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Phase transition in an ensemble of dissipative solitons of a Turing system
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Numerical study of a two-component reaction-diffusion system where Turing spatial structures are formed
has revealed the existence of phase transition between condensed and rarefied phases of dissipative solitons.
The effect is due to the dependence of soliton structure on control parameters. The transition manifests a
hysteresis, which gives evidence for the possibility of phases to coexist.
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Reaction-diffusion systems are capable to organize struewvhereSis the area of the system.
tures where localized domains with high concentration of The dynamics of density of carriers is governed by their
activator are surrounded by the homogeneous backgroungecay with the lifetimery and the avalanche multiplication,
[1-3]. To refer to such element of a pattern, terms autosolithe first and second terms on the right hand side of(Byqa,
ton [3] or dissipative solitor(DS) [4] have been suggested. p andN* are constants defining the efficiency of the auto-
In the present paper, these quasiparticle states are referreddgralytic avalanche process in dynamics of carriers. Last
as DSs. The DSs are experimentally found in different sysgerms in Eqs(1) and(2) describe the diffusion spreading of
tems, including electrical network$] and chemically react- | 5riaples in the plane of the system. Actually, the equations
ing media[6,7]. Both stationary and moving DSs aré ob- yefer 15 4 two-dimensional space, while changes of variables

[Sgri/g]d in _dc-d(rjivetn quasi;j(_)ner;dimendsiorﬁa] anSd hpliZ?r are considered only in lateral direction. Note that variables
' semiconductor-gas dischargé devices. SChend. .4, may be referred to as activator and inhibitor of the
have theoretically showri11] that DSs can form stable Problem of the system's dynamics

molecular-like clusters. It is demonstrated in the presen In calculations. we consider the set of parameters in Eds
work that an ensemble of DSs in a two-dimensional reaction- ’ P as.

diffusion system may undergo phase transition between con(-l) and (2) for a model case where the homogeneous state

densed and rarefied states in the course of variation of 3= 0 bifurcates to a stationary hexagonal pattern whign
control parameter. reaches some critical valud,. Analogously to those ap-

This result is obtained by numerical solving of two- plied in Ref.[9], the main parameters of calculation afg
component reaction-diffusion equations earlier suggegied =10 ?sec, 7y=10 ®sec, a=1; b=04, N*=15
to interpret formation of patterns in planar semiconductor-x 10° cm™3® D, =0.625 cn¥/sec, Dy=0.045 cni/sec, and
gas discharge gap systems driven by dc voltage. While suab=1.64x 10" % cm®/sec;
an approach takes into account some specific features of the The instability occurs via the diffusiofiTuring) mecha-
gas discharge device, the equations used are a particular cagem. The characteristic wave vector of a formed stationary
of the general class of two-component reaction-diffusionperiodic structure is close to that for neutral modedJat
schemes. They are =Uy. The bifurcation is a subcritical one, that is, the pat-
_ terned state exists also in a range of control parameters
U Ug—yN-U NU+D. AU 1 where the homogeneous solution is linearly stable.
ot 'y ¢ U=t @) There may be applied in a computing routine two ways of
getting a stationary pattern in the domain of subcriticality:
starting from a state where patterns have grown spontane-
+DpnAN, (2) ously, to go here via a variation of control parametéiig;
spatially homogeneous fields of variables are perturbed lo-
where the variable$) and N are the voltage drop on the f:riyéirwgfaetgjstz?fzz;b,aetzﬁ Ilqsetrg]r;?xe;ﬂ,e t)hriszittte\/}\/rgrkTay
discharge gap and density of charge carriers in the gap, COfe first method of preparing an initial pattern which then, on
respondingly. The first equation describes charging the Cazer stages of computation, is used to study effects of inter-
pacity of the gap from a voltage sourt with the charac-  .ion of DSs has been exploited. A relatively low noise of
teristic timer, and its discharging due to free carriers ﬂthethe variable N, whose amplitude is in the range
gap;c is the constant of the discharging. The presenceMf (1073-1075)N, has been applied in calculations.
takes into account the global negative feedback that is con- Different number of DSs may exist in the system in the
sidered to be proportional to the total number of carriers insybcriticality domain[3]; the minimum quantity is, evi-
the gap. To include it into the local Eql), its value is  dently, one. A bifurcation diagram for the system, including a

N N 2
T iNU

+
at TN a b

normalized to the average density one-DS state, is given in Fig. 1 for some set of parameters.
Here, amplitudes of activator for a DS and for the homoge-
N= S—lJ' NdS neous background are presented as a functiod pfor the
s global loady=0.
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U, (V) L andH marked at the bifurcation diagram in Fig. 1.

FIG. 1. Part of the bifurcation diagram for Eq&) and (2). Egs. (1) and (2 are kept unchanged. What, is slightly
Under an increase in feeding voltage, the conductive spatially hojncreased abov®)y,, a spontaneously formed hexagon pat-
mogeneous stattSHS N>0 is established at the criticébreak- g occupies all the available space, Fig)3The pattern is,
down) voltageU5. It is linearly unstable against formation of pe- essentially, a periodic arrangement of maxima in the spatial
riodic hexagonal structure dtlo=Uy. A stationary dissipative  gigprinution of activator. Then decreasitl, a state can be
soliton (DS) of the shown amplitude exists in the rang§<Us  oqched where the number of maxima stz,irts to decrease at a
< Ug" (Fig. 2 shows spatial profiles of DS calculatedLaandH further decrease in voltage. A stage in the course of this

points of the diagram In an ensemble, DSs form either a “gas- decrease is shown in Fig(l8. At the conditions of calcula-
eous,” or “crystalline” phase. They can also coexist in some range ;

of varyingU,. The data are obtained st=0 for the square domain 'gons, '(; represe;ts nr(])t afstatl(?:ary state;l Namely, has_
of the dimensiorL =3.5 cm. For details of the calculation see the P€€N decrease rather fast. As a result, some activator

present text. maxima have died out, whereas the spatial configuration of
the system is not a stationary one that would correspond to
The range of existence of a one-DS state is confined: Aihe c_urrenluo value. In qther words, the rate W decr_ease
Lo L . q " " that induces the quenching of some DSs has been higher than
diminishing Uo, it is bounded by a critical voltag¥l; at that needed for the adiabatic process of the spatial recon-

Wh.iCh the_DS splution disap_pears. The upper bound on it§truction of the pattern containing DSs left in the system.
existence is defined, at the given values of parameters, by the , rarefied structure like that shown in Fig(t8 can now

process of the self-completion of the hexagonal periodic patpe \,geq as an initial pattern for studying effects of interaction

tfm on the primary DS as on a sea]12]. In the Casey  of PSs in the following evolution of the system, for a fixed
=0, it then occupies all the available space. Then it can b6 of the control parameter. In order to exclude an addi-
remarked that the critical value of voltage for such a procesgong) influence on such a process of events either of further
Ug"<Up. We also notice that while applying other param- quenching of DSs, or of their generation via the self-
eters of Egs(1) and(2), the right boundary of the bifurcation

diagram for a one-DS state may be determined not by the
self-completion process, but by a division of the primary DS
[3,13].

The structure of DS varies &%, changes, see Fig. 2. It is
remarkable that, close ttbut below of UZC, the tails in
distributions of both activator and inhibitor manifest ex- A
pressed spatial oscillationé\Ve notice that this peculiarity (a) (b) (©) (d)
has been also observed in experiments made on the cryo-
genic planar gas discharge systgyiL0]). On the contrary, in

e q g .
the vicinity of Ug, this fgature Is not Seen. . (2): (a) hexagonal stationary pattern spontaneously forms when
In the range of stability of a DS, it becomes possible tovoItager exceeddJy; (b) some maxima in distribution dfl are

create a rarefied ensemble of DSs in a spatially extendegl,enched agJ, is diminished to low enough values inside the
domain. In relation to the sensitivity of the DS'’s structure togpcriticality domain. There is observed a phase transition from the
the magnitude of the control parameter, then an influence ofyaseous” state of DSs with the repulsive interaction between them
this effect on interaction of the considered quasiparticle Ob'(c), to the condensed phase of D@swhere attractive forces domi-
jects can be discussed. nate their behavior, as, increases. The number of DSs remains

In Fig. 3, a sequence of the system’s states that iS obeonstant in the sequence of paffts—(d). Calculations are done for
served at varyindJ, is represented, all other parameters ofthe square domain of dimensiar=7 cm.

FIG. 3. Spatial distributions of activatdN obtained in the
course of the following stages of numerical solving of Eds.and
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differential conductance of the system in the course of a

51000 transition. An expressed hysteresis in the data gives evidence
for the possibility of a coexistence of crystalline and gaseous
50000 phases of DSs in some range of changing the control param-
eter.
~ 49000 We also notice that, near the point of the phase transition,
'?g the system exemplifies the slowing down of dynamics of

transient processes. The characteristic form of relaxation is
not, however, the exponential one: The speed of relaxation
depends on how distant the system is from a final steady
state. For initial phases of the process, the rate of relaxation
is rather high. In case of the transition “gas crystal,” this
46000 32 10'36 10'38 T040 stage corresponds to a condensatipn of nearby DSs into
U (V) quasimolecular aggregatéstable spatial configurations for
. some of these aggregates have been treated in[RE).

FIG. 4. Average density of activatdt versus voltage drop)s ~ Then more slow processes of aggregation proceed, which are
on the structure in the domain of transition from purely “gaseous”related to the inclusion of more distant DSs into their con-
stateA to the “crystalline” oneB. The effective conductance of the densation, as well as to the drift and slow turning of primary
system is higher for the condensed phase of DSs as compared to th§ymed clusters of DSs. The overall process is characterized
gaseous phase, upper, and lower branches of the hysteresis quﬂ, a spectrum of relaxation timéby the stretched kineti¢s
correspondingly. To make the computing time reasonably short, the™ |1 is appropriate to stress that E¢q4) and (2) are sug-
sequence of quasiadiapatical states is obtained for a rather den@%sted to describe pattern formation in an electrical system
Einsemble of DSs, their number over the calculated ared. of [9]. There the DS is actually a filament of electrical current.
IZ%S_CESS I\r}gaZYSZ. -Sr?(elg%esdmg voltagk is changing in the range The present consideration suggests that the spatial configu-

' ration of a multifilament pattern of current can be controlled

completion process, this study is performed in range of thé{"fIth feed_lnliq \:qutage. Lhe pattebrln mfa]}./l be e“:;ggrr:n the form
control parameter where the number of DSs inside the sy @ spatially dispersed ensemble of filamefwich occurs
tem’s area remains constant in the course of its relaxation. IAt (€ state where the repulsive interaction of filaments takes
Fig. 3(c), the asymptotic spatial configuration of the systemplace' or in the ;‘]orm Orf] at;:omzagt_bunch of them. Inhthe |
near the left boundary of existence of a stable solitary DS atter case, we have the bounded-in-space current channe
shown, while Fig. &) represents a stage in the system’sthat has a spatially modulated internal structure according to

evolution whenU is close to the critical value for the self- thePTurlng mecha_rlusn;. that idered in th t stud
completion process. rocesses similar to that considered in the present study

In both cases, spatially ordered phases of DSs are of'e expected to exist for other models including those being
served. For |0V\U’0, the ordering of the structure is due to suggested to describe self—organiza_tion of chemical media.
repulsive interaction of DSs, so that their ensemble occupie deed, Eqs(1) and (2) are, essentially, a variant of the

all the available space. On the contrary, for hidg, the ray-Scott mode]15] introduced for the description of non-

ordered state occupies only a part of the system which givel ear chemlcal reactors. We also remark that ph_ase transition
rom a dispersed to a condensed state of DSs is, as a matter

evidence for condensation of DSs into a compact phase. X ) S .
Hence, the transition between rarefiégaseous [14] and pf fact, a bifurcation occurring in the non[lpear system when
’ its steady state solution changes at sdorgical) value of a

compact(crystalling phases may be induced via varying the trol ¢
control parameter. We point out that number of DSs left incONtro} parameter. : : :
While DS is a generic element of patterns in reaction-

q sC; :
the system alg=Up=U,_is determined both by, value diffusion media, considered phase transitions can be ex-

zir\]/i ?&é?:cﬁgit%q] Sgsregféogn”égnuzhs?u\g% S;;Zeoz‘egmbected to exist in various experimental systems. We believe,

low noise a multiplicity of spatially ordered phases with however, that the semiconductor-gas discharge device might

different lattice spacings. On the contrary, for high values ofoccur as a good candidate for searching these effects. It is a

. : flexible experimental system with two natural control param-
S

UO(U°<U.03’ ””mb‘?r of partlples N _the_condense_d phaseeters, which are the feeding voltage and the intensity of light
may be different, while the lattice period is nearly fixed.

e . which controls the conductivity of the semiconductor com-
The phase transition influences transport properties of th

hich be ch ved by | q Bonent. In experiments on these systems, both compact hex-
system which can be characterized by its conductance ;q,nq clusters and patterns that consist of multiple spots of

~N/Us, whereUs=Uq— yN. Figure 4 shows an example the gas discharge plasma have been obsei@dd]. How-

of variation of N at a slow(quasiadiabaticchange in the ever, up to now, the existence of a transition between two
feeding voltage. It has been observed that transitions frondistinct phases that would be specified by a hysteretical be-
gaseous stata to the crystalline ond and back are speci- havior similar to that shown in Fig. 4 has not been proved.
fied by theStype behavior of the transport curv@n order One has to point out, however, that, in a pure case, the
to reveal this effect, an external logd>0 has been applied effect manifests itself as a reconstruction of tlgeias)sta-

in calculations. This indicates the presence of the negativetionary pattern when control parameters are changed uni-
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formly over the active area, whereas number of DSs is contransversal gradients in an active medium, which may stimu-
stant. This requires the high homogeneity of an experimentdate the propagation of a D6]. In such a case, the whole
system so that regularities of interaction of DSs in differentpattern may have the appearance of a stationary cluster of
parts of the system are the same. particles, which is immersed into an ensemble of stochasti-
Finally, we remark that a “free” DS that may coexist with cally traveling DSs.

the condensed phase seems to be more sensitive to the influ-

ence of natural noise of a real system as compared to a clus- The author acknowledges support of the work by the Rus-
ter of particles. Noise gives rise to an appearance of locasian Foundation for Basic Research, Grant No. 00-15-96750.
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