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Global Phase Diagram of a One-Dimensional Driven Lattice Gas
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We investigate the nonequilibrium stationary state of a translationally invariant one-dimensional
driven lattice gas with short-range interactions. The phase diagram is found to exhibit a line of
continuous transitions from a disordered phase to a phase with spontaneous symmetry breaking. At the
phase transition the correlation length is infinite and density correlations decay algebraically. Depending
on the parameters which define the dynamics, the transition either belongs to the universality class of
directed percolation or to a universality class of a growth model which preserves the local minimal
height. Consequences of mappings to other models are briefly discussed. [S0031-9007(98)08100-9]

PACS numbers: 05.70.Fh, 02.50.Ga, 05.70.Ln, 64.60.Cn

The interplay of external driving fields and internal is set to zero. The resulting roughening transition in one
repulsive forces between particles can lead to interestlass of models belongs to the universality class of di-
ing and unexpected phase transitions in the steady statescted percolation (DP) [11]. In another class of growth
of one-dimensional driven diffusive systems even if themodels which preserve the local minimal height, the tran-
interactions are only short ranged [1]. Generically, thesition is found to belong to a different universality class
presence of boundaries or single defects in driven syq12,13]. It would be of great interest to put these classes
tems leads to shock waves and mutual blocking mechasf models within a unifying framework, so that the vari-
nisms which result in a breakdown of homogeneouus types of transitions, the associated crossover phenom-
particle flow. Thus localized static inhomogeneities areena, and the global phase diagram could be studied.
responsible for a variety of phenomena including first- and In this Letter, we introduce a simple homogeneous
second-order phase transitions [2] or spontaneous symmdriven 1D lattice gas model with local dynamics. It
try breaking [3]. These observations are of practical im-exhibits a phase transition where correlations decay
portance for the qualitative understanding of many-bodyalgebraically and which is accompanied by spontaneous
systems in which the dynamic degrees of freedom reducgymmetry breaking. The model can be mapped onto a
to effectively one dimension as, e.g., in traffic flow [4], growth model where the transition becomes a roughening
kinetics of protein synthesis [5], gel electrophoresis [6],transition. By varying the parameters which define its
or interface growth of thin films [7]. dynamics, some types of the transitions discussed above

Whether continuous phase transitions can occur alsoan be realized. The various transitions and the global
in spatially homogeneousonequilibrium systems in one phase diagram are studied.
dimension is less well understood [8]. In particular, there We consider a lattice gas which is an asymmetric
is a long-standing conjecture [9] that in systems withexclusion process with next-nearest-neighbor interaction.
local interactions the steady states have rapidly decayinBach lattice-sitei € {1,2,...,L} of a periodic chain
correlations and, like in 1Dequilibrium models, no may be either empty (zero) or occupied by one particle
phase transition accompanied by algebraically decayingf a single species, labeledl. The model evolves by
correlations takes place. On the other hand, recemandom sequential updating. Particles hop to the right
studies of more complicated driven systems of threavith constant attempt rate (q) if the right nearest-
or more species of particles in 1D have demonstratedeighbor site is vacant and the nearest-neighbor site at the
that phase separation may take place in these modélsft is occupied (empty). Unlike in the Katz-Lebowitz-
[10], thus proving the possibility of long-range order, butSpohn (KLS) models [14], the left-hopping mechanism
leaving open the issue of continuous phase transitions different: A particle hops to the left with rate =
with algebraic decay of correlations. In the absence o — ¢ — r only if the next-nearest-neighbor site is empty
a general framework for studying nonequilibrium phaseas well. The model is therefore defined by the transitions
transitions, analyzing specific models could provide useful AAO— AO0A withrater,
insight in these complex phenomena. .

IrglJ this context, several translationally invariant one- 040=004 W_'th rateq ., (1)
dimensional growth models with local interactions which 00A—0A0 withratep.
exhibit roughening transitions have recently been introBy identifying vacancies with up spins and particles
duced. A common feature of these models is that onevith down spins, these dynamics may be interpreted as
of the local transition rates which govern their dynamicsa nonequilibrium spin-relaxation process. The choice
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p =0 is a special case of the kinetic Ising modelsgodicity breaking in the thermodynamic limit), even away
of Ref. [14], with r = g = 1/2 corresponding to the from thelineq = 0. (iv) Along r = 0 the minimal height
totally asymmetric exclusion process (TASEP) [1]. In yetof the corresponding growth model is conserved [12]. As
another mapping, one obtains a growth model for a onemn the related class of models of Ref. [12], the dynamics
dimensional interface (see below). satisfies detailed balance with respect to an energy func-
Our interest is in the stationary behavior of the half-tional which is proportional to the area under the interface.
filled system, i.e., the asymptotic state of the systenThe pointp = ¢ = 1/2 (corresponding to a change in the
reached at very large times. A thorough survey ofsign of the energ¥) marks the transition from an antifer-
the phase diagram yields as main features a phase ({pmagnetic state to a state where complete phase ordering
with spontaneously broke, symmetry between two takes place and translational invariance is spontaneously
antiferromagnetic stationary states and a disordered phabeoken. This transition is analogous to the wetting transi-
(I (Fig. 1). As we shall argue below, the transition tion of Ref. [13].
line separating the two phases belongs to the universality This summary of exact results demonstrates the rich be-
class of directed percolation except for= 0, where the havior that even rather simple homogeneous lattice gases
universality class is different. may show and also indicates a certain degree of uni-
More specifically, we found that the stationary state carversality of these phenomena in 1D nonequilibrium sys-
be calculated exactly along the four lines= 0, ¢ = 0, tems. Here, we want to discuss the behavior of the
g = 1/2,andp = 0 (Fig. 1). (i) Forq = 1/2, the sys- system as it crosses the phase transition line between
tem is disordered, and the stationary states are uncorréhe broken symmetry phase | and the disordered phase
lated product measures. (i) For = 0, the stationary 1l. We shall focus on the liner = ¢ with the limit-
distribution is that of a one-dimensional Ising model [14].ing cases = ¢ = 1/2 (usual right-hopping TASEP with
Correlations are short ranged with divergent correlatioruncorrelated disordered stationary state) angd g = 0
lengths only at the extremal poinis= 1 (phase separa- (left-hopping TASEP with next-nearest-neighbor repul-
tion into regimes with complete ferromagnetic order butsion and fully ordered stationary states). We performed
opposite magnetization) and= 1 (complete antiferro- Monte Carlo simulations for half-filled periodic systems
magnetic order), respectively. (iii) The stationary stateof sizeL = 2", mostly withn = 10. Expectation values
alongg = 0 is also antiferromagnetically ordered, but atwere averaged ovel000L rounds after a transient period
r = p = 1/2 there is an interesting phase transition inof at least the same duration.

the dynamics of the system. Evidently, for smaltransi- We study the quantity

tions between the two antiferromagnetic stat@40A0. .. 1t 2 & _

and0AO0AOA . .. are possible with finite probability, if the A(r) = " f dt I Z (=1 n;(2)), 2
0 i=1

system isfinite. However, forr > 1/2 the flipping time
between these two states diverges with a power law imvheren; = 0 corresponds to an empty sitandn; = 1to
system sizd., whereas for < 1/2 this flipping time di-  an occupied site. In the limit— o, it corresponds to the
verges exponentially in system size. This is a signatur@onconserved order paramet®fL > ;(—1)'(n; ), which
for spontaneous symmetry breaking (and associated eis the stationary difference in sublattice particle densities
(the “staggered magnetization” in spin language). Because
of ergodicity, the stationary value of the order parameter
1 in a finite system vanishes by symmetry. However, as
a signature of spontaneously broken symmetry in the
thermodynamic limit, one expects an initial decay to some
guasistationary valug,, beforeA eventually approaches
zero for very long times (exponentially large in system
r size). On the other hand, in the disordered phase one
' expects an initially ordered state with = 1 to rapidly
I disorder, i.e., one expectsto decay quickly to zero.
Another quantity of interest is the stationary particle
current which, according to the definition (1) of
the process, on the line = g = (1 — p)/2 is given
0 'q 1 by j(q) = q{ni(1 = ni1)) = (1 = 2¢)((0 — ni—p) (1 =
ni)n;+1). Clearly, j(0) =0 and j(1/2) = 1/8, up to a
FIG. 1. Schematic phase diagram with second order phasemall finite-size correction of ordelr/L. The presence
transition line (dc_)tted curve) between the disordered phasef spontaneous symmetry breaking suggests 0 for
II'and phase | with spontaneously brokéh symmetry and g g = g. (up to exponentially small corrections in

nonvanishing order parametar[cf. Eq. (4)]. Atr = 0, there h . -
is a transition atg = 1/2 to phase separation with two system size), since any finite current would lead to a

ferromagnetically ordered areas and spontaneous breaking §@nsition between the two degenerate stationary states
translational invariance. with A = = A within a finite time.
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FIG. 3. Mapping between lattice gas dynamics and interface
growth in 1 + 1 dimensions. A positive (negative) unit
slope belongs to a vacancy (particle). The interface flips
(vertical arrows) correspond to particles hopping on the lattice
(horizontal arrows).
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FIG. 2. (a) Stationary current and (b) order parameter along

the line r = q. Below: Correlation functionC(k) (c) for ) . . . . . .
maximal distanc& — L/2 as a function of- andq and (d) as  (With different microscopic dynamics) was investigated by
a function ofk for r = ¢ = ¢q.. The dashed line corresponds Alon et al. [11], who found a phase transition between

to a slope of-1. a smooth phase where no current flows and a rough,
growing phase in the universality class of the Kardar-
Parisi-Zhang (KPZ) equation. The transition is related to
This intuitive picture is well supported by our Monte directed percolation in + 1 dimensions.
Carlo simulations (Fig. 2). The currenvanishes in phase Here, we find similar behavior which is most trans-
| and the order parametdy, vanishes in phase Il. We find parent in the two limiting caseg = 0 andg = 1/2, re-
a phase transition poigt. = 0.1515 + 0.0005 for r = ¢,  spectively. The limity — 1/2 corresponds to the TASEP

above which the current decays with a power law (growing, rough interface), which indeed describes inter-
. y face growth in the KPZ universality class [17]. In the
J~ (g —=4q), ) limit g — 0, there is no current and one has spontaneous

symmetry breaking between (macroscopically) flat inter-
faces on an even or odd height level, respectively. We
stress, however, that spontaneous symmetry breaking oc-
Ao ~ (gc — q)°, (4) curs already on the level of the particle description, i.e.,
without reference to the extra height variable. Assuming

v_vhereﬁ =~ (0.54 = 0.04. Tp_invgstigate Whetherthis €oN- niversality, one expects [11] the exponento be given
tinuous bulk phase transition is accompanied by spatl%y the critical exponeny ~ 1.73 of the DP coherence

long-range order we examine the stationary density COfme 18] and also a logarithmic divergence of the inter-
relation functionC (k) = 4((n;n;+x) — (n:){ni+x)) Which g2 00 \vidthw = [L7'S.(h — L7'S, hy)2]V/2. Thisisin
turns out to decay to a nonzero value belpw Atthe  a4reement with our results in Eq. (3) and Fig. 4. Also, the

wherey = 1.7 = 0.1. Approaching the critical poing.
from below, A decays with a power law

critical point, correlations decay algebraically, value (4) of the order parameter exponeéris consistent
ck) ~ k7, (5) with the resultd = 0.55 = 0.05 reported in Ref. [11],

thus independently confirming universality. Results on

wherey = 1.0 * 0.1 (Fig. 2) [15]. the correlation exponent have not been reported in ear-

We can gain further insight by considering the mappindier papers.
to an interface model [16] which is described by height The transition at- = 0 is of a different nature. Here,
difference variabled — 2n; and an additional stochastic the model satisfies detailed balance and the current van-
variable i, representing the absolute height of the inter-ishes both above and below the transition. At the phase
face at some reference point. Each time a particle hopsansition pointg. = 1/2 the lattice gas is uncorrelated.
to the right, the local height increases by two units (de-Using the interface representation of the model, one can
position), whereas hopping to the left describes a heighdhow [13] that the interface width diverges algebraically
decrease (evaporation) (Fig. 3). Thus the current givewith an exponentl /3 as g approached /2 from below
the stationary growth velocity of the interface, while the (Fig. 4).
density correlation function measures height-gradient cor- The understanding of and of the new correlation
relations. Growth occurs at local minima with rag¢  exponenty (which have no conventional interpretation
independently of the precise nature of the immediate enviwithin the framework of directed percolation), and the
ronment. However, evaporation of particles does not ocbehavior of these two quantities at the transition at 0,
cur from a “flat” part of the interface: The corresponding have to be addressed in future work. Also, the behavior
processA0A0 — AAOQO is forbidden. A similar situation of the system away from half filling, where preliminary
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