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The scheme for describing the kinetic behaviour of solitons in the inte-
grable systems is considered for sine-Gordon and nonlinear Schrédinger
equations. The collision integral for solitons is constructed without the as-
sumption of the gas approximation. The kinetic equation for solitons in the
case of small inhomogeneities in the soliton gas is proposed. Possible ap-
plications of the kinetic properties of solitons are discussed.
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1. Introduction

Soliton is one of the most actively investigated nonlinear objects. Soliton ideas
were successfully applied for explaining the physical effects in solids, hydrodynamics,
plasma [1,2] and biological systems [3]. One soliton solution of corresponding equa-
tions has been used in the most of soliton applications. However, in the integrable
systems soliton-soliton interaction demonstrates a very important property: solitons
conserve their velocities and therefore energies and get only the shifts of their posi-
tions (see for example [1]). This fact enables us to expect unusual kinetic behaviour
of solitons. First, kinetic properties of solitons were considered by Zakharov [4]. He
has constructed kinetic equation for solitons in Korteweg — de Vries equation, but
this equation describes only renormalization of solitons velocities and does not de-
scribe the diffusion processes. From the other point of view kinetic behaviour was
considered by Wada and Schrieffer [5] and Theodorakopoulos [6]. In [5,6] the dif-
fusion of kinks interacting with phonons in ¢* model was considered. This model
is not exactly an integrable model but potential for kink-phonons interaction has a
reflectionless form and the result of the interaction is the same as for soliton-soliton
collision in integrable models. Taking into account such kind of interaction in [5,6]
kink diffusion coefficient was calculated. A bit later the same calculations have been
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done for sine-Gordon model [7]. Following the approach [5,6], diffusion coefficient
and renormalization of kink velocity due to kink-breather collision were calculated
in sine-Gordon model in [8]. In fact the regular method of investigating the soliton
kinetic properties has not been formulated. The problem of the entropy of the sys-
tem of solitons was considered in [9] and it was shown that entropy increases in the
case of inhomogeneous distribution of solitons in real space on the example of kinks
in sine-Gordon equation. It enables us to derive the transport equations for kinks
and to prove the existence of other kinetic coefficients, except the diffusion coeffi-
cient for the kinks in sine-Gordon equation. In [10] the kinetic equation for solitons
interaction with 2D phonons in the system close to the completely integrable one
has been proposed.

In the present paper the scheme for describing the kinetic behaviour of solitons
is considered for sine-Gordon and nonlinear Schrédinger equations. We follow the
Boltzmann approach for usual particles. The steps are the following: to analyze
the processes of soliton-soliton interaction; to introduce the distribution function of
solitons and to construct the collision integrals; to formulate the kinetic equation for
solitons and to prove the entropy production; to calculate the corresponding kinetic
coefficients and relaxation times.

2. Models

Among few physically reasonable models, covered by the inverse scattering meth-
od and described solitons we consider sine-Gordon (SG) and nonlinear Schrodinger
(NS) models.

SG equation can be written as

Pu  Pu

w—ijwgsinu:O. (1)
SG equation is widely applied in analysing the nonlinear properties of magnets and
Josephson junction [1,3].

Two types of localized solutions are known for this equation: kink type soliton
and breather type soliton. Kink is characterized by its coordinate of the centre of
mass xp and its velocity vy, breather — by the coordinate of the centre of mass xy,
the phase ¢, , the velocity v, and the intrinsic frequency wy,. When w, — 1 breather
can be interpreted as a bound state of two kinks. Kink is the topological soliton, the
topological charge of breather is equal to zero.

NS equation in dimensionless variables has the form:

o Py 2

i—+ —+2 =0. 2

gt a2 T2 (2)
NS solitons, often named as envelope solitons, are characterized by the coordinate
of the v centre of mass x., the velocity v., the phase ¢, and the frequency w.. NS
soliton application see, for example, in [1-3].
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In the integrable systems solitons clearly display the difference from the usual
particles and waves in soliton-soliton collisions. Solitons conserve their forms and
velocities and the only result of the collision is shifts of the soliton’s coordinates
and phases for breathers and envelope solitons [1]. It is necessary to emphasize that
many particle effects are missing, i.e. the total shift of soliton position is equal to
the sum of partial shifts [1].

The following formulae can be written for the two soliton collisions. For kink-kink
collision

Vg = Uik, Vo = Uik,
x’lk =21k + Az g (v1,02), xék = Zo g — Az (v1, v2). (3)

For breather-breather and envelope soliton-soliton collisions

/ /
Ul = Vg4, V25 = Ugy,
/ / .
Ty; =T+ Ay (v, v2, w1, wa), To; = Toi — Ay (v1, V2, w1, w2);
/ /
Wi = Wy, Wog = Woy,

<P/17Z- = @1+ Az (1, v2, w1, W), 80/2,z = 2 — Ay (v1, v, w1, w2).  (4)

Here i = b, e for breather and envelope soliton; the values after collision are noted
with a prime. The general expression for coordinate and phase through the scattering
date see, for example, in [1].

3. Kinetic equations and entropy production
Let us introduce distribution function of solitons
fz(rlat)a 1= kaba €; (5)

where 'y = (z,v) for kinks, I'; = (z,v, p,w) for breathers and envelope solitons.
Following the Boltzmann way the collision integral can be written as

LU = [ [0 Do T D) (T AT 1)
- W<F/1,w l2,l; Fl,% FQJC)JCZ'(FIJH t)fl<F2,l7 t) dF/l,idFIQ,ldF2,l ) (6)

where W is probability of soliton transition per unit time.

For simplicity we will consider only the changes of soliton coordinates . Taking
into account the fact that the cross section of soliton-soliton collision is equal to 1
due to the one dimensionality of the problem, W can be written as

W=1- |’U172‘ —1)27l|5(’l}172‘ —vi,i)é(vg,l _vé,l)a(l‘ll,i _xl,i —AZL‘LZ')(S(I‘/QJ —IL'QJ —AZL‘QJ). (7)

Here the first two delta functions describe the solitons momentum conservation laws,
the two last delta functions describe the fact of solitons shifts due to the collision.
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It is necessary to underline that the gas approximation has not been used in (6), (7)
because many particle effects for solitons are missing.

Assuming that f(x,V,t) is slow varying in scales comparing to Az and expand-
ing f(x,V,t) in powers of Az and keeping the leading terms we can rewrite the
expression for collision integral (6) in the form:

Of; *f;
L{f;} = _57}1,2‘% + Dl,iW7 (8)
where
oy, = / |01 — vy Az i (Vig, Vay) fi(xay, Vo, t)dly, 9)

is the renormalization of soliton velocity due to collision and

Dy, = / |1, — vau] (Axy;(Vi, V2,l))2 fi(xay, Vo, t)dly, (10)

describes the soliton diffusion process. Here V; = vy, for kinks and V; = (v;,w;) for
breathers and envelope solitons.
The kinetic equation can be written as

afi
ot

From kinetic equation one can show that soliton-soliton collisions lead to entropy
production in kink gas. Really, defining entropy as

of, _ . Of
+ (’U + 5’0172‘) a—{; = Dl’ia—x];. (1].)

S = —/f(x, Vig ) In[f(x, Vi, t)/e]dl'y; (12)

and using kinetic equation and formula (10) one can obtain that

ds
& _ [ gar,, 1
7= [ e (13)

where the source of entropy production is:

2
) Ty, > 0. (14)

i of;
C_I:/|Ul,i _UQ,lHAfEl,i(‘/l,ia‘/Q,l)]Q L < f

fl 8:5

The expression (14) proves the Boltzmann entropy production theorem. The entropy
production connect only with the inhomogeneities in real space. In addition, when
the inhomogeneities in the phase space take place, the entropy production can be
shown similarly.

Applying the standard methods from (11) it is easy to derive the transport equa-
tions and to calculate kinetic coefficients. The transport equations can be written
in the following general form:

9 0
ani < a; > _'_a_:L‘ (]z’ +]Z-) =0, (15)
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where n; is density of i-type soliton and
n; <a; > = /al(xa‘/l)f(l‘?‘/;at)d‘/la (16)
Ji = /ai(x, Vi)lv + ovil fi(z, Vi, )dV;

d
T / ai(@, Vi) Difi(x, Vi £)dV; (17)

Substituting in equation (1), the velocity and the energy of solitons for variable a,
one can obtain the continuity equation, hydrodynamic equation and equation for
local energy density.

To calculate the specific kinetic coefficients it is necessary to assume the dis-
tribution function of solitons. For kinks in sine-Gordon equation in the case of
Maxwell-Boltzmann distribution function, the self-diffusion, thermal conductivity
and internal friction coefficients were calculated in [9)].

4. Applications

Let us consider some applications that result from kinetic equation (11). NS
equation appears in the analysis of nonlinear electron plasma waves [1,2,11]. The
conditions of solitons creation [12] and collapse [13] and interpretation of Lengmuir
turbulence in soliton terms have been analyzed in the frame of NS equation (see [11]).

In the nonintegrable system solitons collide with momentum changing, but in
the case close to completely integrable model it is not difficult to estimate the
relaxation time due momentum exchange, 1/7., ~ AE/E |, where AE/E is relative
energy change due to collision. Thus we have two steps of the relaxation: the first
one deals with shifts of the soliton positions and the second deals with momentum
exchange [10]. The characteristic time 73, of soliton instability in 2D space is finite
and Ti,s ~ L? (see [11]), where L is a characteristic size in the direction perpendicular
to soliton propagation. In other words it is possible to conclude that the above
considered kinetic behaviour of solitons deals with shift of its positions and can be
realized as an intermediate regime before solitons collapse and can be interpreted
as soliton turbulence. Soliton turbulence phenomena have been considered in [2],
where kinetic equation for many particle distribution function of soliton like waves
has been proposed. In fact in [2] processes with momentum exchange only were
considered.

Other application of NS equation deals with soliton propagation in optic fibers
[14]. From the applied point of view the problem of relaxation of solitons interacting
with defects is one of the most urgent among the kinetic effects. The possible re-
sults of soliton-defect interaction are transmission, reflection or capturing of soliton
by defect (see [15]). Dynamic properties of solitons in optic fiber interacting with
dispersion-spectrum inhomogeneities have been studied in [16]. Obviously, the most
natural way of analyzing the relaxation of solitons is to formulate soliton-defect

231



I.V.Baryakhtar

collision integral. In general form it can be written as

Ly = /W(phpQ)[f(%Pl,t) — f(x,p2,t)]dpa . (18)

A specific expression for W (py, ps) in sine-Gordon model was calculated in [17] for
the case of elastic scattering of soliton by impurity.

Here we estimate the relaxation time 74 in the case of low density of solitons
comparing with defects concentration Cy . Really from dimensional consideration

1 AFEy
—~C
Tsd d FE ’

(19)

where AFy is a relative energy loss due to interaction with defect.

The presense of defects can be induced by fiber irradiation. As a result, the
characteristics of light and sound propagation have changed under the influence of
the ionizing radiation. These effects have been applied for measuring the radiation
dose [18,19]. Obviously, the relaxation time and kinetic coefficients of solitons depend
on the intensity of fiber irradiation.

Let us consider the expression for the concentration of defects in the case of
~v-rays. The y-rays can be generated in the processes of electron beam breaking on
heavy elements targets. The breaking radiation has a continuous spectrum with the
maximum energy of photons equal to the energy of electrons (see for example [20]).
In this case [21]

Cq = J K1, (20)

where t is the time of irradiation, J is the current of electrons, coefficient K=2.1 for
Si [21] and energy of y-rays E, > 20Mev. Therefore

1

B E]E)

(21)

Consequently due to the stability of soliton and low damping in optical fiber this
effect can be applied for measuring the irradiation dose.
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KiHeTunyHe piBHSAHHS ANS CONITOHIB y Moaeni
cuHyc-lfopaoHa Ta HeniHinHin mopeni LWpepiHrepa

|.B.Bap’saxtap

®Di3nKO-TEXHIYHMI IHCTUTYT HM3bKKX TemnepaTyp iM. b.l.BepkiHa HAH
Ykpainu, 310164 Xapkis, npocn. JleHiHa, 47

OTpumaHo 29 yepeHsa 1999 p.

IMpOoNoHYETLCS CXeMa ONMCY KiIHETUYHOT MOBEAIHKM CONITOHIB Y IHTErPOB-
HUX CUCTEMAX Ha Npukaaai Moaesni CMHyc-fopaoHa Ta HeniHIMHOI Moaeni
LLpepniHrepa. NMobynoBaHo iHTerpan 3iTkHeHb, Lo He BUKOPUCTOBYE ra-
30B€e HaBIMXEHHS 19 CONMITOHIB. [PONOHYETLCA KIHETUYHE PIBHSAHHA AN19
CONITOHIB Yy BMNaAKy HEBENUKOi HeoaHopiaHocTi. OBroBopETLCA MO-
XX/INBE BUKOPUCTAHHS KIHETUYHNX BIACTUBOCTEN COJITOHIB.

KniouoBi cnoBa: co/iiToH, eHTporis

PACS: 05.20.Dd
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