Multiscale
analysis confirms this simple argument and fixes fy = 1/2. Therefore we
obtain the following equation [39]

iAs, + P A — 2514124
— Ay, — 2B A — B g2 4 — (543)
A= A(Il — ﬁtl, tg)
Since the sign of the dispersive and nonlinear terms are both negative, small
amplitude, quasi monochromatic surface waves in deep water are described
by the focusing NLS equation.
Verify that the change of variables to the canonical dimensionless form
iUt + Uge + 2|ul?u = 0 is

wak?
4

_ /ok? _v —_
Tr = \/§k (10(231 thl), t

where aq is a characteristic elevation.
To study the more realistic 2 + 1 dimensional deep water regime:

tg, u = A/ao, (544)

w=+/gk, k=/ki+k3 (545)

we begin with equation (424) for d = 2

. 2 Qw

e 3 3 G A, + blko)|APA =0,
1,]=

A - A(g t2)7 5] - 'Ij - au(;(klj()) tla

(546)

and we assume without loss of generality that the monochromatic wave of
the linearized theory travel along the z; = x direction: ky = (kg,0). Then
one obtains

N{

NG
—m, (547)

2| kol

wk1k1|ko = wkﬂw‘ko =0, wk2k2|ko =
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and equation (546) becomes

iAt2 - 8k2 (A§§ Aw2x2> - #szl&l =0,

548
€ =T — W (k’o)tl, ( )

, in a suitable adimensional form,
WUy + Upy — Uyy + 2JufPu =0, u=u(z,y,t)eC. (549)

This equation, often called the hyperbolic NLS equation in 2 + 1 dimen-
sions, is focusing in the wave propagation direction x, and defocusing in the
transversal direction y.

5.7 Nonlinear optics and NLS [33]

For a non magnetic medium (M 0), in the absence of external charges and
currents, the electric field E and the polarization P are connected by the
equations

V- (eE + P) =0,

VE ~ (V- E) = pofa (e + P).

We assume that P be connected to E through the convolution integral

(550)

t

Plt) = & / (ot — OV E(F. ) dt (551)
where x is the electric susceptibility. We remark that the electric suscepti-
bility x(7,¢) is 0 for ¢t < 0 by causality (the effect, the polarization, cannot

preceed the cause, the electric field). The convolution product becomes a
simple product in Fourier space

—

P(7) = €oxu(F) Eu(7), (552)

where P, (7), xo(7), E,,(7) are the Fourier transforms of P(7,t), x (7, t), E(F, t)
with respect to ¢:

) 1 )
fu :/e_mf(t)dt, flt) = —/e“"tfwdw. (553)
R 21 Jr

In Fourier space, equations (550) read:

\VA: (EoE +P) O

_': >3 554
V2Es = V(7 - Bo) + pow? (0B + B) = 0. (554)
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Using (552) and the first of (554), we obtain

— —

0=v"- (9 w ]S)AZV (eEw) (555)
= (ve) - B, +evv -E,,

where
e(7,w) == eo(1 + xw(7)) (556)

is called dielectric constant (when it is constant), implying

v B, =B, Y (557)
€
Substituting (557) into the second of (554), we obtain
2
V2 E,+ v (Ew : E) + 2 ZE, =0 (558)
€ C” €
Introducing the refraction index n(7,w) as follows
n?(7,w) := 14 xu(7), (559)
equation (558) becomes
— — (,d2 — —
V2B, + 27 (Ew .oln n) + 2 2B, =0, (560)
c

and assuming a slow dependence of n on the space variables, this equation
reduces to the Helmholtz equation

2

V2E, + —n?(Fw)E, = 0. (561)
C
Assuming
n(F,w) = no(w) + on(F,w), |—| <1 = n®~ng®+2nedn,  (562)
)

equation (561) becomes

—

2E, + (k? 1 2k nlre) )E — 0,

(563)
k’o = E’I’LO
The last assumption is paraxiality in the direction of propagation z:
E,(F) = A(Fy, 2)et*o? (564)
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where fT(F |, z) depends on the transversal variables 7| = (z,y), and slowly
on the propagation variable z (slow modulation of a monochromatic wave in
the direction z):

OPE,, ~ (2iko A, — k2 A)e'o* (565)

we finally end up with equation

on(Fw) ©* A

At last, if on = dn(I), where I is the light intensity I = |A]2, we obtain
a general nonlinear Schrodinger equation

—

iA, + L = V2 A+ o(|AHA =0,

PIAT) = o2 o
In the small fields limit: 5n a’A|2 69
o
it reduces to the cubic elliptic NLS equation in 241 dimension:
iA, + 5= v A+ akolAPA=0. (569)

In the large field limit the refraction index dn saturates and (| A|?) ~ const.

5.8 Exercices

1) Consider the two anharmonic oscillators

Gg+q— gq3 = 0, Hamiltonian cubic pendulum, 0<e<<1,

G+ q+e¢® =0, with nonlinear friction (570)
with the same initial conditions
q(0) =1, ¢(0)=0. (571)
Use the multiscale method to show that, respectively:
q(t) = cos (t — —6t + O(e),
( 1 /)2 (572)
q(t) = (1+ et) cost + O(e)
2) Use the multiscale method to construct the solution
a eet/2
q(t) = 0 : cos(t + ¢o) + O(e) (573)
T+ () et - 1)
of the Van Der Pol oscillator
i+aq—el-q*)q=0, (574)
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and show that
q(t) = 2cos(t + ¢o) + O(e), t — oo, (575)

i.e., the solution tends to a limiting cycle (at O(e): the circle of radius 2).

3) Derive the Hopf equation ut + uug = 0 from the Riemann equation ut + c(u)ug = 0 using multiscale
expansions, in the weakly nonlinear regime.

4) Derive the Burgers equation u +utz = Vugze from the following class ui+c(u)uz = (D(w)ug)z, D(u) >
0 of PDEs, in the weakly nonlinear regime, using multiscale expansions.

5) Derive the KdV equation u¢+uug+uzze = 0 from the following class ui+c(u)ugs+ K1 (u) [K2 (u) (K3 (v)uz)z]e =
0 of nonlinear dispersive PDEs, using multiscale expansions.

6) Derive the NLS equation from the Sine Gordon equation us¢ — Uz +p? sinu = 0 (or, more in general,
from a large class of nonlinear dispersive PDEs), using multiscale expansions.

7) Derive the NLS equation from the KdV equation ut + vug + uzzz = 0 using multiscale expansions.

8) Derive the dKP(3,1) equation (ut + uuz)s + Uyy + uz> = 0 from the equations of Acoustics, under the
hypothesis of i) weak nonlinearity and ii) quasi one-dimensionality.

9) i) Derive the equations of surface water waves from the Euler equations, linearize them under a small
field hypothesis, and show their dispersive nature, with the dispersion relation

w?(k) = gktanh(h k), (576)
where g is the acceleration of gravity and h is the depth of the fluid.

10) i) Derive the KdV equation (see [1, 3]) in the context of surface water waves in (1 + 1) dimensions,
under the hypothesis of ia) small amplitudes and iib) shallow water (kh < 1, where k is the wave number
and h is the depth of the fluid). ii) Derive the KP equation (see [2, 3]) in the context of surface water
waves in (2 + 1) dimensions, under the hypothesis of iia) small amplitudes, iib) shallow water, and iic)
quasi one-dimensionality. Show that, neglecting dispersion, one obtains the dKP(2,1) equation.

iii) Derive (see [3]) the NLS equation in the context of surface water waves in (1 + 1) dimensions, under
the hypothesis of iiia) small amplitude (a << A) and iiib) quasi monocromatic waves in sufficiently deep
water (kh > 1). iv) Derive its multidimensional generalization in the context of surface water waves in
(24 1) dimensions.

11) Derive (see [?]) the NLS equation in the framework of Langmuir waves in a plasma, described by the
system of equations:
ne + (nv)e =0, vi+V0e = ¢z —Na/N, Paz =n -1,

with boundary onditions n — 1, v — 0, ¢ — 0 as |z| — oo, where n is the electron density, v is the
electron velocity and ¢ is the electrostatic potential in dimensionless variables, expanding the fields around
the equilibrium solution:

n=14en1 4+ ena + O(?), v=ev1+0(2), ¢=ep1+O(?).

12) Derive (see [14]) the NLS equation in nonlinear optics, for a homogeneous and isotropic dielectric.
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6 Soliton Equations and the IST Method

6.1 The KAV example

The KdV equation
ut — 6utg + Uzze =0, u=u(z,t) ER, (577)

(we have rescaled the independent and dependent variables to reach this convenient form) can be written
as the integrability (compatibility) condition of the following pair (the so-called “Lax pair”) of linear
differential equations for the auxiliary field :

Ly = By, ¥ =(at,B),
v = M, (578)

where L, M are the following differential operators

L= —02 + u(x,t),

M 1= —493 + 6udy + Sus + c(k) = —492 + 3(uds + Oprr) + c(k), (579)

and c(k) is an arbitrary scalar such that c¢; = 0.

We remark that the operator L is the Schrodinger operator and the first equation in (578) is the time
independent Schrodinger equation with energy E and eigenfunction ¢. We have the following results:

Ei=0 & Li+[L,M=0 < u—6uty+Usgs =0, (580)

implying that the KdV dynamics is “isospectral”: u; — 6uug + tugze = 0 < FE¢ = 0; i.e., the spectrum
of the Schrédinger operator is a constant of motion iff the potential u of the Schrédinger operator evolves
according to the KAV equation. Let’s prove the first equivalence in (580):

(L)t = Lep + Lape = (L + LM )y
(EY)t = Evp + Evy = Eyp + EMy (581)
= Etp + M(Ev) = (Bt + ML)y

implying
(Lt + [L, M]) o = Eyib. (582)

If Ly + [L,M] = 0, then E; = 0; if Ex = 0, then (Lt + [L, M])y = 0 for every eigenfunction %, implying
Li+[L,M] =0.

The second equivalence is left as an exercise to the reader.

We also observe that, taking the z-derivative of the Schrodinger equation: ¥Yzze = uzt) + (u — E)s,
the second of equations (578) can be rewritten as

Y = (c(k) — uz)Y + (4E + 2u))g, (583)

expressing ¢ in term of ¢ and v, only.
Our goal is to use the above Lax pair to solve the Cauchy problem for the KdV equation on the line,
for localized u’s
ut — 6utg + Uzze =0, w = u(x,t),
u(z,0) = uo(z), (584)
u(z,t) = 0, = — Foo,

through the Inverse Scattering (or Spectral) Transform (IST) method, summarized in the following scheme
(see Fig. 36)
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Figure 36: The IST scheme for KdV

6.1.1 Direct problem
It is convenient to write the energy F in terms of the momentun (wave number) k:

E =k (585)
If E > 0, then k£ € R and since u — 0, * — to0, for large values of |z|, ¢ oscillates like exp(+ikz). It
follows that ¢ ¢ L?(R) and the spectrum in continuous ((z, k) does not describes quantum particles, but

diffusion states). In addition, for a given energy E, there are two independent solutions corresponding to
+k (the continuous spectrum is doubly degenerate).

'LI/ +\'§1 ~D)Z.-*1'.9'°
AK U ()
]

"'7—\1" - *f‘\g/-~~-£.?9
o e e

Figure 37: If £ > 0, the eigenfunctions of a localized potential oscillate at
x ~ Fo0.
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‘We introduce the so-called Jost eigenfunctions

1/71(37’ k) ~ e—ikz} N

bo(w, k) ~ ek, T ~ +00, (586)
¥1 (Z‘, k) ~ e_iikzv T~ —00 (587)
pa(a, k) ~ eibe, :

and {¢Y1(z, k), Y2(z, k)} and {p1(z, k), p2(x,k)} are both good basis in the space of solutions of the
Schrédinger equation.

In addition there are two symmetries
1. since E = k2, k — —k is a symmetry: if ¢(x, k) is a solution of the Schridinger equation, also 1 (z, —k)
is a solution. It follows that

d)?(xv k) = 7r/)1 (Z7 _k)v ®2 (Iv k) = ¥1 (:E, _k)v (588)

since ¥2(x, k), 1 (z, —k) are solutions of the Schrédinger equation with the same asymptotic behavior,
they coincide.
2. since u is real, and k € R, if ¢(z, k) is solution then ¢ (z, k). It follows that

1/12(90, k) = (Iv k): P2 (1'7 k) = 501(:”» k) (589)

Since the Schréodinger equation is real and ¥z (z, k), 11 (z, k) are solutions of the Schrédinger equation with
the same asymptotic behavior, they coincide.
3. As a generalization of the symmetry 2, if the eigenfunction can be analytically prolonged off the real

k-axis, then, if 1 (z, k) is solution, then 1 (x, k) is also solution.
We can express the four eigenfunctions in terms of only two eigenfunctions: ¥ (z, k), ¢(z,k):

e1(z, k) = ¢(z,k), @2(z,k) = oz, —k) = ¢(z, k), (590)
Y1z, k) = Y(x, k), da2(x, k) = (@, —k) = P(z, k).
Writing the ¢ eigenfunctions in terms of the basis {1/, %} we obtain the “scattering equation”
o(z, k) = a(k)y(z, k) + b(k)¢(z, k), kER. (591)
In matrix form:
(55 )50 (58 ). -

_( ok) b(k)
s =( 55w )
where S(k) is the so called scattering matrix.
Using the Wronskian theorem stating that the Wronskian W (f1, f2) := f1f2, — f14f2 of two solutions

of the Schrédinger equation is z independent, it is convenient to evaluate the Wronskian of the Jost
eigenfunctions at oo:

W(p, @) = ¢pa — gozcﬁ( = e~ hTikeihr _ (_jk)e—thTethT = 2k
i _ oo (593)
W, 9) = ¥ —vad)| = 2ik.

In addition:

2ik = W(p,p) = W(ah + bih, by + ay)) = (ayp + b)) (bpe + @nps)
(e +ba) (b +ad)| = (lal? = o)W (¥, ) = 20k(|al® = |bl?),

T~

(594)

from which
la(k)]?2 — |b(k)|> =1 (detS(k)=1), k€R. (595)
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The coefficients of the scattering matrix are related to the well-know reflection and transmission coefficients
as follows

L’Z% = R(k) reflection coefficient,
“ . ) (596)
a0y = T(k) transmission coefficient.
Indeed (2. k) b(k)
w\x, _ S\ ST
a(k) =(z, k) + a(k)w(m,k), k e R, (597)
(,D(J), k) e*ikz + R(k))eZkz, x ~ 00,
a(k) ~ { T(k)e_ikx, T~ —00 (598)
(see Fig. 38)
Too &' U e
+m %"‘) medent Wone
’LLthdth‘ wWenNg,
Ry et "
Figure 38: Reflected and transmitted waves by a localized potential.
implying that the scattering is unitary:
TR + |RE) = 1 (599)

(the probability that an incident particle is transmitted plus the probability that an incident particle is
reflected is equal to 1).

Analiticity properties in k. To study the analyticity properties of the eigenfunctions in k, it is nec-
essary to convert the Schrodinger equation 4+ boundary conditions defining them into a single integral
equation.

To do so, we use the following result:
If G(z — y, k) is a Green’s function of the harmonic oscillator:

2
(% + k2) Gz —y,k) = d(z —y), (600)

then the solution v (x, k) of the following integral equation
V(@ k) = voe k) + [ Gl =y byu)o(.K)dy (601)
(where 9o(x, k) is any solution of the harmonic oscillator equation above) is a solution of the Schrédinger

equation

( @ u(x) + k2) w(x, k) = 0. (602)

dz?

(VERIFY IT applying the harmonic oscillator operator to the integral equation).
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We start with the Fourier integral representation of the Green’s function
dp A ipx
Gle,k) = [ 2O k)e™ (603)
R 2T

implying that )
LK) Gl k) = [y (2 — )G, K

dx _ ™ (604)
=0(z) = [ g—ie”’z = G(p k)= (k2 —p>)~ L.
The obtained Green’s function
G k):—/‘ipﬂ keR (605)
) - o p2 — k2 ’ ’

has two polar singularities on the real axis that must be avoided to have a finite integral. Let G (z, k)
and G~ (z, k) the two Green’s functions obtained respectively passing below and above both singularities.
Then a simple exercice in contour integration gives

sin(kz) .

G*(z,k) = +H(+x) .

(606)

GT is the so-called retarded (causal) Green’s function, and G~ is the so-called advanced (anti-causal)
Green’s function. But since there is no time here, they are both acceptable.

It is easy to verify that the Jost eigenfunctions ¢ and ¢ are constructed using respectively G and
G, and satisfy the following integral equations

pla k) =e~the 4 [ S0RE@ZU) )0y, k)dy,

ol (607)
e, k) = etk — [ BT u(y)(y, k)dy.
x
To study the analyticity properties, it is convenient to introduce the functions
pt (@, k) = oz, k)™, u (2,k) =z, k)e™, (608)
satisfying the integral equations
T G2ik(z—y) _
phz, k) =1+ [ Sp——tu(y)u*(y, k)dy,
P (609)
_ R (2ik(z—y) _ _
wo(z, k) =1- g{ g u(y)u (y, k)dy.
We look for the solution of the integral equation for 4t as a Neumann series
i (k) = 14 3 (s k), (610)
k>1
obtaining the iteration formula
z .
/.L]'+1($, k) = f K((E - Y, k)u(y)p‘] (y7 k), J Z 07
o (611)
2ikx _
po =1, K(z,k):=“F5x L

T
We first observe that, if Imk > 0, u1(z, k) = [ K(z —y,k)u(y)dy is analytic in the upper half k-plane,

—o0

xT
therefore pa(z, k) = [ K(z — y, k)u(y)ui(y, k)dy is also analytic in the upper half k-plane; and so on:

— o0
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all terms of the Neumann series are analytic for Imk > 0. To extend the analyticity property to the sum
uT (x, k) of the Neumann series (610) it is necessary to prove its uniform convergence.
We first observe that

e—QImk(z—y)+1 1
|K(z —y, k)| < ———F7—— < —3 (612)
2|k ||
therefore x
ks (z, k)| < f |K (z — y, k)[lu(y)]|1; (y, k)ldy
. (613)
< A lu@)llu (v, k)ldy.
Define
= / [u(y)|dy, (614)
then L
1 (2, K)| < A=),
x
2 (e, k)| < g [ lu()llua(y, k)ldy
« o € ;.0 (615)
1 w y)dy = -5 AW 4
_’“{o(y ywzlo(Q)yy
_1(A@)?
- 5( [&] ) ’
By induction one can show that
L /A@)N\" _ 1 (ull )™
E)| < — < = , 616
) < o () < o (B (616)
and we conclude that "
k)] <14 3 e k) < 5 & (L)
n>0 " (617)

proving the total convergence of the Neumann series. The total convergence of (610) for Imk > 0, k # 0,
and u € L'(R) implies that uT (x, k) is analytic for Imk > 0. Under these conditions, the eigenfunction
¢ (z, k) exists unique, and is analytic for Imk > 0. Following the same reasoning, one shows that u~ (z, k)
(and ¥(z, k)) are analytic for Imk < 0.

It is possible to control the singular point k = 0 restricting a bit the properties of u. For k = 0 the
integral equation (609) for u+ becomes

f@) =1+ / (z — u) f@)dy, f(z) = p*(2,0). (618)

Looking again for a solution in the form of Neumann series

f@) =1+ fula) (619)
=
we obtain the recursion .
fra@ = [ @ = we)fwds i >0 (620)
and the inequality )
F@l < [ @l §>o. (621)
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Therefore

F1(@)] < M(2), (622)
where .
M@ = [ @l (623)
Analogously:

2@I< [ @ -y

< [ dy@— @) | dy'y— o))

—o0 —o0

< [ aye -l | a'e— o)) (624)
2
=3 f ((f (o~ y')u(y’)wy') ) 4y
= 1M2(2) ’
2 9
and one can show by induction that .
|hj(z)] < ﬁMj(w)- (625)
Therefore i
@l <1+ 5@ < 320 e (@), (626)
i>1 >0

and the convergence is uniform in any compact of the interval (—oo,a], Va € R. It follows that the Jost
eigenfunction is well defined at k = 0 if u(z) € L} _(R) and goes to 0 at  — oo faster than 1/
equivalently, if

weLl(R) < /R(l + |z])|u(z)|de < co. (627)

The analyticity properties of the scattering coefficients can be found from the Wronskians:

W, ) = W(, ah + b)) = b(R)W (¢, ¥) = 2ik b(k).

Another useful representation of a(k),b(k) comes from comparing the scattering equation (591) and the
first of the integral equations (607) at x ~ oco:

(@, k) ~ a(k)e ke 4 b(k)eite,
etk(z—y) _—ik(z—y)

e, k) ke g fo D e RO oy Ry | (629)
= e (1= 5 [pu@nt (y, k)dy) + e 5 [ u(y)ut (y, k)e>*dy,

obtaining
a(k) =1~ g o uly)ut (y, k)dy,
b(k) = 5t [ u(y)t (y, k)e=2ked
(k) = 5375 Jpu@)pt (y, ke Y.

Since ¢(z, k), ¥ (x, k) are analytic for Imk > 0, it follows from (628) that a(k) is also analytic for Imk > 0,
with asymptotics (from the first of (630))

(630)

a(k) =1- ﬁ/Ru(y)derO(k*?), |k > 1. (631)

Since ¥ (z, k), ¢(x, k) have analyticity in opposite half planes, it follows from (629) that b(k) does not have
analyticity properties, in general, outside the real axis.
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At last, for |k| > 1,

e2ik(z—vy) _q

pt(z, k) =1+ [ Tu(y)/ﬁr(% k)dy
=1— 5 [% u(y)dy + O(k™2),

, 632)
_ oo e2ik(z—y) _ _ (
pwok) = 1= [ S =tu(y)u (v, k)dy
= 14 gip S u(v)dy + O(h~2),
implying that
pE (@, k) =140k, |k >1, (633)
u(x) = —2i0g lim|g) o0 [k(p™ (z, k) — 1)].
Dividing the scattering equation (591) by a(k):
o, k) _ oY
W ¥(x, k) + R(k)(z, k), kER, (634)
a
we obtain a form of the scattering equation
+(x k o
% =~ (2, k) + R(k)e**p= (2, k), (635)

separating functions analytic in different half planes: ut(z, k)/a(k) analytic for Imk > 0, apart from the
zeroes of a(k); p~ (z,k) analytic for Imk < 0, and R(k)e~2*%%—(z, k) with no analiticity properties for
Imk # 0.

Discrete spectrum. Normalizable eigenfunctions, cannot oscillate at +o0o. It follows, from the Schrodinger
equation ¥z, = (u — E), that u — E > 0 at  ~ +oo. Since u — 0 as * — +oo, then the energy must
be negative: E < 0, implying that & = ip € iR. Then E = —p?, and choosing p > 0, the eigenfunctions

behave at oo as follows
ceP®, T~ —00,
¢N{bfm7wa7 (636)

Usually they are normalized choosing ¢ = 1:

epr®, T ~ —00,
¢N{bfm’mwm’ (637)

Therefore ¢» € L?(R), and since the the Schrédinger equation is areal equation with real boundary condition
at —oo, then the normalization coefficient is real too: b € R.
From qualitative considerations, for E = —p? < 0, p > 0, we have, in general, solutions of the form

a(E)eP® + B(E)e™ P,  x~ —oo,
R (e = Ay (638)
To have a normalizable solution, we choose S(E) = 0, and, optionally, a(F) = 1. Since I cannot fix more
than two integration constants, v(E) and §(E) are in general different from zero, and the solution blows
up exponentially at +oo: 9 ~ v(E) exp(pz) — o0, at & — oo.
Consider a classical potential well u(z) < 0, and let 1 < x2 be the two points at which u(z;) =
E, 7 = 1,2 (the inversion points). Then the Schrédinger equation ¥z = (u — E) implies that, for
x € (z1,x2), the concavity of 1 is towards the interior and v oscillates; if x ¢ (z1,x2), the concavity of ¢
is towards the exterior and v decays or blows exponentially. If E is just above the minimum of the well,
the oscillation is not enough to avoid the divergence at +o0o. Increasing E, v(E) decreases and ¢ diverges
more slowly until we reach a value of E, say, E1, for which v(F1) = 0 and we have the fundamental state.
Since 7(E # 0) in a neighborhood of E; excluding E1, the spectrum is discrete. Increasing more E, the
curvature g4 /1 increases and the number of oscillations increases, until we reach the value E2 for which
v(E2) = 0 again, and we have the first excited case. And so on (see Fig. 39). The discrete spectrum
{E1,Es,...,E,} is inside the interval (wmin,0), with

FEi1<Ex<---<E,<0, p1>p2>-->pp>0. (639)
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Figure 39:

Relation between the discrete spectum and the zeroes of a(k). Let ko be a zero of a(k). Since a
cannot be zero on the real axis, due to the unitary relation (595), and since a(k) is analytic for Imk > 0,
then Imkg > 0. In addition, from (628), it follows that W (y(zx, ko), (x, ko)) = 0, implying that ¢(z, ko)
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and 1 (z, ko) are linearly dependent:

30(2?, kO) = bow(%%) = Cw(% 7k0)' (640)

It follows that
e—ikox,

l,D(Z',k‘O) ~ { boeik[)cc7

Lo, (641)

T ~ 0O0.

Therefore ko belongs to the discrete spectrum: Eg = k(z) Since the Schrédinger operator is hermitian,
then Fgy € R; then ko = ipo, and Imko > 0 implies that pg > 0. In addition

wo(z) := @(z,ipg) ~ ePO% x ~ —o0. (642)

All this is valid for all zeroes kyn = ipn, pn > 0 of a:

50('777 ipn) = bnw(x:WT) = bniﬁ(fﬂ, 77:pn)7 (643)

ePn® T~ —00,

on(x) == p(z,ipn) ~ { bpe—Pn® (644)

T ~ 00,
In addition, since the Schrodinger equation is real, and ¢y (z) is real at —oo, it follows that ¢y (z) € R;
consequently b, € R.

Its is easy to convince one self that these zeroes are finite: they are zeroes of an analytic function for
Imk > 0, therefore they are isolated for Imk > 0, and they can eventually cluster only at the boundary:
on the real line and at co. They cannot cluster on the real line due to the unitary condition |a(k)|? =
1+ |b(k)|2 > 0, for k € R. They cannot cluster at co, since there a(k) ~ 1.

It is also possible to prove that they are simple zeroes. We start with the Schrédinger equation for
(@, k):

2

dz?

and we differentiate it with respect to k and evaluate the result at k = ipy:

(L k%) p(z,k) =0, L:= +u(z), Imk >0, (645)

O ((L = k?) ol k) ‘k:if (L + p2)¢k(,ipn) — 2ipnion(z) = 0. (646)
Applying the operator
/ dz on(z)- (647)
R
to the above equation one obtains
/]R dan (@) (L + p2)on (@, ipn) = 2ipn /]R 2 (@) da. (648)
Integrating by parts twice the left hand side:
~[on @)k (2, i) — 0}y (@) (2, iPn)] s (619)

+ [p dz (L + p2)on (@) @i (@, ipn) = 2ipn [p ©2(z)dx

and using (L + p2 )¢n (x) = 0, one obtains
(e @er(aipn) = on(e)eh(rion)] %, = 2ipn [ o (@) (650)

To evaluate the LHS we use the asymptotics of ¢(x, k):

etk T~ —00,

o(z, k) ~ { a(k)e—ikac + b(k,‘)eikz, T ~ 00, (651)
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from which one obtains

—ige kT T~ —00,

(@, k) ~ { (a/ (k) — iza(k))e™*® 4 (b (k) + izb(k))e™ ™, z ~ oo, (652)
and
, —ixePn®, T~ —00,
<,0k(513,7,pn) ~ { a’(ipn)ep"z, T ~ 0. (653)
Substituting these asymptotics in the LHS of (650) we obtain
—2pnbna’ (ipn) = 2ipn / 02 (x)dx (654)
R
implying
ibna’ (ipn) = / @2 (z)dz > 0. (655)
R

Since the RHS is positive, it follows that ip, is a simple zero of a(k). In addition, since b, is real, it
follows that ia’(ipr) is also real, with the same sign of by,.

6.1.2 Inverse problem

In the inverse problem we reconstruct the potential u(x) from a suitable set of spectral data, and we make
essential use of the analyticity properties of the eigenfunctions. Therefore we begin with the introduction
of the “analyticity projectors” PT defined by

PEf(K) = +1 im / L]"J)dk’, keR. (656)
27t e—0t+ Jr k' — (k £ ie€)

They map a Holder function ! f(k), k € R decaying at oo sufficiently fast into functions analytic in the
upper and lower halves of the complex k plane respectively, and satisfy the projection properties

ptp-=p-pt=o0, Pt’=p*t, p2=p-, Ptip =1 (657)

fE(k) := PEf(k) are indeed analytic in the upper and lower halves of the complex k plane respectively.
For k+ie and Imk > 0, f+(k) is well defined and analytic for Imk > 0; analogously, for k—ie and Imk < 0,
f~ (k) is well defined and analytic for Imk < 0. In addition:

1

+ ~ / /
PEJ) ~ T /}R SO, (k] > 1. (658)

24

They also satisfy the following Plemelj-Sokhotsky formulas:

+ _ . 1 F&kY 1
P f(k)7:t2m,P/R T8 a4 2w, (659)

To show it quickly, we also assume that f(k) be analytic in a very thin horizontal strip including the real
axis. Then

: K’ : K’
PRI = £ lim o fo Tt dk = 5k timor [o £ R
k
= apik o f5 e + 1109,

(660)

where the contours v+ are shown in Fig. 44.

YA function f(k) in Holder in [a,b] if there exist ¢ > 0 and 0 < pu < 1 such that
[f (k1) = f(R2)| < e[k — kol V1, ks € [a, ).
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Moreover the properties (765) are satisfied; f.i.:

+p— + _
PTPTfk) = PT (k) = 27rz/ k' — k+25) =0 (661)

closing the contour downstairs, and using the analyticity properties of f~ (k) and the Cauchy theorem;
2 f " k'
PR = P ) = o [ = 1 = PG, (662)
L

closing the contour upstairs, and using the analyticity properties of f*(k) and the residue theorem. At
last the condition Pt 4+ P~ =1 follows directly from (768).
After these preliminaries, we begin with the scattering equation (635)

Tz, k

HOR) = (o, k) + RO 0 (2, ), kER, (663)

a(k)

separating functions analytic in different half planes: u(z,k)/a(k) analytic for Imk > 0, apart from

the simple zeroes of a(k); u~(z, k) analytic for Imk < 0, and R(k)e~2%* ;= (x, —k) with no analiticity
properties for Imk # 0.

+
Since £ agi’)k) is analytic for Imk > 0, apart from a finite number N of simple poles in k,, = ipn,

whose residues are

st (@yipn) _ e(@,ipn)e Pn® b . -
¥ € = sy Y@, —ipp)e e

a’(ipn) a’(ipn) (664)
= i g,
it can be written as
N _ . _
pt(x, k) (z,k) Z p~ (z, —ipn)e=2Pn® (665)
a(k) 2= o/ (ipn) k —ipn ’
where ht(z, k) is analytic for Imk > 0. Therefore the scattering equation becomes
+ by p(z,—ipp)e”?Pn®
h ((13 k) + Z ’(zp,L) k*ipn - /’L (:L‘, k) (666)

+(P++P )R )2 = (z, —k), kER,

having also used the last of properties (765).
Now we separate the functions analytic in the upper half plane from those analytic in the lower half
plane:
W+ (@, k) — P+ (R(k)e 25 5 (,—k)) = p=(, k)
N

— 2pnT .
_ Zl a/&zn) p (=, klp?p)j + P~ (R(k)ez”mlu_(z, 7k)) . kER.
n=

(667)
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On the real axis, we have a function analytic in the upper half plane which is equal to a function analytic
in the lower half plane. Therefore, using the Riemann analytic continuation through the boundary (real
axis) between two domains (the upper and lower half k planes), the function on the LHS is the analytic
continuation of the function on the RHS in the upper half k plane, and viceversa. In this way once defines
an analytic function of k in the whole complex plane (an entire function). Since, due to the asymptotics
(766),(633), the RHS tends to 1 at k ~ oo, then the entire function is identically 1, by the first Liouville
theorem. Therefore:

_ .Y “(x,—ipm)e 2PMT 1 Rk 2tk @ = (o 1!

Pk =140 Bt Zmipm)e TRy L f B B Ak, kR, (668)
where b
Bm = ——— >0, m=1,...,N. (669)
ia’ (ipm)

This integral equation can be evaluated at k = —ip,, n =1,..., N, obtaining;:
— ; — l H7<17*7;Pm)572pmw 1 R(’“/)eziklmlti(%*k,) / — 670
m (x,fzpn)—177§::1,8mv+ﬁﬁ§ T dk', n=1,...,N. (670)

Known the spectral data S = {R(k),pn,Bn,n = 1,..., N}, equations (668) and (670) are a closed
system of N + 1 linear equations for the N + 1 unknowns p~ (z, k), pu~ (z, —ipn), n=1,..., N. Once the
solution v~ (x, k) is constructed from it, the potential u is then reconstructed from (633):

N
v = (2 > B @ =ipm)e 7+ = [ R @ —k)e”’“d’“> ' (671)
m=1 T JR

This is the solution of the inverse problem.

6.1.3 Linear time evolution of the spectral data

We recall that the Jost eigenfunction ¢ evolves according to the equation

ot = (c(k) — uax)p + (4k* + 2u)py, (672)
with ke
o)~ { S ke e, e (673)
Evaluating (672) at £ ~ —oo one obtains
0 = [c(k) + 4k2(—ik)]e ™ = c(k) = 4ik®. (674)
Evaluating (672) at « ~ oo:
are” T 4 beth® = 4ik3 (a(k)e T 4 b(k)eF?) 4 4ik3 (—a(k)e T 4 b(k)etF®), (675)
implying the following elementary time evolution of the scattering coefficients
ar =0, by =8ik% = a(k,t) = a(k,0), b(k,t) = b(k,0)e5*"t (676)
and of the reflection coefficient
R(k,t) = R(k,0)e3it, (677)
From a(k,t) = a(k,0) it follows that its zeroes are constant of motion:
pn(t) = pn(0). (678)
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Furthermore for the eigenfunction ¢, (z) = ¢(x,ipn):
Py~ ADYon — ADhPng, on ~ bne PRz~ oo, (679)
implying that bn; = 8p3bn = byn(t) = bn(O)esp%t. From (669) we conclude that
Bu(t) = Bu(0)e 7", (680)
Summarizing, the evolution of the spectral data is explicit:
S(t) = {R(k,t) = R(k,0)e¥*", p(t) = pn(0), Bu(t) = Bn(0)e¥n!, n=1,...,N},  (681)

and the IST is completed (see Fig. 41).
Bhuct Taoklew
e - L :ZR(W)\ Fa®)y Bn(®, =1, .
’ 4 D 25
i-‘ M‘JCM‘{’;\O\.- g( nu_
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Figure 41:

6.1.4 Pure continuous spectrum
If the potential u(x) does not support bound states, f.i., if w > 0, or if u is too small to support bound
states, then the inverse problem reduces to
_ B 1 R<k/70)82ik/z+8ik3t“—(Iyt’ik/)
12 (I,t,k)—l"l‘ﬁfR K —(k—ic) dk/, kER,
u(@,t) = 20, (fio ROk, 0™ (2, —k)e2ho+8ita)

(682)

Therefore the KdV evolution, if the initial condition does not support a discrete spectrum, describes a
nonlinear dispersive wave decaying as 1/+/t for t > 1.
If ju] < 1, then = ~ 1 and

u(a,t) ~ L [ 2ikR(k, 0)ei k8K g — L [ q(2)ei Qe A gy

a(A) = iAR(N/2), A= 2k. (683)

Then the spectral trasform reduces to the Fourier transform in the small field limit.
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6.1.5 Pure discrete spectum and solitons

If the potential u(z) is reflectionless; i.e., if R(k) = 0, then the integral equations of the inverse problem
reduce to

N —2pmat8pd,t
po(w k) =140 3 Gw@e 2Ty (21), kER,
= m
N —2pmat8ps, t 684
,U'n(x7 t) + Zl WWHW(lV t) =1, ( )
m=
,LLm(LE, t) = ‘LL_ (Cﬂ, t: —'me)y
and
N 3
u(z) = 20, <Z Bm(0>e‘zpmf+8”mtum(x,t)) : (685)
m=1
Since B, > 0, it is convenient to use the following notation:
Bm (0) e—2pmx+8p§nt — 872mem
2pm ’
Xm =2 —4p2t — Ym, (686)
m (0
Ym = —21}7” In <7ﬁ2p£n)> )
and equations (684), (685) become
N —2pmXm
l"‘i(xvuk“):l—"_z Z %Mm(mﬂt)7 keR7
m=1
N —2pm Xm
pn (e, t) + 30 2Pme o (2, 1) = 1, (687)

m=1

N
u(z,t) = 40, ( > pme=2PmXm (2 t)> .
m=1

The second of equations (687) is the linear algebraic system of N equations solving the inverse problem.
It is rewritten in the form

meef2mem

(1 + eiZP"X"> pn (z,t) + i

m (z,t) = 1. (688)
m=1
m#n
6.1.6 The 1-soliton case
If N =1, the algebraic system (688) reduces to a single equation
(142X ) (@) =1 = pu(e,t) = (1+e 21511 (689)

and one obtains the celebrated 1-soliton solution of KdV:

_opy X
u(z,t) = 4p10y (672P1X1/J¢1 (w,t)) =4p10, (ﬁ)

— _992] —2p1X1) — _ 2p3 - _ 2py
203 In (1 te ) coshZ(p1 X1) cosh?(py (z—4pFt—v1))

(690)

It is an exponentially localized solution, coming from the exact balance between the dispersion ugze and
the steepening nonlinearity —6uu,, whose velocity and amplitude are directly proportional to p%, and the
localization is directly proportional to pj.
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6.1.7 The 2-soliton case
If N = 2 the algebraic system (688) becomes

(14 e72P1 %) g 4 _2P2_o—2p2X2 ) =1,

P1+p2 (691)
2 — —
ﬁe 21 X1y 4 (1 Te 2P2X2) po =1
with determinant
_ 2
Ay =1+ e 2P1X1 + e 2p2X2 + (p1 p2) e 2P1X1—2p2X2 (692)
p1+Dp2
Using the Cramer’s rule we solve the system:
P1—P2 ,—2pyXo 14 P2=P1 —2p1 X1
Fp2 ¢ +
() = — PR (1) = — PR (693)
and we obtain the 2-soliton solution, describing the nonlinear interaction of two solitons:
2p1 (1+ r1 1;72 e—2r2X2) o —2P1X1 L op, (1+ lem e—2p1X1 )672;72)(2
u(z, t) = 20, < p1Tp2 ) ~ p1¥P2
2
—n 2p1e~2P1X1 fop, 0~ 2P2X2 _;,_2%672;:1)(172;:2)(2 ) (694)
= —2021n As.

It is possible to prove that the N-soliton solution of KdV, describing the nonlinear interaction of N
solitons, can be written in the compact form

u(z,t) = —20%In Ay, (695)

where A is the determinant of the algebraic system (688).

6.1.8 Elastic soliton interaction and phase shift

Here we use the 2-soliton solution (694) to describe the interaction of two solitons corresponding to the
eigenvalues p1 > p2 > 0. First we travel with soliton 1, i.e: X1 = z—4p3t—~1 = O(1), or = = 4p3t+const.
Consequently:

—2paXo = —2pa(4p3t + const — 4p3t — v2)

_ > .2 n.J too, t~—oo, (696)

= —2p2[4(p — p3)t + ] —00, t~ +o0,

It follows that, at t ~ —oo:

Ao ~ e 2P2X2 (1 4 (M)Qe—mel) = e 2p2X2 (1 + e*2P1Xf> ,

prtpe (697)
X7 ::w74p§t7'yl + 612, 12 :zﬁln (%) > 0,
and
w(x,t) = —202In Ag ~ —202 In (e~2P2X2 (1 +e 2 Xy
= 202 [2pa X +In (14 €210 )| = —2021n (14 ¢ 22 X7 ) (698)
2
- _Cosh2(p1(x—241;1§t—'y1+512))’ b oo
At t ~ 400, Ay ~ 1+ e 2P1X1 then
u(@, t) ~ —2021n (14720151 ) = 2 r t ~ co. (699)
’ cosh?(p1(z — 4p3t — m))’
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Comparing the position x1(¢) of the soliton 1 at —oo and at +oo.

4p3t +y1 — 812, t~ —o0,
z1(t) ~ { Apit+ 71, t ~ +o0, (700)

we infer that, due to the nonlinear elastic interaction with the slower soliton 2, the faster soliton 1
experiences a shift forward, given by

1
Azy = z1(00) — z21(—00) =012 = — In (m) > 0. (701)
p1 P1—p2
Analogously, moving with soliton 2, it is possible to show that the slower soliton 2 experiences a shift
backward, given by
1
Az = z2(00) — x2(—00) =621 = —— In (m) <0, (702)
p2 pP1—p2

so that the total momentum is conserved (see Fig. 42).

Figure 42:

In the general case of the interaction of N solitons, it is possible to show that the nt"™ soliton
experiences the following phase shift

1 N
Axy, = — H In

Pn \ jZint1

Pn + Pj
Pn —DPj

Pn + Pj
Pn — Dj

n—1
-IIm (703)

j=1

indicating also that the interaction is pairwise.

6.2 The NLS example

The Cauchy problem for localized initial data, for the focusing and defocusing
NLS equations:
iUy + Uge + 20|ul?u =0, o= +1,
u(z,0) = ug(x), u(x,t) — 0 for x — Fo0, (704)
o =1 focusing NLS, ¢ = —1 defocusing NLS,
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has been solved by Zakharov and Shabat in [43], using the Inverse Spectral
Transform (IST) method, originally discovered by Gardner, Green, Kruskal
and Miura in [16] to solve the Cauchy problem for the Korteweg - de Vries
(KdV) equation. See also the following books [42, 3, 10, 2], in which several
aspects of the method have been discussed in detail.

Lax pair. The NLS equations are the compatibility condition of the fol-
lowing Zakharov-Shabat Lax pair:

Y (Az,t) = X\ 2, )p(A 2, 1), (705)
¥, (A, t) =T\ z, )N, , 1), (706)
where
_ ¢1(Aax>t)
w0 = (230).
—iA  du(x,t)
X\ z,t) = = —iXog + iU (x,1),

iou(z,t) i

O t) = ( =20 +iou(z, hu(z,t)  2iku(z,t) = ug(z,t) ) (707)
a 2ic u(x,t) + oug(x,t)  2i\* —iou(z, t)u(x,t)

= —i(2)\% — o|u|?)o3 + 2i\U — 03U,

o5 = ((1) —01) U= (07]85,1&) "o t>> |

Indeed the integrability condition gmt = gm is equivalent to the matrix equa-
tion

X, =T, +[X,T] =0, (708)

and the isospectral condition A\; = 0, and A, = 0 imply the NLS equations
(704) or, in matrix form:

iU + 03 (Ugo + 2U%) = 0. (709)

Xe = iUy, Ty =io(|u|?)zos + 20Uy — 03Usg,
[X,T] = 2)\2[03, U] + iX[o3, 03Uz + (202 — o|u|?)[U, 03] — i[U, o3U] (710)
= 2i\Uy + o|u|?[o3, U] +io(|u|?)zos,

from which (709) follows.
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It might be convenient to write the spectral problem (705) as the eigen-
value problem (multiplying (705) from the left by ios):

. 0y
Ly =X, L= 03(id, + U(x)) = (_;u 5 ﬁi?) . (711)
Reality symmetry. If ¢(z,t,\) = (il Ei’? ;D is a solution of the Lax
- 2\ by
—oa(m,t, M)

pair (705),(706),(707), then é(x,t, A) = ) is also a solution

wl (ZE, t, /\)
of (705),(706),(707). Proof is left as exercise.
6.2.1 Direct Problem

IST for rapidly decaying potentials. If u(x,t) — 0 as |z| — oo, then
+ _—idx

le O ) , x— oo, NER, (712)
cye

Y o~ —idog = Y~ (

for the arbitrary constants ¢, ¢i. Therefore we introduce the Jost solutions

(1) (2) 1) (2)
m_ (4 @ _ (" W_ (% @ ("1 713
- () - (&) - Ch) - () o

satisfying the following boundary conditions:

@) ~ <(1)> e~ ?(2) ~ (?) e x~ —00,
(714)

ﬁ(l) ~ (é) e~iAT, y(z) ~ <(1)) e 3~ oo,

Both pairs {Q(l),q_ﬁ(m} and {y(l),y@)} are good bases in the space of solutions
of the above Lax pair for decaying potentials, and one can write, for instance,
25(1) and ?(2) in terms of the basis {%(1),@2)} as follows:

-

oM = Si(NYY + SNy, X eR,

£ = 1
?(2) _ 512()\)%(1) + 322()\)%(2), = R, (7 5)
or, in matrix form:
1) (2) (1) (
IR (U <511()\) 512()\))
— , AeR 716
( ) ¢§2)> (wé” wé”) Sn(A) Sao() (716)



This is the so-called “scattering equation”, and S(\) = (

S11(A)  Si2(N)
Sn () Sw(N)
the scattering matrix. The reason for this terminology comes from observing
that

1\ Spi(\)eire
1) Az ~ 1) 11 ' ~
? <0> € y X 0, ? ( 521(/\)62)‘90 ) y T o, (717)

implying that

S11 (V) J
_S\I (718)
1 ¢1)N e T~ 00
S11(A)Z R(}\)el)\x ) )
where | S (M)
T = ——, R(\) =22 719
Vs TS )

are respectively the transmission and the reflection coefficients (see Figure
43)

e i
rog e P e
‘km V\I‘Mﬂ‘) IV‘(/"G{LV\{" Wowe.
T — 4_.7

e wone

R et K=

Figure 43: Reflected and transmitted waves by a localized potential.

The Wronskian theorem. If U is a fundamental matrix solution (i.e.,
det U # 0) of the Lax pair (705),(706),(707), then, from the Jacobi (Abel)
theorem: (det ¥), = (det ¥)tr (¥, ¥1), it follows that

(det ), = (det ¥), = 0, (720)

since tr (¥, ¥ 1) = trX =0 and tr (¥, ¥~1) = trT = 0.
Applying this property to the fundamental matrices constructed from the
above Jost solutions, we obtain the following formulas:

det Q(l),é(2)> — det (y(l)yy@)) —1,

T N 721
det Qm,?o)) — det @u)?ym) —0, j=1,2, (721)
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det (¢, @) = S11(N), det (0P, @) = S15(N), 2)
oy - 292
det, y(l),@(l) = Sy (N), det y(n’?@) = San(N).

Since (720) holds, one evaluates the determinant asymptotically, where the eigenfunctions are simpler.

For instance, working with 9@),]‘ = 1,2, we do it at x ~ —oo: det <Q(l>,£(2)) = qbgl)qbg) - qbél)qﬁ?) =

efi)\zei/\z =1.
In addition, since det (@1)7?(2)) = det (@1),%(2)) = 1, it follows from
(716) that we have the unimodularity condition:

det S()\) = Sll()\)SQQ()\) — 512()\)521()\) =1. (723)

From the above reality symmetry, it follows that

oD (a1, 0) IO
@ (2, ¢, )) = —09y (2,1, A) Wt ) = Pzt N -
e =(GRESY). = (REL). o

and, consequently,

Son(A) = Sii(N), Sia(A) = —aSar (). (725)

Then the scattering equations (716) can be rewritten as

(1) (2) (1) (2)
o [ Y S11(A)  —aSa(N)
(i” ¢§”> - (wi” wi”) () Sy ) Aer

and the unimodularity condition (723) becomes

ISHN P+ o|Su(NP =1, AR (727)

Let us concentrate now on the vector solution Q(l)(x, A). The spectral
problem (705) together with the boundary condition (752) are equivalent to
the following Volterra integral equation

T

pf (2, N) =1+ [ u(y)us (y, \dy,

z (728)
pg (x,\) = io [ a(y)p (y, \)e* @ dy,
where
py 1) Jix 1
pt= (1) = pWer ~ , T~ —00. (729)
- o - 0

Prove it as an exercise.
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Replacing the second equation into the first, one obtains the following
integral equation for the field p; :

T

ui(z,\)=1—o0 / dy u(y) / dz u(2)e* =2 it (2, ). (730)

—0o0 —00

We observe that the integral equation (730) is well defined also for ImA > 0
(since y — z > 0, e2*@=2) decays exponentially at oo if ImA > 0). To prove
the existence of the solution of (730) we expand pf in the Neumann series

Zuja:)\ po(z, A) =1, (731)
3>0

implying the recursion relation

T

Y
pisile ) = ~o [ dyaly) [ dz a0, G20, (732

—0oQ —0o0
Consequently we have the inequality:

xT

mmuw</@w|/@W|M@w_00hm>oww

since [e2*W=2)| < 1 for Im\ > 0.
For 5 = 0:
z y ) z y 2
WMNKI@MMfMWqu@(IMWW
—00 —00 —00 — 00 y
= U (@) < 5l (734)
Ux):= [ dylu(y)|, lull = [z |u(y)|dy.

For j = 1:
|p2(z, A)| < f dylu(y) f dzlu(2)||p(z, Al
(735)
<1 f dy|u(y) f dzlu(2)|U?(z) = U (2).
Iterating this procedure, one can prove by induction that
2n
ot < T s (736)



implying that

e < 3 GO o @) < co (). (737)

= (2n)!

Then the Neumann series is totally (absolutely and uniformely) conver-
gent if u(x) € L'(R), i.e., if [; |u(y)|dy < co. In addition, since all terms of
the series are analytic for Im X\ > 0, the uniform convergence implies that
the sum pf (z,\) be analytic for Im A > 0. Similar considerations imply
that
i) the functions

§ = ¢(2)e—i)\x ¢ eyt y@)e—i)\r’ (738)

satisfy respectively the integral equations

T

py (N =1 [ u(y)ps (y, \)e* v=2)dy,

x (739)
po (2, A) = 1+io [ a(y)u; (y, \)dy,
vi(z,AN) =1—1i [u(y)vy (y,\)dy,
o (740)
— —ZO'f Vl y )\ QZA(x—y)dy’
V(2. 0) = —i [ uly)vi (g, Ne 22 dy,
@ (741)

vy (z, ) =1—io [a(y)v (y, \)dy,

ii) p~, v~ are analytic for ImA < 0, and v is analytic for ImA > 0. Then
the wronskian relations (722) imply that Si;()\) and Sa()) are analytic re-
spectively for ImA > 0 and for ImA < 0. The functions Sis(A) and Sa1())
do not have analyticity properties off the real axis, unless the potential u(x)
is exponentially localized. Verify it!

Using integration by parts one can show that the large A limit of the
Volterra integral equations (740) and (728) yields

Vi (@) = 1+ 2 [ u(y)Pdy + O(\?)

vy (T, \) = —5x (ZE)x—f— O()\_Q)7 (742)
pHE ) = 1= 5 [ luy)Pdy +002)

it (@, )) = —gu(@) + O\ 2),
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implying that « and |u|? can be written in terms of the eigenfuntion as follows
(show it):

u(z,t) = =20 limy oo (Avy (x t,\) = =20 limy0o (A5 (2,8, 1)),
lu(z, t)[? = 2i0 limyyoo (Avy (2,8, ) = 20 limy oo (Apf (2,8, X))
(743)
In addition, since puf — Sy and pud — S9€2® for x — oo (see (717)),
the 2 — oo limit of (728) yields the following integral representation of the
scattering data:

Su) = 1+ [ w0 Ny, 5200 = o [ aloht (0.0,
R R
(744)
Evaluating equations (744) for large A, and using (742), we obtain
SH = 1——/ "LL ‘ dy+0 ), 521(>\) = ’ZO'/ ﬁ(y)eiQi}\ydy(l—l-O()\il)
R
(745)

and, consequently

Jull = [ u(w)Pdy = 2 Jim (A(S1(3) = 1) (746)

R oo
At last, the reality symmetry (724) for the analytic eigenfunctions reads
i) = —ors (N, i) =5 OV, (747)

6.2.2 Bound states

Since the spectral problem ym = X4t can be rewritten as the eigenvalue
problem
B o , B 10, u(z)
Lp =X\, L:=o03(i0, +U(x)) = (—Ju(:r;) —i@x) , (748)

we observe that the operator £ is self-adjoint in the defocusing (¢ = —1)
case, with respect to the scalar product

@)= [ (@) + ) de o= (220)). 0= (310).
(

Indeed, if 0 = —1,

(a, L) = [, [a1 (ibry + ubs) 4 @z (—ibo, + uby)] dx
= Ji [(ia1, +uaz) by + (—ias, + tay) bs] da (750)
~ ( >b1+ ((,ca) )bz} dz = (La,b).
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It follows that, in the defocusing case, the spectrum is real. Since for real A
the eigenfunctions behave as monochromatic waves at x ~ o0, they cannot
belong to L?(R); it follows that, in the defocusing NLS case, the discrete
spectrum in absent. Discrete spectrum is generically present in the focusing
case (o =1).

We first recall that Si;(A) is analytic for ImA > 0. If A;, Im); > 0is a
zero of S11(A) (then it will be an isolated zero): Si1(A;) = 0, it follows from
(722) that the Jost solutions Q(l) and Q(Q) are proportional at \;:

oW (@, \) =00 (2, ;) = pt(xN) = by vh(z,Ny)e? e (751)

Since Q(l) and EQ) are analytic for ImA > 0, and

oV (é) e g~ o0, O ((1)) eN zeoo, AER,  (752)

it follows that Q(l)(:c, A;) decays exponentially at  — £o0:

1

<O> e—i)\jx7 T ~ —00,
¢(1)(x7 )‘J) ~

(753)
bA (O) ei)‘jm T ~ 00
J 1 ) )

and \; belongs to the discrete spectrum of the operator £. One can also
prove the reverse: if A;, ImA; > 0 is a discrete eigenvalue of the operator L,
then \; is a zero of Sy1(\). The reality symmetry implies that ); is a zero of
Saa(), and belongs to the discrete spectrum as well.

Summarizing, viewing the initial condition ug(xz) = u(z,0) of the NLS
Cauchy problem as the potential of the spectral problem, the direct spec-
tral problem consists of constructing from ug(x) the following spectral data.
i) The scattering data Sy1(A), Sa1(A), associated with the continuous spec-
trum, given by the real line A € R, and, only in the focusing NLS case,
the discrete spectrum data A;,b;, 7 =1,..., N, Im)\; > 0, corresponding to
exponentially decaying eigenfunctions. Since Si1(A) is analytic for ImA > 0,
its zeroes can cluster only for A ~ oo and/or ImA — 0. But Sj;(\) — 1 for
A — oo in the upper half plane, and |S11(\)|? + 0]S21(A\)]> = 1, A € R; then
S11 cannot be zero for A ~ oo and for A € R, its zeroes cannot have cluster
points and N is finite.

Can one give a condition on the initial datum ug(z) for not having discrete
spectrum in the focusing case? To do it we go back to (730) with o = 1,
inferring that

x y

e, A) - 1] < / dy Ju(y)| / dzu(2)lp (2, V)], TmA > 0. (754)

—0o0
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Using again the Neumann series representation (731) of u; and the inequal-
ities (736) we infer that

mmw—u;fwwmjwwm@+zwwﬂo

j=1
x y 0 25 (755)
U?i(z U(x))~?
< Jdylu) [ deua)] | 1+ 2 555 ) = X G
—00 —00 1= J

— cosh(U(z)) — 1 < cosh (Jul)) =1, ImA\ > 0.

Recalling that py(z, A) — S11(A\) as x — oo, for ImA > 0, it follows that
|S11(A) — 1| < cosh(||ull1) — 1, ImA > 0. (756)
If the norm 1 of the initial datum is sufficiently small:
cosh(]|ull1) < 2, (757)
then cosh(||u|l;) —1 < 1 and
|S11(\) — 1] <1, ImA >0, (758)

incompatible with the existence of discrete spectrum (the existence of discrete
spectrum would imply the nonsense 1 < 1). The condition (757) is equivalent
to

Jully < cosh™(2) = log (2+ V3) ~ 1317, (759)

where cosh™(-) is here the positive branch.

6.2.3 Time evolution of the spectral data

Now we show that the time evolution of the spectral data is very simple, thus
justifying the effort made to go to spectral space. We first observe that the
compatibility condition (708) is not affected by the change T — T+ ¢(\, t)1,
where [ is the 2 x 2 identity matrix and c is any parameter such that ¢, = 0.
Therefore equation (706) at |x| — oo reads

—2i\%2 + ¢ 0
Yy~ ( 0 22+ c) ¥ (760)

—iAx
For the eigenfunction Q(l), satisfying ?(1) ~ ( 0

Sll (/\)efi/\a:
521 ()\)ei)\z

), T~ —00, andgﬁ(l) ~

> , ¥ ~ 400, we have at © ~ —oo the condition (—2i)\? +
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—e = (, implying ¢ = 2iA%. At x ~ oo we have

()= (0 S (S0 )

implying the equations S;1; = 0 and Sa1; = 4iA\2S5;. Therefore

c)e

S 1) = S11(A, 0), Sar(A, 1) = Sa1 (X, 0)e™™ = R(\,t) = R(), 0)e*™,

(762)
Since S1; does not evolve in time, then its zeroes are also independent of time:
An(t) = An(0), n=1,..., N. In addition, we observe that, for the potentials
u such that u(z) exp(Im(\;)|z|) = 0, j=1,...,N, as |x| = 00, Ss; can be
analytically extended in a strip of the upper half A plane containing all the
cigenvalues, and Sy, (\;) = b;, j = 1,..., N; consequently b, (t) = b, (0)e* ¢,
Summarizing, the t-evolution of the discrete spectrum is

An(t) = A (0), by(t) = b, (0)e*™t, n=1,... N. (763)

6.2.4 Inverse problem

In the inverse problem we reconstruct the potential u(z) from a suitable set
of spectral data, and we make essential use of the analyticity properties of the
eigenfunctions. Therefore we begin with the introduction of the “analyticity
projectors” P* defined by

p* _:Ic—l d\N, MeR. 4
F lm//\’ /\j:ze < (764)

271 e—0+

They map a Holder function? f(\), A € R decaying at oo sufficiently fast
into functions analytic in the upper and lower halves of the complex A plane
respectively, and satisfy the projection properties

ptp =P Pt=0, P?’=pPt, P =P, PT+P =1 (765)

fE(A) := PEf()) are indeed analytic in the upper and lower halves of the
complex A plane respectively: for A 4+ ie and ImA > 0, fT()) is well defined
and analytic for ImA > 0; analogously, for A\ —ie and ImA < 0, f~(\) is well
defined and analytic for ImA < 0. In addition:

+ 1 ! !
P f(A)N:F%/Rf(A)dA, Al > 1. (766)

2A function f()\) in Holder in [a,b] if there exist ¢ > 0 and 0 < p < 1 such that
[F (A1) = FA2)] < efAr = Ag* VAL, A € [a, B].
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They also satisfy the following Plemelj—Sokhotsky formulas:

PEf(N) = to— L py AJi(X)AdXJr —f(N), (767)

where PV [ is the principal value integral. To show it quickly, we also assume
that f(\) be analytic in a very thin horizontal strip including the real A axis.
Then

Pif( ) = +55 hme—ﬂ)* Je #ﬁie)d)‘/ = F 5 limo+ f + f,(X)d)\’
+5- PV fR L3N + 1N,

where the contours ¥+ are shown in Fig. 44.

(768)

+ K
¥ s

X%
AN

K

Figure 44:
Moreover the properties (765) are satisfied; f.i.:
- 1 f~(X)
PtpP Pt ————d\ =10 769
=P = o [ a0 ()

closing the contour downstairs, and using the analyticity properties of f~ (k)
and the Cauchy theorem;

PRI =P ) = o [ i = P, ()
21 Jg N — (X + ie) ’
closing the contour upstairs, and using the analyticity properties of fT(\)
and the residue theorem. At last the condition P™ + P~ = 1 follows directly
from (768).
After these preliminaries, we begin with the scattering equation
Q(l) = Sn()\)%(l) + 521()\)%(2) rewritten as follows

H‘f‘(x? )\) B y’( )\) n R()\)V+( )\) 20 N R (771)
Su() o R
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In

(77 )
)HS

is analytic for ImA > 0, up to the finite number N of poles A;, j

1,. N the zeroes of S11(A) (present only in the focusing case o = 1), that
we assume to be simple; this is generically true, and the case, for instance, of
a double pole, can be obtained through the coalescence of two simple poles.
Then v

+ + .

H (xﬂ)‘):£+(x7)\)+1+02 /H(xv)‘i) <, (772)
Su(A) 2 H A =A)

J

where o™ (x, A) is analytic for ImA > 0 and tends to (1)) for A = oo.

ii) v~ (z, ) is analytic for ImA < 0 and tends to (1) for A — oo.

0

iii) the last term is, in general, analytic nowhere.
Introducing in front of this last term the identity operator P* + P~ =1,

moving to the left all the functions analytic for ImA > 0, moving to the right

all the functions analytic for ImA < 0, and subtracting the vector ((1)) from

both sides, we obtain

(a, \) — (1) _ PtRyteh — ((1)) 4 P Ryte?ire
(773)

M A e R.

The LHS, analytic for ImA > 0, is equal, for A € R, to the RHS, analytic for
ImA < 0; therefore the LHS is the analytic continuation of the RHS to the
upper half plane, and viceversa. In addition, the LHS and the RHS tend to
0 as A — oco. From the Liouville theorem, it follows that they are 0:

— l/+ )\/ 2i\ x 140
vo(z,A) = ( > 2m fR (i ) AN + 52 Z ST O0—A,) )\)(A >\)
1 R /\/ )\ 627,'/\ T
£+ ([E, )‘) = (0) 2mi fR ( (()\Jrz)e) N’
Concentrating on the first of these two equations, we observe that it can

be written as an equation for the eigenfunction v~ only, using the reality
symmetry vj"(A) = —ovy (A), v (A) = vy (A) and the bound state condition

(774)
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ph(x, Ny) = by vt (x, Aj)e T

vy (z, t,A)\ (1 f 2ive [ —ovy (z,t, N) I\
vy (et n) = \o) o e o vy (2,1, N) (775)

N 2ixz [ —yy ).
p ci(t)e 1% CC,t,>\
_|_1% E : J()\)_)\jj ( 72 ( X J)) :

i=1 vy (2,1, A5)

where 12
C-(t) — bj(t) _ bj(o)e e
! Suld)  Suly)

To close the system (775), we evaluate these equations at \,, n=1,..., N:

Vl_(xyt7 XTL)) ( > f 622)\1 <_0-V2_(x7t’ Al) /
7 — ¢ d\
vy (2,8, \n) i Ji —n Lt N
2 ) _ v (.1, X) (777)
20Xz — s ;
+1—~2—0' Z ng\t)e_/\.i ( 1/72 (x7t,_)\])> , n:17‘,,7N.
1 n J

J= Vl (Q?,t,/\j)

— ¢;(0)e*, (776)

We have established the following result. Knowing the spectral data

S(t) ={R(\1) =

( : ) 41,\2t ) ER, )\n(t) :)\n(o),
en(t) = cn(0)eit, =1, (778)

N},

equations (775),(777) are a closed system of 2(IN + 1) linear equations for the
vector eigenfunction v~ (z, \) and for the vector eigenfunctions v~ (z, \,), n =
1,..., N. Then they are the main equations of the inverse problem. To com-
plete the inverse problem, we use equations (779):

u(z,t) = =20 limy o0 (Ary (ac t,A) = =20 limy oo (Auy (2,8, M),
u(z, t)|? = 2io limyy0o (Mg, (2,8, A)) = 200 limy oo (Apf, (2,8, ).
(779)
to reconstruct the potential from the data (778) as follows

= Z Jo RO (2,8, \)dA = (14 0) 30 ¢j(t)e Nty (x, 1, ),

TMZ

a0 = 0, (1 fo ROV 00y (2,1, 007 — (1 + é ey (. 1%,)).

(780)
We first observe that the NLS solution (780) is the sum of two terms

w(z,t) = Upaa(x, t) + usor(z, 1); (781)
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Uraa(,t) is associated with the continuous spectrum and wug,(z,t) is associ-
ated with the discrete spectrum. We also observe that, if the initial datum is
small: |u(x,0)| < 1, then v~ ~ 1, and u,4q reduces to the Fourier transform
representation of the linear theory (verify it):

Urad(, ) ~ 5= [o Uk, = ika—k2t) g1

a(k,0) =ioR (-, o). (782)

Then one verifies, through the stationary phase method, that the solution
exhibits the following longtime behavior

o)~ FAG) T 021 =Fm00,
2

A<£>= e2i(¢/2,0).

If the initial datum is not small, but no solitons are present, the above formula
generalizes as follows

Umd(if t) . \/LZR(QT t) ( +2nR2( )logt—i-O( ))’ > 1, %:O(l), (784)
R(z,t) = Ro (%) + O (&),

where the real amplitude Ry (%) can be expressed in terms of the initial data
through the IST (verify (784) by direct substitution).
The amplitude Ry (%) is slowly varying, since

(Ro(w/t)), = B <1, t>1, ¢=2=0(1),

(Ro(z/1)); = fRO“) <1, (785)

then the solution describes a slowly varying amplitude modulation of the
carrier wave exp (z ( + 2nR32 ( ) logt + O(1 ))), decaying to zero as 1/v/t
(see Figure 45), as ¢t grows. Then

u(z,t) = uso(z,t), t— oc. (786)

Therefore the longtime behavior of the solution of the Cauchy problem is
described by the discrete part of the spectrum, and now we concentrate on
it.
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0.2+

]
F

SRRk

Figure 45: The graphs of the analytic formula describing the asymptotics of
the real part of the solution for a gaussian initial condition at ¢ = 10.

6.2.5 The N soliton solution

We concentrate on the focusing case 0 = 1 and assume that the initial
condition uy(z) be a reflectionless potential, such that R(A,0) = 0. Then the
inverse equations reduce to the algebraic system

I/l_(xat7)\n)> <]_> N C_(t)e%)\jz _]/2_(37’1’:7 5\])

L Z = + J . . 787
(VQ (.27, t? )\n) 0 j; An=Aj V; (.Z', t, )\]) ( )
Known its solution by Cramer’s rule, then u and |u|? are reconstructed, using
(743), as follows

n=1 (788)

To construct u, we rewrite (787) for v, (z,t) := vy (z,t, \):

N
Un(z,t) + > Dz, t)y(x,t) =1,
=1

P 789)
N — zz(Ak—Al)z+4z(,\%—>\l2)t (
— ck(0)c(0)e
Dnl<x7t) T k;l - : (j\n_Ak)()\k_j‘l)
and
N ) -
u(z,t) = —2 Z Cp(0)e~2PAna—4INIt (1 ). (790)
n=1
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To construct directly |u|?, we rewrite (787) for x,(x,t) := vy (z,t, \,):

N
Xn(z,t) + > Co(z, t)xi(z, t) = wy(z,t), n=1,...,N,
= N - (791)
- . Ek(0)6721)\k17742)\kt
Cru(x,t) = Dy(x,t), wy(x,t) = > sw——

k=1
Remarkably, |u|? can be written in the compact form
lu(z,t)]*? = ?log(det A), A=1+C=1+D, (792)

entirely in terms of det A.
To prove (792), we proceed as follows. By Cramer’s rule, the solution of (791) reads

N

1
5 2 UMW M (4), =1, N, A=1+C, (793)
k=1

Xn =

where My, (A) is the determinant minor of matrix A, obtained from A eliminating the kt* row and the
nt" column. On the other hand, from the Jacobi formula:

mcm (t)ezi()‘m _S‘k )z

N
(det A), = tr (AzAdj(A)) =—2i > (-p"™

= M, A). 794
n,m,k=1 An = )\k nm( ) ( )
Then the second of equations (788) leads to
WP = =20, (il & (~ynbm SOOIty gy
- x Y nm
det A n,m,k=1 An =Xk (795)

= 0, (L2 ) = 02 (1og (det 4)).

We recall that the eigenvalues \; lie in the upper half plane:

it is convenient to introduce the real parameters

1 |cx(0)]
T, = — lo
g 21 g( 2y,

) o = arg(cx(0), (797)
and the quantities
Xp = 2w —mp +4&t), Vi =262 +4(& —n)t+or, k=1,...,N, (798)

so that D and u are rewritten as

Xi+Xm)+i(Ye—Ym)

Do =4 e

(& — & — i+ )]Gk — &+ 10k + )] : (799)
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and

N
u(x,t) = —4 Z e XnTn=ieny, (800)
n=1

If N =1, one obtains the 1-soliton solution of focusing NLS (also called
the bright soliton):

—1

Dll — €—2X1 :> Vl — (1 + 6_2X1) ,

(2n1)8—2i[51z+2(5%—n%)tl—im (801)
cosh[2m (z—x1+4&1t)]

up(z,t) = —dnpe X1y = —

It describes the amplitude modulation of a monochromatic wave (the car-
rier wave), whose envelope is exponentially localized, with amplitude and
localization 21, traveling with speed —4&;; the carrier wave travels with the

independent speed 277%5_1 SO & = 0, the soliton is stationary (see Figure 46).

N
o~

0.5F

Figure 46: Plots of |u;(z,t)| in yellow, and of Re(uy(z,t)) in blue, for & =
—2,m =0.5,1y =1 =0.

Equation (792) gives directly

ant

)P = 02log (1472 = '
|u(,1)] 2log (1+e ) cosh®[2m (z — x + 4&1t)]

(302)

Now we investigate the elastic interaction of two solitons choosing N = 2,
and concentrating directly on (792). Then the components of the 2 x 2 matrix
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A=1T+D are

Ay npe~ (X1+X2)+i(Y1-Y2)

AH =1 -+ 6_2X1 —

()\17)\2)2 )
Ay — Ay mpe~ (X1+X2)—i(¥Y1—Y) dn2e—2X2
. (G1=R) =22 ) da)’ (803)
4Ance— =11 4 —(X1+X2)+i(Y] -Y2
A21 _ un + ninze

T (e=A)(Ai—)
A22 =1+ e2X2

(A2—=A2)(Aa—A1) ’
4n1n26—(X1+X2)—2(Y1 -Y3)

(A2—A1)?

To specify the problem, we consider two solitons traveling with positive
speed: &1,& < 0, and such that soliton 1 is faster than soliton 2: |&] > |&,],
and observe the interaction in the reference frame of soliton 1:

x=—4gt+0(1), |t|> 1. (804)

. Then

X;=0(1), t=£o0,
Xy ~ 2ma(x 4 4t + const) ~ 2me(4(|&1] — |&2|)t + const) ~ Fo0, t ~ Fo0.
(805)
It follows that, when ¢t > 1, Aj; ~ 1+ e 2 Ajy ~ 0, Ay ~ O(1), Agy ~ 1,
implying that
det A = A11A22 — A12A21 ~ 1+ 6_2X1, (806)

the same formula as in (802). Therefore

4ng

, t~o0, (807
cosh?[2n, (z — x1 + 4€,t))] o0, (807)

lua(z,)]* ~ 02log (14 e7*X) =
and the observer sees at t ~ oo the soliton 1 in the position z1(0c0) = x1. If,
instead, t ~ —o0, then

A=A
)\1—5\2

4
det A ~ e~ 22 (1+—) e‘”“) (808)

(verify it!), up to exponentially small corrections.
At this stage it is convenient to introduce the parameter Ax; as follows

(809)

It is a positive parameter, since

)\1_5\2
At — A

2 _ (m +m2) + (&1 — &)? -1 (810)

(m—m)?+ (& —&)?
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Then
det A ~ e %2 (1+ 6_4”1(“;_“(_0"”45”)) , r1(—00) =x1 — Az (811)
Therefore (792) gives
ug(,¢) | = 02 log(det A) ~ 02 (—2X5 + log (1 + 6_4”1(””_“”"1(_"0”45”)))

_ 92 —4An1 (x—x1 (—o0)+4€1t _ an3
= aa: (log (1 +e 71 ( 1( )+4&1 ))) = cosh2[27]1(I—Jill(—oo)+4§1t)} .

(812)

Also at t ~ —oo the observer sees soliton 1, but now in the position z;(—00),
with a global positive phase shift:

x1(00) — z1(—00) = 1 — (21 — Axy) = Axy > 0. (813)

Therefore the fastest soliton 1 experiences a forward shift; analogously
one could show that soliton 2 has a backward shift (verify it !) (see Fig. 47)

1 A — Ao
Azy = ——1o ‘ <0, 814
? 2 & Al — A2 (814)
with the conservation of the momentum:
T]lA.'L'l + T]QA.’L'Q = 0. (815)
4 I T R f’z
2 (4] — /
I |
Wl
. | | |
o
| ¢
B
-2
| |
-5 0 — — 5

Figure 47: The evolution in space-time of the 2 soliton solution from two
different perspectives (the second is the view from above) describing the
interaction of 2 bright solitons with & = —04,n; = 1,21 = 1,91 = 0,& =
—0.1,m9 = 1.5, 29 = 0, oy = 0. Soliton 1 has amplitude 2 and speed 1.6, while
soliton 2 has amplitude 3 and speed 0.4. Therefore soliton 1 is smaller than
soliton 2, but four times faster, and overcomes soliton 2 during the dynamics.
The perspective from above shows clearly the elastic interaction with phase
shift.
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In the general case, the N-soliton solution describes the nonlinear pairwise
elastic interaction of N bright solitons traveling with different speeds —4¢&y,
=1,...,N. If |&]| > |&] > -+ > |&n], then soliton n is pushed forward
in the interaction with the slower solitons (n + 1),..., N, and is pushed
backward in the interaction with the faster solitons 1, ..., n—1, experiencing
the global phase shift

Az, <log H

o 1 i PR

with
N
> Ay, =0. (817)

[f& =0,k=1,..., N, the envelopes of the N solitons do not travel and the
N-soliton solution describes a bound state with N — 1 degrees of freedom,
periodic in time, with period

TILCM{E]? Z?j:177N7 7’>.]}7
Tyj= 25, wp=—40 m>1m> >0y

Wi —W;

(818)

7 The KAV hierarchy; infinitely many sym-
metries and constants of motion

7.1 The KAV hierarchy

It is possible to use the Lax pair approach to construct the hierarchy of integrable PDEs associated with
the Schrédinger equation 9gzr — (uw + A)Y = 0 (with A = —E) as follows.
First we rewrite it in matrix form (with A\ = —E):

P _ 0 1 . P
de=vio v=(0, 0 ) i=( %) (s19)

and we look for a compatible time evolution
- - A B
e = Vi, V—(C D>, (820)

From the compatibility ﬁmt = ’l;tx we obtain

Vut = Upth + Uy = (Up + UV, P = Vath + Vb = (Vi + VU)P,

S 821
= W Vet UV)E =0, (520

valid for every eigenfunction, implying the following matrix equation
Ut —Vz+[U,V]=0. (822)
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In components:
As =C — (u+ N\)B,
Dy =—-C+ (u+ N\)B,
B, =D— A,
ut = Cp + (u+ AN)(D — A).

Subtracting the first two and using the x derivative of the third:

1
(D= A)z = =20 +2(u+MNB =Bz = C=(u+MNB -~ Baa.

The last equation becomes
=2ABy — 3 (Braw — 4uBy — 2uyB)
1 (Bow — 2uB = 207 (uBy)) .
x

It can be written in the following compact form

up = 2\B, — L (LB),

1
2

introducing the integro-differential operator
x
L:=082—2u—20 ud,, O7'f:= / fx)da'.
— o0
The PDE (826) must be A-independent, and we look for B as polynomial in A
i .
B =Y N Bjx,t)
=0

in order to achieve it. Substituting (828) into (826) we obtain

n . n .
ur =2 Z >‘J+lBjx - % 2N (‘CB])ac
j=0 j=0
n4+1 1 n X
=23 MBj_1,— 3 > M (LBy), -
j=1 j=0

Equating to zero the coefficients of all A powers we obtain

A+l Bo. =0 = B, = const,

M: Bj_y, =3%(LBj),, 1<j<n

= Bo=quLl"Bn=q#L" 1,

Ut = _% (»C'BO)I = Qn (»CnJrl . 1)17 Qn 1= _2?47%,-
Since L -1 = —2u we finally construct the following hierarchy of nonlinear PDEs

Uty 1y = an (£7F 1) = congr (L"), = cont1 K™, neN,
Cont+1 = —2an.

(823)

(824)

(825)

(826)

(827)

(828)

(829)

(830)

(831)

called the “KdV hierarchy”, that can be integrated by the IST associated with the Schrédinger operator.

Let us introduce the operator
L:= 8% — du — 2u, 97 1;

then it is possible to show that:
1) the operators £ and L are “well coupled” by the following relation:

Oz L = L0y,

142

(832)

(833)



implying

8, L" = L"d,, n e Nt. (834)
2) The operators £ and L are adjoint
< f,Lg>=<Lf,g> (835)
with respect to the bilinear form
<r.9>= [ J@gl)ds. (836)

Both proofs are direct; for (833):

e L = 8,(82 — 2u — 207 'udy) = 93 — 20,u — 2udy

= (82 — 20,ud7 ' — 2u)By = (82 — 2u. 87 " — 4u)dy = L, (837)
Equation (834) follows by repeated application of (833) and by induction:
0p L% = 0, LL = LIy L = L28;. (838)
For (835):
< fiLg >= [y [(gex — dug — 2uz0y ' g)dw = [y[fre — 4uf + 205 (uq f)lgda (839)

Jo(few — 2uf — 07 ' (ufa))g =< Lf,g >

where we have used the integration by parts formula Bgl(uzf) =uf — 85" (ufz). Using the operators £
and L, and (834), the KdV hierarchy of integrable equations can be written in two equivalent ways
C2n+1 +1

Utapy1 = = cant1 (L"), = cant1L™ugy = conp1Knp (840)

The first three equations of the KdV hierarchy, for n = 0,1, 2, are:

ut; = c1Ko, Ko =uz, the advection equation,

ugy = c3Ki1, Ki = (uzga — 3u2)y = Ugpe — Buug, the KAV equation,
Uty = C5K2, Ko = (uzzzz — 10uugy — 5“33 + 10u3)z = Uzgzer — 10UUZLe
—20uguze + 30uuz, the quintic KAV equation.

(841)

As we see, although the operators L is integro-differential, £L"u, n = 0,1,2 are local functions of u and
its derivatives. It is possible to show that this property is true for any n € N*t.

7.1.1 Symmetries and constants of motion
Now we introduce the notion of (infinitesimal generator of a) symmetry of a given PDE
ut = K(z,u, Uz, Uga, - - - ). (842)

Def. o(x,u, uz, Uz, ... ) is a symmetry (an infinitesimal generator of a symmetry) of equation (842) when,
if u(x,t) is a solution of (842), then u + eo is a solution of (842) up to O(e). Then equation

(u+e0), = K(z,u+ €0, ux + €0z, Uzz + €02z, ... ) (843)

is satisfied up to O(e):

(u+€0), = ur + ot + O(2) =ut + ¢ (%ut + %um + 820 Ugat + .. ) + O(€?)

Tx

=ur +e€ <Z 9g 8%) ut +O(?) = ur + € <Z 9g 8%>K+O(62), (844)

S0 00w =0 0(8zu)

K (z,u + €0,uzr + €04, Uzz + €0gz,...) = K + ¢ Z>:0 8(‘?;;”) 8%)0 + 0(62).
i= 7
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Since u¢ = K, to leading (O(€)) order we obtain the symmetry equation

6 K=K'o, (845)
where f’ - g is the Frechét derivative of f(z,u, Uz, Uze,...) in the direction g:
N of . 0
flog:= —0) | g= — f(u+ €g) . (846)
j; 8(Biu) * e =0

Since all the equations of the KdV hierarchy are associated with the Schrodinger operator, they share
the same direct and inverse problems. It is easy to show that the time evolution of the spectral data
associated with the flow M = 2n + 1 is:

8(k7tM) = {R(k, tM)’pl(tM)uBl(t]\/I)7l =1,.. '7N}7 M =2n+1, (847)

R(k, tar) = R(k,0)e=m (R o/ (k) := epr(—1) "3 (2k)M),
M
pi(tar) = pi(0),  Bitar) = Bi(0)eem 2P tar,
We remark that two different flows of the hierarchy induce the following time evolutions of the reflection
coefficients:

(848)

Riy iy = —iwont1 R, Riy,, = —iwom+t1 R, (849)

and these evolutions are compatible (they commute):

Rf2n+1f2m+1 = Rf2m+1f2n+1 = —wont1wa2m+1R. (850)

This commutation of the two flows in the spectral space implies the commutation of the two flows also in
physical space:
Utgpiitamir = Yomirtanstr & Otapyp1 Kn = Oty Km &
(851)
K!, - Km =K/, - Kn,

implying that the vector fields { Ky }nen are the (infinitesimal generators of) symmetries of the whole
KdV hierarchy. In particular, KdV possesses the infinitely many commuting symmetries o, =
Kp, n € Nt. Equivalently, the KdV flow commutes with the infinitely many flows of the KdV
hierarchy.

We remark that the first two symmetries 09 = Ko = ug and 01 = K1 = ut = Ugge — 6uuy of
the hierarchy (859) are the infinitesimal generators of respectively the z- and t-translations symmetries.
Indeed, if the equation is z-translation invariant and t-translation invariant (like the equations of the
KdV hierarchy, that do not depend explicitly on = and t) and u(x,t) is a solution, it follows that also
u(z + a,t + b) is solution Va,b € R. then

u(z +6,t) = u(x, t) + eug(x,t) + O(e?), 00 = ug(z,t), a=¢ b=0, (852)
w(@, t + €) = u(z,t) + eur(x, t) + O(e?), 01 = ut(x,t) = Ugzs — buuz, a=0, b=c.

As we know from classical mechanics, the Noether theorem establishes a connection between symme-
tries and constants of motion. Let’s see how this connection appears in this integrable field theory.

Let F be the functional

Flu] := /]Rp(u,u;,c7 Uga, ... )dT. (853)

A variation du of the field induces the following variation 6 F of the functional

6F = Ji (820u+ 22 0us + 522 0uss + ... ) da .

:fR(ng—ax(a%)+6§(62§w)+...) 5udac:fR%%6ud:c, (854)
where

=80 -0 (Fe)+02 (g2 ) + o = Z (nke; (5569) (855)
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is the so-called “gradient of F” (or variational (Euler) derivative of F). The second step in (854) comes
from integration by parts.

It is possible to show that the denumerable set of functions £™u are gradients (variational derivatives)
of some functionals H,,:

0Hn

LMy = . (856)
ou
For instance we have, for the first three flows:
EO“:“:%7 Ho = [z 5
L _3 2 SH; H _f i
U = Uz U= = 5 1= R B) (857)
L3204 = Upzgpr — 10uuzy — bu2 + 10u 55—“2, fJR padx,
2
p2 = % + 5uu§ + gu‘l.
Let’s verify, f.i., that 56@ = L3u:
u
5;—3 _ % _ <6p2> + 02 ( Op2 ) = 10u3 — 5u2 — (10uug)s (858)
tuzzrs-
Using (831) and (856), the KAV hierarchy (840) can be written in the Hamiltonian form
n n éHn
Uty yy = Cont1L" Uz = con410: LU = cony10z su "€ N (859)

for the Hamiltonian operator 9y, where H,, is the Hamiltonian of the nt" flow. For instance, the Hamil-
tonian of KAV is H;.
The denumerable set of functionals {Hm }men are constants of motion for the whole KdV hierarchy;

indeed:
dH
dtoni1 = Jr ( ou UWtangr T au Uty T aum Uzatan g T )dx

= [p Sy, o de = [ (LT 1)(Lug)de = [, L”+m+1uzd1‘ (860)
=f (£”+m+1 ), dz =0,

using the fact that £ is the adjoint of L, and, in the last step, integrating the exact derivative of a localized
function.

Then the relations
OHn

ou

connecting (infinitesimal generators of ) symmetries to constants of motion are the analogues of the Noether
theorem.

Un:8z

, neN (861)

7.1.2 Involutivity of the constants of motion

The connections with the finite dimensional theory of Hamiltonian systems of ODEs
Q: VgH(Q7£)7 B: _ng(gaB)) (862)

where ¢,p € RV, and H(q p) is the Hamiltonian function on the 2N-dimensional phase space, is quite
clear. This system can be written in the more compact form

= JVuH(u), (863)

where

_( ¢ 2N _( On Iy
g—(g)GR ,J_<_IN 0N>, (864)

Oy and Iy are respectively the N X N zero and identity matrices, and J is the Hamiltonian operator.
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At last the Hamiltonian H(u) is a constant of motion:

2N 2N

. OH OH OH

H = —U; = —Jix— =V H -JV,H =0. 865
]2:1: Bu; Uj ]§:1: u; jk Dy u- u (865)

Comparing the Hamiltonian form (859) of the KdV hierarchy with (863) we see that the Hamilto-
nian operator J in (863) is replaced by the Hamiltonian operator 9, in (859), and the gradient of the
Hamiltonian H (u) by the Euler derivative (the gradient) of the Hamiltonian functionals H [u] of the KAV
hierarchy.

Now the Liouville theorem of integrability for Hamiltonian systems (863) states that, if the system
(863) possesses N independent constants of motion Hy, Ha, ..., Hy, and these constants of motion are in
involution, i.e, they satisfy the equations

VuHp JVuHp =0, Yn,m=1,2...,N, (866)

then the system (863) is Liouville integrable, since there exists a change of dependent variables to action-
angle variables allowing one to linearize the dynamics.

In the infinite dimensional Hamiltonian field theory described by the KdV hierarchy, the existence of
N independent constants of motion for (863) is replaced by the existence of a denumerable set of constants
of motion for the KdV hierarchy. As for the involutivity of these constants of motion, we observe that the
scalar product in (866), defining the involutivity of the constants of motion of (863), should be replaced
by the equations

>=0, m,n €NT (867)

involving the infinitely many constants of motion of the KAV hierarchy. The proof of (867), and then the
proof of the Liouville integrability of the equations of the KdV hierarchy, follows from (860) and the fact

that
_ _dH _ OH _ OH __ O0H OH
0= dth:»Ll = Jg SFmuty,  do = [p S (L), do =< S5m 9, 0dn > (868)

7.2 Other soliton equations and their integrability scheme

Also the NLS and KP equations are distinguished examples of soliton equations, and share with KdV
many features: the existence of a Lax pair and of an IST method to solve the Cauchy problem, the
existence of infinitely many soliton solutions, the existence of infinitely many symmetries and constants
of motion in involution. Here we just list their Lax pairs and some basic soliton solutions.

7.2.1 The KP equation

The KP equation
(ut — Uzzz + Buug )z = 3a2uyy, u = u(x,y,t) (869)

arises from the following integrability scheme

(aBy + 02 —u)p =0,

(B¢ + 402 — 6udy — 3uy — 3aw)Y =0, wy = uy, (870)
where o = i (the time dependent Schrodinger equation) or & = —1 (the heat equation).
Its 1 soliton solution (for @ = %) reads:
2 2 _ 2 — A(p3 3Vt —
uz_(p?z) Coshz((p+q)r+(q p;y (r° +9°) c) (871)

(if p = g it reduces to the 1 soliton solution of KdV).
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7.3 Applicability versus integrability

We have introduced a certain number of integrable PDEs of the nonlinear mathematical physics, like the
Hopf, Burgers, KdV, KP and NLS equations, that are applicable in many physical contexts and, at the
same time, integrable. Is it a coincidence? It happens too many times to be a coincidence; so let’s try to
understand why.

Considering KdV as illustrative example, using the multiscale perturbation theory we have established
that a large class of nonlinear dispersive PDEs reduces to the KdV equation under the hypothesis of weak
nonlinearity and weak dispersion. Therefore the KdV equation is the simplest nonlinear model
describing weak nonlinearity and weak dispersion, and since the class of nonlinear dispersive
equations contains many physical systems exhibiting weak dispersion, the KdV equation is largely
applicable in physics. Suppose now that, in the large class of equations reducing to KdV in the above
limit, there is one integrable PDE (possessing an integrability scheme like a Lax pair, infinitely many
symmetries and constants of motion). Since the multiscale procedure preserves integrability, mapping f.i.
symmetries of the original integrable equation to symmetries of KdV, it follows that the KdV equation
inherits the integrability properties. Therefore it is enough that one of the equations of the large class
of nonlinear dispersive PDEs be integrable, to imply the integrability properties of the model equation.
In the light of these considerations, the integrability of KdV is not a miracle, and it is no surprising
at all. The same considerations can be made for the other nonlinear integrable PDEs studied in these
notes. Therefore it is not surprising that many model equations of the nonlinear Mathematical Physics
be integrable.

7.4 Exercices

1) Analyticity projectors. Show that the operators

+ )
PRI 27r7, / A — (At ie) Yo ki (872)

are analyticity projectors on the real line; i.e., they map a Holder function f(A), A € R decaying at oo
sufficiently fast into functions analytic in the upper and lower halves of the complex A plane respectively.
ii) Show, in particular, that

(Pt =pt (P )2=P, PfP =P Pt=0, Pt +P =1 (873)

2) Given a Holder function f(\) for A € R decaying at oo sufficiently fast, a polynomial P()), a set of
+ pt i +
complex numbers {kj , Rj ,j=1,...,NT,
k;, R;, j=1,...,N~}, where Im k;L > 0 and Im k; < 0, show that the unique solution of the Riemann
problem
PN =9~ (N) =f(N), AeR (874)

where * (A) are analytic in the upper and lower halves of the complex A plane respectively, except for
the simple poles k;t’s with residues R;-t s, and PE(N) = P(N), |A] >> 1, is

NTORF N RS
PEON) = POV + Zl Tt Zl = PEF(N). (875)
J= J J= J

3) Let u(x) = —AS(x — xg), A € R, be the potential of the Schrédinger equation [—92 + u(z)] = k¢
Evaluate explicitly: i) the eigenfunctions of the continuous spectrum and the coeflicients a(k), b(k), R(k), T'(k);
ii) the discrete spectrum p;, the corresponding eigenfunctions and the norming constants b;. Show that
the existence of discrete spectrum depends on the sign of A.

4) Assume u(z) = O(e), € << 1, and construct the first two terms of the € - expansion of the eigenfunctions
and of the spectral data.
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5) Scattering problem. Study the scattering problem described by the Schrédinger equation
—p" (x, k) + u(x)y(x, k) = k*p(z, k), z€R, k>0,

where 1 (z, k), the eigenfunction of the continuous spectrum of the Schrédinger operator —d?/dz? 4+ V (),
represents the wave function of a particle beam scattered by the localized potential u(x) e E = k2 > 0 is
the energy of the beam (the continuous spectrum o. = {E > 0}), with the following boundary conditions:

Y(z, k) ~ R(k)e_“m +e*? z v —o0; P(z, k) ~ T(k)eikz, T ~ 00

describing an incoming beam of particles of wave number k and intensity 1, partially reflected and trans-
mitted through the potential (R(k) e T'(k) are respectively the reflection and transmission coefficients).
i) Observe that the function ¢(z, k) = ¢ (z, k) /T (k) satisfies a simpler scattering problem:

¢ (x,k) + K¢z, k) = u(z)p(xz, k), ©€R,, k>0

(k) —ikx ethe z
T(k) T(k)’

—o0; Pz, k) ~ e*T 7~ oo

p(z, k) ~

and use the advanced Green function of the operator d?/dxz? + k? to rewrite such a problem as a Volterra
integral equation [9], obtaining:

o, k) / dy SR )y, k)

and the following integral representations for the reflection and transmission coefficients:

771_

y)¢(y7 k)? (7

Such an integral equation, equivalent to the Schrodinger differential equation + boundary conditions, is
the most convenient formulation of the problem to extract informations.

ii) Use the method of successive approximations to study the properties of ¢ in the following way.

a) Rerwrite the integral equation for the unknown f(z,k) = ¢(z, k)e~***, such that f ~ 1,  — ooc:

(y)é(y, k).

e2ik(y—z) _ 1

Fak) =1+ / () f (. k)dy

and look for the solution as a Neumann series:

f(@, k)= hi(z,k), ho=1, (876)
obtaining the recursion relation:
ooe2ik(yfz) -1 )
hisa(ok) = [ S =S uwh (v K)dy, 5> 0. (877)

x

b) From the inequality: |e2*(¥=%) —1|/|2ik| < 1/|k|, valid for Im k > 0, k # 0, show that

[hjt1(z, k)| < %f Y|k (y, k)|dy, (878)
x
and then that:
n A(—o00)\ ™
(a0l < 3 (F57)" < 2 (M)
o (879)
A(z) = [ |[V(y)ldy.



Therefore the Neumann series representing the solution is absolutely and uniformely convergent for Im
k>0, k#0,if u(z) € L1(R). Under these conditions, the solution exists unique, and it is analytic in the
upper half of the complex k plane. Analogously one can prove that 1/T'(k) is analytic in the upper half
of the complex k plane. Under more stringent conditions on u, one could show, in a similar manner, that
the eigenfunction is also continuous on the real k axes, where the physics takes place.

c) Let kj, j = 1,..,N be the zeroes of the function 1/T'(k) in the upper half of the complex k plane
(the poles of the transmission coefficient). Then, since \; = E; = kJQ. € R, it follows that a) k; is purely

imaginary: k; = ip;, p; >0, j = 1,.., N, b) the functions ¢(z, k;), j = 1,.., N are exponentially localized:
¢;(x) = b, k;) = O(e Pil*), Ja| 5 00, j=1,.N
and then they are eigenfunctions of the Schréodinger operator in La(R):
= (2) +u(@)¢;(x) = —pjp;(z), z€R
corresponding to negative eigenvalues \; = E; = fp? < 0 of the energy (the discrete spectrum: op =
{—p?}{v) Summarizing: o = op U oec = {—p?}fl URT.
d) Show that the set of \; = —p?, j=1,..,N is bounded from below.
Hint. Take the scalar product of the eigenfunction ¢;, normalized to 1, with the Schrédinger equation,
obtaining:
Aj = (85,ud;) = (¢5,67) 20 = [N < —(6;,Ve;) < (85, u;)| < [[ulloo-

e) Show that, if u(x) = upd(xz — o), the integral equation admits the solution

sink(z — xo)

é(z, k) = €® — uogH(zg — ) . ethmo,
Then: sik
2tk —ug uge<*Fro .
Z,k — ezkx+ e zkx’ < T
¢(@. k) 2ik 2ik 0
2k 2ikxg
T(k) =, R(k) = 20—
2tk — ug 2ik — ug
Found ¢(z, k), at last reconstruct ¥ (z, k) = 2i1§i—ku0 oz, k).
f) Verify that the solution we found for k € R, if extended outside the real k axis, diverges always at + or -
infinity, unless k = —iug/2 € iRT. Therefore, if the potential is positive (up > 0), no eigenfunctions exist

in Lo(R); if, instead, the potential is negative, then there exists one and only one La(R) eigenfunction
Y1(z) := ¢(x,1luol/2) € L2(R):
[ug] [ug]
Y1(z) = H(z — 900)6_4(2LI + H(zo — z)eﬁmz
corresponding to the negative energy E1 = k% = —u% /4, and describing a bound state (a localized quantum

particle): op = {E1}.
g) If u(z) = ev(z), € << 1, show that:

(oo}
. ink(z — .
bk = e [[ay =0 etk 4 o),

T(k) =1+ %k /R dzv(z) + O(e?), R(k) = %5 /‘Rcl:cv(ac)efmmc +0(€?)

6) Using the above strategy, study the scattering problem
¢" (@, k) + k> $(x, k) = u(@)$(z, k), z€R, (z,k)~ e * .~ o0

showing that, in this case, it is convenient to use the retarded Green function of the operator d2/dxz? + k2.
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7) Let p(z, k) and ¢ (x, k) be the Jost eigenfunctions of the Schrodinger operator satisfying the boundary
conditions: ) )

o(@, k) ~e Tz 0o, Pz k)~e T o (880)
i) Write the integral equations satisfied by them; ii) show that o(x, k)e?** and v (x, k)e?** are analytic
respectively in the upper and lower halves of the k plane; iii) show that

fZi%[k(w(z, k)eh® — 1)] = u(x), |k| > 1. (881)

8) Let ko be a zero of a(k) = 1/T'(k), where T'(k) is the transmission coefficient of the Schrédinger equation.
i) Show that ko belongs to the discrete spectrum (therefore ko = ip, p > 0) and, correspondingly, that
o(z, ko) € L2(R), with the asymptotics

p(z, ko) ~eP? x~ —o0, p(z,ko)~be PP x~o0 (882)

where b € R.
ii) Show that the zeroes ko = ip of a(k) are simple, and that iba’(ip) > 0.
A. For i), use the Wronskian relation W (p, %) = 2ika(k) to infer that p(x, ko) = by)(z, ko) = bp(x, —ko).

9) Inverse Problem. Using the analyticity properties of ¢(x, k), ¥ (x, k), a(k), together with their asymp-
totics for large k, i) rewrite the scattering equation

p(z, k) = alk)y(z, k) + b(k)Y(z,—k), keR (883)

for the Schrodinger operator as a linear Riemann - Hilbert problem on the real k axis, for a given set of
scattering data. ii) Express the solution of such a linear RH problem in terms of integral equations for
the eigenfunctions, and iii) reconstruct the potential u(x) in terms of the scattering data.

10) ¢ - evolution of the scattering data. Obtain the ¢t evolution of the scattering data if u evolves according
to KdV.

11) Consider the Cauchy problem on the line for the KdV equation u¢ + uzzz — 6uus = 0, with the
initial condition u(z,0) = —bexp(—z?). Show (numerically) that, i) if b = 0.1, the dynamics is described
by a pure nonlinear dispersive waves (travelling with negative group velocity); if b = 1, by a nonlinear
dispersive waves (traveling with negative group velocity) + one soliton, travelling with positive speed; if
b = 4, by a nonlinear dispersive waves (traveling with negative group velocity) + two solitons, traveling
with positive speeds (see the figures below). Interpret these numerical experiments in the light of the IST
for KdV.

moz
) ) | S T E R T
Ted U gl V LBg T o 40 60
. . 1 . . .
+60 40 kQ 1l 20 40 60 . ,H
il -0
-0.02
| -04
_o.04} [
006 r -0.6|f
-0.08F -0.8
-0.10 -1.0
L " . .
-100 -50 | 50 100




Figure 1 for b = 0.1: the area of the well is not large enough to support bound states = the solution
evolves into nonlinear dispersive waves; Figure 2 for b = 1: the area of the well is large enough to support
one bound state = the solution evolves into a one soliton + nonlinear dispersive waves; Figure 3 for b = 4:

the area of the well is large enough to support two bound states = the solution evolves into two solitons
+ nonlinear dispersive waves.

11) Construct the 2-soliton solution of KdV and study the interaction of the two solitons.
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8 Darboux transformations

Darboux transformations (DTs) are algebraic techniques enabling one to
construct exact solutions of nonlinear integrable PDEs from simpler exact
solutions. Here we present them for the KdV and NLS equations.

8.1 DTs for KAV

We begin with the KdV equation
ut + Ugaz — 6uuy =0, u=u(z,t) (884)

and its Lax pair
’¢Y‘Ll = (u - k2)7/)7 '¢' = ¢(x7 t; k)v (885)
Pr = (c = uz) + (2u + 4k*) s,
and we indicate by (u, ) any pair of functions v = u(z,t) and ¢ = ¥(x, t; k) satisfying equations (884)
and (885). We look for a DT transformation in the matrix form

- S - N (0)
&= x4, w:(jsz ) w(@) > xz(é g) (886)

implying
(o, k) = Alw, t, )0 (@, 6:8) + Ba, t, YL (2, 1:k), (887)
mapping a given solution (u(?),4(9)) of equations (884), (885) to another solution (u,t) of the same

equations.
From (887)

Yo = Axp© + A0 4 Bl 4 Byl = 4,9 4 Ap”

©0) © (888)
+Batpy” + B(ul® — k2)y(®) = [A; + Bu® — k2)]p©) + [A + Bglyy
Yo = [Aze + Ba(u® — k2) + BulV1p© + [A, + Bu©® — k2)]pl¥
+HAz + Braltl” + [A+ Bo](u©® — k2)p© = (u— k2)y (889)
= (u— k2)[Ayp© + By,

Since w(o) and wéo) are independent, we have two equations for the unknowns A and B:

Age + 2B (u® — k2) + A©® —u) + Bul® =0, (890)
24z + Bea + B(u® —u) =0
As we did in the construction of the KdV hierarchy, the hierarchy of DTs is constructed assuming for A
and B a polynomial dependence on k2. In the simplest case, A, B do not depend on k2; then the first of
equations (890) implies that

B:=0 = B=1 (891)

and equations (890) simplify to
Az + Au® — ) + u&o) =0,

24, + (u® —wu) =0. (892)
Multiplying the second equation by A, and subtracting it to the first, we obtain the equation
Agz — 2AA, +ul”) =0 (893)
that can be integrated once to the Riccati equation
Ay — A% 40O — k2 =0, (894)
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where ki is a constant. The Riccati equation can be linearized by the transformation

¢z
A=——, 895
p (895)
to the Schrodinger equation
¢za = (¥ — kD)o, ¢ =o(a), (896)

for k = k1.
Summarizing, given the solution (u(?),4(9)) of equations (884), (885), and given a solution ¢(z, ) of
the Schrédinger equation for the potential u(?) (z,t) and k = k1, then the pair (u,1)), defined by

w(z) = ul®(z) — o
(r) =) 2(%), (897)
W(w, k) =98 (@, k) = 2240 (x, k),

is also solution of equations (884), (885). The first of the DTs (897) comes from the second of equations
(892) and from (895); the second from (887), (895), and B = 1.
As an example, one construct the 1-soliton solution of KdV choosing u(%)(z,t) = 0. Then ¢(x,t) =

'ylep(m_4p2t) + 'yge_p(“”_4p2t) solves the Schrédinger equation for k1 = ip and

p(z—4p°t) _ ~, o—p(a—4p>t)
u(z,t) = —2p ne = 02¢ = . (898)
~1eP(@=4p%t) 4 ~oe—p(z—4p?t)
xT

Choosing y; = re”P*0_ ~9 = rePT0 one recovers the 1-soliton solution:

u(w,t) = ——— 2 . (899)
cosh? (p(z — 4p2t — o))
8.1.1 What is the spectral meaning of the DT?
For the given solution (9 (z,t) of KdV, we choose (%) to be the Jost eigenfunction (0 (z,t, k):
0@ e p o —oo, 0@~ aO(k)e ™ 4 b0 (k)R &~ oo, (900)
and ¢(x,t) to be a solution of the Lax pair for u = u(%) (z,t) and k = ip, p > 0 such that
¢~ are P 4+ BreP? x~ too, = % ~ *p, x ~ Foo. (901)
Then, at © ~ —o0, the second of the DT equations (897)
e, k) = o) (2 k) — 50O (@, k) ~ ik + ip)e=h, (902)

Let ¢(z, k) be the Jost eigenfunction corresponding to the transformed potential v and behaving as
ez 0o, o~ a(k)e ™ 4 b(k)eFT,  ~ oo; (903)

then ¥ (z, k) = —i(k + ip)p(x, k) and

ol k) = i l‘ﬁéﬂ)(x’k) — %00 (@, k)]
~ k-&fsz [ik (—a(® (k)e= = 4 b(O) (k)eike) — p (a(® (k)e— e + b(O) (k)eike)] (904)
~ %a(())(k)e—ikz _ b(O)(k)eikz = a(k)e= 7 4 b(k)e**, 2 ~ oco.

‘We conclude that

a(k) = “= o), b(k) = —bO (k). (905)
k +ip
In terms of transmission and reflection coefficients:
T(k) = “X PO 1), Ry = —ETP RO, (906)
k—ip k—ip

Therefore the DT adds the zero ip to the scattering coefficient a (the pole ip to the transmission
coefficient), corresponding to the bound state k =ip, p > 0.
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8.2 DTs for the NLS equation [37, 40]

Now we outline the construction of the DT for the NLS equation, showing
how to add simultaneously n poles.
We recall that the focusing and defocusing NLS equations

iy + Uy + 20|ul?u =0, n==+1 (907)
are the compatibility condition of the following Zakharov-Shabat Lax pair:
U (N, z,t) = X\, 2, )0\, 2,1), U\ z,t) =T\ z,t)T\ z,t), (908)

where

A~

X\ z,t) = —idosz +iU(x, 1),

- —2i\? + inu(z, t)u(z, t) 2 u(z,t) — u.(x,t)

T()\,.f,t) = . N2 3 909
2idnu(x,t) + nug(z,t)  2iN° — inu(z, t)u(x,t) (909)

o5 = ((1) _01> U= (m]((:)c,t) u(g(c)’t>>

We first observe that the vector eigenfunction W(\, z, t) satisfies the fol-
lowing symmetry.
If WA, z,t) = (U (N, 2, 1), Ua(\, 2,t))T solves the Lax pair (908), then
(—nWa(A, z,t), Ui(\, z,t))T solves the Lax pair (908) in which A is replaced
by A.

We also observe that, since trX = tr7 = 0, the Abel theorem implies

(det®), = tr(X) det(¥) = 0, (det®), = tr(T) det(¥) = 0;  (910)

then det(V) = const.
It is easy to verify that

Ut =NUN, XT(\)=-NXMN, TIA) = -NTNN (911)

where UT is the adjoint of U, and

Nz(gi)). (912)

In addition we have

(P7HN), = =T ) T()EHA) = =TI X(N),

(T1N), = =1 NT(N) (913)
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and, using (911):
(914)

Comparing equations (913) and (914), we infer that =1()\) and NUH( AN
satisfy the same matrix equations F, = —FX, F, = —FT; therefore the
normalization of the fundamental solution can be chosen such that

U\ = NUT(AON (915)

(we often omit to indicate the dependence on x,t, if not necessary).

Let u(®(z,t) be a particular solution of NLS, and let ¥ (x,#, \) be the
corresponding fundamental solution of (908). Again its normalization is cho-
sen such that

vO ) = NTOTR)N (916)

We look for the following relation
U(x,t, ) = x(2,t, ) 0O (z,t,\) (917)

between the matrix solutions W(z,¢, A) and W (z, ¢, \) of (908), correspond-
ing to the particular solutions u(z,t) and u®(x,t) of NLS, where y(x,t,\)
is the so-called Darboux (Dressing) matrix.

We also assume that

X(z,t)

(@, t,\) =1+ +0(\7?), |A>1. (918)

If U and O satisfy (915) and (916), then also the Darboux matrix satisfies
the symmetry

X)) = NN (919)
Substituting (917) in (908) and using (918), we infer that
U =09+ o3, X], (920)
implying that
u(w,t) = u (2, t) + 2 (X(, 1))y, (921)

where (M1, is the component 12 of matrix M.
From the definition (917) we have

T, = 3o 0O + x T = (y, + xX )P,
U, = XU = XU, (922)
= Xo=Xx—xX©
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and, analogously
=Tx —xTO. (923)
In addition:
(e ==X = T X = X O = XTI+ X Oy
(X De==x""xix =T T = XTO) = —x'T+TOx!

(924)
Extracting X or T from these equations we get

X(A) = —x(x D2+ xXOx = —x(A) (0, = XON) x (N, (925)
TA) = —x(x1)e + xTOx = —x(N) (8, = TON) x ' (N).

We remark that the matrices X© 7 X T depend on A polinomially:

XO\ 2, t) = —idas +iUO (2, t), X(\;z,t) = —idos +iU(z,1),
TON 2, 1) = 22X O\ 2, t) + WO (2,¢), T(\;z,t) = 22X (\;2,t) + W (w, 1),

(926)
and this will imply suitable constraints on Y.
8.2.1 Rational dependence on A\
We also assume that y(A) be a rational function of A:
N
x(x,t; \) , Am €C, (927)
implying that
N
u(@,t) =ug(z, 1) + 2 (Ap(x,1)),,. (928)
m=1
Using (919) it follows that
< NAT (z, )N
XV = NI ON =T+ Z # (929)
m=1  Am
In addition: B
XOXTH) = XN (O =1, (930)
Consequently we have
) _ NAIN :
I'=x(Nx(A) ~ x(A) A~ A, (931)



implying that the residue at \, must be zero:
XYAINAL =0, 1<n<N. (932)
It follows that the 2 x 2 matrices A,, Al are degenerate
det(A,) = det(Al) =0, Vn (933)
and admit the following representation
A, =p™ T At — ) T (934)

where the two component vectors p(™, 7™ will be specified later on, and

v= ( v1 ) ol = (7, 7). (935)
V2
In components:
(An)os = U5, (AL), 5 =10 . (936)

Therefore the constraint (932) is satisfied if
x(\) Nr(™ = 0. (937)

In addition, equations (919) and (925) imply that, if X© 7 had the -
dependence indicated in (926), X, T would be singular in \,,:

X(A) ~ =x(Aa) (B = XOR)) Nr®™ . pm (A= X,)71 A~ A, (938)

But since X,7T must have the A-dependence indicated in (926) as well, it
follows that the residue of the expression in (938) must be zero. Consequently

0= x(h) (8 — XOR,)) N7 p(m

_ _ — T _ —7T (939)
= (W) ((8: = XO ) Nr) - pe 4 x(X,) Nr - pg)
Using (937), we infer that
X(A) (0. = XON,)) Nr™ = 0. (940)

Let g™ = (¢!, ¢f™)T be a vector solution of the Lax pair (908),(909) with
uw=u® and \ = \,:
M = XO\,)g™; (941)
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then the complex symmetry of the ZS Lax pair implies that N'r(™ solves the
Lax pair (908),(909) with u = u® and X = A,:

(Nr™) = XON)Nr™, (942)

where _

—g5"”
r™ = | (943)

g
Once 1™, n=1,..., N are known, equation (937):
N pm) eyt (n)

[—i-mZ:lW NT :0, TL:l,...,N (944)
must be viewed as a linear algebraic system for the vectors p™, n =1,..., N.

We rewrite it in the final form:

N
S Bump™ = Nr(™  n=1,... N,
= (945)

B e ng{Vel Vo™
nm o Am—An Am—An '

Known 7™ p™ n =1, ... N, the matrices A, = p(™ -r(")T, n=1,...,N
and the Darboux matrix x are known, together with the dressed solution

N
u(z,t) = u@(z, 1)+ 2> p™g™. (946)

m=1

In the simplest case N = 1, omitting the superscript (1), we have:

B11 B11 @ )’ H 2ilmN\;
u(x,t) = uO(x,t) + 2pi75 = u (2, 1) — 4i771m)\1%, (948)
nla|” + |al

and the Darboux matrix reads

q 2 g 949
P, = % ( 7_76_[2> (@2, 1) = — ( qu‘_ 7732611 ) . (949)

T el Hal \ g el +Hal* \ —@q  |¢|

If n =1, P, is the orthogonal projector on the subspace span{(—a., )’ }.
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8.2.2 The solution on the zero background

If, as for the KAV, u(®) = 0, then the fundamental solution reads W(©® =
exp[(—i\x — 2in\*t)o3], and

‘ £1€—i>\1z—2i>\%t
q-= ( £yeihr 2Nt (950)

solve the Lax pair for A = \;. Choosing \y = —a + b, a,b € R and
& =r;e%, j=1,2, equation (948) gives the 1-soliton solution of NLS.
If n = 1 (the focusing NLS case), one obtains the so-called “bright soli-

7

ton”:
e?i[aac—Q(a2 —b2)t+6o]

t) = —2ib 951
u(z,¢) ! cosh[2b(x — 4at — xg)]’ (951)
where zy = 5 In(ro/r1) and 0y = (61 — 65)/2.
If n = —1 (the defocusing NLS case), one obtains the solution
eQi[am—Q(a2—b2)t+90]
u(z,t) = —2ib (952)

sinh[2b(z — 4at — x)]’

singular at * = 4at + xy. The soliton solution (951) describes a smooth
and exponentially localized amplitude modulation of a monochromatic car-
rier wave; the carrier wave travels with speed 2(a? — b?)/a, while the expo-
nentially localized envelope travels faster with speed 4a. We remark that
amplitude and localization of the soliton envelope are linearly proportional
(and proportional to b), while the envelope speed is completely independent,
being proportional to a, unlike the KdV case.
8.2.3 The solution on the homogeneous background u(® = ge2la*t
In this section we limit our considerations to the focusing NLS case n = 1,
and we choose, as initial solution, the homogeneous background solution
u® = qeloPt g s any constant complex parameter. (953)

Using the gauge symmetry (if u(z,t) solves NLS, also u(z,t)e””, Vp € R,
solves NLS) and the scaling symmetry (if u(z, t) solves NLS, also bu(bz, b*t), Vb €
R, solves NLS), it is possible to choose a = 1 in (953) without loss of gener-
ality.

The DTs described above allow one to construct analytic solutions over
this background( with a = 1).
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It is straightforward to verify that the corresponding fundamental solution
of the Lax pair (908),(908), verifying the condition det (¥ = 1, is

| o) 4 \)e—OW

O)(\) — 1 itor € (1 + Ae

T TSI ’ ( (4 \)e®W e~ ’ (954)
O(\) = iu(z + 2Xt),

where o3 = diag(1, —1) is the Pauli matrix and u, A are complex parameters

satisfying the constraint
=14+ (955)

Since we want to apply the results of this construction to the study of pe-
riodic anomalous waves in nature, investigated in the next chapter, we look
for solutions periodic in z and hyperbolic in ¢ (to describe the modulation
instability), we must choose —1 < p < 1 and A € iR, with [A\| < 1. It is
therefore convenient to use the following parametrization of equation (955)

L=-cosop, N=ising, ¢ € R, (956)
so that
. : tkx — ot is
O(N) =i(cos p)xr — (sin2¢)t = M +A=¢€", (957)
where
k=2u=2cos¢ (958)

plays the role of wave number and
o =2sin2¢ = kv4 — k? (959)
that of growth rate. Therefore

1 itkx—ot—i¢ _ ikx—ot—ig
\If(o) t )\ _- —F= ito3 ei zfj' i —° i z70'2 i . 960
(1'7 ) ) \/Ee ew 6_% ( )

A generic vector solution of the ZS Lax pair, for A = \; = isin ¢ is a linear
combination of the two column vectors of W ()\;):

eikw*?t*wl it efiklmf?t*iqﬁl it
q=m ikjo—oytidy + Y2 _ika—oytrisy o | (961)
(& 2 e 2

where

ki =2cos¢y, o1 =2sin(2¢1) = kiy/4— k2. (962)
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Choosin
g oqt] —ikyxy +in/2

T=e 2 s Y2 =1t (963)

we get

@ eikl(w—x1)+iﬂ/§—01(t—tl)—i¢1 +it _6_ik1(x—w1)+iﬂ/22—01(t—f1)—i¢1 it
q= = ik (e—w))din/2—01 (t=t))+idy + _iky(@—ey)tin/2—0y (t=t)+idr
q2 e 2 ? e 3 )

sinh iki(z—z1)+in/2—o1(t—t1)—id1 | it

5 e

- i1 (m—a1 )im [ 2—0n (t—t1)+id1 | —i

COSh 1 1 5 1 1 1 e t
(964)

At last, after some algebra (verify it!), (948) becomes
U(l’,t) = A(Z‘,t, ¢17x17t1)7 (965)
where
. — 2it - sinh[o (t—t1)]—i cos[k1 (x—x1)]

Az, t; 21, t1) = e (1 + 2isin gy cosh[al(tl—tl)]l—sin b1 cosl[kl(xim)]) (966)

o €2it cosh[o (t—t1)42i¢1]+sin ¢1 cos[ki (z—x1)]
o cosh[o (t—t1)]—sin ¢1 coslki (z—z1)]

is the Akhmediev breather [4, 6, 5], exact solution of NLS for all values of
the real parameters ¢y, xq,t1, and k;, oy are defined in (962), see Fig. 48.

E NLS Graph BER

Figure 48: The Akhmediev (Akhmediev-Eleonskii-Kulagin) breather.

This solution, z-periodic with period 27 /k, is exponentially localized in
time over the background «(?, and changes it by the multiplicative phase
factor e*¢:

Az, t; 0,21, 1) — 229 as t — 4o0; (967)
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in addition, its modulus takes its maximum at the point (xq,¢;), with
|A(z1, 15 6, 21,11, p)| = 1 + 2sin ¢. (968)

As we shall see in the next chaper, it plays an important role in the theory
of periodic anomalous waves in nature.
The corresponding fundamental solution of the ZS spectral problem reads

Uz, t, ) = I+ ) (—gqo, 1) | OO (z, 8, N),
A=A\ ‘Q2|2+ ‘%‘2 ¢
(969)

where g and W(© are defined respectively in (964) and in (960).
8.3 Exercices
1) Use the DT of KdV to construct the exact solution of the KdV equation over the constant background

solution u(®) = ¢ =constant, with ¢ € C.

2) Show how to derive the Akhmediev solution (965), (966) from the solution g in (964).
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9 Anomalous waves in nature and the NLS
model

9.1 Anomalous waves in 1 + 1 dimensions

As we have seen during the course, NLS describes the amplitude modulation
of quasi-monochromatic waves of small amplitude (weak nonlinearity). If
X, T are the physical variables, then the physical phenomenon we want to
describe in the above approximations is described by a field

(X, T) = §A(z1, 1, 1)l FX—wWT) e 4+ O(6?),

r1=0X, t; =0T, j=1,2, 001, )
Az, ty, t2)/ = A, 1a), / (971)
and the complex amplitude evolves according to the NLS equation
"
k
iAs, + = 2( >Aag +u(k)|A*A = 0. (972)

If u(k) € R, we distinguish two cases:
i) u(k)w”(k) > 0, the focusing NLS equation,
i) p(k)w”(k) < 0, the defocusing NLS equation.
For example, in the case of surface water waves in deep water, u(k) =
k2w(k)
——— <0, and

2(k) = gk tanh(hk) ~ gk, hk > 1 = w(k) ~ /gk,

w
W' (k) = %7 W' (k) = _uég;), (973)

so that the equation becomes [39]
Ao 58— 44 o

Therefore the signs of the dispersive and nonlinear terms are both negative,
and we are in the focusing NLS regime. The following change of variables

\/§ / _ 2i
w/(k)(X—w(k;)T), t=—6 (975)

u(z,t) = k*A(& ts), v =10 w(k)

brings equation (972),(973) to the adimensional form used in the literature

iy + Uy + 2|u)*u = 0; (976)
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in general, taking also account of the defocusing case, we shall have
iy + Uge + 20|ul?u =0, n==%1. (977)

If the dispersion prevails, the NLS equation (977) reduces to the linear
Schrodinger equation for a free particle iu; + uz, ~ 0; if the nonlinearity
prevails: iu; + 2n|ul*u ~ 0, then the general solution reads

u(z, t) ~ a(z)e2Me@Pt (978)

(the nonlinearity implies that the frequency is proportional to the modulus
square of the amplitude).
If a(x) = a constant, we obtain the exact background solution of NLS

u®(z,t) = ae?l*, (979)

used in the previous section as the starting point of the Darboux dressing
construction of the Akhmediev breather.

This background solution corresponds to the first nonlinear correction,
obtained by Stokes in 1847 in his effort to construct periodic solutions of
the Euler equations (the Stokes waves [38]) as an asymptotic series, starting
from the monochromatic wave solution of the linearized water wave theory.
It describes a constant light intensity I = |u|?> in nonlinear optics, and a
constant boson density p = |u|? in a Bose condensate.

9.2 Linear stability analysis on the background solu-
tion

Since this background solution (we choose wlg a = 1, as discussed in the
previous section) has interesting physical meanings, it is important to know
if it is stable under small perturbations:

u(z,t) = u®(z,t) + ew(z,t), v = 0<e< 1. (980)

Substituting it into the NLS equation (977) and keeping terms up to O(e),

we obtain the so-called “NLS equation linearized around the exact solution
(0).
ul?”:

Wy + Wy + 20(ew + 2w) = 0. (981)

If the perturbation is a monochromatic wave of the form

w(z,t) = " (v ()™ +_(t)e ™), keR, (982)
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then equation (981) reduces to two coupled ODEs for 7.

W+ (20 = K*)y- + 277 =0,

implying '
—i75 4+ (20 — K*)y5 + 2ny- = 0. (984)

In terms of the functions

S() =1 +75, D) =7 —7r, (985)
the above equations become simpler:

iS — k2D =0,

iD+ (4n — kS = 0. (986)

Taking the time derivative of the second, and using the first, we obtain
D —Q*(k,n)D =0 (987)

where

Q*(k,n) = k*(4n — k?). (988)
We analize the two cases.
1) If n = —1, the defocusing case, Q22 = —k*(4 + k%) < 0. Then Q = iw(k),
w(k) = kv4+ k% € R. Therefore the background is neutrally stable, since
the perturbation gives rise to small oscillations around it.

2) If n = 1, the focusing case, Q% = k*(4 — k?). Then there are two subcases:
i) if [k| > 2, then Q% = —k?(k? —4) < 0, Q = iw(k), with @(k) = kvVk2 — 4 €
R, and the background is again neutrally stable, since the perturbation gives
rise to small oscillations around it.

i) If |k| < 2, then Q% = k*(4 — k?) > 0; then
Q(1,k) = |k|V4 — k2 = 0(k), (989)

and the background is unstable, since a small perturbation gives rise to ex-
ponential growth and decay with the growth rate o(k) (see Fig. 49).
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Figure 49: The graph of o (k) for |k| < 2 gives the instability curve of focusing
NLS.

We complete the linear stability analysis in the unstable case (focusing
NLS for |k| < 2). Then

D = Ae” + Be™ ",

. . 990
S=—ifs=—i 4’ik2 (Aet — Be™7") | (990)
where A and B are arbitrary constants. Going back to 74, we obtain
S-D _1 ik A0 1 ik R,—0
Y+ = &5 =3 e —1 Ae t_ 5 T + 1 Be t, (991)
o =52 = 5 (1 - ) Ae” + 1 (1+ 22 ) Be™".

In the unstable region, it is convenient to introduce the angle ¢ such that
_ k
¢ = arccos (5) , = ‘ (992)
k=2cos¢, o=2sin(2¢).

implying

1k .COS @ eTio
— =1t =fi—.
V4 — k? sin ¢ sin ¢
At last, from equations (980), (982) we obtain the solution (980) of the
linearized equation (981) describing the evolution of the perturbation of the

1+ (993)
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unstable background:

(e, t) = €2it{1 1 2;;(1; |:(Aecrt+i¢ — Beotio)eikr 1 (_ Aeottis Be—at—i¢)e—ikx]}
— €2it{1 + 25151(1) [(Aezkx o Aefikm)eot+i¢ + (_Beikx + Befikx)efatfitﬁ} }
(994)

9.3 The Cauchy problem of the anomalous waves

In this section we want to solve the periodic Cauchy problem of the focusing
NLS equation for a generic period initial perturbation of the homogeneous
background solution u(®) = exp(2it) of NLS (what we call the Cauchy prob-
lem of the anomalous waves AWs):

Uy + Uy + 2|ul?u =0,

u(z,0) =1+ ev(z), viz+L)=v(x), 0<e<k1, (995)

where v(z) is the generic initial periodic perturbation, conveniently expanded
in Fourier series:

ik x —ik;x 27T'
v(x) = Z (cje’kﬂ e MY k=4, | = O(). (996)

’ L
j=1

Due to the scaling properties of NLS, we have set

co = / v(x)dxr =0, (997)

without loss of generality. We also assume to be in the generic case in which

7/L is not an integer.
Let
N=|L/r|; (998)

then, from the instability condition |k| < 2 derived in the previous section, it
follows that the first N Fourier modes £k;, 7 =1,..., N are unstable, since
they give rise to exponentially growing and decaying waves of amplitudes
O(ee*?3?), where the growing rates o; are defined by

Uj:kj1/4—k]2'>0, (999)

while the remaining infinitely many modes give rise to oscillations of ampli-
tude O(ee™*"), where w; = kjy/k? — 4, and therefore are stable.

For t < O(1), the evolution of the unstable part of the initial condition
is well described by the formulas (994) of the previous section. We just have
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to establish a connection between the arbitrary constants A and B in (994)
and the Fourier coefficients ¢;,c_;, j > 1. For each unstable mode k;, we
evaluate the perturbation in (994) at ¢ = 0, and we compare it the initial
perturbation associated with the k; mode, obtaining:

A e _B.e %) . —Aie® +Bie i
C =i g, ¢ T g, (1000)
In terms of the convenient parameters
a; = —k;A;, B = k;Bj, (1001)
the relation with the Fourier coefficients is given by:
¢;=—— (€' + Bie™ '), ;= — (e + Bje ) (1002)
gj gj
and
a; = e e —e%ic ;B =e%T — e ig. (1003)

At last the solution of the Cauchy problem (995),(996), for t < O(1), is given
by

N
ufe,t) = e [14 3 (2lertsios cosfly (v — X;)
j=1 !

) (1004)
+%’?|e"’ﬂ’i¢j cos|kj(x — X;)] + O(e) oscillations)] + O(€?),

where the parameters «;, 5; are the linear combination (1225) of the Fourier
coefficients c;, c_; of the initial perturbation, and

Xyzzi%ﬂ£7szjﬂ%ﬁﬁjj:LuwN. (1005)

VERIFY IT!

Equations (1004),(1005),(1225) describe the first linear stage of MI, gov-
erned by the focusing NLS equation linearized about the background solution
(953).

Therefore

the initial datum splits into exponentially growing and decaying waves, respec-
tively the a- and B-waves, each one carrying half of the information encoded
into the unstable part of the initial datum, plus small oscillations associated
with the stable modes, remaining small during the evolution.

The 5 unstable mode becomes O(1) at times of O(aj_l\ log €|); therefore
the most unstable modes, the ones appearing first, are the modes with larger
growth rate ;. It follows that, at logarithmically large times, one enters
the (first) nonlinear stage of MI, the linearized NLS theory cannot be used
anymore, and, to describe the evolution, the full integrability machinery of
the finite gap method for NLS must be used.
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9.4 The case of one unstable mode and the Fermi-

Pasta-Ulam recurrence of anomalous waves [17, 18,
19]

From now on we concentrate on the simplest case of only one unstable mode:
N=1 & w<L<2m (1006)

then equations (1004) simplify to

o

20 emort 01 cosfly (z — X)) + O(e) oscillations ) | +O(e),  (1007)

_ _2it 2¢lai| Joit+igy _
u(z,t) =e [1 + < et coslki(x — X1)]

X, = arg(oz’iz+7r/27 Xl _ farg(£1)+7r/27
and, for
1 1
l<t< —In(-], (1008)
g1 €
we have the asymptotics
. 2 )
u(z,t) ~ e* |1+ Me‘”t“d’l cos(ki(z — X1))|. (1009)
01

Therefore we are looking, in the nonlinear region t = O(o;*|logel), for
an exact, z-periodic solution of NLS describing the modulation instability
of a single nonlinear mode, matching with (1009) in the overlapping region
1 <t < O(]loge|). The natural candidate for such a solution is, up to an
arbitrary phase factor e, p € R, the Akhmediev breather

. __2itcosh[o(t—T)+2i¢|+sin ¢ cos[k(x—X)]
A(I‘, t’ (b? X7 T) =e cosh[o(t—T)]—sin ¢ cos[k(z—X)]

o =kv4—k*=2sin(2¢), k=k =32 =2cosd, (1010)
¢ = arccos (g) = arccos (%) ,

and since it should appear in the asymptotic region t = O(o;|logel), then

t; must have the form

1
t,=—1In-, (1011)
g1 €

where v > 0 must be fixed by matching. Evaluating (1010) in the overlapping
region 1 < t < O(o;!|loge|) one obtains (now ¢t —t; < —1):

ePA(x,t, 21, t,) ~ 2P =20) (1 + Zeot+io cos(k(x — xl)) . (1012)
g

169



Comparing (1012) and (1009) and imposing a good matching, one fixes all
the free parameters in (966) as follows

k=Fk, 0=01, ¢ =01, p=2¢1, 11 =Xy, (1013)
and
2 2
91 1 91 -1
=g = =T o (57 ) = Oforlogel). (101a)

Therefore the first AW appears in the finite t-interval |t —T1| < O(1), and is
described by the Akhmediev breather solution of NLS:

u(z,t) = e2i¢1A<x,t; ¢1,X1,T1> + O(e), (1015)

whose parameters are expressed in terms of the initial data through elemen-
tary functions. It is important to remark that the first AW contains informa-
tions only on half of the initial data (the half encoded in the parameter «;:
the a;-wave), and that the modulus of the first AW generated by the initial
condition (1221),(996) acquires its maximum at ¢t = 7} in the point z = X,
mod L; and the value of this maximum is

luw(X1, T1)| =1+ 2sin¢; < 1+ /3~ 2.732. (1016)

This upper bound, 2.732 times the background amplitude, is consequence
of the formula sin¢; = /1 — (7/L)?, m < L < 27, and is obtained when
L — 2m.

We also notice that the position z = X; of the maximum of the AW
coincides with the position of the maximum of the growing sinusoidal wave
of the linearized theory; this is due to the absence of nonlinear interactions
with other unstable modes, in the simplest case N = 1.

Similar considerations can be made to study this Cauchy problem at
negative times. In the time interval

1 1
IR IR0, (—ln <—>) , <0, (1017)
01 €
we have the asymptotics
) 2 ) ~
u(z,t) ~ e [1 + ﬂe“’lt_wﬁ1 cos(ky(z — X1)) (1018)
01

to be matched again with the Akhmediev solution, appearing in the asymp-
totic region t = O(o; !|logel), t < 0. Now
. A
ti=-—Int, 5>0, (1019)
01 €
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Evaluating the Akhmediev breather (1010) in the region (1017), since now
t —t; > 1, we obtain

P A(x,t, 21, t,) ~ 2THPF201) (1 + 267‘”’”’ cos(k(z — 3?1)) (1020)
Y

Comparing now (1020) and (1018), we fix the free parameters of the Akhme-
diev breather as follows:

k=ki, oco=01, ¢=0¢1, p=—2¢1, 11 = Xy,

.. 2 1021
ty=-T, T) .= ilog <26|é1‘> ) ( )

obtaining the following result.

The first RW appearing at negative times, in the finite t-interval |t + T1| <
O(1), is described again by the Akhmediev solution of NLS, but with different
parameters:

u(z,t) = e’zi‘ﬁlA(a:,t; b1, X1, —T1> + O(e), (1022)

It is important to remark that this AW contains informations only on the
second half of the initial data (the half encoded in the parameter (;: the
p1-wave), and that the modulus of the first AW generated by the initial
condition (1221),(996) acquires its maximum at t = —7; < 0 in the point
=X,

The AWs at t = —T; and at ¢ = T} are two consecutive AWs, represented
to leading order by the same exact solution: the Akhmediev breather, space
shifted by X; — X3, and shifted in time by T}y 4+ Ty. Since NLS is invariant
under t-translations, one infers the following exact AW recurrence, in the
case of a single unstable mode.

The solution of the x-periodic Cauchy problem describes, in the case of one
unstable at each appearance, are expressed in terms of the initial data via
elementary functions. Ty is the first appearance time of the AW (the time at
which the AW achieves the maximum of its modulus), X1, is the position of
such a mazximum, 1+ 2sin ¢y is the value of the mazximum,

~ 2 o}
AT =T +Ty = —log | —F— |, (1023)

g1 2e\/|an1 1]

is the recurrence time (the time interval between two consecutive AW appear-
ances),
arg(ai 51)

AX:Xl—Xlz ]{;
1

, mod L (1024)
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is the x-shift of the position of the maxima in the recurrence. In addition,
after each appearance, the AW changes the background by the multiplicative
phase factor exp(4igy) (see Fig. 50).

NS Graph SE)R]

Figure 50: 3D plot and density plot of |u(z,t)| describing the AW recurrence
of one unstable mode.

This exact AW recurrence is an interesting example of “ideal” Fermi-
Pasta-Ulam recurrence [15]. To show it, we first observe that the Akhmediev
solution (1010) can be expanded in Fourier series as follows

. 2
Alw, t;6,X,T) = 3 Cult, X, T)e™ ", &, = nk, = %n (1025)

nez

and its Fourier coefficients have a simple analytic expression, obtained via
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standard contour integration:

L
Co(t, X, T) =1 [e ™ T A(x,t;0,X,T) =
0

o B B ||
62”672an (_6710 + A(i/gfzti(;)jd)) (B(t - T7 ¢) - \/B2(t - T7 qb) - 1) ) )
(1026)

where

cosh[o(t —T') + 2ig)
sin ¢

coshl[o(t —T)]
sin ¢ '

At —=T,¢) = , Bt —T,¢) = (1027)
To be consistent with the condition that the background at ¢ = 0 is 1, while
the background of (1010) in the remote past is exp(—2i¢), then the Fourier
coefficients in (1025) should be multiplied by that phase: C,, — &, = C,e” 2.
If the initial condition excites the only unstable mode kq: u(x,0) =1+
e(cq exp(ikix) + c_1 exp(—ikix)), then:
i) the energy is initially concentrated on the zero mode (the background) and
on the first mode (the monochromatic perturbation):

[uo(0)* = 1, |um(0)]* = Gy s1€]car %, (1028)

where u,,(t), m € Z are the Fourier coefficients of the NLS solution u(x,t).
ii) At the first appearance time T of the AW, described by the Akhmediev
solution, the energy is distributed on all the Fourier modes according to the
simple law

uo(T1)[2 = [&0(T1)[2 = (2cos 61 — 12+ 0(e), 0< y <3,

U (T1) 2 = |G (T1) |2 = 4(cos ¢ )2 (tan (%))2% +0(e), m£0. (1029)

iii) At the recurrence time AT it is re-absorbed by the zero and first modes:
[ug(AT)|? = 1+ 0(€),  |um(AT)|? = 6116 |ca1]* + Ofe), (1030)

starting an exact FPUT recurrence.

The FPUT recurrence was first observed Fermi, Pasta, Ulam, Tsingou through numerical integration,
using the first computers in Los Alamos, in the study of the dynamics of N anharmonic oscillators under
a nearest neighbor interaction:

N
. 9 . .
q](t) = 78qj}(lt)7 J= 17 .. '7N7 H(g) = kzl (%q? + V(qurl - qk)) ) (1031)

V(z) = %xQ + %azz + %x‘l, o, €R.

Giving energy to the first Fourier mode, part of it is distributed among the first Fourier modes, but
eventually is re-absorbed by the first mode, giving rise to an approximately exact recurrence, while one

173



expected, due to the nonlinear interaction, a redistribution of energy among all the Fourier modes (see
the following Figure 51):

300 I I 1
\ /,\
; i .
5 \ ]
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Figure 51: The figure contained in the original FPUT paper. The energy,
initially given to the first Fourier mode, distributes to the first few modes,
but eventually is reabsorbed by the first mode, starting a recurrence.

To explain this apparent paradox, we proceed as follows. If we are interested in long waves (the
wave-length is much larger than the lattice step h or, equivalently, the lattice step is much smaller than
the wave-length), the continuos limits gives a good description of the process:

q;(t) = q(jh,t) ~u(x,t), jh~z, 0<h<K1,

. 2 3 4 1032
qj+1(t) = q(jh £ h,t) ~ u + hug + %uzm + ]g—,uzzm —+ ]Z—!uzzzz + O(hd), ( )
implying that
. —qi(t) = h h? h® 4
QJJrl(t) qj (t) =h(uz + 5 Uz + 3T Uzzx + a7 Yzzzx + O(h ) B (1033)
2 3
‘Ij(t) - Qj—l(t) =h(uzs — %Uxac + %urmx - %urxxz + O(h4) s
and the dynamical system becomes the following PDE (for a = h):
urt — huze = hugues + O(hG). (1034)
Looking for unidirectional propagation, and using the usual multiscale expansion ansatz
u(z, t) =v(&, 1), €=x+ht, T=h5t, (1035)
one obtains the PDE 1
a
'Ufr = ﬂ’vgggg + E’Ué’vgé, (1036)
reducing to the integrable KdV equation
! +2 (1037)
wr = —w, —wwe, W = Vg.
T Heee T e 3
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It follows that, if ¢ = O(1/h), the dynamics is described by the linear wave equation implying a rigid
translation of the wave; if t = O(1/h%), the dynamics is described by the nonlinear integrable KdV
equation, implying the numerically observed FPUT recurrence; at larger time scales t = O(1/h%), the
dynamics is described by a nonintegrable PDE, recurrence does not apply anymore, and the energy
distributes on all the Fourier modes, giving rise to an equidistribution of energy (the thermalization).

This AW recurrence is also in good agreement with nonlinear optics exper-
iments in water waves [21] and in nonlinear optics [30]. This last experiment
was performed in Roma after the above theory was developed, to test how
well NLS describes the nonlinear optics of the crystal (see Fig. 52).

(a)

Figure 52: The symmetric 3-wave interferometric scheme used to generate the
background wave with a single-mode perturbation propagating in a pumped
photorefractive potassium-lithium-tantalate-niobate (KLTN) crystal.

Since NLS
e + Pae + 217 =0 (1038)
is supposed to describe the above physics only to leading order, one expects

that the exact NLS AW recurrence be replaced by a “FPUT” - type recur-
rence, before thermalization destroys the pattern.

The linearly polarized electric field at the initial face of the crystal is

E=EFE,+ Elei(k1m+<1>1) + E2€i(fk1x+<1>2)’ Ey, Ei, By € R+7
kl — 27rt;\m0.

(1039)

The modulus square of the NLS initial condition 1 (z,0) = 1 + €(c;e™*® +

c_1e~* %) is the relative light intensity
II—O = |¢(x,0)|> =1+ Acos(kyz + B), (1040)
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where

A= 2€c; + | = 2\/% + 22 4 23512 cos(Py + By)),

B = arg(c; + ¢-7) = arctan (%:;2;;%122) , (1041)

[=|EP, I;=E% j=0,1,2

The wave number k; can be varied changing the geometric angle 6; the optical
power A and the phase delay B can be varied adjusting the phases ®; and &,
(f.i., inserting some glasses the optical path length increases). Two typical
recurrence outputs, with AX = L/2 and AX = 0 respectively in the upper
and lower pictures in Fig. 53
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Figure 53: Two typical recurrence outputs, with AX = L/2 (above), and
AX =0 (below)

The intensity at the first appearance in the upper figure in Fig. 53 is in
very good agreement with the Akhmediev profile, see Fig. 54:
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Figure 54: The light intensity at the first appearance in the upper picture
of Fig. 53 is in very good agreement with the Akhmediev profile. The
small circles are the light intensity measures; the continuous curve is what
the theory predicts. The agreement is less and less good in the subsequent
appearances, until the recurrence is completely destroyed.

AW recurrence as basic effect of nonlinear MI in the periodic set-
ting, and the finite gap method The obtained recurrence of AWs can be
predicted from simple qualitative considerations. The unstable mode grows
exponentially and becomes O(1) at logarithmically large times, when one en-
ters the nonlinear stage of MI, and one expects the generation of a transient,
O(1), coherent structure over the unstable background (the AW). Since the
Akhmediev breather describes the one-mode nonlinear instability, it is the
natural candidate to describe such a stage, at the leading order. Due again
to MI, this AW is expected to be destroyed in a finite time interval, and one
enters the third asymptotic stage, characterized, like the first one, by the
background plus an O(e) perturbation. This second linear stage is expected,
due again to MI, to give rise to the formation of a second AW (the second
nonlinear stage of MI), described again by the Akhmediev breather, but, in
general, with different parameters. And this procedure iterates forever, in the
integrable NLS model, giving rise to the generation of an infinite sequence of
AWs described by different Akhmediev breathers. Then the AW recurrence
is a relevant effect of nonlinear MI in the periodic setting.
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9.5 The main spectrum of the periodic problem

As we have seen, the IST is the spectral method (nonlinear analogue of the Fourier transform method for
linear PDESs) used to solve the Cauchy problem on the line for soliton PDEs doing spectral theory on a
suitable operator (the Schrodinger operator for KAV and the Dirac type operator for NLS). Analogously,
if the Cauchy problem to solve is periodic, the method used is the so-called Finite-Gap (FG) method
(nonlinear analogue of the Fourier series method). Here we just mention it, without going deeply into the
theory.

We recall that the ZS Lax pair associated with focusing and defocusing NLS equations iut + ugz +
2n|u|?u = 0, n = +1 reads

PNz, t) = X(\ 2, )0\, a,t), P\ z,t) = T\ z, )P\, z,t), (1042)

e o vi(\z,t) o 1 0 ) 0 u(zx,t)
w()\%t)f( b2(X@,1) ) o ZA( 0 -1 >+Z< nu(@, ) 0 )

—2iA? +inu(z, t)u(z,t) 2 u(z,t) — ug(z, t)

where

T\ z,t) =

2indu(z, t) + nug(z,t) 202 —inu(z, t)u(z, t)

The first equation can be written as a spectral problem:

— ind 'a(L‘ b
LI, 2,8) = M\, a, 1), L::( _n;(m) “_(fai) ) (1043)

Its adjoint (hermitian conjugate) L1 with respect to the scalar product

L
Fd= [ 3 @@ (1044)
0o J=1
reads ) (@.1)
t_ 10z —nu(z,t
£ ( u(zx,t) —i0z ' (1045)
Then, in the defocusing case n = —1, the operator L is self-adjoint and the spectrum is real. In the

focusing case n = 1, the operator L is not self-adjoint and the spectrum contains complex points.
From now on we concentrate on the focusing NLS equation (n = 1). We write now three basic prop-
erties of the problem.

1) If ¥(A, z,t) is any fundamental matrix solution of the Lax pair, made of two independent column
vector solutions of (1042), then also

U\, z,t) = (X z,t)C(N) is a fundamental solution (1046)
where C(\) is a nonsingular matrix, constant in z and ¢.

2) From the periodicity u(z + L,t) = u(z,t):

Pa(Nz+ L,t) = X(\, x4+ L, )b\ z+ L,t) = X\, z, )\, z + L, 1),
7 : e ) (1047)
PNz + Lt) =Tz + LP(\x + L, t) = T\, 2, ) (A, z + L, t),

implying also that
YA\, z+ L, t) =Y\ z,t)D(N), (1048)

where D()) is a nonsingular matrix, constant in z and ¢.
3) Since trX =trT = 0, the Abel theorem (det ¥), = (trX)(det ¥) implies that det ¥()\,x,t) does not

depend on x and t:
(det W(A, z,t)), = (det (A, z,t)), = 0. (1049)
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To define the main spectrum, consider the matrix equation
L‘,i’()\, T, x0,t0) = )\\iJ()\, x, o, to),

where \il()\, x, 0, to) is the fundamental matrix solution fixed by the initial condition \if(A, z,x0,t0) =
r=x

I, where [ is the 2 x 2 identity matrix. It is obtained from any other fundamental matrix solution ¥(\, z, t)

as

‘i!()\,x, x07t0) Z\I/()\,J?,to)\lfil()\, I(),to) (1050)

using property 1). Then the monodromy matrix T'(\, zo, to) is defined by:
T(X\, zo,t0) := qf()\,.’ﬂo + L, xo,t0). (1051)

The fundamental solution \i/()\, x,x0,to) is obtained integrating the ZS spectral problem (analytic in X),
over the finite interval [zo,zo + L], with the analytic initial condition I at zo; therefore it is an entire
function of A, and so is the monodromy matrix T(A, zo,t0). In addition (1049) and the initial condition
of the monodromy matrix imply that

det U(\, @, o, t) = det T(\, o, to) = 1; (1052)
indeed:

det @()\, z,x0,t0) = det \i’(>\7$07$07 to) =1 =det @()\, 0 + L,x0,t0) = det T (A, zo, to). (1053)

It is easy to verify that, changing the pair of parameters xg,to to the parameters x1,t1, one constructs a
monodromy matrix differing from the previous one by a matrix similarity transformation

T\ z1,t1) = M~YT(\, 20, t0)M, M := W(\ x0,t0) T~ (A, z1,t1) (1054)

leaving the spectrum invariant. Therefore the spectrum of the monodromy matrix is a constant of motion.
The eigenvalues and eigenvectors of T'(\) are defined by the eigenvalue equation

TNV = k7, (1055)

from which

2
e 1 YQ’(A) N (tr ig(A)) 1 (1056)

since det T'(\) = 1.

Given A € C, the eigenvalue and eigenvector of the monodromy matrix are two-valued functions of

tr T(\) >2
2

A, and their definition (1056) involves the square root of the entire funtion ( — 1; therefore

eigenvalues and eigenvectors are defined on a two-sheeted covering of the A-plane. This Riemann surface
T is called the spectral curve, and is independent of time. If v € T, A(v) is the projection of v on the A
complex plane. If A(v1) = A(y2), then k(y1)x(v2) = 1 (the condition kyk_ = 1 coming from (1056)).

i el
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From the eigenvectors of T'(A\) one constructs the Bloch eigenfunctions of L: CJB(JJ, t) = /\QZB (z,1),
defined by the periodicity property

VB (x+ L,t) = x B (x,1), (1057)

where x is a proportionality factor (the so-called Floquet multiplier) to be specified. Indeed the Bloch
eigenfunction must be a suitable linear combination of the columns of the fundamental matrix W:

B (z,t) = U(\, 2, 20,t)A, A constant vector. (1058)
Then, choosing zg = 0:

$B(L,to) = W(\, L,0,t0)A = T(NA, (1059)
PB(L,t0) = x¢B(0,t0) = x¥(X,0,0,t0)A = xA
implying the eigenvalue equation T()\)A‘ = X.#Y. Comparing it with (1055), we infer that the Floquet
multiplier in (1057) is the eigenvalue of T and A is its eigenvector.

Summarizing, while the monodromy matrix 7'(\) is an entire function of ), its eigenvalues and
eigenfunctions, as well as the Bloch eigenfunctions, are functions of v € I'":

T(N)(y) = w(v)v(y), v€ET, (1060)

and R ~
¢B(77 zvt) = ‘1/(/\,:(:, 7x07t)6(7)7 vyerl,
PP (z+ L,t,y) = k(MYP (2,t,7).
The second formula in (1061) implies that, to avoid an undesired exponential growth of the Bloch

eigenfunctions at oo, the eigenvalue k() must satisfy the condition |k(vy)| = 1. Therefore it is conve-
niently parametrized as

(1061)

k() = P, (1062)

in terms of the quasi-momentum p() satisfying the condition Imp(y) = 0.
k(=1 & Imp(y) =0, (1063)
The values of v € I satisfying this condition characterize the main spectrum

main spectrum ={y €T: Imp(y) =0} ={y €T : |k(y)| =1} (1064)
={AeC: —2<trT()) <2}
In general, this spectrum consists of disconnected lines in the complex A plane, the so-called “bands”,
separated by “gaps”. The end points of the main spectrum (of the disconnected bands) correspond to the
conditions

tr T(A\) =42 & k(y) ==£1 (1065)

(see (1056)); they are associated with periodic and anti-periodic Bloch eigenfunctions, and are square root
branch points or multipole points (when n branch points coincide, they give rise to a multipole point of
multiplicity n); see (1056).
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One can verify that the eigenfunctions of the ZS spectral problem satisfy the following symmetry:
if (¢1(N\),¥2(\)7T is a solution of the ZS spectral problem, then (—t2()), %1 (\))7 is also a solution of the

ZS spectral problem. This symmetry implies that trT(A) = T11(A\) + T11(A), and the conditions (1064),
(1065) defining the main spectrum, the branch points and multipole points imply that, if A belongs to the
main spectrum, then also X belongs to the main spectrum: the main spectrum is invariant under
complex conjugation.

We end this section remarking that, if A € R, then XT(X\) = —X()\). Therefore ¥T(A) and ¥—1(})
satisfy the same equation:

(xlﬁ(A)) = —wTX(), (T7I), = —T L)X (), AeR. (1066)

T

It follows that, if A € R, one can normalize ¥()) in such a way that ¥()\) be a unitary matrix: ¥t(\) =
T—1()\); then also the monodromy matrix is unitary and its eigenvalues satisfy the unitary condition
|k+| = 1. We conclude that the real axis belongs to the main spectrum.

9.5.1 The main spectrum associated with the background solution
of NLS

We have already calculated in (960) a fundamental solution of the ZS Lax pair corresponding to the
background exp(2it), rewritten here without normalizing its determinant:

) (M) — -
0 — pito € (/”’ + )‘)e
U (z,t,X) = eftos ( (1 + \)e®P) e—6(N) ) .
O()) = iz + 2)0), (1067)
det WO (z,,A) = 2u(p + ),
where p, A satisfy the constraint
w2 =224+ 1. (1068)
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The fundamental matrix solution \il()\, x,, %o, t) reducing to the identity for x = zg will be

TOV (N, z,z0,t) = TO (A, 2, ) TO) " (N, 20, ) =

it < cos(p(z — o)) — i2 sin(u(z — z0)) jsinu@=20))
eitos u

. <LL e*itag’
ZM cos(pu(z — o)) + z% sin(pu(z — o))

leading to the monodromy matrix

TO ) = TO (N 2o + L, x0,t) =

A sin(ul
oitos cos(puL) - ’L% sin(uL) zsm(T“) ity
zw cos(uL) + z% sin(uL)

Therefore )
tr TO(\) = 2cos(ul) = ke = eTHE,

(1069)

(1070)

(1071)

We remark that, although p = v/A2 4+ 1, the monodromy matrix (1070) is an even function of y and
depends on p through p? = A2 + 1; therefore one verifies that T'()\) in an entire function of A. From
(1071),(1064) we infer that the main spectrum associated with the background solution corresponds to
p € R; consequently, from p? = A2 + 1, either )\ is real (when p2 > 1) or A € 4R, with |A| < 1 (when

p? < 1):
main spectrum = {A € R} U {\X € iR, [\ < 1}.

(1072)

The branch points and the double points, characterized by the condition tr T(®) (\) = 2cos(ul) = £2,

are given by

o = %n, )\,jf =4An, A=/ —1, neZ.

A 1 A2
&zfm,£:§@+—¥
H H H

Since, from (1068),
2%

it follows that
Aztr TO(N) = 2%(‘% cos(uL) = —% sin(uL),

02tr TO(\) = —2L (Smlsilém + Aj—zL Cos(uL)) ,

it follows that the two points (o, )\Oi) = (0, £%) are branch points:

8ﬂrTwNAﬂmi”::$%L2¢0,

while the remaining end points (g, /\7:‘1:)7 n # 0 are double points:

aﬂrﬂmuﬂ( =0, n#0,

W)
52 (0) . nt12L3A2
2r T umﬂkhch) a0, no.
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(1074)

(1075)

(1076)

(1077)



N=2

ko A complex plane
A

7\’2

“ha -, Ay Ay

A,

=

Ao

Near the double points +\,,, n > 1:
() AZL* 2 4
e TOO) = (=)™ 2= 222 (X = A)2 + O((A = An)h)| - (1078)
TN

9.5.2 The main spectrum associated with the perturbation of the
background solution

Apart from the branch points %4, the other end points of the spectrum are doubly degenerate eigenvalues
(double points). To find how a small generic perturbation resolves such a degeneration, we use a standard
perturbations theory for time independent operators.

Let us compute the effect of the generic initial perturbation

u(z,0) =1+ ev(x), v(z)= Z cne?tn® = %m (1079)
n#0

using the standard perturbation theory.
For the perturbed spectral operator L:

; 0
L=_Lo+ L, coz( 1871” ﬂ.laz ) L :( o ”(0"”) ) (1080)

we consider as basis that associated with the unperturbed problem, and define

In,+ >:= ( . i)\ ) n® e 7, (1081)
n n

with the notation
A=/ =1, Aop=An, pfen = —ln. (1082)

Therefore we associate with the eigenvalue A, the two eigenvectors | + n(®, 4+ > and with the eigenvalue
—An the two eigenvectors | £ n(o)7 — >

Lol £n@ 4 >=x,] 0@ + > Lo|£n®, —>= x| £n® - > (1083)
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We also introduce the dual basis < [, £| such that

<1 4mO + >=¢,,, <1 Fm® +>=0. (1084)
We first observe that any linear combination of |n(0), + > and | — n(®, 4+ > has eigenvalue Ap:
Lol >= Al >, [ >=ann©@, + > 4a_n| - n@, 4 >), (1085)

and the same for the eigenstates | + nm), — > of —Ap.
We concentrate only on the perturbation of the eigenvalue problem (1083) with eigenvalue A,,. The
perturbed eigenvalue problem reads

(Lo +€eLy)|n,+ >= En|n,+ >, Ep = An +€eAE, (1086)

and we expand the eigen-ket |n,+ > in the basis of the unperturbed problem:

m>:amM”Aa>ﬂLM—n@%+>+f§:@;m@,+>+gnﬂh—>). (1087)
k#0

Then the RHS and LHS of (1086) become

(Lo + €L1)|n, + >= An (an|n®,+ > +a_pn| =0, + >) + e|lanl1|n®, + >
+a—nLi] =@, + >+ 3 A (b;flk<0>,+ > —by KO, — >) +0(e?),
E#£0

(1088)
(An + €AER) |0, + >= A (an[n@,+ > +a_p| — 0@+ >) + e[AEn(anln@),Jr >
tazn| = 0@, 4 >) + X T (BEEO+ > 47 kO, = >) | + 0(e2),
k#0
implying the following equation at O(e):
anl1|n®, + > 4a_p,L1| — 0O, — >= AE, (an\n(o), +>4a_n|—n0 + >)
+ 3 [On = M IRO, 4 >+ + )by KO, = > |. (1089)
K20

Now we apply the bras < +n(9 4| to this equation, using (1084), obtaining the 2 x 2 matrix eigenvalue
equation
Ana, = AEpa,, (1090)

where
< n<0)|£1| —n® > <n® \£1|n<0) >

A—n
a =
a,, an

A ( <=L =n® > < —nO|LynO > )
n bl
(1091)

Then the two eigenvalues AE%[ of A, give the O(e) corrections to the two branch points arising for the
double point A :
EfX =\, +eAEE, (1092)

and the corresponding eigenvectors gTiL give the proper linear combination of the unperturbed eigenstates
obtained from |[n¥ > when € — 0:

nE,+> = antn® 4+ > +afn| - 4> eo. (1093)
Let us construct now the branch points of the main spectrum corresponding to the perturbation given
in (1079), (1080).
Recalling that

— 1 ifm @
|m, £ >= ( fim & A )e , (1094)
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we obtain

ihm+2nT
ﬁum;t>:§:(‘%wmi5mk y >7

_Gpettm—2nT
n#0

that has to be expanded into the basis, obtaining

2Am4-2n

Li|m, £ >= 3 [M ((Am+2n — Hm+2n)|m + 20, + >
n#0

+()\m+2n + Hm+2n)|m + 2”» - > ) - T (|m - 27’L,+ > 7|m - 2n» - >)] .

2Am—2n

applying the bras < [, | and recalling (1084), we obtain

At last

and

where

<LHLaim, + >= g [erm (m £ M) (N — ) = Tt

<L—wmmi>:%ﬂg¥ﬂmikmwﬁﬁﬂ+§%ﬂ.

< —n(0), +|L1] — n0) 4+ >=< n(0)7+‘£1|n(0)7+ >=0,

_ idn
< —n<0>,+|ﬁ1|n(0>,+ >= ﬁn[c—n(ﬂn + )\n)2 - Cn] = _622” Qn,
< 77'(0)7 +|£1‘7’Z(0), - >= ﬁ[cn(ﬂn - >\n)2 - 57n] = _%6n7

AF_ 1 0‘ anei¢7L
o 2Xn, ﬁn67l¢n 0 )

an = e ingy —ePnc . B =ePne,; —e ¥ne,.

The eigenvalues and eigenvectors of A} are:

AL gl (2ein \/an/Bn, )T

therefore the perturbation resolves the degeneration of the double point A, as follows:

so that

E =MTF 67'3‘)\"7?" +0(e?), 1=2n—1,2n.

af

~sin®(¢1)

(Br — E2)* =

(1095)

(1096)

(1097)

(1098)

(1099)

(1100)

(1101)

(1102)

(1103)



From formulas (1175), (1176) and (1103), all of them depending on the product a3, one can write the
following relations, to leading order, between the unstable gap (F1 — E2) and the AW recurrence period
AT and z-shift AX:

2
_ 2 o1
AT =57 log (m)

(1104)
AX = u8(=(E1-Fy)?)
k1 :
In the perturbed case, the analogue of equation (1078) is
- tr T (\ - -
tr T(A) = tr T(A1) + %(1)0\—)\1)2 FO((A = 21)3), (1105)
where A; is the critical point for tr T'()). It is possible to show that
A =1 = 0(2), tr T(A1) —tr T(A1) = O(e*), tr T(N) — tr T () = O(?); (1106)
therefore, to leading order, one can replace in (1105) tr T(A1) by tr T(A1), and tr T (A1) by tr T(0>II(>\1) =
2r4
2>‘7:2L , obtaining
tr 7" () 2L
tr T(A) ~ tr T(A1) + rf(l)u — )% =t T) + T (- )% (1107)
™

As a 1st simplification, we close all gaps associated with the stable modes since the associated
perturbations remain small for all times, and do not affect essentially the solution.
This finite 2N-gap approximation is non standard: in the usual finite-gap approximation, one closes gaps
smaller than a certain constant (the same criterion used when one truncates the Fourier series); in our
case, all gaps are small, and the criterion for closing a gap is the stability of the corresponding mode. The
N

2 _

spectral curve I' of genus 2N is algebraic: v2 = [] (A — E;)(X — E;), and the FG solution u(z,t) can be
j=0

written in terms of the Riemann theta-functions.

E

oXe i|al Ey=ilal
E, %E,
E %[}, E ¥\,
_ __7‘3’{]36 o FE, E3T EST - --
D = = — X
lEG lE4 E3lx2 Esl 3
E, %A, E,*/-\,
E, *E |
£ 4 -ilal E=-ilal
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9.6 The effect of dissipation on the AW dynamics

Since dissipation can hardly be avoided in all natural phenomena involving AWs, a natural question arises
at this point. What is the effect of a small dissipation on the NLS periodic AW dynamics?

i(ut + vu) + uge + 2uPu=0, 0<v<1 (1108)

If the initial perturbation is sufficiently small, a small dissipation can quench the growth process before
the nonlinear effects become relevant, stabilizing the MI, and

1 2|a
Taiss = > log (%) (1109)

is the time at which the unstable mode k& becomes stable.

But what happens in the interesting case in which dissipation is small and Ty;ss > T(1)?
In [21] water tank and numerical experiments show what happens: a recurrence of ABs with AX = L/2
shift:

The wave facility in Sydney:

Piston 60 wave gauges Absorbing -
wavemaker A beach 1.35m
1

| (Il AEENENEN] I I k4

200m

The tank experiment (left) and the numerics with dissipation (right):

(a) (6)

E(x.t)

co = wn

175
150

oo = N

10

15
X (m) t-xfc_(s)
e, (s) 20 25 0 20 25

25 0 25 0

x (m)
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The effect of a small linear dissipation (loss) or of a small linear gain is described by equation
i(ug 4+ vu) + uge +2uPu=0, veR, 0< v K1 (1110)

(v > 0 in the case of loss and v < 0 in the case of gain). In matrix form the equation becomes:

. 3 _ 0 u(x,t)
i(Up +vU) + Upg +20% =0, U= ( wn o . (1111)

If u evolves according to NLS, the trace of the monodromy matrix and the spectral curve are constants of
motion. Now we calculate how the trace of the monodromy matrix, and, as a corollary, the spectral curve
evolve in time in the presence of a small loss or gain. The calculation of the variation of the monodromy
matrix uses a standard formula for ODEs coming from the method of variation of constants.

We first observe that, given the ZS

U, = XU, X(z,\) = —idos +iU, U= ( o u(z,1) ) (1112)

a small variation of X:

. N . o 0 ou(x,t)
X =+ X +60X, észEUfz( FE) 0 ) (1113)

induces a small variation of the solution ¥ — ¥ + §W. Solving
(U 4 60), = (X +i6U) (T + §0) (1114)
up to O(d), one obtains the following inhomogeneous version of the ZS problem for §W:
(60) = X6U +i6UT. (1115)

Using the method of variation of the constants, we look for a solutions in the form é¥ = W§A, obtaining

the equation
xr

(6A4)s = iU~ 1600 = 5A:i/\l"l(x’)SU(:v’)\Il(a:’)d:v’ (1116)
0

(wlg we have chosen the integration constant in such a way that §¥(0) = 0), implying

0¥(z) = i\I/(a:)/\Ilfl(ac')(SU(ac’)\Il(a;')dx'. (1117)
0

The corresponding variation of the monodromy matrix T'(A) — T'(\) + 6T (\) is defined as

TA) + 6T (\) = [W(L, A) 4+ §U(L, M)][T(0, ) + 5T (0, \)] L 1118
— [W(L,A) + 6% (L, \)] U=1(0,\) = T(A) + 8%(L, \)T—1(0, ), (1118)
where we have used 6¥(0,\) = 0, from which we infer that

ST(\) =4U(L,\) fxrl(z, AU () (2, \)T~1(0, \)dz. (1119)

0

Therefore .
ST(\) =i [ (L, x, \)oU (x)¥(x,0, \)dz, (1120)

0
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where we have used the definition (1050) of ¥:
T\, z,z0,t) = U\, 2, t) T\, 20, 1) (1121)

Applying the trace to this matrix equation we obtain
L ~ ~
tr6T (A, t) =i [ tr (\I/(L,m, AU ()@ (=, 0, ,\)) da
0

L ~ ~ ~ ~
=iftr (\rl(x,x + L, L)y U(N\ x + L, L, t)¥(L, 2, \)oU (2) ¥ (z, 0, A)) da
0

T ) ) ) ) (1122)
=iftr (\II()\, x4+ L, L,t)¥(\ L, z,t)6U(z,t) ¥ (X, z,0,t) U~ (\,z + L, L, t)) dx
0
L ~
=iftr (\I/()\, x+ L,x,t)0U(z, t)) dzx.
0
In the last step we used again the definition (1050) of ¥, implying both the periodicity
U\, z,0, )0 "N\ z+L,Lit)=1 (1123)
and the property _ _ _
YAz, x1,t) U\ z1,x0,t) = V(A z,x0,t). (1124)

Choosing U = Updt = [io3(Uzs + 2U3) — vU]dt, then §trT = (trT)¢dt; substituting these variations
L ~

into equation (1122) and taking into account that [ tr [\Il()\, z+ L,x,t)o3 (Uga(z,t) + 2U3(, t))] dr =0,
0

since the main spectrum is invariant with respect to the NLS dynamics, it follows that

L
(61T (A 1) = —il//tr [\I/(,\,z + Lz, t)U(:v,t)] da. (1125)
0

At last, integrating this equation over time, from 0 to ¢, one obtains the variation of tr7 in the time
interval [0, t]:
t

L
AtrT(A,t) = —iu/df /tr [\if()\, L+ a:,at,f)U(z,f)] de| =
0 0

t L
= fiu/df / {\321()\, z+ Lz, Du(z, i) + Uio(\, 2 + L, z, Du(z, f)} dx
0 0

The calculation of the above integral with high genus theta-functions is very complicated. But, to leading
order, this integral can be explicitly calculated in terms elementary functions using the following properties
of this solution:

1. Near each AW appearance the solution is well approximated by the Akhmediev breather.

2. Far from the AW appearance, the integral over the z-period tends to zero exponentially in .
Therefore the integral over the finite time interval of each AW appearance can be well approximated
by the integral over the whole line —co < t < oo of the Akhmediev solution.

We conclude that, to leading order,
AtrT(A, t) = napprJ (N),

where ngpp is the number of AW appearances in the time interval [0, ¢], and

“+o0o L
JO) = —i / dt /[\ifm(A,HL,z,t)u(m,t)+®12(A,x+L,z,t)u(z,t) de|,  (1126)
—oo 0

where u(z,t) is the Akhmediev breather and \i/(/\,z + L,xz,t) is the corresponding fundamental matrix.
Let us recall that, to calculate the variation of the curve we need both AtrT(A,t) and J(A) at the point
A = A1. To compute W(\, z + L,z,t) it is convenient to use the classical DT for NLS, constructed in a
previous chapter.
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9.6.1 Darboux transformation of the constant background

. (0) . . . (0) 0 u(®) (z,1)
We recall that, if U9 (\ z,t) is a solution of the ZS Lax pair for U = U = ﬁ<0)(:c £ 0 s
then W(x,t, \) is a solution of the ZS Lax pair for U = | _ 0 u(z, t) , where

u(x,t) 0
i Im (X
Wi, t,\) = (1+ 25220 Pa, 1)) 9O (a,1, 3), i
_ 1 AV _ 1 l21> —@a
P@t) = rar (ql )( 2 9) = PP ( —@a ol )
u(z,t) = v (z,1) — 4iIm)\1& (1128)

la1* + la2|*”

and q(z,t) = (q1(z,t),q2(x,t))T is a vector solution of the ZS Lax pair for A = A;. We observe that
P(z,t) is an orthogonal projector.

We apply this transformation to the constant background. As we have already seen, the unperturbed
spectral curve I'g is rational, and a point v € Ty is a pair of complex numbers v = (A, u) satisfying the
equation p? = A2 4 1, parametrized by

A=isin(¢), p=cos(¢), = A+p=e®.
As we have already seen, the Bloch eigenfunctions for the operator Ly can be easily calculated
explicitly:
it

e —
P00 = | [ry) e

Lov® (v, 2) = M)y (y,2),

] Ein(eE2Nu)E, (1129)

or, in a different normalization,

o eit1i¢/2 . in
@) = | iy | (1130)

Denote by ¢ the special solution of the ZS Lax pair, for u = ug, and A = A1, obtained adding up the two
vector solutions (1130):

B q1 elt e—i¢1/2+icos(¢1)x—sin(2¢1)t+ei¢1/2—icos(¢1)ac+sin(2¢1)t
q(z,t) = 2 | T | e (eior/2icos(9p1)a—sin(201)t _ o—itn/2—icos(91)a-+sin(201)1) (1131)
it ki e
—p| Ceslgro B righ | (1132)
ie ™" sin(5x + ¢1/2 + 1% t)

where
A1 =isin(¢1), p1 =cos(¢1), ki =2cos(p1), o1 = 2sin(2¢1),
and we assume ¢ to be real. Then g(x + L,t) = —§(z, t) is anti-periodic, P(z + L, t) = P(z,t) is periodic,

being quadratic in g(z,t), and the dressed potential is also periodic and reads (verify it!)

24t 9N ——7 2\ _ _2it cosh[o1t+2i¢1]—sin(¢1) sin(kx)
u(w’t) =e™t = Wlh (x,t)qg(x, t) =e cos}}(olt)qtlsin@&l) slin(krlx)l ’ (1133)

where
Den(z,t) = |q1(z,t)|? + |g2(x, t)|> = 4 [cosh(o1t) + sin(¢1) sin(k1z)] .

It coincides with the Akhmediev breather solution (965),(966) introducing suitable free parameters corre-
sponding to the z and ¢ translation symmetries of NLS.
If u = u(®(z,¢), then we can choose

(1134)

WO (2,1, ) = eites ( et (4 u)e—WW*f))

()\ + 'U‘)eiu(ac-kQAt) e—th(z+2At)
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Consequently the corresponding fundamental matrix reads:

O (2,4, 4,2) = WO (2,4, A) (¥ (y,,1)) "

_ (cos(ulz —y)) - o sin(u(z —y)) + sin(p(z —y))e*
3 sin(u(z —y))e " cos(u(z —y)) + 2 sin(u(z — y)) (1135)
N e e M e x))e%t)
w\@sin(u(y — x))e 2" cos(u(y —z) +¢) )’
with isin(u(y — ) 1 Ae2it
AT (,y,t,0) = ’;733’ (_)\;_m e )+ (1136)
Gl ) (— sin(p(z —y) — @) icos(u(z — y))e™ )
n2 icos(u(z —y))e 2 —sin(u(z—y)+¢))
Consequently:
\i/(())()\n,x + L,z,t) = (—-1)"I,
~ . _ 62'Lt
HTO (A 2+ L,a:,t)')\:/\n = ()it (6)2;; An) . (1137)

If w is the potential (1133), dressed from the background (9 then the corresponding transition
matrix reads (from (1127))

T\, z,y,t) = (A, 2, ) WO (X, y,1)

P i si -1
= (1 + 28520 (e, 1)) WO (o, 1, (@O (1))~ (14 2880 p(y, 1)) (1138)
= (1 + 2882 P(a,0)) PO,y 1) (1 - 52552 P, 1)) -

Choosing t - x4+ L, y = x, and A ~ A1, «cvreeeeeen Evaluating (1138) at y = = + L, we observe that
qj(x+L) = —q;(z), j = 1,2, implying SO (A, z+L,t) = =3O (N, 2,t) and A= 7(z+ L, t) = A\—7(x, ).
In addition, if A ~ A1:

- - 5, (0)
TON 2+ Lz, t) = FO g, o+ Ly, t) + 2Ot L) | (X = A1) + O(A — A1)?

i A _82it
:—”%(_;% _)\1)()\—>\1)+O(>\—>\1)27

_ ouoxn [~ (1139)
A= 7000 = 200 [ 2D ] oty 0, 0] + OO - M),
7t PN Y
A =70 = G=ppeeD [ Z;Ei,tg } g1 (2, 1), g2(, )] + O(1).
Therefore
¥ iax (—A e 1
Ozt Loty = =) (~1= 27 (3 ) 0= 20)) - 7 0)
_ Ay | et ], Ty A1 —e2it
=-I+ Deln(z,lt) |: (I1(I,t) ][ qQ(zvt)’Q1(w7t)} H:f (76_2“ —\1 X
@) | o T (110
| 2D ] s, newo)
q2(z, 1)
=1+ 2””‘% f(z,t) |:—QQ(CC,t)(h (I7t) _qQ(xvt)qQ(xvt)}
ni Den?(w,t) | qy(x,t)q1(x,t) q1(z, t)qa(z,t) |’
where ) )
flz,t) = eQth%(m,t) — e_Q’tq%(x, t) — 2isin ¢1 q1(z,t)q2(z,t). (1141)
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9.7 The effect of dissipation on the main spectrum and

on the dynamics [11]

Using (1126) we finally write explicitely the integral J(A1), defined in (1126), describing the variation of

trT'(A\1) at each AW appearance:

27 sin” ¢ (Z t)g(:v t)
J()\l) — 7 a] zos3 ¢11 _f dtfdz Den2(x,t) ’
g(xrt) =u(z,t)q1(x,t) *U(I,t)qg(ﬁ, t) .

The following two important simplifications

f(z,t) = 2 q3(z,t) — e 22 (z,t) — 2ising1 q1(x,t)g2(z,t) = —4cos?(41),

gz, t) = u(z, )qu (z, )% — 4(z, £)G2(z, t)? = 4 (cos(2¢1) — sin(¢1) sin(k1z — io1t)),

lead to the double integral

JOu) = sm b1 / dt/ cos(2¢1) fsm((bl)sm(qufunt) _

" cos o1 (cosh(o1t) + sin(¢1) sin(k1x))?

—+oo

., cosh(o1t)
— 272 sin (¢1)7/ (cosh2(a1t) — sin2(¢1))3/2

dt

_ 272 sin?(¢1) /O'o d(sinh(o1t)) _ n?sing
(sinh?(

o1 o1t) 4+ cos?(¢1))3/2  cosB¢

(1142)

(1143)

(1144)

The integration with respect to x has been done using contour integration. The integration wrt ¢ is even
more elementary. Therefore the variation Ay (tr7T'(A1)) of trT'(A1), due to a single appearance of the AW,

is given by

AL(T (A1) = vJ(Ap) = pToSind1

cos3 ¢1

Evaluating (1107), rewritten here for completeness:

2L4
tr T(A) ~ tr T(A1) + Zo— (X — Ap)?
at A = Ep and recalling that tr T(Eq) = —2 we obtain
2L4
—2 ~ tr T()\l)-i- 1 (El—)\l)Q.

Since E1 — E> = 2(E1 — A1), we have
trT()\l) ~ =2+

sin”(¢1)L* 2 2 L*
T(El — E3) (: —2—c ma,@, at t = 0) .

Then, due to (1145) and (1148), after each appearance:

72 sin b1

L2 sin2 ¢,
v S 91
cos3 ¢

= AT ) = oot

Ay ((Br — E2)?).

(1145)

(1146)

(1147)

(1148)

(1149)

Therefore we have established that, after each appearance of the AW, the square of the gap varies of the

same O(v) quantity:
A1 ((Br = E2)?) = 4v cot(1)
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with (see (1103))

2
(By— m)?| = —S28 (1151)
im0 sinZp
‘We conclude that )
(B = B2 = 28 | s cotgr, m >0, (1152)

sin? ¢1

where E'%m), Eém) are the positions of the branch points of the gap after the m" AW appearance. This
formula implies that, as m increases, the gap tends to become horizontal if v > 0 (loss), or vertical if
v < 0 (gain) (see Figure 55). The spectral description of the two asymptotics states is therefore given by
the elementary formula

(Eim) — Eém))2 = 4mv cot ¢1 (1153)

showing that the length of the gap grows through the law

|ES™ — B{™)| = 2¢/m|v]cot é1. (1154)

Figure 55: The figure contains the numerical experiment illustrated in the
central picture of Figure 2, together with the corresponding time evolution of
the gap E; — E5, due to each AW appearance. It shows how the gap E; — E»
tends to become horizontal as the number of AW appearances increases, in
the case of loss (in the case of gain, the gap would tend to become vertical).
The quantitative agreement among the numerical output, the analytic for-
mulas (1160)-(1157) describing the AW dynamics, and the analytic formula
(1152) describing the position of the gap after each AW appearance is ex-
tremely good.
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It is also convenient to introduce the quantity @ such that
EA1Q = —sin%(¢1) A(E1 — E2)?, Q| = ap. (1155)

Then also the variation of @ after each appearance of the AW is constant:

v . vo
AQ=Qmi1 —Qm =~ 52sin(261) = ——5, Qo =ap (1156)
implying
Qm = af — Zalm, m > 1. 1157
2
€
Therefore the AW recurrence without loss or gain:
- (m) (m)) ip(™) _ 1—e¥im91 o
u(z,t) = > .A(ac,t;qh,:c Jt )e - TS et TE [0, L], (1158)

m=0

where the parameters x(m), t(m)7 p(m)7 m > 0, are defined in terms of the initial data by the
following elementary functions

zm = X 4 (m —1)AX, t™ =70 4 (m - 1)AT,
_ arga L _ arg(af)
XMW = mge 4 £ AX = ZE2E (mod L),

1) — 1 2sin?(2¢1)) _ 1 o2
T( ) = 71 log (440(‘ 1 ) e a log (f&ﬁx\) 5 (1159)

1 4sin4(2¢1) _ 1 o
AT = Zotog (1750 ) = alog(m 7
pl™) = 201 4 (m — 1)4é1,

is significantly modified by the small loss/gain in the following way. The solution is still
described by a recurrence of Akhmediev breathers

7 : (m in ;
u@ 1) = 3 A 91,800,800 )™ Izl 2 e o, 1), (1160)
m=0 -
where (1), {(1) are essentially the same as in (1159):
D = O F1) — (), (1161)
but now
AXp = @M+ — g(m) = 28@m) - (mod L), (1162
— F(m+1 7 _ 1 4sin?(2¢1)) _ 1 o
AT = 040 =10 = o log (U528 ) = 2 log (4e2\ém\) ’

where Q,, is defined in (1157).
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0
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Figure 56: The density plot of |u(x,t)|, with —L/2 <ax < L/2,0 <t <100,
L =6,e=10"*% a = 1, for generic initial data: ¢; = 0.5 and c_; = 0.15—0.24,
obtained using the refined split-step method [?]. From left to right: v = 0,
v=10"" < e =10"% and v = 107° > €2. In the left figure we have the usual
AW recurrence described by formulas (1158)-(1159). In the central figure, the
solution tends to the asymptotic state with AX,, — L/2, after a relatively
long transient. In the right figure, after the first appearance, the solution
enters, without any transient, the asymptotic state with AX,, = L/2, m > 1.
The first appearance is essentially the same in all the three cases.

From (1157) we infer that, if v = O(€?), the change in the AW dynamics is O(1), no matter how small
is the dissipation. A qualitative explanation of this phenomenon is the following: when the AW appears,
it determines a small, O(v) change in the dymanics; but, due to modulation instability, this small change
amplifies and becomes O(1) at the next AW appearance.
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9.8 Anomalous waves in multidimensions

9.8.1 Physically relevant 2+ 1 dimensional generalizations of NLS
and their modulation instability

In most of the physical applications, we have the following two non integrable
generalizations of the focusing NLS equation iu; + Uz, + 2|ul*u = 0, u =
u(z,t) € C in multidimensions.

The “elliptic saturated NLS equation” (567) in n + 1 dimensions:

iAr+ AA+ p(JAP)A =0,
A=AZ ) eC, T=(x,29,...,2,), A= 0%, (1163)

x
=1

relevant, for instance, in a time independent nonlinear optics, where n = 1, 2,
t — z is the paraxial direction of propagation, (1 = x,z9 = y) is the
transversal plane, and ¢(¢) : RT — RT is a saturation potential behaving as

p(C) =0((), 0 <<, () = const, ¢ — oo,

1164
220, F(Q)>0, $(C) <0, (e
The cubic “hyperbolic NLS equation” (549) in n + 1 dimensions:
At S A, — S A 120APA=0, nytns=n,
1Ay 21 VEF] ]21 YiYj | | ni N2 n (1165)

j_ =
A:A(f>gat) € C? f: (xla"'a:[;nl)a g‘: (yla"'vynz)a

relevant for instance in the following contexts. i) Surface water waves in
deep water; in this case ny = ny = 1, 1 = x is the direction of propagation
of the wave and y; = y is the transversal direction. ii) Nonlinear optics in
the paraxial approximation. In this case ¢ — z is the paraxial direction of
propagation of the wave; ny = 1 and y; — t is the time variable; n; = 1,2 are
the transversal space variables (if ny = 1, 1 — x is the transversal direction;
if ny =2, (x1,22) — (x,y) is the transversal plane).

In the rest of this chapter we limit our considerations to the simplest case
of 3 dimensions: d = 2, ;1 = x, x93 = y in the elliptic case (1163), and
ny =ny =1, r1 = x, y; = y in the hyperbolic case (1165)

PA + Ape + Ay + @(JAP)A =0,

iAy+ Age — Ay + 2/ APA = 0. (1166)
Their homogeneous background solutions are
_ aeiaPl dllinti
Ap(z,y,t) ae? , elliptic case (1167)
Ag(x,y,t) = ae?!*I™t hyperbolic case,
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where a is an arbitrary complex parameter, and it is natural to investigate
their linear stability properties under perturbations.

We observe that in the elliptic cubic NLS case in which ¢(|A]?) = 2| A|?,
we have focusing effects in all the space directions, and one can show that a
generic smooth perturbation of the background containing unstable modes
blows up at finite time. The saturation potential (1164) prevents such a blow
up, since in the large field limit it tends to a constant, and the equation be-
comes linear. In the hyperbolic cubic NLS case the situation is very different,
since there is focusing in the x direction and defocusing in the y direction,
and one could show that the solution does not blow up.

The only examples of integrable and physically relevant generalizations
of the focusing NLS equation in 2 + 1 dimensions are the following Davey -
Stewartson (DS) equations

PA+ Apr + VA +2¢A =0, Guw — vy = (JA]P) ez + V([A])yy,

A=Ax,y,t) €C, q=qlz,yt)ER, (1168)

where v = 1 in the DS1 case, and v = —1 in the DS2 case, reducing both, in
the 1+ 1 dimensional limits (9,4 = 9,q = 0), to the focusing NLS equation.
We remark that the second equation in (1168) implies the existence of the
potential W such that
We = (|AP +q),,
W, =-v (AP —q),

The integrability scheme of the DS equations (1168) is given by the following
Lax pair:

(1169)

Gy =i UG, = (1) e

=

Yy = 2i03050 + 200, + VP, (1170)
(0 wu B W +1iq Uy — Uy
Uﬁ‘(~a(o’ V“(—@w+¢%) WK—m)‘

As in the 1 + 1 dimensional case, we have the following symmetry: if

(11, 12)T is solution of (1170), also (=12, 11)” is solution. Therefore ¥ =
<:il _JJQ) is a fundamental matrix solution of (1170).
2 1

9.8.2 Quasi one dimensional AWs and the transversal fission as a
critical phenomenon

The simplest way to get interesting informations concerning (n + 1) dimen-
sional AWs is to consider the case of quasi one dimensional (Q1D) AWs, i.e.,
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AWs in which the dependence on the extra space variables y = (y, z,...) €
R™! is slow. If an O(e) perturbation of the constant background is slowly
varying in this sense, then the terms of the NLS type equation in multidimen-
sion depending on the derivatives wrt y, z will be relevant at large time scales
(the multidimensionality scale), and if the logarithmically large time scales
In(1/€) describing the first appearance and the recurrence of the 1D AW is
smaller than the multidimensionality time scale 62, it is clear that the AW
appearance and first few recurrences are ruled by the 1+ 1 dimensional NLS
equation, for which the theory has been constructed in the previous chapter.

Consider the simplest possible situation of Q1D AWs in n+ 1 dimensions,
and the case of a single unstable mode of the corresponding 1D NLS theory.
For the following initial datum

u(z,y,0) =1+ € [ci(6y)e™ + c_(dy)e ™ ], e, <1, y e R (1171)

the above condition for a 1D NLS AW dynamics is equivalent to

1 1
t~1 - —. 1172
(1) < 5 (1172)
Then the 1D theory of AWs illustrated in the previous section implies that
the first appearance and the recurrence of AWs for times smaller than 5%
are described by the Akhmediev solution slowly varying in the extra space
variables y:

. _ 2t .. sinh[o (t—T'(dy))]—i cos[k(z— X (3y)]
A(ZE, & 1, tl) =€ (1 + 2isin ¢1 cosh[a(th((sg))]fsinqﬁcos[k(me(&g)])
_ it cosh[o (t—T(8y))+2i¢]+sin ¢ cos[k(z—X (5y))] (1 1 73)
_ cosh[o (t—T'(dy))]—sin ¢ cos[k(z—X (6y))] ’

k=2cos¢, o0=kvd—k?=2sin(2¢), 1<k<2 k=21/L,.

More precisely, let

(1174)

then the solution of the z-periodic Cauchy problem describes, in the case of
one unstable mode k = 27/L,, an exact recurrence of Akhmediev breathers,
whose parameters, changing at each appearance, are expressed in terms of

the initial data via elementary functions. 77 = %log (#@) is the first

appearance time of the AW (the time at which the AW achieves the maximum

of its modulus), X; = MLW, is the position of such a maximum,
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1 + 2sin ¢ is the value of the maximum,

2
2 o7

AT = —log , (1175)
o1 2¢y /| (0y)B(0y)]

is the recurrence time (the time interval between two consecutive AW ap-
pearances),

AX = arg(a(%w O od L, (1176)

is the x-shift of the position of the maxima in the recurrence. In addition,
after each appearance, the AW changes the background by the multiplicative
phase factor exp(4i¢) (see Fig. 50).

To illustrate the result, consider the simplest case of 2+1 dimensions
(n = 2), even dependence on y, and ¢y = cof(d0y), c. = c_of(dy?), with
0 < f(y) <1. Then

ay) = aof(y), oo =e "ty — ey,

X = mEeGHTE, (1177)
Ti(y) =T + < log (ﬁ) , Ty =1Llog <#j{ol) .
If, in particular, f(y) = exp(—=b%y?), b > 0, then
b2
T(y) =To+—y", (1178)

and the first max is located at z = X at t = T(dy) = Ty + b*6%*y*/o. Tt
describes a 2+1 dimensional AW, periodic in x and localized on the back-
ground like a gaussian in y. Its first max is located at (x,y) = (X,0) at
t = Ty. At this time the AW undergoes a fission into two AWs whose max-

ima are located at (X, +~ U(;b_TO)), t > Typ. The two products of the fission

travel along the transversal y axis with speeds im; then their speed
o(t—To

is infinite at the fission time 7; and decreases to zero when ¢t — oco. When
t —to > 1 the two fission products u* are well separated and described by

Ut cosh (2« / a(t7t0)§i$2i¢>> +sin ¢ cos(k(z—x0))
Cosh(Z\/U(t—t0)$i>—sin¢cos(k(:c—x0)) ’ (1179)

E=yFJolt—ty), t—1ty> 1.

It follows that their width in the gy direction decreases like (t —to)~*/2 as ¢
Increases.
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To show this shrinking we follow, say, v introducing the variable T =
y — Jo(t —ty) for t —ty > 1. Then o(t — ty) — y*> ~ —2/o(t —to)ET,
and (1179) follows. To get u_, we introduce the variable £~, and proceed
accordingly.

While the behavior of the fission products when t — t5 > 1 depends on
the slowly varying functions chosen in the initial condition, the proprties of
the fission process are generic. Indeed consider any even function f of y with
negative concavity at y = 0, and Taylor expansion f(y) =1 — b*y?> + O(y?).
Then T(y) = Ty + b*y?*/o + O(y*), and again the speed of the two fission
products is infinity at ¢ = Ty, with the law iﬁ + O(1). Therefore the
fission process appears to be a universal critical phenomenon in nature, and
resembles to a phase transition of type 2, with critical exponent 1/2.

Three generalizations and their combinations are straightforward.

1) In the long wave (Peregrine) limit ¢ = 7/2 +46, 06 < 1 (k ~ —29),
and gaussian f, we get the Peregrine type solution

(1180)

Pla.y.t) = 2 (1 4+ 16i(t — Ty — a*y?) )

1+ 422 +16(t — Ty — a2y?)?

exhibiting the same fission properties as the Akhmediev one.

2) In the previous example we consider initial data for which arg(«), arg(5)
do not depend on y. Then fission takes place on the trasversal y axis. If
instead arg(«),arg(3) are slowly varying even functions of y, then the two
fission products start moving on a small curvature parabola of the (x,y)
plane. We study here this process on the very distinguished example in
which [e; (9)] = le- (4)], then
aly) = ~2iles (y)] sin (o + Blerfomale) )
(A )—arg(c_)

6@%:%W4whm<¢—gﬁiéﬂﬁﬁ)e—gifgi’

= a(y)B(y) = 4lcy (y)|*sin (gzﬁ - —arg(c+);“arg(c‘)> sin <<;5 + —arg(”);rarg(c‘))
= 2|c; (y)|? [cos (arg(cy ) + arg(c_)) — cos(29)] .

(1181)
Consequently af € R and
af >0 < arglaf) =0 & AX =0, (1182)
af <0 & arglaf) =71 < AX:%.
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Both |a| and arg a depend on y:
la(y)| = 2|, (y)|] sin <¢-+-Eﬂﬂ£i%?£;QQ) ]
arg(a(y)) = arg (:Ezg) — Zsign (sin b+ W)) ,

where H(-) is the step function. Consequently, the first appearance time
and the position of the AW are generically slowly varying functions of y. In
particular, if arg(c,(y)c—(y)) = 0 independent of y, then

()] = 2es (y)l]sin (6 + 6/2) |,
arg (a(y)) = —2arg(cy(y)) + 7H (—sin(¢ + 6/2)) .

If again arg(c+(y)) are even functions of y, then the two fission products will
separate in the (z,y) plane approximately on a small curvature parabola ...

(1183)

(1184)

3) The case of n + 1 dimensional Q1D AWs with the choice (1177) f(y) —

n—1
f(@) = exp(— Y b2y7). In this case fission takes place on the ellipsoid
=1
n—1
ot —Ty) = Y b3y;, t > Tj of the (n — 1)-dimensional transversal hy-
j=1

perplane. CONSTRUCT THE SLOWLY VARYING AKHMEDIEV AND
PEREGRINE SOLUTIONS IN THIS CASE (see figures B).
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Figures A. Four snapshots at consecutive times illustrating the AW recur-
rence and fission in 2+1 dimensions. Top left: the first appearance of the
Q1D AW, in the x main direction it exhibits the usual one dimensional RW
features: a steep elevation (for with |p| > 1) preceeded and followed by two
holes (for with |p| >< 1). The localization in the y direction is a simple
consequence of the y localization of the initial data. Due to the existence
of the additional y transversal direction, instead of desappearing, the Q1D
AW experiences a fission into two Q1D AWSs separating in the y direction (a
transversal particle fission). Bottom left: while the two products of the first
fission keep separating, the second appearance of the recurrence occurs. Bot-
tom right: also the second AW undergoes a fission, with the same features.

/ \\
| \ | \
\ \

Figures B. Four snapshots at consecutive times illustrating the AW recurrence

and fission of Q1D AWs in 341 dimensions, when b; = 1. The z axis is that

orthogonal to the plane of the circular smoke rings (the (y, z) plane). Top
left: the first appearance of the Q1D AW in 3D space; in the x main direction
it exhibits the usual RW picture: an intense color preceeded and followed by
two holes (here we chose to draw only the parts of the perturbation such
that |¢| > 1 (the holes do not appear), to make the picture more clear. Top
right: fission of the Q1D AW in the transversal (y, z) plane, generating an
opening smoke ring shaped Q1D AW. Bottom left: while the smoke ring of

the first fission evolves increasing its radius, the second appearance of the
recurrence occurs. Bottom right: also the second Q1D AW undergoes a
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fission, generating another smoke ring. If arg (a(y)) = by + b3y? +b3ys +. ..,
then the smoke rings open up initially on a small curvature paraboloid whose
axis is the z axis.

9.8.3 Modulation instability in 2 4+ 1 dimensions

The elliptic NLS equation with saturation potential. For the elliptic
NLS equation (1163) we look for a perturbation of the background solution:

A= aei”(‘“mt[l +e(u+iv)], u,veR, 0<exl. (1185)
Then the linearized equations about the background solution read
U+ Vaz + Vyy = 0, Uy — Ugy — Uy — 2]al?¢’(Ja|*)u = 0. (1186)
If the perturbation is monochromatic:

u = Ue'betitol oo g = Veilkatlrol oo | ] € R, (1187)

(rr gy o) ()= e

The existence of nontrivial solutions (U, V # 0) implies that

then

o = (k* + 1))[2|al*¢ (|a*) — (B> +17)], o =&, (1189)
implying that o is either real or purely imaginary. In the first case
k> 4+ 17 > 2|al*¢'(Ja|*) < o € iR < neutral stability, (1190)
and in the second case
E + 12 < 2la*¢(la]*) & o €R < instability. (1191)

Therefore the background is linearly unstable when the length of the wave
vector of the monochromatic perturbation is smaller than |a|/2¢’(]a|?), and
the growth rate reads

(k1) = /(K + 12)[2]aP¢'(|a]?) — (k2 + 12)], (1192)

see Figures 57 and 58.
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Figure 57: For the elliptic 2D NLS equation, the instability region in the
k = (k,1) plane is bounded by the circle k2 + 12 = 2|a|2¢'(|a|?). The Fourier
modes of the linearized theory are gmn = 2%(%, Lly), where m,n € Z, and L,
and L, are respectively the periods in the  and y directions. In this picture
there are only the unstable modes :t]gl’(), il;o,l, with lg_m_n = —Em,n.

Figure 58: For the cubic elliptic 2D NLS equation (¢(¢) = 2(¢), the insta-
bility circle k* + [> = 4|a|* and the corresponding growth rate o(k,l) =
V(K2 +12)[4]a]? — (k2 + 12)]. o(k,l) is zero at the origin k = 0 and at the
boundary |k| = 2|al.
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The hyperbolic cubic 2D NLS equation. For the hyperbolic NLS
equation (1165), repeating the above considerations, one obtains the follow-
ing scenario.

. i) k?>1?+4]al?,
neutral stability < i) K2 < 2, ) (1193)
instability & 0< k=12 <A4la®

The instability region in the k = (k,1) plane is bounded by the hyperbola
k? — I = 4 and by its asymptotes k 4= 1 = 0, and the growth rate reads

o(k,1) = \/(k2 — 12)[4]a]? — (k2 — 12)], (1194)

see Figures 59 and 60:

Figure 59: For the hyperbolic 2D NLS equation, the instability region in
the k = (k,1) plane is bounded by the hyperbola k2 — 12 — 4|a|> = 0 and
by its asymptotes k£ == = 0. The Fourier modes of the linearized theory
are ];m,n = QW(LﬂT, Lly), where m,n € Z, and L, and L, are respectively the
periods in the z and y directions. In this graph L, = 2.4, L, = 3.0, and

there are only the unstable modes :I:lgl’l, + 1517_1, with /S_m,_n = —kmn-
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Figure 60: For the hyperbolic 2D NLS equation, the instability region in
the (k,l) plane, and the growth rate o(k,l) = \/(k% — [2)[4]a]? — (k% — [2)].
o(k,1) is zero on the hyperbola and on it asymptotes.

The DS equations. Analogous considerations can be made for the focusing
DS equations

1A+ Ay £ Ayy +20A =0, G F PJZny = (|A|2)x:c + V2(|A|2)yy7

A= A(z,y,t) e C, q=gq(x,y,t) eR, p,veR, (1195)

where DS1 and DS2 correspond respectively to the upper and lower signs,
integrable if and only if p =v = 1.
Their homogeneous background solution
Ay = ae®*t gy = |a]? (1196)

can be simplified to Ay = €%*, gy = 1 using the elementary gauge and scaling
symmetries. Since equations (1195) are also invariant under the Coulomb
gauge:

Qiftf(t’)dt’
A(x,y,t) = A(x,y,t)e © , q(zy,t) = q(o,y,t) + f(),  (1197)

the background solution can be simplified further to

To study the modulation instability properties of the background solution
(1198), we slightly perturb it as follows

A=1+eu+i), g=ew, e<L1, u,v,we€R. (1199)

207



Then u, v, w satisfy the linear PDEs

U+ Uy £y =0, v — (Ugy £ uyy) — 2w =0,

1200
Wy F 2wy = 2(Ugy T 120y,). ( )
Looking for a monochromatic perturbation
u = Uei(kx+ly)+at +ce, v = Vei(km+ly)+at + ce, (1201)
w = Wellkztln)tot L ce k] € R,
one obtains the following system of homogeneous equations
o —(k* £ 1%) 0 U
k% £ 12 o —2 V| =0, (1202)
2(k* +121?) 0 —(k* F p2?) w
and the condition for the existence of nontrivial solutions gives
9 (R P)AR £ 01) — (K2 £ 1P)(K* 7 p21?)]
Ui(k7 l) - L2 T leg ) (1203)
reducing to
2 _ (BEPPA- (B FP)
oi(k,l) = EESE (1204)
in the integrable cases 4 = v = 1. Since we have MI when % > 0, we

distinguish the following cases.

1) For DS1 (the upper sign case), we have (SHOW IT) the MI domain Instpg;
is the domain in between the straight lines k% = p2l? and the curves 4(k* +
V%) = (k* +1?)(k* — 1%1%), having the straight lines k? = ;%1% as asymptotes
(see figures ...)

Instps; = {k* > p®1* and 4(k* + 21%) > (K* + I*)(k* — p*1%)}.  (1205)

2) For DS2 (the lower sign case), we have the union of two disjoint domains
Instpss = Insthe, U Instpng, (see figure ...):

Inst}g, = {k* > 1* and 4(k* — 121%) > (k* — I)(k* + p?1?)},

Instrgy — {k? < 12 and 4(k? — 1212) < (k* — 2)(2 + p2i2)y. (1206
In the integrable DS2 case it becomes the compact domain
E*+1? <4, and k*#1, (1207)
with growth rate
k* —12)\/4 — (k% + [2
ok 1) = [0k, )], Q1) = OV EHE) (1208)

VIR B
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Therefore AWSs are present in the focusing DS2 equation for sufficiently small
wave vectors k, in perfect analogy with the NLS case (see Figure 61).

Figure 61: For the DS2 equation, the growth rate o(k,l) in the k = (k,1)
plane; the instability region is inside the circle k% + [ = 4|a|?; it is zero
outside and on the lines k% — [2 = 0. Here a = 1.

9.8.4 The integrable DS2 case [20]

In the well-posed doubly-periodic DS2 Cauchy problem of AWs with periods
L, and L,, the wave vectors of the above N-breather solution are quantized
as follows

b = (ks 1n)y Fom = i_:m, I, = i_;fn, m,n € Z, L, # Ly, (1209)

and lie on the rectangular lattice of Figure 62, constrained by the instability
condition

2 2

|

4P <d & (?) +(Lﬂ> <50 La# Ly (1210)
x y

The simplest possible instability configurations are, in order of complica-
tion, the following.
1) The case in which there is only one unstable mode, the mode :I:ELO =
+(k1,0) on the k axis, with:

1<k <2 L>2 & 7w<L,<2m L,<m, (1211)
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or the mode +ko; = £(0,1;) on the [ axis, with:
1<hi<2 k>2 & 7n<l,<2m L,<m, (1212)

see respectively the top left and top right pictures of Figure 62.
2) The case in which there are only the two unstable modes +k; o, +k¢ 1, with

1 1 1
1<k,li<2, K+E>4 & 7w<L,L,<2mr, oz +ﬁ> —; (1213)

see the bottom left picture of Figure 62.
3) The case in which there are only the four unstable modes £k o, ko 1,£k1 1,
:l:kl,—la with

1 1 1
1<k,li<2 kK+E<4 & 7w<L,L,<2m, I +ﬁ< —; (1214)

see the bottom right picture of Figure 62. Increasing the periods L, and L,,
higher order modes enter the instability region and the picture becomes more
and more complicated. In this paper we limit our considerations to the first
two cases 1) and 2), postponing to a subsequent paper the study of a higher
number of unstable modes.
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Za 22 0 2 4 -4 -2 0 2 4

Figure 62: For the focusing DS2 equation, the instability region in the k=
(k,1) plane consists of the 4 sectors inside the circle k? + I> = 4[a|* and
delimited by the lines £* = [2. In the doubly periodic case, the Fourier
modes of the linearized theory are :tEmvn in (1209); hereafter a = 1. In the
top left picture L, = 3.5, L, = 2.8, and there is only the unstable mode
:I:ELO. In the top right picture L, = 2.8, L, = 3.5, and there is only the
unstable mode j:lzo’l. In the bottom left picture L, = 3.5, L, = 4.8, and
there are only the 2 unstable modes :i:I;LO, :I:l;o,l. Increasing more the periods
one jumps from the two unstable modes :l:l;m,:l:lgo,l directly to the four

unstable modes ilgl,o, j:l;:o’l, j:EM, :i:l%rh like in the bottom right picture,
where L, = 4.6, L, =5.2.

The simplest truly two dimensional AW describes the interaction of the
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horizontal +ky o = (ky,0) and vertical +£ko; = (0,1;) unstable modes, where

27 2
kl = L_ = 2COS¢170, ll = I

z Y

= QCOS ¢071, 9170 = O, 9071 = 7T/2, (1215)

corresponding to the conditions
T<L,L,<2m & 1<k, <2 & 0< 10,001 <7/3. (1216)

Then the solution reads:

N<:U7 Y, t) eip

—D(x,y,t) , (1217)

ua(x, Y, t; 1.0, G015 To, Yo, t1,0, to,1, p) =

N(z,y,t) = cosh [o1,0(t — t1,0) + 00,1 (t — to1) + 2i(¢P10 — Po,1))]
—f-b%z cosh [0'170('[5 — tLO) — 0'071 (t — t(),l) + 2i(¢170 + QZS(]J))]
—2b12<SiH ¢170 COS(XL()) cosh [0071(t — t071) — 22.¢071}

+sin ¢g 1 cos(Yp,1) cosh [o1,0(t — t1,0) + 2i¢1,0] + sin ¢ o sin g1 cos(Xq ) cos(%71)>,
(1218)

D(z,y,t) = cosh[o1o(t — t10) + 001(t — to1)]

+b3, cosh o1 o(t — t10) — 001 (t —to1))]

+2b12 ( sin QSL() COS(XL()) cosh [0'071 (t — t(),l)]

+sin ¢ 1 cos(Yp1) cosh [0 o(t — t1,0)] — sin ¢y ¢ sin ¢g 1 cos(X ) COS(%J)) ,
(1219)

where

X0 = ki(x — x0) = 2c08(10)(z — 20), Yo =lL(y —yo) = 2cos(do1)(y — %),

01,0 = kl\/ 4 — k% = 28111(2(?170), 00,1 = ll\/ 4 — l% = 281H(2¢071) = _QO,D

b — cos(é1.0—¢0.1)
12 = cos(¢1,0+¢0,1)’ ( )
1220

and p, xo, Yo, 1,0, to1 are arbitrary real parameters.

For generic parameters, the solution (1217)-(1220) decays to the back-
ground (953) as t — +o0o, and describes two consecutive appearances in time
of 2+ 1 dimensional doubly-periodic smooth bumps, both located at (zo, yo)
(see Figure 63).
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Figure 63: Five snapshots of the evolution of the 2-breather AW solution
(1217) in a basic period, describing the nonlinear interaction of two unstable
modes, one parallel to the x axis and the other parallel to the y axis. Top left:
the growth of the AW from the background; top right: the first appearance;
medium left: between two appearances; medium right: second appearance;
bottom: the disappearance of the AW. For generic parameters, the solution
is smooth and the two appearances are different.

To show the relevance of this solution in a Cauchy problem of anomalous
waves, we study now the doubly periodic Cauchy problem of AWs for the
focusing DS2 equation (1168):

w(x + Ly, y,t) =u(z,y + Ly, t) = u(z,y,t),

q(x + L.y, t) = q(x,y + Ly7t) = Q(x7y> t)? (1221)
w(z,y,0) =1+ ev(x,y), q(z,y,0) =€ w(x,y), 0<e<k1,
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where the initial perturbations can be expanded in Fourier modes as follows:

v(z,y) = 3 cpeltertio), (1222)
W, VEZL

and cq o is set to be zero without loss of generality using the scaling symmetry.
As in the 1+ 1 dimensional case, for |t| < O(1), the solution is described,
through Fourier analysis and up to O(e?) terms, by the following formulas

u(z,y,t) =1+¢€ ZD (% 08 (kmt + by — arg(aum.) — m/2) etmnttidmn
m,ne

—l—% cos (kmx + lyy + arg(Bmn) — 7/2) e‘va"t_wmv") + O(e)-oscillations,
(1223)
q(z,y,t) = ¢ Z ?xﬁs[mmﬂwﬂhw+hw—a%wmm—ﬂﬂﬁﬁmt

—Hﬁm,n’ Cos ( mT + lny + arg(ﬁm,n) - 71'/2) e_Qm’nt] + O(G)-OSCiHﬁfEiOHS7

(1224)
where
k= 2COS Py 1, €OS Ory s 1y = 2.COS Py 1y, SIN Oy
VB l
= Qmq = arccos | ~—5— |, 0Oy, = arctan = (1225)
Omn = e_i¢m’ném,n - €i¢m’nc—m,—n7
Bm,n = ewm’néfm,fn - e_zd)m’ncm,na
and
2 2 2
D{mzl7 n ez, <Lﬂ,> Jr(Liy) <732}U{m0, n>1, (Liy) <ﬂl2}
(1226)

As time increases, the perturbation in (1223) grows exponentially and, at

= O(log(1/€)), it becomes order one and the dynamics is described by the

fully nonlinear theory. It is when the exact solutions we constructed play a
relevant role.

From now on we consider the case in which only the modes +Fy 0 and
:IZIZO,I are unstable, where lgl,O = (/{31, 0) and EO,I = (0, ll), 1{31 ll 2T are
unstable, see the bottom left picture in Figure 62. This case is characterlzed
by the constraints

T < Lg, Ly, <2, L%+%>ﬂl2, PEN

x y
1<k,lh<2 Kk+5E>4 < (1227)
0 < ¢10,001 < 7/3, cos® 1o+ cos®Pgq > 1.
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Then the linear stage of MI (1223), for |t| < O(1), reduces to

u(z,y,t) =1+¢€ [m (|a1,0| cos (2 cos ¢y g — arg(ay o) — m/2) ei¢rotaorot
+|B1,0| cos (2 cos ¢y g + arg(f1) — 7/2) e""ﬁlvo_"hot)

+m [|040,1| cos (l1y — arg(ag,1) — m/2) e~o0at+idos

+|Bo.1] cos (lyy + arg(fro) — 7/2) e"“»lt’wovl} + O(e)-oscillations
(1228)
(notice that 9 = o1 and Qp1 = —001).

Reasoning as for NLS, since the exact solution uy(z, y, t) of DS2 in (1217)-
(1220) describes the nonlinear interaction of the unstable modes %ky o, £k 1,
it is the natural candidate to characterize this nonlinear stage, and following
exactly the same strategy as before, we find that the first AW appearance is
described to leading order by the solution (1217)

U(l’, Y, t) = ’LLQ(ZL‘, Y, t) ¢1,07 ¢O,17 ‘T(l)a y(l)a tf()], t(()}%’ p(l)) + 0(6)7 (1229)
where the solution parameters are expressed in terms of the initial data as
follows

PV =2 (10 — o), P = arg(alfc—W’ yt = w’ (1230)
Uy = o (i) ) = s (Begzet).

elaa,o] . 70,1 €lBo,1l

Therefore the first appearance of the AW in the Cauchy problem consists
of the two emergences described by the exact solution (1217)-(1220) (see Fig-
ure 63), whose parameters are expressed in terms of the initial data through
elementary functions.

As for the case of one unstable mode, we remark that, since we have
only two growing modes in the overlapping time region, and since the exact
solution (1217)-(1220), describing the growth and the nonlinear interaction
of these unstable modes, contains enough free parameters for a successful
matching, the remaining mismatch cannot affect the leading order behavior.
Therefore this stability argument plus uniqueness of the DS2 evolution imply
that the first appearance of the AW is described by the solution (1229),(1230),
an elementary function of the initial data.

To have an idea of how well the analytic solution us in (1229),(1230)
describe the first appearance of the AW in the AW Cauchy problem, we
evaluate the uniform distance between u, and the numerical solution ,,,,:

Hunum _u2||oo(t) = sup |unum($ay>t) - u2($,y,t)\, (1231)
2€[0,L],y€[0,Ly]
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in the time interval in which the AW first appears, see Figure 64. The
agreement is excellent, since the error is much smaller than expected from
theoretical considerations.

7- 0.0012
6r 00010 - - === == === es e

0.0008

! 0.0006
3l
A
0.0004 {i
2t I
n 0.0002 i

] - : L L L 0.0000 . . . . . t
3 4 5 ] 7 3 4 5 6 7

Figure 64: Here we study the two emergences of AWs in the time interval
of the first appearance, for the initial data ¢ = 1073, ¢;o = 0.8 + 0.4,
c10 = 1.2 =101, ¢g; = —0.64 — 0.3, co—1 = 0.5 +i0.2. Left pic-
ture: the max of the amplitude of the AW ||tu,um oo (t) as function of time,
where Uy, is the numerical solution; the first emergence at (x,y,t) =
(3.24019, 1.227442,3.780) with a peak of height 6.6786; the second emer-
gence at (z,y,t) = (3.24019, 1.227442,5.868) with a peak of smaller height
2.3631. Right picture: the uniform distance ||tpum — Uz|loo(t) between the
analytic solution us (1229),(1230) and the numerical solution t,,,; the two
peaks of the distance correspond exactly to the two AW emergences of the
left picture, and the distance remains always < 5 - 1074, smaller than the
estimated error from theoretical considerations O(107?), indicated by the
horizontal dotted line.

9.9 Exercices

1) i) Verify that the formula (1004) describes to leading order the solution of the Cauchy problem of
the anomalous waves (995),(996) for 0 < ¢ = O(1), and ii) use the Akhmediev solution and matched
asymptotic expansions to derive to leading order the NLS recurrence of anomalous waves in the case of
one unstable mode only.

2) Derive formulas (1193) and (1194).

3) Using matched asymptotic expansions show that equations (1228) and (1217)-(1220) imply the first
appearance of AWs described by (1229),(1230).
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10 Appendix

10.1 A1l. Similarity Solutions

Similarity solutions of a PDE are often relevant in the description of asymp-
totic regions of the solution space of particular importance, like the longtime
behavior, the blow up, and the gradient catastrophe. They are special solu-
tions of the form

Usim (T, 1) = 1 g(z), z= ° (1232)

tp RE
where the parameters p, ¢ and function g have to be fixed.
10.1.1 Similarity solutions of the Schrédinger equation
In the case of iuy + uy, = 0, VERIFY that ¢ = 1/2, Vp, and g(z) satisfies
the ordinary differential equation (ODE)

. zZ
9" —i(pg + 59’) =0. (1233)

Choosing p = 1/2, then (1233) simplifies to
g~ 5(z9) =0, (1234)
whose general solution is
g(z) = cl/ i) 4 oy, (1235)

At last, if ¢; = 0, one obtains the simple similarity solution

1 .2
Ugim (T, 1) = %ezﬂ (1236)

10.1.2 Similarity solutions of the linearized KdV equation

In the case of of the linear KAV equation wu; + tz,, = 0, VERIFY that (1232)
is solution if ¢ = 1/3, Vp, and g(z) satisfies the ODE

¢"(2) ~ 39/'(2) ~ po(2) = 0. (1237)

If p = 1/3, then the equation simplifies to

(')~ 3(0() =0 = ¢(2) — 5Co() = (1239)

217



Choosing the integration constant ¢ = 0, we obtain g”(z) — $g(z) = 0, and
changing variable: z = /3¢, the ODE becomes the ODE (39) defining the
Airy functions Ai and Bi. Therefore the bounded and decaying similarity
solution is

Ui (7, 1) = %Az’ ( f3t> . (1239)

10.2 A2. Integrals depending on a large parameter:
integration by parts, Laplace and the Steepest
Descent Methods [36, 9, 29]

We want to estimate the leading order contribution of the Laplace integral

L(p) = / 10 g(1) it (1240)

a

where p is a positive large parameter p > 1. We distinguish three different
cases.

10.2.1 Integration by parts

Ifa<b, f(t),9(t) : R — R are smooth functions and f'(t) # 0 in [a, b], the
main contribution comes from the integration by parts:

b b
= [ (pr e’ ) (555 ) dt = [ (e 0)' (5% ) dt
b

=5 <f’(<b))€pf(b) Fyert ) - 5{ e/ (f%) dt

— 1 (90 b) _ g(a) 1
<f’(b)€pf() Fae )> (1+0(;)), p> 1

In the first step we construct (pf’(t)e?’®) = d(e?/®))/dt; in the second step
we integrate by parts. Assuming that f’(¢),g(f) be smooth functions, we
repeat the same integration by parts, arriving to the above estimate.

The same result holds if one integrates over a contour C of the complex

z plane with end points a,b € C, where f(z), g(z) are analytic in a domain
D containing C and f'(z) # 0 in D:

b

1) = [ erDg(2)d (1241)

— 1 (90) pfd (a) 1
<f'<b>€pf() rae )) (1 +0(;)), p> 1.
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10.2.2 The Laplace method

We consider the Laplace integral (1240) with a < b, and f(¢) € R has now a
single max in ty € (a,b).

If p > 1, the leading order contribution to the integral comes from a
neighborhood of ty, where:

f(t) = f(to) + fn(to)(t )2 +O(t — t0)3’ F(t0) < 0,
g(t) = g(to) + O(t — to). (1242)

Therefore, following the same qualitative considerations made in the case of
the stationary phase method, we construct the leading order contribution

tode " (t—t[])Q
L(p) ~ g(to)er!t) [ e=PIF"t0)I7="= gy

to—e

/plf”Q(to)\6

_ V2g(t)er!(to) f e ds (1243)

\fg(to erf(to) f]R —s? dS — _V2mg(to) epf(to)

v/ plf" (to)] plf" (to)

where in the first step we use the fact that the integral takes its main con-
tribution about ¢y, in the second step we make the change of variables t — s

given by t —ty = %s, in the third step we approximate the integral of
p 0

the gaussian around its O(1) region by the integral over R.
If tg = a or to = b, the procedure is the same and the leading order
contribution is half of the above contribution. For instance, if t5 = a:

Y

fote 7 (t—to)2
L(p) ~ glto)er/to) [ el

to
p\f’;(to)l c
_ ﬁg(to)”epf(m) f 6752d8 (1244)
plf" (o)l 0

M epf(t())

2p| " (o) ’

o0

\/ig (to)er? (to) _g2

Aol (o)l f e ds
0

As we shall see, this is indeed the leading order contribution of an asymp-
totic expansion of the following type.
If p>1andt) € (a,b):

L(p) = %eﬁ“o) (1 +0 Gg)) ; (1245)
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if, instead, p > 1 and tg = a or ty = b, then
1
L@)Z—Jﬁﬁgg—eﬁmﬂ(L+O<——)>. (1246)
2p| f" (to)] VP

To prove these formulas, we evaluate the integral first in a right neigh-
borhood [tg, tg + 0] of to:

to+0 to+0
— f P! g (t)dt = erf (1) i e Pt~ Wl g(t)dt
fo (1247)
— epf(t()) f e_pyg (90( )) dtdy — epf tO) f e_py g ( ) dy’
0

dt t=p(y)

where in the first step we add and subtract f(to) in the argument of the
exponential; in the second step we change variables t — y(t) := f(to)— f(t) >
0, since y(t) is a monotonically decreasing function and its inverse ¢t = (y)
exists, where 0, = f(to) — f(to + ¢); in the third step we use the inverse
function theorem. Analogously, for the left neighborhood [ty — d, to]:

to 5—
- _ - (p(¥))
I = f epf(t)g(t)dt — _epf(to) f e~ Py di ew) gy

to—94 0 At li=p(y)

- = f(to) — f(to —0).

Our goal now is to expand the integrand with respect to the new variable
y. Since

(1248)

" t " t
v = f0)— 1) = LN g e L2 s 0 (- 10)) . 1200)
to leading order we have:
/" (to)] 2 2
~——(t—1 = t—to~ L4 1250
Y 2 ( 0) 0 ‘f”(to)| \/§> ( )
suggesting the following expansion
t —to = sign(t — )|W(MJ*H%+O(W) (1251)
Substituting this ansatz into (1249), one verifies that, to O(y*/?), 8 = 5 (J;,/,/((fs)))Q;
therefore
t —to = sign(t — to) ”2 VIt g /7 (k) —— 2y 4+ 0 (y*?).  (1252)
/" (to)] 3(f"(to))
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It is also possible to show that sign(t — ty) is present only in terms corre-
sponding to fractional powers y"*'/2, n € N* of y in the expansion of t — ¢,
and of the integrand:

W — sign(t — to)|f" (to)|(t — to) — L1 (¢ — 10) + ...

= sign(t — to) /21" (to) [/ + Bry +sign(t —to)By®* + ... (1953

—di,%t = sign(t — to)—:l?,?g TV + co +sign(t — to)e1/y + .

It follows that

ot
I, = erfto) f e P (—%\f +co + /Y + O(y)) dy

0

_ ;Df(to)Oo —py [ __9(to) O dy 1254
e (mw”*“\” “) e

= epf(to) ( /mg(to) + %) _I_C g//QQ) +O(p )) )

o_
L_:__éwm)féfm;(__j§%7;¢+co cq¢§+49@0)dy

0

— ePf(to) Ooe—py (ﬂ —co+ ey + Oy )) dy (1255)
‘Of 2/ /" (to)| VY VY

— epf(to) < mg(to) ot it 3/2 Lt O (p~ >>

In the first step we used the second of equations (1253); in the second step
we replaced the finite integral by the integral over R with an exponentially
small error, as we shall see below; in the third step we used the following

formulas
oo

1 r
/ —py —1/2dy_ \/7 /e Py = - /e Py 1/Qdy_ (2;2) (1256)
p’

0

where I'(+) is the Euler gamma function.
Ift € [a,tg—0] or t € [to+0,b], there exists n > 0 such that f(to) — f(t) >
n > 0; consequently
pf(t) = (p—o)f(t) +of(t) < (p—0)(f(t) —n) +af(D), (1257)
where 0 < o < p. It follows that the contribution of the integral outside the
neighborhood of t; is exponentially small:

to—0 0
‘ [ ePf O g(t)dt| < elP=)(f(to)=n) i e?f®|g(t)|dt
=0 (et = erft0) O (e~ P).

At last, equations (1254) and (1255) imply formulas (1245) and (1246).

(1258)
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10.2.3 The steepest descent method

Consider now the case of the Laplace integral over a complex contour

1(p) = / P Og()dz, p> 1, (1259)
C

where f(z) and g(z) are analytic in a domain D of the complex z plane
containing the curve C, and suppose that 3! zy € D such that f'(z) = 0 and
f"(z0) # 0. We use the standard notation: z = z + iy, u(z,y) =Ref(z) =
Fi(z) and v(z, y) =Imf(2) = f1(2)

We look for a contour v C D such that:
1) u(z,y) has its max on v in zg = zg + iyo € 7.
2) v(z,y) is constant on y: v(z,y) = v(x, Yo), to avoid rapid oscillations of
the integrand.
Does this contour exist? Since f(z) is analytic, then wu,, + u,, = 0, implying
that u,,uy, < 0 and that uz,uy, < uiy. Therefore z, is a saddle point
(see figure 3). Along ~, v is constant, implying that ;v L ~. From the
Cauchy-Riemann conditions it follows that \yv - syu = 0; i.e., v is tangent
to yu. Therefore the curve on which v(z,y) = v(zg,yo) is the curve of
steepest variation of u (see Fig. 65).

How many curves of this type pass through z,? Can one select, among
them, the steepest descent curves? Around zy we have:

f/l (ZO)

f(z) = f(z0) + 5 (z —20)2 +O(z — 2)*. (1260)
Therefore
f(2) = f(20) + (2 = 20)*h(2),
hEZ)ana};/f&(:) ivl’f}ileflgfo) # 0, (1261)
po = |"(20)], o = arg(f"(20))
Let
z—z=re?, h(z)= gei“", (1262)
then

£(2) = f(z0) = 3100,
u(z,y) — u(xo, yo) = e cos(20 + ), (1263)
v(x,y) — v(x0, Yo) = 5 sin(26 + ).

Since 20 4+ ¢ has a variation equal to 47 when z rotates once around z

and 6 varies from 0 to 27, four curvilinear sectors meet in zg, and u(x,y) —
u(zo,yo) changes sign four times. Therefore we define 4 sectors in which

222



u(z,y) — u(zo,yo) has constant sign inside each sector, and opposite sign in
the neighboring sector (see Fig.s 65 and 66):

Figure 65: The plot of u(x,y) and the saddle point at zyg = x¢ + iy, in the
case f"(z9) # 0

Figure 66: The four curvilinear sectors emanating from the saddle point 2
and the two curves of steepest variation, in the case f”(z9) # 0. In the
two dark sectors u(z,y) < u(xo,yo) and the curve 7 contained there is the
steepest descent curve. In the two white sectors u(z,y) > u(xo,yo) and the
curve contained there is the steepest ascent curve.

The sectors with negative sign contain the curve ~ of steepest descent we

are looking for, defined by the equations:
’I"2
U(:E,y) - U(.’L‘O,yo) = _Tp < 07 (1264)
v(z,y) — v(zo,y0) =0
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coming from cos(20 + ¢) = —1 and sin(20 + ¢) = 0. Therefore we obtain the
two angles

1
90k=—%+ (k—§> r o k=1,2, (1265)

defining the two directions of steepest descent at z.
Then the integral over v can be evaluated using the Laplace method:

I,Y<p) = f'y epf(z)g(z)dz = 6ipf1(zo) f’y epr(Z)g(Z)dZ

b
= ¢iPfi(0) [ ePInGO)g((1))Ldt =

dzat T 2 _ .
9(=0) étO) d2fzjz(t>>‘ P! (1+0(p™), 2 inside v,
dt2 to
dz(t pre 2 _ .
9(z0) C(”O) 2p] 2IRGO)| e?f (14 O(p~'7?)), 2o end point of v,
dt2 to

(1266)
where t € [a,b] — z(t) € v is a parametrization of the steepest descent curve,
with z(t9) = zo and ¢ € [a, b]. In the neighborhood of zy on ~:

2(t) — 20 = 7(1)e"® ~ c(t — t9)e?®D | ¢ >0, t ~tg

dz 0o dz 2 2 _if
= g ree’?, (dt) — c°e™, t — 1o,

(1267)

where 6, is one of the two steepest descent directions (1265); the choice
between these two values depends on how one chooses the travel direction
along the curve, and will be decided later on. In addition, since df = dfr on

v

, . 2 (s . 2 2,
Linl0) _ LICO) . pr(4(1)) (dd_(tt)> + f(2(t)) D

dz(to)

) | (1268)
—%W@@<TF» = poc?e!PhT) = —pyc? <0, t — to.

Replacing these results into (1266), we conclude that, for p > 1, (VERIFY
IT)

( ) p|f’2’7(rzo)|g(zo)epf(ZO)erO (1 + O(pil)) 5 20 inside v,
p) =

, /2p‘f7,r(zo)‘g(zo)epf(z‘))*wo (1+O(p~"%)), 2 end point of .
(1269)
The asymptotics (1269) are useful if one can connect the original integral
(1259) to the steepest descent integral I,(p), like in the KdV example of
§1.4, without involving regions where the integral gives a contribution bigger
than that in (1269).
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10.2.4 Examples

To be more explicit, let us consider the simplest possible case of the linear
Schrodinger equation iu; + u,, = 0 and its Fourier transform solution

u(z,t) = / %ﬁo(k‘)ei(“_k%) = / %ﬂo(k‘)eﬂk’x/t)t, (1270)
R 2T R 2T
with

f(k,%) ::z(k‘f —k2) =u+1v,
U = k‘](QkR—%), [ :k% k%—i—k}{%,
frk2)=i(2=2k) = k=2 €eR (1271)
.f// (k7 %) = _QZa
u(ke) =0, wlko) = (£)*>0

The curves of steepest variation v(k) —v(ko) = 0 are the main and secondary
diagonals passing through the saddle point kq:

x x
v(k) —v(ko) = —(kr — k1 — 2—t)(/€R +kr — 2_t) =0. (1272)
and the steepest descent curve is the secondary diagonal kr + k; — 5 = 0

(see Fig. 67)(VERIFY IT).

U congt, QJMQ,S $ ’JES‘LJ ‘?e\u’..

!\)"Cnmﬁ- Unet: dashed e

S*’wrurvw.}d-?w Lvea?
C,OMkaD NG w

R T
kqﬁ;‘ang u-qé@;dml(x‘wg Mok

Figure 67: In the k complex plane centered at ky = x/(2t), the lines of
steepest variation are the main and secondary diagonals (in continuous red);
the steepest descent line is the secondary diagonal; the lines v =const are in
dashed red; the lines u =const are in dashed blue; the gray regions are the
regions in which u(kg, kr) — u(z/(2t),0) < 0.
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For the convergence at k ~ oco: f(k) ~ —ik? = |k[*(sin(2¢)—i cos(2y), k =
|k|e'?; then sin(2¢) < 0, implying 7/2 < ¢ < 7 and 37/2 < p < 27. It fol-
lows that the integral converges to zero on infinite arcs of the second and
fourth quadrants.

Therefore the integral (1270) over the real line is equal to the integral over
the contour 4 consisting of the union of the infinite arc (—oo, co exp(3im/4)),
of the steepest descent straight line v (from oo exp(3in/4) to co exp(—in/4)),
and of the infinite arc (0o exp(—im/4),00), by the Cauchy theorem, assum-
ing that 4o(k) be analytic inside the closed contour R U (—%). Since the
contribution of the two infinite arcs is zero, we have

dk ~ ika—k2t) _ [ dk i(kz—k2t)

“g(k)e = “g(k)e

() J(£-3) (14 0 z (1273
= it © (1+0(3), t>1, §=001),

coinciding with the result (32) of the qualitative analysis made using the
stationary phase method. Therefore in this case the leading order term comes
indeed from the steepest descent integral.

As a second example, we consider the integral (1270), but on a different
contour C with end points a, b:

dk
I(z,t) = /—ﬁo(k)ef(k’x/t)t, (1274)

where a < x/(2t) and b € C with 0 < arg(b — z/(2t)) < w/4. Using the
Cauchy theorem, we can replace the original integral with the contour ¥
in figure, consisting of the union of the v =const line 4; connecting a to
oo exp(3im/4), of the steepest descent line v, and of the v =const line 7,
connecting oo exp(—im/4) to b, having assumed that ug(k) is analytic inside
the closed contour C U7 (see Fig. 68).
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Figure 68: Due to the Cauchy theorem, the integration curve C is replaced
by the red curve from a to b; in this case the main contribution does not
come from the steepest descent curve

By the Cauchy theorem the contour C is replaced by the contour 4. The
main contribution comes from the last part of the red contour and is obtained
using integration by parts.

We see that the integrals over 4; and over 7, can be evaluated using the
integration by parts (since f’(k) # 0 on these contours), obtaining respec-
tively:

0ediT/4

f%ﬁo(k)ef(k,x/t)t _ __ ig(a) )ei(az—a2t) (1 L0 (%)) > 1,2 =0(1),

2mi(x—2at
(1275)
and
b - .
f%ﬂo(k’)@f(k’x/t)t — tg(b) ez(baszzt) (1 +0 (%)) L t> 1’% — 0(1),

o2n 2mi(z—2bt)
ocoe™

(1276)
while the integral over the steepest descent contour has the leading con-
tribution (1273). While the contribution of 4; is much smaller than the
contribution of (1273), the contribution of 4, is much larger than the contri-
bution (1273), given by the steepest descent path ~, since Re(i(bx — b?*t)) =
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2b;(bgr — x/(2t))t > 1. Therefore in this example the leading order term
does not come from the saddle point contribution, and

o (b) i(br—b2t 1 x
I(2,t) = ————— = [ 1 L O = t>1, ~=0(1). (1277
@0 = o — 2 tO\3)) > L g = 0. 12m)
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