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Defect production behind the shock wave front of an inhomogeneous quench

P. Tatrocki and T. Dobrowolski
Institute of Physics AP, Podcharach 2, 30-084 Cracow, Poland
(Received 25 August 2003; published 28 January 2004

The creation of defects behind the half kink in the presence of external force distributions is considered. The
influence of external potentials on kink production behind the shock wave front of an inhomogeneous quench
is examined. It is shown that depending on the impurity strength and orientation its interaction with the front
of the decaying false vacuum, even in homogenous systems, may lead to single or even multiple defect
production in the vicinity of the impurity center.
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[. INTRODUCTION out but also by the length scale describing the distribution of
. . . impurities in the system. This situation was described in Ref.

_ Presently, symmetry-breaking phase transitions are ubigg) |t seems that in an inhomogeneous medium there are two
uitous in the description of condensed matter systems, e omponents of the number density of produced defects. One
ementary particle physics, and cosmology. A uniform backpart of the defects is produced in the neighborhood of the
ground for the description of continuous phase transitionsmpurities and seems to be persistently confined by the im-
has been proposed by Kibble and Zurek in their illuminatingpurities. The second component consists of free defects pro-
articles[1] and tested numerically in a series of papgs  duced in homogenous areas located between impurities. This
The validity of this scenario was also confirmed experimencomponent decreases with time as a consequence of the
tally in He® [3]. According to the Kibble-Zurek scenario, kink-antikink annihilation. The creation of kink-antikink
during the transition to the broken-symmetry phase, the ordi?a”s is also possible, but at this stage of evolution it is much

parameter in causally separated regions of space chose dif->> efficient than annihilation. For late times, i.e., when the
. . .“system is in the stationary state, the probability of the cre-
ferent vacuum values. The coexistence of different domain

) . _ 3tion of pairs is determined by the proper Boltzmann expo-
of irreconcilable low-temperature vacua on boundaries leadggnt [7]. The contribution of each component to the total

to the creation of topological defects. The initial density of yymper density depends on the separation and strength of the
the defects produced follows from the observation that if thempurities. For instance, if the separation of the strong im-
system evolves towards the critical point as a consequence plrities is comparable with correlation lengthr smalley
critical slowing down, the relaxation time diverges and per-then there is no room for creation of free defects. In the
turbations of the order parameter propagate very slowly. Ibpposite regime, i.e., for widely separated impurities, the
the time of propagation of density perturbations over themain part of the kinks is produced in areas located between
correlated regions becomes comparable with the relaxatiotinpurity centers and therefore the total number density is
time, the field configuration in the system freezes in. Thedominated by free kinks. These two components are also
same time after transition the system regains capacity to redsible at late times when the system became statioftiry
spond for the change of external parameters. The correlation !N the real condensed matter systems, we have to face two
length at the instant of freeze out sets the size of the regiorfiyP€S Of complications. First is inhomogeneity of the me-
over which the same vacuum can be selected. Hence, it setiim, and second is inhomogeneity of the quench. Inhomo-

the resulting density of the topological defects. The correla9€neity of the quench IS a consequence of t.he fact tha’g the
tion length at that instant describes the size of the defect ang}2n"9€ Of thermodynamic parameters is unlikely to be ide-
therefore the density of defects is limited by their size at theaIIy umform. As a consequence of this _|nhomogene|ty the
time of freeze-out symmetry is initially broken in some region of the system.

; e . _The order parameter chose some vacuum value in this region
. This description concerns the hom(_)genous quenc_h N 8Bnd when the broken symmetry region grew, the choice of
ideally homogenous infinite system with no boundaries. Inpe yacuum value was to some degree enforced in the neigh-
real systems a phase transition is often associated with gorhood of the initial region. This mechanism of inhomoge-
large degree of inhomogeneity. Examples of generically inneous quench in a homogenous medium could lead to sup-
homogeneous systems are superconducting layers and liquilessing of or even halting of production of topological
crystals. Actually, in liquid crystals one could observe tran-defects|9]
sitions that can only approximately be considered as transi- In this paper we consider the influence of the impurities
tions of the second type. On the other hand, superfluid ligen creation of kinks during an inhomogeneous quench. In the
uids in nature are free of impurities; however, contaminatiomext section we illustrate mechanisms of the formation of
of superfluid helium can also be achieved by application ofdefects behind the front of the decaying false vacuum in the
some artificial method such as the aerogel techniglle presence of impurities. The last part contains some remarks.
Considerations of the impact coming from the impurities on
the production of defects during continuous transition were IIl. CREATION OF KINKS BEHIND THE
performed in one and more dimensiors. It was proved SHOCK WAVE FRONT
that the number density of the produced defects is character- Let us consider the dissipativé* model in one spatial

ized not only by the correlation length at the instant of freezedimension
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FIG. 1. Initially the half kink moves in the direction of the impuritg). The modulus of the amplitude of the force distributiof| is
small and therefore after a period of interaction of the half kink with the impurity céh}gc) we obtain a free half kink moving in the
initial direction (d). The impurity is too weak to produce any additional kink structures in its vicinity. The parameters in the plots are the
following: .4=0.28,I'=10,A=1, a=1, Xo=>5. The dashed line represents the impurity force distribution.

iza$¢(t,x)+rat¢(t,x>=a§¢<t,x>+a¢<t,x>—x¢3<t,x>, izafd)(t,xww@(t,x)
C C
D)

_ _ - = G p(1,0)+aB(1,3) ~ NGt x) + 7(tx). (3)
where ¢ is a real scalar field and, I', ¢, a are positive

constants. For positiva the system remains in the broken |t is usually assumed thaj is the Gaussian white noise of
symmetry phase. We know that in these settings the equatia@mperatureT:

of motion posesses a stationary solution, called a half kink,

which describes a decay of the false vacuum (n(t,x))=0,
1
(F)(x— = \ﬁ— (p(t,x)p(t" ,x"))=2aTKkTS(x—x")8(t—t"). 4
¢H (X Ust) - }\1+ev‘“ia72iy(x—vst)’ (2)

In Ref. [9] some particular forms of the functica=a(t
where y= 1/\/1—1)32/02 and ve=*+c/\1+2T'%c%/9a. The —x/v) have been considered. One choice was the step func-
velocity of the half kink is determined in a natural way by tion a(t,x)=aysgnt—x/v) and another was the oblique
the equilibration of the forces coming from the potential andstep function. Both choices describe the phase front which
the friction present in the system. The solution describedhrises as a consequence of the nonuniform change of ther-
above exists for Eq(l) which contains the inertia term and modynamic parameters. The authors, who consider inhomo-
also in the overdamped model achieved in the lardjenit. geneous quench in a homogenous medium, analyze the sta-

If we enrich Eq.(1) by adding a noisey(t,x) term and bility of the half-kink solution in the presence of the pressure
assume space and time dependence of the quaatiityx) shock wave. They compare the velocity of the phase front
which allows for inhomogeneous change of the signapf with the speed of the interface between decaying false and
than we obtain an equation modeling the inhomogeneougue vacua. They conclude that if the interface moves slower
phase transition from the symmetric to broken symmetrnthan the phase front then between these two there is enough
phase room for creation of kinks in the way described by the
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FIG. 2. At the beginning, the half kink moves in the direction of the impui@y If the orientation of the force distribution is negative
and its magnitude is not too small, the interaction of the impurity with decaying false va@){o results in reversing the half kink into
an inverse half kink moving in the direction of tieaxis and production of the squeezed antikink at the position of the impurity center. The
parameters are chosen as follows=—0.5'=10A=1,a=1Xx,=5. The impurity is represented by the dashed line.

Kibble-Zurek mechanism. In the opposite case the systeraffect of propagation of the half kink, which is interface
left behind the phase front is free of defects. between false and true vacua, in the presumed force distri-
In the present paper we show that in the system populatelution.
by impurities, creation of defects is possible even in the sec- We have found three qualitative different scenarios of the
ond case. Almost all defects created in these settings amgolution of the field configuration. If the modulus of the
located in the vicinity of the impurities. Let us add the term gmplitude of the force distributiohd| is sufficiently small
D(t,x) which describes some deterministic force distributionthen, after the period of the interaction of the half kink with
to Eq. (1): the impurity center, we obtain half-kink moving in the initial
direction. The evolution of the system is presented in Figs.
1(a)— 1(d). In this case the impurity is too weak to produce
any additional kink structures in its vicinity. In this scenario,
similar to the homogenous case, the system left behind the
=&)z(g{)(t,x)+a¢(t,x)—)\¢3(t,x)+D(t,x). (5) decaying false vacuum front is free of additional kink struc-

1 2
gat ¢(t,x)+ T p(t,X)

tures.

In our numerical studies we choose a force distribution of the ~ The situation changes significantly if the orientation of the
form force distribution changes and its magnitude is not too small,
i.e., if parameterd became negative and its value became
32 o _ significant. In this case the interaction of the impurity with a

a sinhB(X—Xgp) ; ; .
DX)=* Al | ————————, (6)  decaying false vacuum results in a reversal of the half kink
N costB(x—xo) into inverse half kink and production of the squeezed anti-

kink at the position of the impurity center. The process of the
whereAe[0,) describes the strength of the impurity force, formation of this additional kink structure and the free propa-
B=+(al2)b and b=1+ A/\. This particular choice of gation of the inverse half kink in the direction of tRexis is
function D(t,x) is motivated by the fact that for this choice illustrated in Figs. 2a)— 2(d).
we know an exact solution which has the form of a squeezed The last possibility occurs for positively oriented and suf-
kink confined by the impurity centd6]. We considered the ficiently strong impurities, i.e., for sufficiently large and
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FIG. 3. First the half kink moves toward the imperfection positioneg,dia) and then we observe formation of half kinks and inverse
half kinks, and their movement in the opposite directiéinis(c). They meet each other and form free antikinks in addition to the existing
squeezed kink formed at the position of the impu¢dy. The parameters are chosen as follows:1,I'=10,A=1,a=1,Xxy=5. The dashed

line represents the force coming from the impurity.

positive parametesd. The evolution of the field configura- Wwhich has two solutions. Trivial solutioi(t) =0 leads to the

tion in this case is presented in Figga3- 3(d). In Fig. 3a)
we have the half kink moving in the direction of tleaxis.

known function ¢p(t,X) = ¢dased X—d). The second solu-
tion f(t) = exp[3a(t+1,)/2I' | = exf — Va/2v «(t +to) ] is much

Then we observe the formation of half kink's and inversemore interesting because it leads to a new solution of Bg.
half kink’'s and their movement in opposite directions. Theylt is worth stressing that at first sight this new solution looks
meet each other and form a free antikink in addition to thesimilar to the sum of half kinks moving in opposite direc-
existing squeezed kink formed at the position of the impurity.tions but this is not the case, i.e¢;D(t,x)¢¢(H“(x—d
This description of the evolution of the considered field con-—y t) + ¢{,(x—d+uv4t). Let us notice that for the sum of

figuration follows from the arguments presented below.

half kinks, functionf has the formf(t)=2cosljiva/2v(t

In order to understand the meaning of the data presenteqito)]_

in Fig. 3 let us consider the overdamped lingt¢ ) of the
model (1), i.e.,

Tod(t,x)=3d2p(t,x)+ad(t,x)—Nd3(t,x).  (7)
First we consider an ansatz

a
(,bD(t,X): - \/;

eB(x—d) _ o= B(x—d)

We showed that half-kink-like solutions meet at some po-
sition preceding the localization of the squeezed kink trapped
by the impurity center. The field configuration, which is
the final state for late times, can be approximately described
as a sum of the squeezed kiffk confined by the impurity
center, the free antikink associated with the squeezed kink,
and the half kink propagating freely to infinity. If we choose
an ansatz

ef D4 e A f(t) ®
d(t,X)= sq(X_X0)+ datred X—d)+ du(X—vgl)
In the considered limit we obtain an exact equation for test (10
function f:
3 with unknown antikink positiord, then equation of motion
_THt) = Zaf(t), o) (5) can be .reduced to the following algebraic constraint on
2 parameted:
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(¢K sq+ d’A freé[ ¢K sq¢A free T Q”H( ¢K sq+ ¢A free T ¢H)] =0. 4 H : :
EET N [ I

b :. "

Let us rescale fieldgp=+a/\ F and rewrite the last equa- 2 s
tion with the use of the rescaled varialite it h "
(Fqu+ FAfretn)[FquFAfree+FH(Fqu+ Fafreet FH)]:(?_.Z) 0 Il'. IE' IE'

{ II

X
This equation is approximately fulfilled almost everywhere. ' I ]
The disappearing of the left side of this equation in the =2
neighborhood of the antikink localization can be achieved_,
by the proper choice of the parametérLet us notice that (a) !
in the vicinity of the antikink localizationF p fred x~q~0 ‘
and Fy|,~q~1. On the other hand, if we consider re-
gime \a/2b(d—xg)<1 then Fy sqlx—a~Fk sq(d—Xo) 3 . , i
~\/a/2 b(d—x,) and we can rewrite Eq(12) in the ap- ﬁ ' !
proximate form 3 ' &

2 i i i
Vﬁbd Vﬁbd 1|=0 P
FP(d=X0)| \/5b(d=Xo)+1]=0. Tr— & i’\ ¥ .
0 [ 1 1
It is worth stressing that although the localization of the an- \J \_) X

tikink associated with the squeezed kink is not determined=1
very preciselyd~x,— \/2/a/b, it is uniquely defined by the _,
impurity positionxy and its strengthA.

Now the interpretation of the results presented in Fig. 373 (b)
(at least in the overdamped linis straightforward. We can
consider the profile presented in Fig. 3 as a sum of the halt 0 20 40 60
kink moving in the direction of the axis, the squeezed kink

!‘c()jcatgld hatlf tkheknlmpurltyl _cen:erih a?d thet.kacﬁompfanym%efects. Numerical simulations show that for very strong force dis-
ouble half kink” ¢p, evolving to the free antikink configu- tribution each impurity center is occupied by the squeezed kink and

ration. In all S|muI§t|0ns we {flgsumed large dam_pmg Wh'crﬁccompanied by the free antikirig). The parameters are chosen as
prevents the creation of additional unstable excitati@b 5 ows: A=199,T=1, \=1, a= 1, Xo;=5Xgr= 15, Xg5= 25.

these excitations decay for sufficiently late time

Finally we also show the evolution of the system in the ) .
presence of a few defects in Figgay4(b). Numerical simu- front v is lower than the speed of propagation of the front of
lations show that for the considered form of the force distri-the decaying false vacuumy. In this regime the half kink
bution each impurity center is occupied by the squeezed kinkhoves in step with the quench front and therefore the choice
and accompanied by the free antikink. It is easy to imagin@f vacuum is solely determined by the choice of boundary
that if the force distribution is more complicated and to someconditions. Due to the stability of this solution, no kinks can
degree random then under a fixed asymptotic the field corPe created behind the quench front. In the second regime
figuration in the region of the nonzero force distribution mayis smaller than the speed of propagation of the quench front
have a complicated structure, however, this structure fits the and therefore there is enough room for instability between
boundary conditions. Defects in this situation can be identithe quench front and the front of the decaying false vacuum
fied as points where the scalar field changes its sign. Thi¢ading to the production of defects.
stable configuration in this system is achieved after suffi- In the present paper we concentrated on creation of de-
Cienﬂy |0ng time due to the decay of the initial state byfeCtS behind the quench front in the first regime, i.e., in the

radiation and damping of all excitations present in the sysfégime where in homogenous media the system left behind
tem. this slow front is free of defects. We showed that even in this

regime some number of defects behind the front is created in
. REMARKS inhomogeneous media. This number and the particular form
of final configuration is determined by the force distribution
The context of our investigations is composed of the studand the boundary conditions. We showed for a particular
ies of the creation of defects behind the shock wave quencform of the impurity force distribution, the final configura-
fronta=a(x—t/v). In fact in our studies we do not change tions which posess additional kink structures created behind
a but, at any rate, we can draw some conclusions concerningne decaying false vacuum front. We would like to stress
this case. We know that in homogenous media there are twihat in this regime creation of kink structures is suppressed
different regimes of creation defects behind the quench fronin the homogenous case. Although the particular form of
In the first regime the speed of propagation of the quenclthe assumed force distribution may seem to be a little artifi-

FIG. 4. The evolution of the system in the presence of a few
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D(x) homogenous areas located between impurities. This compo-
B AN nent is present in the second regime mentioned above. More-
g over this component decreases with time as a consequence of
M the kink-antikink annihilation. Creation of kink-antikink
pairs is also possible but at this stage of evolution it is much
x less efficient than annihilation. The contribution of each
component to the total number density, depends on the sepa-
FIG. 5. Any nonconstant force distribution has locally ration of the impurities and on their strength. For instance, if
decreasing-increasin@gncreasing-decreasingharacter. separation of the strong impurities is comparable with corre-
lation length(or smallej then there is no room for creation

cial we would like to stress that its crucial feature is Of free defects. In the opposite regime, i.e., for widely sepa-

the decreasing-increasingncreasing-decreasingcharacter rated impurities, the majn par.t of the kinks is produced in the
which is a generic behavior of any nonconstant force distri-27€as located between impurity centers and therefore the total
bution (see Fig. 5. number density is dominated by free kinks6].

It seems that in an inhomogeneous medium there are two
components of the number density of produced defects. One ACKNOWLEDGMENTS
part of defects is produced in the neighborhoods of the im-
purities and they are persistently confined by the impurities. This work was supported in part by KBN Grant No. 2
The second component consists of free defects produced PO3B 025 25 and the ESF “COSLAB” Program.
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