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Nonuniversality in the pair contact process with diffusion
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We study the static and dynamic behavior of the one dimensional pair contact process with diffusion. Several
critical exponents are found to vary with the diffusion rate, while the order-parameter momentmnratio
=?/F2 grows logarithmically with system size. The anomalous behavioma$ traced to a violation of
scaling in the order parameter probability density, which in turn reflects the presetwe dfstinct sectors
one purely diffusive, the other reactive, within the active phase. Studies restricted to the reactive sector yield
precise estimates for exponermgsand v, , and confirm finite size scaling. We also determine the vahye
=1.334 for the parity-conserving universality class in one dimension.
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The pair contact proces®CBP [1,2] is a nonequilibrium  critical behavior of the PCPD belongs to a single universality
stochastic model which, like the basic contact prod€R class[18]. In a further variant of the PCPD, critical expo-
[3-5], exhibits a phase transition to an absorbing statenents are found to vary with the survival probability for
While the absorbing state in the contact process corresponggwly created pairf19]. Our goal in this Rapid Communi-
to a unique configuratioan empty latticg the PCP pos- cation is to shed some light on this rather confusing situation
sesses infinitely many. Numerical and theoretical studiespy studying moment ratios and probability distributions in
nevertheless, indicate that the PCP belongs to the same unkhe critical PCPD.
versality class as the JRamely, that of directed percolation The PCP is defined on a lattice, with each site either oc-
(DP)], but with anomalies in the critical spreading dynamicscupied (by a “particle”) or vacant. Only pairs of occupied
[1,2,6—13. An infinite number of absorbing configurations sites exhibit activity; each has a rate pbf mutual annihi-
arise in the PCP because all proces@esation and annihi- lation, and a rate of 4+ p to create a new particle at a NN
lation), require a nearest-neighb@N) pair of particles(to  site, if this site(chosen at randomis vacant. Forp>p,
be referred to simply as a “pair” in what followslf indi- ~ [=0.077090(5) in one dimensiong6]), the system falls
vidual particles are allowed to hop on the lattice, howeverinto the absorbing statéll activity ceases The order pa-
there are but two absorbing states: the empty lattice, and themeter is the density of pairs.
state of a single particle hopping. In the PCPD, in addition to the creation and annihilation

Study of the diffusive pair contact proceBCPD was  processes described above, each particle attempts to hop, at
stimulated by the observation of Howard andufer[13]  rateD, to a randomly chosen NN site; the move is accepted
that its Langevin description would involve complex noise.if the target site is vacant. The model again exhibits a con-
On the basis of numerical results in their pioneering densitytinuous transition to the absorbing state, at a critical annihi-
matrix renormalization group study, Carlenal.[14], noted |ation ratep.(D) that increases with the diffusion rate. Once
that certain critical exponents in the PCPD had values similaparticles are allowed to diffuse, the nature of the system
to those known for the parity conservif@C) universality  changes radically. The absorbing state is modified as noted
class. Hinrichserj15] reported simulation results inconsis- above, and the order parameter is now the particle density
tent with the PCPD being in the PC class, and proposed thaiot the pair density. In contrast to simpler models like the
the model defines distinctclass. In particular, while models CP, in which diffusion does not alter the critical behavior
in the PC class possess two symmetric absorbing states, t2o,21], diffusion represents aingular perturbationin the
two absorbing states of the PCPD are not related by anpcp,
symmetry. Interestingly, Parkt al. found that even when  We perform extensive simulations of the one-dimensional
such a symmetry is imposed on the PCPD, its critical expopCPD, using systems &f=20, 40, . . ,1280 sites, with du-
nents remain different from those of the PC clgs8]. The  rations of 16—-4X10° time steps, and sample sizes of
distinctive behavior of the PCPD was further confirmed in10*—1(f realizations. Initially all sites are occupied. We de-
simulations by @or [17], who presented evidence for the termine the mean particle densﬁ/ and palir densit;o_ the
existence of two universality classéer diffusion probabili- N Tov . il
ties greater than, or less than, aboutOkenkel and Scholl-  moment ratiom=p=/p=, and the survival probabilityy(t).
wock, suggested, on the basis of a study of universal finitegThe overline denotes a stationary avera_gda.e expon_entlal
size scaling amplitudes, that for finite diffusion rates, thedecay of.the Iattgr permits us to determine the _I|fet|me

Experience with absorbing-state phase transitons leads us
to expect the following scaling properties at the critical

*Email address: dickman@fisica.ufmg.br point: p~L AL, 7~LYI""1; andm—mg, a universal criti-
"Email address: mdemenez@nd.edu cal value[6]. We use power-law dependencewbn system
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FIG. 1. Particle density vs system size at the critical point in 10°

the PCPD and the BAW model. 0 50 100 150 200 250

size to determine the critical annihilation rape(D). For
comparison, we applied the same algorithm to the parity- FIG. 3. Probability distribution of the number of particlasat
conserving branching-annihilating random wallBAW) the critical point, forD=0.1; +, L=80; X, L=160; [J, L=320.
model studied by Zhong and ben-Avrah§#2]. The inset shows the corresponding probability distributions for the
Figure 1 shows the scaling of the order parameter witmumber of pairsn,. Note that the most probable value wof is
system size, at the critical point, for the PCPD and the BAW;zero.
in the PCPD,8/v, decreases with increasing diffusion rate. ) ) ) - )
(The similarity between the PCPD witB=0.5 and the malized scaling function as was verified for the PCP with-
BAW appears to be a coincidence; the scalingrdé quite  out diffusion[2]. In the PCPD, the steady growth of, with
different in the two casesFigure 2 shows that while the _syst_em_sm_a precludes scaling. The_part_lcle and_pa|r probabil-
moment ratiam attains a limiting value in the BAW model, it ity distributions, showr(for D=0.1) in Fig. 3, evidently do
growswith L in the PCPD(roughly, ~ InL), a most unusual not scale. Instead, the most probable particle number is al-
behavior. Using the extrapolation procedure of R, we ~ Ways 2, and the overwhelmingly most probably number of
find m,=1.3340(4) for BAW[m.=1.1735(5) DP in *1 pairs iszerq independent of system size. The distributions
dimengions[G]]. ¢ exhibit a tail that grows broader with increasing system size;
At the critical point, the probability distributioR(p;L) is these “tail events” are responsible for the observed critical

L . N — . behavior. The tails, which have a Gaussian form, again vio-
expected to exhibit scaling(p;L)=pP(p/p) (Pis anor- |50 the scaling relatiortThe pair distribution exhibits a sec-

5 ———— ond maximum, away fromp,=0, at a value that increases
roughly asL®®,)

The particle and pair probability distributions confirm
D=0.1 lack of scaling, and, perhaps more importantly, provide a
4 8 clue to the enigmatic behavior of the process. In the PCPD,
being in the active(i.e., nonabsorbingstate implies that
there are at least two particles, but not neccessarily any pairs;
at p., the process apparently favors configurations with no

E3f o5 | pairs.(ForD=0.1, for example, the probability of having no
pairs is about 0.8, and shows no sign of decreasing. as
085 grows; forD=0.5 this probability is about 0.58, and fér
/ =0.85, about 0.5.In this “purely diffusive” sector, the ac-
2r i tivity is that of a set of random walkers, but the particle

number does not change, and critical fluctuations are not
generated. From time to time the system ventures into the

-— - =—8 BAW - . .y
1 , , , “reactive” sector(at least one paiy and may exhibit a burst
4 5 6 7 8 of creation and annihilation reactions. We expect the latter
InL activity to possess scale invariancepat SinceP(p;L) is a

superposition of distributions associated with the two sec-
FIG. 2. Moment ratian vs system size at the critical point in the tors, lack of scaling is quite understandable. In the purely
PCPD and the BAW model. diffusive sector, the particle-number distribution is highly
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FIG. 4. Scaling plot of the probability distribution in the reactive remainder residing in the purely diffusive sector. We defer a
sector, at the critical point, for the same parameter values as in Fidull investigation of this rather subtle question to future
3. Inset: moment ration vs system size in the reactive sector; filled work.
squaresP=0.1; +, D=0.5; X, D=0.85. Once we restrict the sample to the reactive regime, we

) . eliminate a large source of uncertaintje., the erratic
peaked ah=2, with a mean value of 3.2-3.5, independentsyitching between the two sectarsaind are able to obtain
of system size. . _ ] more precise results. Using, as before, the criterion of power-

These observations motivate usecludethe purely dif- law depend 3 ; . determine the criti-
fusive sector by studying propertiesnditioned on having at pendence gf on sys em size, we cetermine ] € crit
least one pairin the system, as was done in Rg19] for cal paramete_pc an_d the ratigs/v, t_o QOOd precision; these

values are given in Table I. Restricting the averages to the

different reasons. Note that this does not modify the dynam- i

ics of the system in any way: we simply restrict the averagegeactive sector changes the value mf by 0.1% or less.

to configurations having one or more pairs. Figure 4 showd here are more pronounced changessitv, : without the

the order parameter distribution in the reactive sector, plottegestriction, we obtain 0.585, 0.50, and 0.465f0+0.1, 0.5,

in the reduced variables* = p/p and P* =pP. The distri- and 0.85, respectlvelywe'r'egard these as poorer estimates,

bution is now similar to that found in the nondiffusive PCP colored by the superposition of the two sectpisigure 4

[2], with a maximum at a nonzero value of the order paramiNSé) shows the critical moment ratio. versus system

eter, and shows evidence of scaling. Thus the behavior in thaiZ€: in the reactive sector. Its value is now comparéfale

reactive sector is much closer to that familiar from the conN€ System sizes studied hie that for the DP and PC
classes, but a slow growttioughly linear in InL) is again

tact process and the PCP. . . : : :
Closer examination reveals, however, that the scaling col€Vident. (Restricting the sample to configurations with two

lapse is imperfect. Studies of larger systems confirm that thBa's léads to a reduction im, but not in its rate of growth

maximum of the scaled order parameter distribution gradu®ith system size. o o

ally shifts to smaller values gi*, and that the distribution A POSsible weak point in our analysis is that we assume

becomes broader, with increasihgWhile we do not claim finite size scaling(i.e., the power-law dependence pfon

to have a complete understanding of this “defect,” a possiblesystem sizg in determiningp., whilst the results fom

explanation is that for large, configurations with a single indicate that there is still drelatively weak violation of

pair represent a system with only a small reactive region, th&caling. We therefore check our method by studying the or-
der parametefagain restricted to the reactive segtor the

TABLE 1. Critical exponents for the PCPD and the BAW model; supercritical regimep<<p.. We verify that the order param-
figures in parentheses denote uncertainties. BAW results are takefter follows a power |aW;~(pc_ p)?, and in so doing ob-

from Ref.[22]. tain the estimates fog given in Table I. This exponent de-
creases steadily witlD, as found in Ref[17]. (A direct
D Pe Blv, B v /v, d comparison with Ref[17] is not possible since the latter

study uses a parallel-update scheme, in contrast to the se-
quential updating used heye.

In fact, our results verify finite size scaling relatiop,
=L P"R(LY:A), whereA=p.— p and the scaling func-
tion R(x)~x? for x>1; the data collapse is evident in Fig.
5. From this analysis we obtain, =1.10, 1.09, and 1.10 for

0 0.07709(6) 0.25233) 0.2765 1.57®W) 0.1595
0.1 0.106483) 0.5036) 0.5466) 2.044) 0.2495)
0.5 0.120483) 0.4302) 0.4682) 1.862) 0.2363)
0.85  0.13008) 0.4122) 0.4542) 1.772) 0.2345)
BAW 0.4975) 0.9225) 1.741) 0.2862)
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D=0.1, 0.5, and 0.85, respectively, suggesting that this exPCPD can be described by a single universality clasth
ponent does not vary with the diffusion rate. unusually strong corrections to scal)nfl8], two distinct

We also studied the decay of the particle density startinginiversality classesone for high diffusjon rates, the other
from a fully occupied lattice at the critical point, restricting for low, but finite D), as suggested by dor [17], or even
the sample to the reactive sectn the early stages of the €xponents that vary continuously wifb. Our data are not
evolution, the probability for the system to be in the reactivesufficient to distinguish between these hypotheses. We note,
sector is nearly unity, but at later times this probability de-however, that we observe relatively little change in the ex-
cays much more rapidly than the survival probability itgelf. Ponent values forD=0.5 and 0.85, compared with the
The order parameter decaysgast ™. From a data-collapse changes betweeb =0.1 and 0.5. A similar observation ap-

analysis of p(t), using the finite-size scaling form plies to the size dependenceraishown in Fig. 4. :
_ L_yB/VJ_f(t/l)_(VH)/VL) vg\]/e obtain the estima?es foZ The growth of the moment ratim with system size sig-

B . . . - nals a violation of scaling in the associated probability dis-
=v) /v, listed in Table I.(Without the restriction to the re- tribution, which we have argued is a consequence of there

. being two sectors, one reactive, the other purely diffusive,
=0.5 and 0.85. Further results on dynamic properties will b&jihin the active phase. Restricting averages to the reactive
reported in Ref[23].) Our results satisfy/v,)(v. /B)é  gector, we find good evidence of finite size scaling of the
=1 (as expected, given the scaling relatign=v4), 10 orger parameter, and a much weaker violation of scaling for
within uncertainty. _ _ the probability distribution. We expect that decomposition of
In summary, we have performed extensive studies of thegfiguration space into sectors will prove useful in under-

PCPD, including the probability distributions for the order gianding other systems exhibiting bursts of activity separated
parameter and number of pairs. Our results clearly exclud y long quiescent periods.

the model from both the parity-conserving and the DP uni- ]

versality classes. The criticial exponerts », and v vary We are grateful to Miguel A. Mumz, Geza @or, and
with the diffusion rate, whilev, appears to be independent Malte Henkel for valuable comments and suggestions. This
of this parameter. An interesting open question is whether thevork was supported by CNPq, and CAPES, Brazil.
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