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Abstract

Statistical mechanics is an essential tool to describe the behavior of complex systems rang-
ing from bacterial growth to universe expansion. For a system in equilibrium, this approach
is well established and the stationary state distribution is given by the Boltzmann weight.
Nonequilibrium systems are much more common than the equilibrium ones but a com-
plete formalism analogous to equilibrium statistical mechanics has not been developed
for nonequilibrium processes. We therefore study some simple nonequilibrium models
in detail to gain an insight in these systems. In this thesis, we focus on one-dimensional
nonequilibrium interacting particle systems which are driven by an external force. Such
systems can show a non-trivial phase transition even in one-dimension and we are inter-
ested in understanding the critical behavior of these systems. The models studied in this
thesis are motivated by the common phenomenon of jamming that occurs in traffic flow of
vehicles, molecular motors, fluid flow through narrow pipe, etc.

In this thesis, we study two generic classes of one-dimensional stochastic models: (a)
lattice gas models of hard core particles in which a particle hops to an empty site according
to the hop rule assigned to it and (b) mass transport models in which each site can contain
many particles and a particle hops to another site according to the prescribed rule. Below
we list four lattice gas models that we have worked on in this thesis and their correspon-

dence to the mass transport models:

i. A particle hops to a nearest neighbor provided it is empty depending on the number

of vacancies in front of it; this model can be mapped exactly to a zero range process.



ii. A particle hops to a nearest neighbor if it is empty depending on the number of va-
cancies in front and back of it; this model can be mapped exactly to a misanthrope

process.

iii. A particle hops to a nearest neighbor with a hop rate that is chosen from a distribu-

tion; this model can be related to a zero range process with the sitewise disorder.

iv. A particle can have both short range as well as long range hops; this model can be

mapped to an aggregation-fragmentation model.

In stationary state, these lattice gas models show a phase transition between fluid phase
and jammed phase as the total density of the system is varied [1]. In fluid phase, the par-
ticles are uniformly distributed while in the jammed phase, a hole cluster of macroscopic
length is formed in front of a particle. Some of the questions regarding stationary state
and dynamical properties of these models have been addressed in previous studies and are
reviewed briefly in Chapter 2.

In Chapter 3, we calculate the equal time density-density correlation function in the
stationary state in the fluid phase and at the critical point for the models listed above. Our
main result is that at the critical point, the correlation function shows a power law decay
with an exponent that varies continuously with the parameters in the models (i)-(iii). How-
ever, in the model (iv), the exponent associated with the correlation function decay is a
constant. We also find that the correlation length diverges in thermodynamic limit with
an exponent which varies continuously in one parameter regime of hop rates in models
(i)-(iii), otherwise it is a constant [2, 3].

The stationary state dynamics of these models are addressed in Chapter 4. We studied
the decay of density-density autocorrelation function with time both analytically and nu-
merically. Our main result is that the autocorrelation function decays as a power law in time
with an exponent 2/3 [4] when equal time correlation function decays faster than inverse
distance otherwise the decay is slower and the exponent is continuously varying [3].

Besides the stationary state properties of the models of interest, we also studied the

quench dynamics for hop rule (i) in Chapter 5. For this model, infinitely rapid quench dy-
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namics (coarsening) have been studied [5]. However the dynamics of this model under
slow annealing have not been investigated, and we study the decay of the domain wall den-
sity with the inverse quench rate using numerical simulations and analytical arguments.
We find that the standard Kibble-Zurek scaling [6, 7] explains our results in the critical re-
gion but close to the critical point and for quenches deep in the jammed phase, the excess
domain wall density decay with quench time can be understood using the corresponding
results for rapid quench dynamics [8].

We conclude the thesis in Chapter 6 by presenting our preliminary results on the slow
quench dynamics of a zero range process in mean field geometry [9] and also discuss some

open questions.
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Chapter 1

Introduction

Statistical mechanics is a branch of physics that applies probability theory to study the be-
havior of systems composed of a large number of particles. It provides an essential tool to
connect the microscopic properties of individual particles to the macroscopic bulk proper-
ties of materials that can be observed in everyday life. For example, in the kinetic theory
of gases, by treating every atom or molecule of the gas as a particle undergoing classical
Newtonian mechanics and focusing only on the average behaviour of a large number of
particles of the same kind, one can find the expression for the average macroscopic phys-
ical observable like pressure or temperature. Thus, statistical mechanics uses minimum
details from the microscopic constituents to produce macroscopic observable quantities
correctly. It was originally introduced in the late nineteenth century as a theoretical de-

scription of thermodynamics.

1.1 Equilibrium versus nonequilibrium

A system in thermal equilibrium obeys the laws of thermodynamics that are well estab-
lished in equilibrium statistical mechanics. The connection between the macroscopic de-
scription and the microscopic scale is obtained through Boltzmann’s formula, S = klogQ,
where S is the entropy, k is the Boltzmann constant and Q is the number of different con-

figurations of the system. In canonical ensemble, once the microscopic Hamiltonian . of



2 Introduction

the system at temperature T is specified, the stationary state distribution over configura-
tion space is known to be given by the Boltzmann factor e #%, where g = (kT)~".
Nonequilibrium systems are much more common than the equilibrium ones, but a
complete formalism analogous to equilibrium statistical mechanics has not been devel-
oped for nonequilibrium processes. In contrast to equilibrium systems, nonequilibrium
systems can reach a stationary state but their statistical properties are not described by the
equilibrium Boltzmann distribution. One important feature that distinguishes a nonequi-
librium system from an equilibrium system is the breakdown of detailed balance due to
the presence of currents in nonequilibrium systems that drive the macroscopic transport
of matter, charge, energy etc. within a system, or between the system and its environment.
To see this, consider a classical system following Markov dynamics in which the system
evolves from a configuration € to a configuration ¢’ between time ¢ and ¢ + dt at a rate
W (€',€). The evolution of probability, (%€, t) of being in microstate % at time ¢ is gov-

erned by the master equation [10],

AP (6,t
4z, n Y. W(E,CNPE - Y. W(E, EPE, 0. (1.1)
d t (g/;é(g <gr¢<g
When the stationary state is reached, the left-hand side of the above equation must vanish.
Moreover, at equilibrium, as the microscopic dynamics of the system is time reversible, the

local currents must vanish and thus the detailed balance equation is obtained as [10]
W (€, €)P1E") =W (€' €)P6). (1.2)

A state for which the right hand side of (1.1) is zero but the detailed balance of (1.2) is not
satisfied is a nonequilibrium stationary state [11-13].

Modeling of complex phenomena involves creating simple representations while retain-
ing a close relationship with actual physical systems [12]. For example, Lenz introduced
the Ising model [14] in order to understand the nature of the ferromagnetic phase transi-
tion [12]. Due to the lack of a general framework for nonequilibrium systems, one usually

investigates simple models for such systems and several models have been introduced [15-



1.2 Jamming transition in one dimension 3

18]. Asymmetric simple exclusion process (ASEP) is one of the most commonly studied
models for nonequilibrium phenomena. This particle-hole model is defined on a lattice
and the particles have excluded volume interactions. The non-vanishing currents are pro-
duced in the system by coupling the system to external reservoirs that drive current (trans-
port of particles, energy, heat) through the system, or by introducing some bias in the dy-
namics that favors motion in a preferred direction. Due to its simplicity, the ASEP has been
used in various contexts. It was first proposed as a model to describe the dynamics of ri-
bosomes along RNA [15]. In the mathematical literature, the name exclusion process was
first used by Spitzer [16] in context of a Markovian process of particles with hardcore inter-
action. A very popular application of exclusion process is in understanding the dynamics
of molecular motors that transport cargos inside the cells [19] and several variants have
been used to model traffic flow [20]. The ASEP has also been used to describe transport
phenomena in low-dimensional systems such as macromolecules passing through capil-
lary vessels [21], anisotropic conductors or quantum dots where electrons hop to a vacant

site and repel each other due to Coulomb interactions [22].

1.2 Jamming transition in one dimension

An important characteristic of nonequilibrium systems with short range interactions is
that unlike equilibrium systems, they can exhibit phase transitions even in one dimension.
Variants of ASEP called driven lattice gas models are examples of nonequilibrium systems
whose stationary state can show a nontrivial phase transition textcolorredin one dimen-
sion. Here we will study the properties of such a nonequilibrium phase transition in one
dimension. The physical phenomenon of interest in this thesis is jamming which is com-
monly observed and disrupts the flow of vehicles on a city road [20], molecular motors in
a biological cell [19], fluids in narrow pipes, and food grains through a hopper [23]. Usu-
ally one expects a jam to form at high densities and dissolve at lower densities; however,
jamming can happen at low particle densities also [24]. For example, consider a bus route

along which overtaking is not allowed and, one of the buses gets delayed. The number of
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passengers waiting for the bus at the stop increases and so does the time interval to get
the passengers on board. As a result, the bus gets delayed even more leading to a cluster
of buses behind it even when only few buses are serving on the affected bus route [24]. Of
course, a traffic jam can also form behind a slow car on a single-lane highway where over-
taking is prohibited even when there are few vehicles [25-27]. Large headways in front of
a jam have been observed in experiments on ant trails [28], and camphor boats [29] where
the agents (ants and boats) form a platoon at low densities due to the presence of an exter-

nal field, namely, pheromone and camphor concentration respectively.

1.3 Overview of the thesis

In this thesis, we mainly focus on the critical behavior of the density-density correlation
function in several lattice gas models whose stationary state is not in equilibrium. Our stud-
ies are based on extensive Monte Carlo simulations, scaling analysis, physical arguments,
and analytic solutions. In Chapter 2, we give details of the models that are used in the thesis
and review the relevant results from existing literature. In Chapter 3, we calculate the equal
time density-density correlation function in the stationary state for several variants of the
exclusion process explained in Chapter 2. We also study the behavior of correlation length
while approaching the critical point. We obtain the exact analytical expression for the corre-
lation function in the canonical ensemble which we further simplify in the thermodynamic
limit [2, 3].

In literature, the asymmetric exclusion process (ASEP) has been studied extensively and
its stationary state dynamics have been understood by mapping it to an interface model
which is described by the Kardar-Parisi-Zhang equation [30]. Previous studies have shown
that the density-density autocorrelation function decays in time with an exponent 2/3 [4].
However, it is well known that an ASEP with periodic boundary conditions does not show
a jamming transition. The question of the stationary state dynamics at the critical point
for systems having jamming transition is addressed in Chapter 4 by studying the decay of

density-density autocorrelation function with time [3].
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Besides the stationary state properties of the lattice gas models that exhibit jamming
transition, we also study the quench dynamics under slow annealing. In Chapter 5, we
study the decay of domain wall density with the inverse quench rate using numerical sim-
ulations and analytical arguments [8]. We find that the standard Kibble-Zurek scaling [6, 7]
explains our results in the critical region but close to the critical point, we find a new scal-
ing law which also involves the properties of the fast quench dynamics. We also present
our preliminary results on slow quench dynamics of a zero range process (which is related

to ASEP) in mean field geometry. Finally, in Chapter 6, we summarize our main results.






Chapter 2

Driven systems with jamming transition

2.1 Introduction

As mentioned in Chapter 1, simple models are useful because one can bypass the complex
details of the full system and try to understand the system properties in terms of a few
parameters. Some of the simple models of nonequilibrium systems that are driven by an
external field are well known in literature [1].

An important model in this class is the Zero Range Process (ZRP) in which a particle
hops to a neighbouring site with a rate that depends only on the properties of the departure
site and has the attractive feature that its steady state distribution can be found exactly
[16]. This model has been generalised in various directions in recent years [31-33], and
has been used to study the clustering phenomena in traffic flow [34], granular gases [35]
and networks [36], avalanche dynamics in sandpiles [37], slow dynamics in glasses [38] and
phase separation in nonequilibrium systems [39].

Another class of model, called exclusion process, is defined on a one-dimensional lat-
tice and involves hopping of the hard core particles to an empty site [16, 40]. Our main
focus in the thesis is to study the variants of a one-dimensional exclusion process that are
closely related to the zero range process [41, 1], or a misanthrope process, whose exact

steady state measure can be found in certain cases [42, 33]. Certain models with excluded
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W(2,1)
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Mass model Q Q Q
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Fig. 2.1 Tllustration of the mapping between lattice gas model (bottom) and mass model
(top) with short range hop.

volume interaction can also be related to aggregation-fragmentation models [43, 44]. In the

following sections, we review these models in detail.

2.2 Stationary states with product measure

In this section, we discuss a class of one-dimensional lattice gas models (exclusion process)
defined on a ring. In these models, each site contains at most one particle and a particle
hops to an empty nearest neighbor site with a rate u;(m, m') where m and m'’ are the num-
ber of vacancies in its front and back respectively. Further, the hop rate may also depend
on the particle index i.

To understand the lattice gas model analytically, we map it to the so-called mass model
in which each site can contain multiple particles. As shown in Fig. 2.1, the exclusion process
described above with L sites and N particles maps to a mass model with £ = N sites and
A = L— N particles (each of unit mass). A particle hops out of a site with m particles to
a target site on right with m’ particles at rate u;(m, m'), where the subscript i now refers
to the site from which the particle hops out. The density p = .4 /% in the mass model is

related to the density p = N/L in the exclusion process as

1
o==-1. @2.1)
[
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Although we have described the unidirectional case above, it is important to note that the
steady state properties for these models are not affected by a bias in the hop rates.

For certain choices of short-range hop rates in the mass model, the stationary state
mass distribution is a product measure. More precisely, the stationary state mass distribu-
tion of a configuration C = {m;, ..., m«}, where m; is the number of particles at the ith site
is given by

A
P(m,...mg) =24 , [ fitm) S5 (2.2)
i=1 -

where 6, 2 m, is the Kronecker delta and Z .« 1s the canonical partition function de-
T—fe=1

fined as

A
Zz,./% = Z Hfl(ml) 6'/%’221?:1 my (2.3)

{m;} i=1
Here, f;(m;) is the steady state weight factor and can be obtained using the master equation
in stationary state, which is given as [1]

<
Y (ui(mi—y +1,mp)P (.., mi—1 +1,m; - 1,..) — ui(mi, mis )P (..., mi_1, m;,..)10(m;) =0,

i=1
(2.4)
where 0(m;) reflects the constraint that the site i must be occupied. Using (2.2) in (2.4) and
equating each term, we get the relation between the stationary state weight factor f;(m;)
and the hop rates u;(m, m’) [1] (as given in Secs. 2.2.1, 2.2.2, and 2.2.3).

Further, we have the exact recursion relation for the canonical partition function (2.3)

and is given as [45]

Wi
Zou=) f[ilk)Zgp_1 k) (2.5)
k=0

with Zoy m =0 m,y since ZL m = fi(m). For some more properties of the partition function in
the canonical ensemble, see Appendices A.1 and A.2.

For clarity, from this point onward, we only consider stationary state properties of ho-
mogeneous systems. The steady state properties for the model involving heterogeneity is
discussed separately in Sec. 2.2.3. Thus, for homogeneous system, one can also exactly cal-

culate the single site mass distribution in the canonical ensemble for the mass model by
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<L
pim) = e@(m,mz,...,mz)c?(zmi—(/%—m))
i=2
Zp - t-m
= flmZZem (2.6)
Zp,u

In general, it is difficult to obtain results in the canonical ensemble due to the mass con-
servation constraint. However, the grand canonical partition function Z¢ can be readily

obtained. Using (2.3), we can write it as

Zow) =Y. Zgno"=g% (), 2.7)

n=0

where g(w) is the generating function of f(m) defined as
gw=) o"fim), (2.8)
m=0

with a radius of convergence w*. In the thermodynamic limit, keeping density fixed, we

can determine the fugacity w(< w*) using the following relation

w 0InZy(w) 0lng(w)
=07 T2 v o (29)

From (2.6) and (2.9), we have the mass variance o2 = (m?) — (m)? in mass model which is

given by
op w 0p
2
o =w—=—— —. 2.10
ow 0% 0w (210
Further, in the thermodynamic limit, on summing over the mass on all sites except one site

in (2.6), the single site mass distribution is obtained as

m f(m)

. 2.11
g(w) ( )

pim)=w

Equation (2.9) shows that the fugacity w is an increasing function of the mass-model den-

sity p. But, as it is bounded above, it may happen that w reaches its maximum value at a
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finite critical density, p.. In such a case, the mass distribution p(m) = w*™ f(m)/g(w*) for
all p = p.. This implies that the average density in the system is %! X - mp(m)=pc The
excess mass p — Q. is then said to be condensed into a single cluster, as shown in Fig. 2.2 for
the case of hop rate given by (2.12). This signals the phase transition. In following sections,

this phase transition is explained in greater detail for specific choices of the hop rate.

2.2.1 Exclusion process with hole-dependent rates

We consider a model in which the hop rate depends on the number of holes in front of a

particle. Specifically, we choose the hop rate to be [1]
b
um=1+—, m>0, (2.12)
m

where m denotes the number of vacancies in front of a particle and the parameter b = 0.
When b = 0, we obtain the simple exclusion process (SEP) [1, 46] from this model. For
nonzero b, the rate u(m) decreases with an increasing number of vacancies, and therefore
a particle with many holes in front of it hops at a slower rate and can cause a jam behind it.
In fact, it has been shown that for b > 2, a phase transition occurs between a homogeneous
phase with typical hole cluster of length unity and a jammed phase with a macroscopically
large hole cluster, as the total particle density is decreased. To see this result, it is useful to
consider a one-dimensional zero range process (ZRP) [1] as described in Sec. 2.2.

For the hop rate (2.12), the steady state weight factor f(m) used in (2.3) for ZRP is given

by
moq
fm)=Q1-6mp) l:l_ll o +6m0» (2.13)
which simplifies to
m!
fim) = i (2.14)

where (a),,, = a(a+1)...(a+ m—1) is the Pochhammer symbol or rising factorial. In general,

it is difficult to obtain results in the canonical ensemble (see however [47, 48, 45]), but one
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can do it numerically with the recurrence relation (2.5) for the ZRP partition function V4 LM
with & sites and .# particles that has been obtained [45].
In the grand canonical ensemble, the generating function (2.8), g(w) of f(m) can be
written as
gw)=2F1,1;1+b;w), (2.15)

where

X (a)p(b), o™
2F1(a,b;c;w) = E)W o (2.16)

is the Gauss hypergeometric function [49].

It is easy to see that the radius of convergence of g(w) in (2.15) is w* = 1. Equation (2.9)
and the discussion following it then shows that a condensation transition occurs at the
critical density in which particles are distributed homogeneously over the system at low
densities, but above a critical density, a macroscopic number of particles form a cluster.
The exact critical density for ZRP is

Oc=—— (2.17)

for b > 2. In a ZRP, the single site mass distribution is given by

m f(m)

) 2.18
g(w) (.18

pim)=w

One can notice the significant change in the distribution p(m) with density p. For p < g,
the distribution is exponential and at the critical point g, the single-site mass distribution
(2.18) can be expressed as

rrim+1)

p(m)=(b-1) Tm+belD) (2.19)

which decays algebraically as m~? for large m. For p > p,, the distribution p(m) ~ m=? for
density p. and the excess mass of density (0—p.) is condensed into a single cluster as shown
in Fig. 2.2. Further at the critical point, the algebraic decay of mass distribution signifies
that the mass fluctuations (2.10) diverge in the thermodynamic limit when 2 < b < 3, but

remain finite otherwise.
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Fig. 2.2 Figure shows the single site mass distribution p(m) versus particles number m for
a zero range process from equation (2.18). The result is obtained by iterating the partition
function recursion relation (2.5) for a system of size £ = 1000 and b = 4 at different densi-
ties. The density p = 0.25 is in fluid phase, p = 0.5 is at the critical point and p =4 is in the
condensed phase.

2.2.2 Exclusion process with generalised hole-dependent rates

This is a class of driven lattice gas models in which a particle hops to the empty left neighbor
at a rate u(m, m') where m(m') denotes the number of vacancies on its left (right). This
model can be studied via the mapping described in Sec. 2.2, from a misanthrope process
[33] in which a site can be occupied by any number of particles, and a particle hops out of
a site with mass m to its right neighbor at a rate u(m, m') when there are m’ particles on
the landing site. Indeed, it is a generalized extension of ZRP. The misanthrope process was
originally used for the hop rate u(m, m') which is increasing in m and decreasing in m’ [42].

The general hop rate of this kind is widely used to model rewiring in complex networks [1].
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For the misanthrope process, it has been shown that the steady state has product form (2.2)

when the hop rate is constrained as [42]

u(l, mHu(m,0)
um+1,0u(l,m-1)"’
u(m',0) — u(m,0). (2.21)

uimm’) = um+1,m-1) (2.20)

u(m,m) —u(m', m)

Here, f(m) is the steady state weight function which satisfies the following recursion rela-

tion

fMul,n-1)

fO) u(n,0) (2.22)

f(m)=f(n-1)

In this thesis, we are particularly interested in the choice of hop rate for which conden-

sation transition occurs [33]. The hop rate is of factorized form,
u(m,m’) = (v(m) - v(0)) v(m), (2.23)

where

2 1
§<v(0)<1, vim)=1+ 1,m>0. (2.24)

For the above mentioned hop rate, the steady state weight factor f(m) and its generating

function g(w) can be worked out to be

C™ 1l (m+1)H?
m!(¢)m

[2—v(0)+v(0)2F;(2,2,c;Cw)], (2.26)

f(m) ,m=1, (2.25)

g(w)

NS I I

where (a),, = al(a+1)...(a+ m—1) is the Pochammer symbol, f(0) =1, and c and C are given

by

_ 3-20(0) 2.27)
T 1-p0) '

= 0 (2.28)
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As for the ZRP discussed in Sec. 2.2.1, the critical density for the misanthrope process is
found by setting w = 1/C in the density-fugacity relation (2.9), and we find that the critical

density is given as
_4v(0) 2F1(3,3,c+1;1)
¢ 2-v(0)+v(0):2F(2,2,¢1)

(2.29)

Oc

Note that the expression for the critical density in [33] is incorrect since it is obtained by
assuming that ¢ = 4,C =1 (see (45)) which implies that v(0) = 2 is in contradiction with
(2.24).

At the critical point, the single-site mass distribution is given by

B viO)(m+1)(m+1)!
2= v0)+v(0) 2F(2,2,61D] (€

p(m) m>0, (2.30)

which decays algebraically as m3~¢. The mass fluctuations diverge in the thermodynamic

limit when 5 < ¢ < 6 but remain finite otherwise.

2.2.3 Exclusion process with particlewise disorder

We again consider a system of hard-core particles on a ring in which a particle hops to
the empty neighbor with the hop rates assigned to the particles being random variables,
and are independent of the length of the hole clusters on the either side [25-27]. Here, we
consider two cases — a single defect case in which only one particle has slower hop rate
than the rest of the particles, and a fully disordered case in which the hop rates are chosen
independently from a common distribution. This model can be mapped to a ZRP with

sitewise disorder. The site-dependent weight factor for ZRP is given by

fitm)=u;", (2.31)

where u; is random rate assigned to the site. The generating function of f;(m) can be calcu-

lated as

gilw) = (2.32)

Uj
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As before, the fugacity is determined by the particle conservation equation (2.9),

N

1
Z |

w

o= (2.33)

For some choices of hop rates, the condensation transition occurs between a low-density
homogeneous phase and a high-density condensed phase in which a macroscopically large
particle cluster forms at the site with minimum hop rate at g..

To understand this phase transition in the model, we first consider the case in which
one site has hop rate u; = ¢ < 1 while the rest of the sites have a hop rate u; = 1,i > 1 [26].

The canonical partition (2.3) for the single defect case is given by [1]

& (%+$—m—2) .
. (2.34)

Zeu = L £-1

m=0

For large system sizes, due to (2.33), the mean hop rate increases with increasing particle

density till the critical density p. = ¢/(1 — ¢). Thus, the mean hop rate in the two phases is

given by
w = £ p<pe, (2.35)
1+p
(uy = ¢, pP=pPc. (2.36)

For p > p., the system is in a condensed phase where the defect site contains all the excess
mass density o — g, and for p < g, the system is in fluid phase where the mass is uniformly
distributed.

In the fully disordered case, the hop rates are chosen independently from a common

distribution,
+Y

m(u—ﬂ)y,)f>0, (2.37)

qu) =

where 0 < @7 < u < 1. Here, the fugacity is bounded above by the minimum hop rate and
therefore, as in the previous case, the fugacity increases with increasing particle density

until it reaches # (in the thermodynamic limit). The critical density g is obtained from
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disorder averaged conservation equation [26, 50, 1] as

_<mmin> o w
== +[a duq(u)u_

(2.38)

where (m,;;,) is average number of particles occupied by the slowest site which can take a
value of (%) in condensed phase.
For arandom sequential update the critical density for hop rate distribution (2.37) is known

to be [25, 26]
1+y

yA-a)

Oc=1U (2.39)

Furthermore, the averaged single site mass distribution can be obtained by averaging over

the disorder distribution, and is given as

m
p(m) = fduq(u) {(;n). (2.40)

The asymptotic solution of the single site mass distribution at the critical point shows a
power-law decay as m~?*") and, similar to previous two models, the mass fluctuations
diverge for 0 < y < 1 but remain finite otherwise.

Interestingly, considering q(u) as the density of states and & as minimum energy state,
the condensation phenomenon in this model is related to the phenomena in ideal Bose-

Einstein condensation where a finite number of Bosons occupy the lowest energy state.

2.3 Stationary state in mean-field approximation

Unlike in the previous models, both short and long jumps are allowed and the product
measure is not exact in the model considered in this section. The specific model studied
here is motivated from one-dimensional aggregation-fragmentation model in which either
the entire mass cluster or a single particle in the aggregate hop with rate one and w re-
spectively to the nearest neighbor and coalesces. [43]. In the lattice gas picture, these dy-

namical rules represent hopping of a particle to the farthest (nearest) empty site without
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Fig. 2.3 Figure to illustrate the mapping of lattice gas model (bottom) with short and long
range hops (bottom) and aggregation-fragmentation model (top).

any preferred direction with rate one (w) as demonstrated in Fig. 2.3. For the aggregation-
fragmentation model, it is known that a biased hop rate does not show phase transition [51],
so we focus only on the bidirectional case which has a condensation transition at a fi-
nite critical point. The steady state of the model is solved within a mean-field approxi-
mation [43] which shows very good agreement with the stationary state properties of the
one-dimension model [52, 44]. The master equation for the evolution of the probability

p(m, t) of any site having mass m at any time ¢ within the mean field approximation is

dp(m,1)
BrTER -1+wl+o@lpm,t)+wpm+1,H)+wo()pm-1,)+p*xp, m=1,

dp(0,1)
T = —(1+wo)p0,n)+wpl,)+o(t), (2.41)

where o () =1 - p(0, 1) is the occupation probabilityand p* p =Y., _ p(m', t) p(m—m/, 1)
is a convolution term that describes the coalescence of two masses. To solve the above
master equation in stationary state, we use the generating function Q(y) = X.5._, p(m)y™

for mass distribution which is known to be [43]

1_
Q(y)=1—0+—————+wvz—yy\/(y—y+)(y—y_), (2.42)
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where y, = (w+2+2vw+1)/wo. Setting the first derivative of the generating function

(2.42) to zero at y = 1 gives the relation between p and o as

20=w(l-0)—wo\/(y: —D(y_—1). (2.43)

For a fixed w, the above density and occupation probability relation is defined till y_ < 1.
At y_ = 1 we obtain the critical density p. = v/1+ w — 1 where the mass distribution p(m)
changes from an exponential distribution to an algebraic decay as m™>'2. For p > p, the
mass distribution is same as g, however the excess mass density p — g, clusters together to
form an aggregate.

Apart from static properties of the model, the steady state dynamics have also been
studied and the numerics show that the dynamical exponentis z =2 [52]. (In Sec. 4.6.3, we
will present a better understanding of this dynamical exponent by calculating the autocor-

relation function of the model).

2.4 Dynamics for the model with hole-dependent hop rates

For the hop rate (2.12), extensive studies have been done for the dynamics in the condensed
phase in the ZRP both in mean-field approximation [5] and using random walk arguments
in one-dimension [53]. These studies mainly focus on the coarsening process in which one
drives a system infinitely fast starting from a fluid phase to a condensed phase or to the
critical point. The objective of such studies is to determine the timescale for the growth
of the condensate. In general, analytical study of the dynamics even in one dimension, is
difficult since it requires joint distribution of the mass distribution; however, it is possible
to make some analytical progress within a mean-field approximation [54, 55]. In the mean-
field system, we allow particles to hop from any site to any other site, with a rate dependent
on the number of particles at the departure site. Assuming a factorized steady state, the

master equation for the evolution of the single site probability distribution p(n, t) at a given
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time  is given by

dpc(lrz,t) = un+Dpn+1,0)+u@®)pn-1,0—-umpn, - (u®)pnt, n>0,
dp(0,t
pc(” . uM)p@A, ) —(u())p,1), (2.44)

where (u(f)) =5, u(m)p(m, t) is the average value of the hop rate. The equation is non-
linear and has been solved for the late time dynamics of both the condensed phase, and at

the critical point [5].

2.4.1 Incondensed phase

Mean-field analysis by Godréche [5] suggests that the mean condensate size (m(t)) grows
in time as ¢'/2. This scaling can be understood by a random walk argument in a one di-
mensional biased ZRP [53]. Moreover, in a symmetric case, mean condensate size grows as

13 |5, 53].

2.4.2 Atthe critical point

Dynamical scaling at the critical point has been obtained via exact calculation in the mean-
field geometry, and numerical simulations in one dimension. However, the scaling is dif-
ferent in mean-field and one-dimension. In mean-field, the dynamical scaling calculated
is the same as in the condensed phase and this work has been analytically done by Go-
dréche [5], which we will briefly explain here. The evolution process at the critical point
consists of two regimes:

Regimel: when m is fixed and ¢ is large, the convergence of p(m, t) to stationary state

mass distribution p(m) occurs in the following manner

pim,t)=pm)1+ vyt %), (2.45)

where v,, = vg + m A, here A is constant, and p(m) ~ m~b.
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1071

p(O, t) - p(O)

Fig. 2.4 Figure shows the power law decay of the probability p(0, ) — p(0) with time after a
fast quench to the critical point, b, starting from b = 0 in mean-field geometry. The line
shows the exponent (b—2)/Z for b>3 and 1/2 for b = 2.25.

Regime1l: when m and ¢ are simultaneously large such that the ratio of these two vari-

able is constant, then the similarity solution is given as

p(m, )~ p(m)F(k), k=m V%, (2.46)

where the critical coarsening exponent, Z = 2. Further, the exponent « is calculated from
the sum rules ), p(m,t) =1 and )_,, mp(m, t) = p respectively and for b > 3, it is known
to be (b—2)/z [5, 54]. Moreover, for 2 < b < 3, due to divergence of the second moment of
steady state mass distribution, the sum rule does not hold and, to the best of our knowledge,
the exponent a is not known in this case. However, on numerical integration (2.44), we find

that for 2 < b < 3, the exponent a = 1/Z as shown in Fig. 2.4.
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In one dimension, numerical studies show that the coarsening exponents are [5]

3 for bidirectional ZRP,
2.47)

1NN
I

5 for unidirectional ZRP.

2.5 Numerical procedures

Numerical studies are amenable for all the above mentioned lattice gas models and mass
models. In particular, dynamical Monte Carlo simulations and numerical evaluation of the
partition function (A.1) in the canonical ensemble are useful to study the model behaviour
in both phases (fluid phase and jammed/condensed phase) and at the critical point.

In Monte-Carlo simulations, we have followed the random sequential algorithm in which:

* Asite is picked at random by generating a random number from 1 to L and selected

ifit is occupied and the arrival site is unoccupied.

e Then the jump probability u;(m, n)/ N where N is the normalization constant of the
hop rate function is calculated which is compared to a random variable between 0 to
1. If the random variable is less than the jump probability, a particle hops to a nearest

neighbor.

The algorithm is repeated until the steady state is reached. After reaching steady state, time
averages of various quantities of interest are calculated. These time averages are equivalent
to the ensemble average, assuming the ergodic hypothesis is valid. In order to overcome
finite size effects, simulations are performed for reasonably large systems.

We also solved the recursion relation for the partition function (2.5) numerically to cal-

culate the various quantities in the canonical ensemble.

2.6 Summary

In this Chapter, we introduced various one-dimensional lattice gas models in which par-

ticles hop from one site to an empty neighboring site with hop rates that may depend on
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the number of vacancies as well as the particle label itself. We reviewed some of the known
results for the stationary state and the dynamics of these models which we have used in the

present thesis.






Chapter 3

Static density-density correlation

function

3.1 Introduction

As discussed in Chapter 2, there exists exhaustive literature on the steady state properties
of the Exclusion Process (EP) because of its mapping to the Zero Range Process (ZRP). How-
ever, a fundamental question regarding the spatial correlation function in the exclusion
process with jamming transition has not been addressed in previous studies. For the one-
dimensional totally asymmetric simple exclusion process (TASEP) on a ring which is a spe-
cial case of the exclusion models studied here, the result for the density-density correlation
function is trivial because all configurations are equally likely in the steady state. A non-
trivial exact formula for the TASEP with open boundaries where particles enter with rate a
at the left end and leave with rate f at the right was given in [56] for arbitrary system size.
However, their limiting behaviour has not been calculated to the best of our knowledge, es-
pecially at the critical phase line a = < % Recently the particle-particle correlation func-
tion for the EP with hole-dependent rates was calculated in the laminar phase for certain
special choices of hopping rates in the grand canonical ensemble [57].

In this Chapter, we study the two-point correlation function at the critical point in the

thermodynamic limit [2, 3] and find a simple analytical formula for the generating function
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of two-point function with arbitrary hop rates. This resultis applied to the models reviewed
in Chapter 2. We also give a result for the two-point function in the canonical ensemble for
a system of arbitrary size [2].

The plan of the Chapter is as follows: we show a calculation of the steady state particle-
particle correlation function in the canonical ensemble in Sec. 3.2 and obtain an exact ex-
pression for it for any system size. We then find an exact expression for the generating func-
tion of the correlation function in the thermodynamic limit. In Sec. 3.3, for u(n) = 1+ (b/n),
we show that at the critical density, the correlation function decays as a power law with
continuously varying exponent. The behaviour of the correlation function in the laminar
phase is also studied. In Sec. 3.4, we present a simpler calculation for two-point correlation
function in the thermodynamic limit. Later, in Secs. 3.5 and 3.6, we present the results for
the two-point function for the models with generalised hole-dependent hop rates and with
particlewise disorder respectively. In Sec. 3.7 we extend our calculation to systems with
short and long jumps. We finally conclude with a summary of our results and discussion in

Sec. 3.8.

3.2 Two-point correlation function in canonical ensemble

In this section, we study a homogeneous system in which the hop rates are such that the

stationary state is a product measure (2.2).

3.2.1 Exact formula for finite system

We define the two-point connected correlation function
S(r) = nini+r)—p°, >0, 3.1)

in a system of L sites with N particles. Here, n); takes a value 1 when site i is occupied and
0 when site is empty. Let us consider a set of configurations in which the r sites from i to

i +r—1 contain k holes. Then the contribution to the correlation function (n;n;.,) comes
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from only those configurations in which both the ith and (i + r)th sites are occupied. Using
the mapping between EP and ZRP described in Sec. 2.2 and summing over all the particle

configurations in front of the ith and (i + r)th particle, we get

P _ _
& Zr—kk ZN-r+k,L-N-k

Minisr) = (3.2)
illi+r o ZL,N
h _ _
nax Ly _kk LN-r+k,L-N—k
- r - r+ ’ (3.3)
k=Komin ZN,L-N

where we have used (A.3) to arrive at the last expression. As the total number of particles
is conserved, the maximum number of particles in the first cluster can be N — 1. In other
words, r — k < N — 1 which gives k;;,;;, = max(0, r — N + 1), as the lower limit k,,;,, can not be
below zero. Also the local conservation in the first cluster with r sites requires that k < r —1.
Thus we find that k;;4,x = min(L — N, r — 1) since k4 can not exceed the total number of

holes in the system.

3.2.2 Exact expression for infinitely large system

It is evident from (3.3) that the partition function at all densities is required to evaluate
the correlation function. However, barring some special cases that are discussed in Ap-
pendix B.1 and B.2, it does not seem possible to calculate the exact partition function Z¢ 4
for all densities. In the following subsections, we will calculate the two-point correlation
function in the thermodynamic limit as the problem is analytically tractable in this limit.
For L — oo and finite r, we first note that the limits in the sum which is appearing in (3.3)
simplify to k;,;, =0 and kj,4x = r — 1. Furthermore, inspired by equilibrium statistical me-

chanics, we conjecture that there exists a ‘free energy’ F(p) defined as

~ . 11’1251/%
Flp)=-1 —_—. 4
@=-Jm =7 54

For the hop rate (2.12) and using the recursion equation (2.5), we calculated the partition

function Z¢_, as a function of density for various system sizes. Fig. 3.1 shows that the
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scaled logarithmic partition function indeed approaches a limiting function with increas-
ing system size.

Thus for large L, using (3.4), we can write [58]

Zn- “N-
1n(w) =kpu-(r-kP, (3.5)
ZN,L-N

where the chemical potential u and the pressure P are given by

L= OLF)| _ Flo), (3.6a)
oM &
P = - oLE) —-F(p)+oF'(p) (3.6b)
0L \u ’ '

and the prime stands for derivative with respect to p. Using (3.5) in the expression (3.3) for
correlation function (n;n;+,) and the boundary condition ZO,n = 0y, [refer to the discus-

sion after (A.2)], we get

.
Minisry = pe P Z P r>0 3.7)

r ~
= pety Zy, e D (3.8)

k=0

ok
= pe'tY = Z e kP (3.9)

k=0T
= _P i o ku+P) (3.10)

r d(,u+P) -

Thus, the correlation function is related to the grand canonical partition function of the
EP with r sites, which is not known.
However, as explained in Sec. 2.2, the grand canonical partition function for ZRP is

known. We therefore define the generating function of the correlation function as G(y) =
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Fig. 3.1 Free energy F(p) for hop rate (3.18) as a function of density p for b = 3/2 (inset) and
b = 5/2 (main) for different system sizes. The data for finite-sized systems is obtained by
numerically solving the recursion equation (2.5) and is compared with the result (3.17) for
infinitely large system.

Y220 ¥" S(r) which, on using (3.8), works out to be

o] 2
Y Zinlyety" - L 3.11)
n=0 1 -y

2

= P p ) (3.12)

1-yePglyw) 1-y

Gy = pY (ye D!
=0

where w = e. Furthermore, we recall that the equation of state in the grandcanonical en-
semble is given by [58]
PYL =In(Zgw)=LIngw), (3.13)
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which gives e P=1/ g(w). Thus we arrive at our main result, namely

p g p*

gw-yghw) 1-y’

G(y) = (3.14)

where the fugacity w(p) is determined by (2.9). The correlation function is then given by

1d'G

S(r) - J( (3.15)
rl dy" ly=o0
fd—y. W (3.16)
CZTU J/r+1

where the integral in the last expression is along the closed curve C around the origin [59].
We check that S(0) = p(1—p) is obtained from the above expression. The behavior at r — oo
is obtained by taking the limit y — 1. Expanding (3.14) close to y = 1 and using (2.9), we see
that G(y) (and hence S(r)) vanishes as r — oo.

Before proceeding further, we note that due to (3.6) and (3.13), the free energy can be
written as

Fle)=ppu-Ingw). (3.17)

This expression is also plotted in Fig. 3.1 for hop rate (3.18) with b = 3/2 and 5/2, and we
see that it matches well with the results for large systems. We note that F(p) is a decreasing

function of the density for b < 2, but it saturates to —In g(1) at high density for b > 2.

3.3 Correlation function for hole-dependent hop rates

We consider here the hole-dependent rate which is given as
b
um=1+—,m>0, (3.18)
m

where the parameter b = 0 and m is the number of holes (vacancies) in front of a particle.
Using the approach described in the last section for b = 0, we can obtain the known

trivial results of TASEP as described in Appendix B.1. Although we will focus on the rate
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(3.18) which models ‘attractive interactions’ between particles in the ZRP, we also consider
the case of free particles in Appendix B.2 for which u(m) = m [60]. In the latter case, each
particle is endowed with an exponential clock that ticks at rate one, but since the particles
are free and act independently, the total hop out rate is equal to the number of particles at
the site.

We now apply the general result (3.14) for the generating function of the correlation
function to the choice (3.18) of the hop rates. The correlation function can be easily ob-
tained numerically from (3.14) for an infinitely large system, and these results are shown
along with those obtained using the exact result (3.3) for a finite system in Figs. 3.2, 3.3
and 3.4, and see that the latter approaches the result obtained from (3.14) with increasing

system size. In the following subsections, we obtain analytical results for S(r) using (3.14).

3.3.1 Laminar phase:0<b<?2

When b = 0, we obtain the well known TASEP [16] on a ring for which the steady state is
known exactly. This case is discussed briefly in Appendix B.1 using (3.14). For b =1, the

generating function g(w) given by (2.15) takes a particularly simple form:

In(1-w)

gw)=————. (3.19)

Therefore, from (3.14), we get the generating function of the correlation function as

In(1 -w) 2
G(y)=—2F - (3.20)
In(yo-D-In(yo—y) 1-y
where yy = 1/w > 1. The density-fugacity relation (2.9) is given by
l-w
p=———In(l-w), w<1. (3.21)
w

To calculate the correlation function, we consider the following integral in the complex-y

plane along a closed contour C’ of Fig. B.1 wrapped around the branch cut at y, which
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Fig. 3.2 Decay of the correlation function in the laminar phase at p = 0.4 for various b < 2
for hop rate (2.12) in the infinite system. The analytical result (3.27) for b =1 is also shown.
The inset compares the correlation function for b = 1 obtained using (3.3) for L = 10* and
(3.14) for infinite system.

consists of a large circle of radius R about the origin and a small circle of radius € about yjy:

I = 1 f dy pln(1-w) (3.22)
C

“2mi Joy™t In(yo—1) —In(yo—y)

As the integrand has a simple pole at y = 1 and poles of order r +1 at y = 0, due to (3.16),
the residue at these poles immediately gives S(r). It is easy to check that the contribution
from the integrals over the large and the small circle vanishes when R — co and € — 0. Since

the integrand in (3.22) also has a branch cut singularity at y = yy, we finally obtain

1
S(r)=—

3.23
27i ( )

(f dy eln(1-w) +f dy eln(1 - w)
a8 Y In(yo-D-In(yo—y) Jpa y*! In(yo—-In(yo-y) )’
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where y — o = x along AB and y — y, = xe'?” along B'A'. Since the correlation function is

real, writing —x = xe™ ", we get

Sty = pIn(l —w) foo dx ( 1 B 1
B 2mi 0o o+x)" P \In(yp—1)-Inx+in In(yp—1)-Inx—in
—-pIn(1-w)(1 - oo 1
_ —pIn( (:))( w) dx : L 3.24)
Yo 0 A+x(A-w)™! (Inx)¢+7n

We are not able to perform the above integral exactly. But an approximate expression can

be found for large r as follows:

—oln(1 - 1— fo'e} -rx(l1-w)
S(r) = d n f))( W) X % (3.25)
Yo 0 (Inx)*+7m
N -pln(1 -w)(1 -w) ) dx (3.26)
B ) 0 (Inx)?2 + 72 '
polln(1 - w)| g Tl
~ ) 3.27
r [In(r(1-2))1*+nx° .

where the last expression is obtained after an integration by parts and the fugacity is deter-
mined in terms of density from (3.21). The last result is plotted against that obtained by
solving (3.14) numerically, and we see an excellent agreement. Similar to the b = 1 case, the
correlation function shows an exponential decay (with power law correction) for 0 < b < 2,

as can be seen in Fig. 3.2.

3.3.2 Atthe critical density: b > 2

We now calculate the correlation function at the critical density (2.17) using (3.14). At the

critical density p., as the fugacity w = 1, we get
(1) :
G(y) _ pC g pC

= - . (3.28)
g)-ygly) 1-vy
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Fig. 3.3 Decay of spatial correlation function with distance at the critical density for hop
rate (3.18) for b = 5/2. The data for finite-sized systems is obtained by numerically solving
(2.5) and (3.3), while the result in the thermodynamic limit is obtained using (3.14). The
analytical result (3.36) valid for large inter-particle distances is also shown. The inset shows
the data collapse of S(r, L) for different system sizes using (3.47).

We first consider the case when b is not an integer. For large r, we can expand g(y) given

by (2.15) about y = 1. Using equation (15.3.6) of [49], we obtain

n

2 _
gy =g —sg'()+ %g"(l) +ot %g(’” M +as’ 1 +oih, (3.29)

where s = 1 — y. Here we have retained analytic terms in the Taylor series expansion up

to nth order where 7 is the integer part of b — 1 and the leading non-analytic term. In the
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above expression, a = bt csc(br) and g(1) = b/(b—1). Then we have

G(s) = fooodr e *"S(r) (3.30)

= Pe o (3.31)
é+czsz+...+cns”— “;87)1 S

- %% (wgc(—‘;l;_z—pc(c‘23+...+cns”_l) , (3.32)

where the coefficients c; are writeable in terms of the derivatives of g(w) evaluated at one.

Since G(s) has a branch cut singularity at s = 0, its inverse Laplace transform is given by [59]

1 ioco
S(r) = — ds e’ G(s) (3.33)
271 J-ico
3 ioco aSb_S
= - PC. dse’ [co+c3s+..+Cps"? - ) (3.34)
271 J-ico g()

An integral similar to above also appears in the calculation of the canonical partition
function of the ZRP [47] and we can use those results here. In the above expression, the
firstintegral is 6 (r) and all the integrals (barring the last one) are the derivatives of the delta
function. Therefore for large r, these integrals vanish, and we are left with

3 i
_ ap; ' ds sr Sb_3

S= 2 iz

(3.35)

The above integral can be obtained from the integral I, calculated in the Appendix B.3 by

setting ¢ = 0 = 0, and we obtain
_piT(b-1)

S(r) 2

(3.36)

This result is compared against that obtained using (3.14), and we see an excellent match
atlarge r.
When b is an integer, as before, we expand g(y) about y =1 and using (15.3.11) of [49]),
we obtain
(="

2
gl—s)=g(1)—sg'(1) + %g"(l) +ot — g M)+ ps"Ins, (3.37)
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Fig. 3.4 Decay of spatial correlation function with distance at the critical density for hop
rate (3.18) for b = 3.3. The data for finite-sized systems is obtained by numerically solving
(2.5) and (3.3), while the result in the thermodynamic limit is obtained using (3.14). The
analytical result (3.36) valid for large inter-particle distances is also shown. The inset shows
the data collapse of the correlation function for different densities close to the critical point
in the laminar phase for infinite system using (3.45).

where B = (-1)?b. Following the same steps as described above, we get

3 ico d
S(r) % ' 2—;1 e s 31ns (3.38)
—100

3 ico d

g(f)cr’[j’—z ‘ 27:1_ e’sP3(ns—Inr) (3.39)
— 100

3 ico d

_ PP S ¢*sb31ns, (3.40)

g)rv=2 J i 2mi

where we have used that b is an integer to arrive at the last equation. As the above integrand
has a branch cut at s = 0, proceeding in a manner similar to that described in Appendix B.3
with ¢ = ¢t = 0, we find the above integral to be (=1)P=2 (b - 2) which shows that (3.36) is

valid for integer b as well.
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3.3.3 Above the critical density: b > 2

We now consider the behavior of the correlation function in the laminar phase at a density
close to the critical point. Since the fugacity is below one here, we write 6 = 1 — w and

expand (2.9) about w =1 to find the relationship between 6 and p. We find that

_ /
L_ab- Ve sb-2 5op<3,

1 )
—={fe 8 (U, ) (3.41)
Y 1 g(l)(g(l)_g(l)_ )

oot m em e 116, b>3.

The next order corrections to the above expression can also be worked out, and turn out to
be of the order 6 for2 < b < 3, Y72 for 3 < b < 4 and 62 for b > 4.
For large distances and densities close to the critical density, we now expand the gener-

ating function G(y,w) in (3.14) about y = 1 and w = 1. For b > 3, on using (3.41), we obtain

ap’ (s+6)P1—gb1

G(s,0) = 2() 2

) (3.42)

where, as before, s = 1 -y and we have dropped the analytic terms as they do not contribute

to S(r,w) for the same reasons as described in the last subsection. We then have

3 c+ioco d +5 b—-1 _619—1
S(r,0) = 22 oY
g() Je—ico 2mi §2

) (3.43)

where c is a positive real number. The above integral is calculated in Appendix B.3, and we
find that in the limitd = 1 —w — 0,r — oo with rd finite, the correlation function is of the
following scaling form

S(rw) =r>? 7220r1 - w)), (3.44)

where the scaling function
H(x)=(b-2T(b-1)p2 e [(x+b-1)e*Ep_1(x) - 1] , (3.45)

is a decreasing function of x. In the above expression, E,(x) = floo ds e *057" is the expo-

nential integral. By carrying out a calculation similar to above, it can be checked that the
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results (3.44) and (3.45) hold for 2 < b < 3 and integer b as well. The inset of Fig. 3.4 shows
the data collapse for the correlation function for various densities close to the critical point
and the scaling function.

Using the asymptotic properties of the exponential integral E,(x) [49], we find that
the scaling function . (x) 20rih-1) p> which thus reproduces the result at the critical
point obtained in the last subsection. At large x, as the scaling function .7 (x) * <> T'(b) (b -
2)p% e~*/x?, the correlation function decays exponentially fast with inter-particle distance

r. This analysis yields the correlation length defined by x = r/¢{ to be
E~0-0) ~(p-p)7", (3.46)

which, by virtue of (3.41) gives v=1/(b—2) for b< 3 and 1 for b > 3.

From the numerical data shown in Figs. 3.3 and 3.4 at the critical point, we note that
the finite size effects set in early on. For example, in Fig. 3.3 for b = 5/2 and a system size
L =10% a power law is seen for about a decade only. This makes a numerical determination
of the correlation function exponent difficult. Here we have given an expression (3.14) for
the generating function of the two-point correlation function for an infinite system which
can easily generate several decades of data. For a finite system with L sites, we expect the

correlation function to be of the following scaling form:
1 -
S(rnLl)=—= F(rL 9, (3.47)
b

where the scaling function % (x) is a constant for x < 1 and decays for x > 1. In the ZRP, the
average mass cluster at the critical point scales as £’V b <3 and V.Z, b > 3 [47]. If we
make the reasonable assumption that at the critical density, there is a single length scale in
the system under consideration and is set by the typical headway, we expect z=1/(b-1) for
b < 3. This expectation is consistent with the data shown in the inset of Fig. 3.3 for b =5/2

where we see that the data collapse gets better with increasing L.
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Fig. 3.5 llustration of the relation between two-point correlation in exclusion process and
the single site mass distribution in ZRP. Here, we have shown the two configurations that
contribute to calculate the correlation function S(r), where r = 4. Provided the sites i and
i+ r are occupied in EP, we map all the possible configurations of EP between the sites i
and i + r —1 to ZRP as described in Sec. 2.2.

3.4 Static correlation function in the thermodynamic limit

Here, we provide a simpler derivation of the result (3.14) in the thermodynamic limit [3].
Consider the probability Ps(r — s) that s consecutive sites in the ZRP have r — s particles.
Then, as shown in Fig. 3.5, it is easy to see that in the exclusion process, the probability that

two sites at a distance r are occupied is given by

Minisry = pY Psr—s). (3.48)
s=1

The factor p on the RHS of the above equation appears because the site i (in the ex-
clusion process) must be occupied. The generating function of the correlation function

defined as G(y) = X792, ¥" S(r) is then given by

Gy = Z Z (r-9-Y y'p? (3.49)
r=0  s=1 r=0
= Z Z mp.(m) - Zy p (3.50)
r=0 m=0 r=0
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But due to (2.11), we have

Z ymPr(m) = Z ym Z P (m,...,m;) 62;:1”1]',’71 (3.51)
m=0 m=0 my,...,my
_ (y‘“)) . (3.52)
g(w)

Using the last expression in (3.50), we immediately obtain the result (3.14) for the generat-

ing function of the correlation function:

p p’

_ ey 1y
1 yg(w) y

G(y) = (3.53)

The large distance behavior of the correlation function can be found by expanding G(y)
about y =1 for the hop rates. For the hop rate (3.18), at the critical point, we obtain the

result (3.36)
p3T(b-1)

S(r) = e,

bh>2. (3.54)

3.5 Correlation function for the model with generalised hole-
dependent hop rates

We consider generalised hop rates, where the hop rate depends on the number of empty
space in the front and back of the particle as explained in Sec. 2.2.2. The choice of hop rate
is given by [33]

u(m,m") = (v(m)-v(0)) v(m), (3.55)

where m (m') is the number of vacancies front (back) of a particles and

2 1
§<v(0)<1, vim)=1+ 1,m>0. (3.56)

Using (2.30) in (3.53) for the generating function of the static density-density correlation

function and expanding about y = 1, we find that G(y) &« (1 — y)c_6 at the critical point,
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Fig. 3.6 Decay of spatial correlation function with distance at the critical density for hop
rate (3.55) for ¢ = 6 and v(0) = 0.75. The data for finite-size systems is obtained by numer-
ically solving (2.5) and (3.3), while the result in the thermodynamic limit is obtained using
(3.53).

where
~3-2v(0)

>5), (3.57)
1-v(0)

due to (3.56). On inverting the Laplace transform [2], we finally obtain

_0cpiT(c=2) 1

T R

(3.58)

where the critical particle density p. and the related the critical mass density p. as given in
(2.1). The results shows good agreement with numerical simulations as shown in Fig. 3.6.
For correlation length as given in Sec. (3.3.3), we obtain the same scaling form as (3.45)

and the correlation length is given as

(- ~(p-po)", (3.59)
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which, by virtue, of (3.41) gives v =1/(c-5) for ¢ < 6 and 1 for ¢ > 6.

3.6 Correlation function for the model with particlewise dis-
order

The simplest case of a heterogeneous system is one consisting of only a single defect par-
ticle, while all other particles are identical. The defect particle hops at a rate smaller than
the rest, which can be taken as one. Evidently, the system exhibits a jamming transition.
The canonical partition function for such a system is exactly known (see Sec. 2.2.3) which
allows us to calculate the exact expressions for the two-point correlation function in both
the canonical and grand canonical ensembles. In the canonical ensemble, the two-point
correlation function scales with the system size, but approaches a constant value when the
size becomes infinitely large. Thus, in the thermodynamic limit, the two-point function
is a function of density. For more details on the two-point correlation function of a single
defect particle system see Appendix B.4. Additionally in Appendix B.5, we consider another
case of a single defect particle system in which the defect particle hop rate is the smallest
and dependent on the number of empty spaces in front of it as (3.18).

Further, for a fully disorder system in which the hop rate is different for each particle,

analogous to (3.48), we can write the two-point correlation function as

N
Mini+r) = Y Prob(site i is occupied by particle @)
a=1
-
x ) Ps(r=si{ug, ..., Ug+s-1}) (3.60)

s=1

where Ps(r — s;{Ug, ..., Ug+s—1}) denotes the distribution of mass r — s on s consecutive sites
in the ZRP when the sites have a hop rate {ug, ..., Ug+s—1}. Similar to (3.52), this distribution

is given by

a+s-1 wmjf(m)
Py(r=siltg, o tigrsa1) = Y. [] == Oyarsn

(3.61)
my,..ms j=a gj (w) k=a

My, r—$ *
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Fig. 3.7 Decay of spatial correlation function with distance at the critical density for disor-
dered hop rate (2.37) for y = 0.5, @ = 0.5. The data for finite-sized systems is obtained by
numerical simulations, while the result in the thermodynamic limit is obtained using (3.63).
The analytical result (3.69) valid for large inter-particle distances is also shown.

On averaging over the particle hop rates, we get

MiNisr)=p i Y p(my) ... p(my) Bys_ myr-s (3.62)

s=1{mj}
where p(m) is the single site mass distribution obtained after disorder averaging given by
(2.40). Some of the stationary state properties are briefly given in Sec. 2.2.3, and at the
critical point for the power-law distributed hop rate (2.37), the fugacity w takes the value of
the lowest hop rate 7. Therefore, we find the disorder averaged generating function G(y) of

the correlation function at the critical point by

Goy=—Le P (3.63)

1_reym l-y
g(@)
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Exact solution of the disorder averaged correlation function in thermodynamic limit re-

quire expansion of ratio % around y =1 and for non-integer y we have,
7 1+ i —s)k
g('{y):l—(—y u~) T +cn( 9 +a st (3.64)
g(u) Y 1-1d k!
where s =1 — y. Using above expansion, (3.63) becomes
G(s) = Pe o (3.65)
i +cos2+..a sl
02
= —[as"+pclcrs+.)] . (3.66)
S

Now the correlation function can be evaluated using contour integration,
— 1 [we -
S(r) = —f ds e’ G(s). (3.67)
271 Jico

Note that the integrand has a branch cut singularity at s = 0. The integral with an analytic
term is a delta function, and it vanishes upon integration. Thus we just need to solve the

following integral
Qr 100 dS ST -1
S(r) :apcf — e s (3.68)
100 2701
i

where @ = mycsc(ym)(1+7y) (ﬁ)lw. Finally, we get

~ 1+y
—_— u I'(y)
SH=p30+y|——| —0—, 3.69
(r) = p( 7)(1_a) — (3.69)
For integer v, the expansion of gg(?ﬂ%/ ) around y = 1results,
1+
sley) (1t (L)s+...+ﬁsY+llns, (3.70)
g(o) Y l1-¢

where = p2(-1)Y (1 +7) (ITCC)HY. For a non-integer y, we follow the same procedure and
obtain the same result as (3.69). The results (3.63) and (3.69) are consistent with numerical

simulations shown in Fig. 3.7.
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3.7 Correlation function for exclusion process with short and
long range hops

The model, considered here is defined in Sec. 2.3 where a particle hops to the farthest (near-
est) empty site with rate one (w). Using (3.48), the generating function G(y) of the correla-
tion function can be expressed in terms of the generating function Q(y) of mass distribu-

tion p(m) and is given by

Gy = 2 iP(r—s)—gJyrpz 3.71)
- li ﬁ(n;iomp(m)) (3.72)
_ li o) (3.73)
2
B l_pr(y)—fiy- o

At critical point the generating function Q(y) of single site mass distribution in mean-field
approximation is given by (2.42) which on expanding about y = 1 and 0 = 0. and retaining
the terms which are linear in o and nonanalytic terms to lowest order in the deviation of

s=1-y,and 6 = (0. —0), we get

Q(5,8) = 1= 5S¢+ ... + wmc\/m (00) 1) (s+ g) , (3.75)

where we have used that y_(o.) = 1. This gives the generating function of correlation func-

tion as

prwoe\/yi(0) =1 \/s+b/o,
2 s '

(3.76)

G(s,0) =
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Fig. 3.8 Decay of spatial correlation function with distance at the critical density for short
and long range hop model for w = 8. The data for finite-sized systems is obtained by nu-
merical simulation, while the result in the thermodynamic limit is obtained using (3.74).
The analytical result (3.77) valid for large inter-particle distances is also shown.

On inverting the Laplace transform using a contour that includes the branch cut at —¢/o,

we finally get
_pewoe/yi(o) -1 1

2 VITr

where #(x) = e”* + \/mxerf(x). The decay of the two-point function is compared with

HAOrlo.), (3.77)

numerical simulations as shown in Fig. 3.8.

3.8 Summary

In this Chapter, we studied several exclusion process on a ring in which a particle hops
to a empty neighbour with a rate assigned to it. Although we assumed that the hops are

unidirectional, the results obtained here also hold for the bidirectional case, in which a par-
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ticle may hop to either left or right empty neighbour with nonzero rate. This is because the
general exclusion models maps to some of the mass models whose partition function is in-
dependent of the bias in the hop rates [1]. Then our exact equation (3.3) for the correlation
function, holds for any bias in the hop rates.

Although most of the results for the ZRP and hence the exclusion process have been ob-
tained in the grand canonical ensemble [1], some studies in the canonical ensemble have
also been carried out [47, 48, 61, 45]. In particular, an expression for the partition function
Z< 4 in the canonical ensemble at and in the vicinity of the critical point has been calcu-
lated for finite systems [47], and it has been shown that for the weight f(m) with the same
asymptotic behavior as (2.15), Z¢_, depends exponentially on system size for p < g, but
sublinearly on Z for p = p.. This implies that the free energy (3.4) changes with the density
¢ in the homogeneous phase but becomes a constant equal to —In g(1) (which is chosen to
be zero in [47]) for all p = p., as seen here in Fig. 3.1. Due to the latter property, our analy-
sis can not be carried over to the jammed phase. However, since we are mainly concerned
with critical exponents here, it suffices to consider the system in the infinite size limit.

For an infinitely large system, we have derived an exact expression (3.14) for the gener-
ating function of the steady state two-point correlation function in the canonical ensemble.
This result was applied to the several choices of hop rate for p = p. to find the relevant crit-
ical exponents. The case of b = 1 in hop rate (3.18), where the system is in laminar phase
for all densities, has been considered in [57], but an explicit expression for the correlation
function was not provided.

Interestingly, at the critical point, we find the exponent characterising the power law
decay of the two-point correlation function changes continuously with the hop parameter.
Equilibrium systems in two dimensions that show continuously varying exponents at the
critical point are known [62], and their behavior is understood in terms of conformal field
theories with central charge one [63]. We do not know if the behavior found here has any
such deeper significance.

We also found that for the correlation function, exponent is always of 2 orders less than

the hole cluster distribution exponent. We have also given a general result regarding the ex-
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ponent v associated with correlation length. The exponent v in (3.46) is constant except in
the parameter regime where mass variance diverges. This scaling for the correlation length
has been obtained in a previous study as well [64]. In addition, we have also derived the
scaling function for the correlation function in the high density phase here and found that
when the steady state is of product form, the scaling is universal. However, for the exclusion
process corresponding to aggregation-fragmentation model, we find that the static correla-
tion function decays as 1/1/r and the scaling function is also different from the other hop

rates we have used.



Chapter 4

Critical dynamics of the jamming

transition in driven lattice-gas models

4.1 Introduction

This Chapter focuses on the stationary state dynamics of several driven lattice-gas mod-
els in one dimension that exhibit a jamming transition; most of the work discussed in this
Chapter has been published in [3]. A special case of the models studied here is the totally
asymmetric simple exclusion process (TASEP) in which a particle hops to the left neigh-
bor with rate one if it is empty. It is known that the jamming transition does not occur
in this model and its steady state dynamics can be understood using its relationship to
the Kardar-Parisi-Zhang equation for interface growth; specifically, the density-density au-
tocorrelation function decays with time as 1723 [46, 65]. The models of interest here are
driven lattice-gas models with hard-core particle interaction and in which the hop rates
are chosen such that jamming transition can occur. In the fluid phase and at the critical
point, the hole clusters are not macroscopically long as in the TASEP. Then it is natural to
ask if the dynamical properties in the fluid phase and especially at the critical point differ
from those in the TASEP.

The class of models that we consider are related to a zero range process [41, 1], a misan-

thrope process [42, 33] and an aggregation-fragmentation model [43, 52]. In these models,
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a jamming transition appears as a condensation transition where a macroscopically large
mass cluster forms on a single site at high densities but at low densities, the mass is dis-
tributed uniformly. The coarsening dynamics in the condensate phase have been studied
for these models quite extensively [25, 53, 5, 27, 66, 33], but the stationary state dynamics
are largely unexplored (however, see [27, 67]). It should be noted that in this picture, the
questions relate to the properties of hole clusters, whereas here we are concerned with the
holes themselves.

The relation to the mass model allows us to find the static density-density correlation
function analytically. In Chapter 3, we studied the equal time density-density correlation
function in the stationary state in a class of models where the product measure is exact
and a model within mean-field approximation. It was shown that at the critical point, the
two-point function decays as a power law in distance with a continuously varying expo-
nent in the former [2], and a constant exponent in the latter. Using this result and numer-
ical simulations, in models with exact product measure, we find that at the critical point,
when the static correlation function decays slower than the inverse distance, the exact au-
tocorrelation function decays as a power-law in time with a continuously varying exponent.
However, the TASEP behavior for the autocorrelation function, viz., 2/ decay holds oth-
erwise. Moreover, for a model studied using mean-field approximation, we find the decay
of autocorrelation function slower than t~!/2, as for symmetric exclusion process.

In the following section, we describe the mapping of our basic model to an interface
growth model. We then discuss the results for the static and dynamic correlation function
in Secs. 4.4 and 4.5 respectively. Sec. 4.6 is devoted to a discussion of three other models
that exhibit ajamming transition. Later, in Sec. 4.7, we discuss preliminaryresults on calcu-
lation of the variance of a tagged particle at the critical point. We conclude with a summary

of results and open questions in Sec. 4.8.
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Fig. 4.1 Figure to illustrate the mapping between the lattice gas model (bottom), zero range
process (middle) and interface growth model (top).

4.2 Models

We consider a system of hard core particles on a ring with L sites in which the total N num-
ber of particles is conserved. As described in Sec. 2.2.1, a particle attempts to hop to a left
neighbor with hop rate u(m). For the rate u(m) = 1+ b/ m, where m > 0 are the number of
vacancies in front of it, the occupancy variable n;(¢) at site i and time ¢ evolves according

to the following equation:

d( ) fo'e) m fo's) m
EAULINS O nisMicmanum+D [TA=ni2) = Y. 0ii—gmanulm) [ -ni—p), 4.1)
dt m=0 k=0 m=1 k=1

where the angular brackets denote averaging over initial conditions and independent stochas-
tic trajectories.

The exclusion process described can also be related to an interface growth model. As
shown in Fig. 4.1, an interface height profile can be obtained by associating an upward
(downward) slope with a particle (hole) in the exclusion process. The interface evolves in

time by flipping a local valley to a hill with a rate that depends on the number of upward
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slopes on the left. It is convenient to work with a height profile with zero average slope, and

we therefore define the height £ (f) of the interface at the substrate site j and time 7 as

j
hi()=) nit)-pj. (4.2)
i=1

4.3 Density-density correlation function

Consider the unequal time density-density correlation function defined as

L
S(r,t)=L"" > [@:Omir () -0?], (4.3)

i=1

where the angular brackets denote an average over initial conditions that are chosen from
the stationary state ensemble and independent stochastic histories. We already studied the
equal time correlation function S(r,0) = S(r) in Chapter 3 and we will study the autocor-
relation function S(0, ¢) in Sec. 4.5. The correlation function S(r, ¢) is related to the height-

height correlation function defined as [46, 65]

L
Cr,)=L""Y [((hisr (D) = hi (03], (4.4)
i=1
via the relation [68]
S( l') — lm (4 5)
YT T e '

which can be obtained on using (4.2) in the derivative of C(r, t) with respect to r.
The correlation function C(r, t) has been studied for several interface growth models,
and found to grow with time as %/ initially and saturate to 2% over a time scale that grows

as r*. In other words, it is of the scaling form [68]

S ( tlr/z) : 4.6)
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where the scaling function €' (x) is a constant when x > 1 and x*@ for x < 1, and a = Pz.

Correspondingly, for the density-density correlation function, we have

7z

Srh=t 7 y( d ) , “.7)

where the scaling function .#(x) is a constant for x <« 1 and decays to zero for x > 1.

The height model corresponding to the TASEP is known to obey the Kardar-Parisi-Zhang
(KPZ) equation [30], for which it is known that the dynamic exponent z = 3/2, the rough-
ness exponent @ = 2 — z = 1/2, and the growth exponent = 1/3 (see Appendix C.1), and
therefore S(0, 1) oc t~2/3 for large systems as indeed verified in recent numerical simulations

[69]. Further for a TASEP, the full scaling form is known to be

1/3 A 2/3 r
swo=(3) (e lgmamm) o

where 2(x) ~ exp(—0.295x>) [4, 68], A is the prefactor of static height-height correlation
function calculated in Sec. 4.4 and A is a function of the moments of the mass distribu-
tion and is given by (C.6). Our objective here is to study the exclusion process with hole-
dependent hop rates at the critical point and determine if the dynamics differ from that in
the TASEP case. The autocorrelation function is mostly studied by simulating the driven lat-
tice gas model via sequential updating. In most cases, we worked with large systems of size
L=10" or larger, and the data were averaged over more than 10* independent initial condi-
tions in the stationary state. Our results for S(r,0) and S(0, t) are described in the following
two sections. Although in most of the Chapter, we focus on the exclusion process, with
hop rate u(m) = 1+ b/ m, we also discuss other models that exhibit a jamming transition in

Sec. 4.6.
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4.4 Height-height correlation function and roughness expo-
nent

We now use the result obtained in the Chapter 3 to find the equal time height-height corre-
lation function C(r,0) defined in (4.4) which grows as r?% [46, 65]. Using (4.2) in (4.4), we
have

Cr0)=p(l-p)r+2Y (r=k)Sk,0), 4.9)
k=1

where S(k,0) = S(k), which has been calculated in Chapter 3. For TASEP, as S(k,0) vanishes
for all k > 0 in the thermodynamic limit, the above correlation function increases linearly
with r and therefore the roughness exponent a equals 1/2 [46, 65]. For u(m) =1+ b/m,

b > 2, at the critical point, we get
C(,0) = pe(1 - p)r +2p2T(b=1) (rHP? = HPY) | (4.10)

where we have used (3.36). In the above equation, HS" = Y.* ,i"*isaharmonic number of

order x and whose large n behavior is given by [49]

1-x

HY = f_—x+((x)+@’(n‘x), (4.11)

where {(x) = 377, k™" is the Riemann zeta function. Using the above equation in (4.10), we

find the leading and two subleading terms in the height-height correlation function to be

ar* P+ cor+cs , b#3,4,
Cr,0) =1 [2p2T(b-D]rinr+cyr , b=3, (4.12)
cor—2p2T'(b—1Inr ,b=4,

where the coefficients ¢; = 2p2T'(b—1)(3 - b)(4 - b)), ¢z = pe(1 = pe) + 22T (b — 1) (b -
2),¢, = pell = pe) +202T(b— 1) (yey — 1), 3 = —2p2T(b— 1){(b—3) and ygy ~ 0.577 is the
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Euler-Mascheroni constant. It can be verified that the correlation function S(r,0) in (3.36)
is obtained using the above result in (4.5).

Equation (4.12) shows that for large r, the height variance grows as r*~? for 2 < b < 3
and linearly for b > 3. Thus the interface is rougher in the former case, and the growth of

the interface width with distance can be characterised by the roughness exponent given by

4-b)/2 ,2<b<3,
a= (4.13)

1/2 ,b>3.

The subleading terms in the correlation function C(r,0) are useful in understanding the

dynamical behavior of the correlation function which we discuss in the next section.

4.5 Unequal time correlation function

We now study the autocorrelation function at the critical point. The results of our numer-
ical simulations are shown in the inset of Fig. 4.2 for the autocorrelation function defined
in (4.3), and we find that it oscillates in time. This is because the density fluctuations move
with a nonzero speed v =0/J/0p [70] (also, see Appendix C.1) where J is the stationary state
current. These oscillations (with time period L/v) can be eliminated by working in the rest

frame of the density fluctuations [66], and we therefore consider

S(r, ) = MO ixprer (D) — p? . (4.14)

4.5.1 Current-density relation for the exclusion process with hole-dependent
rates
To find the speed v, we first calculate the stationary state current as follows. Since a particle

hops to the left empty neighbor with a rate that depends on the number of vacancies in

front of it, the stationary state current in the bond connecting the sites i — 1 and i is given
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by
J(p) = (ud)ni-20-n;- 1)ni+u(2)m 3(1=-ni—2)A-ni-1)n;i+...) (4.15)
= <Z u(Mm)nini—m=+1) H(l Ni-k)- (4.16)
k=1

Upon mapping the particle configurations appearing on the RHS of the above equation to

the ZRP as described in Sec. 2.2.1, we find that

Jip) = pZ u(m)p(m) (4.17)
= 5 Z u(m)= {(;m (4.18)
- pw(p), (4.19)

since p(m) is given by (2.6) and f(m) obeys (2.13). As shown in the inset of Fig. 4.2, the
current is a nonmonotonic function of density: it increases linearly in the jammed phase
and reaches a maximum at p = p,.

For the current (4.19), the speed v = 0J/0p = w + pow/dp. In the high density phase

where w < 1, using (2.10), we obtain

v=w- # (4.20)
However, in the low density phase, since the fugacity equals one, the current is simply given
by p and thus the speed of the density fluctuations for p < p. is unity for all b > 2. Moreover,
in high density phase, this speed changes sign and vanishes at b* = 3 + /2 for b > 3. For
b < b*, since the slope v (p.) of the current at p. from the high density side is positive,
the current continues to increase beyond the critical density. The density p* > p. where
the current is maximum can be found by setting the derivative of the current equal to zero
and using the density-fugacity relation (2.9). For b = 2.5 for which p, = 1/3, we find that

p* = 0.65 as shown in Fig. 4.2. For b > b*, the current must decrease as the critical density is

crossed since the speed v, is negative. But as the slope v_ is positive, the maximum current
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Fig. 4.2 Autocorrelation function S(0, #) defined in (4.14) at the critical point for b = 7/2
and L = 100 to show that the density fluctuations move with the speed v, given by (4.21).
The inset shows the stationary state current (4.19) as a function of the particle density for
two values of the parameter b. The critical density p, = 1/3 and 4/5 for b = 5/2 and 6
respectively.

is obtained at the critical density. Note that the derivative of the current does not exist at
the critical point for b > 3. At the critical point, since the mass distribution p(m) ~ m~?, the
variance o2 diverges when 2 < b < 3 and remains finite otherwise. As a result, the speed is

not a continuous function of density for b > 3 since

1 ,2<b<3,
vi(0e) = (4.21)

RRC I Y

whereas, as mentioned above, v_(p.) = 1 for b > 2 [66]. Thus, for b > 3, it is not clear
whether one should use v, or v_ in (4.14) at the critical point. Our numerical simulations

show that the correlation function S(0, t) does not oscillate in time when v, is used, see
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Fig. 4.3 Temporal decay of the autocorrelation function S(0, t) defined in (4.14) in the fluid
phase for b =5/2 at p = 1/2 for the exclusion process with hop rate u(m) =1+ b/m. The in-
set shows the scaled unequal time two-point correlation function for hop rate (2.12) where,
b =2.5atdensity p = 1/2 in fluid phase. The straight line in inset shows the scaling function
given in (4.8) where A= p(1-p) and A = 3.27.

Fig. 4.2. To rationalize this observation, we note that the speed v is determined by a steady
state property (namely, the first derivative of the steady state current). But in the station-
ary state, a typical hole cluster is not macroscopically long (see Sec. 4.2) and therefore the
properties of the critical state are similar to that in the fluid phase. In the following, we will

set v = v, which is given by (4.21).

4.5.2 Autocorrelation function when b > 3

To get an insight into the dynamics, we write down an equation for the height of the inter-
face model (explained in Sec. 4.2) in Appendix C.1 using a standard prescription for p = p.

The coefficients appearing in this equation are related to the second and third cumulants of
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Fig. 4.4 Temporal decay of the autocorrelation function S(0, ) defined in (4.14) at critical
point for b = 6 for the exclusion process with hop rate (2.12). The inset shows the scaled
unequal time two-point correlation function at critical density for hop rate (2.12) where,
b = 6. The straight line in inset shows the scaling function given in (4.8) where A= p(1-p)/2
and A =25.28.

the hole cluster distribution p(m) in (2.18). In the fluid phase where the distribution of the
hole clusters is an exponential, we find that the KPZ equation is obtained for all b > 2 and

t72/3, as shown in the Fig. 4.3. We have also

therefore the autocorrelation function S(0, #)
compared the scaling form (4.8) of the TASEP with the scaling function in the fluid phase
and have found good agreement with numerics as shown in the inset of Fig. 4.3.

However, at the critical point where the hole cluster distribution p(m) ~ m~?, we find
that the interface height profile obeys the KPZ equation when b > 4. We thus expect that the

density-density autocorrelation function S(0, ) decays as =2/ as in the standard KPZ case.

Our numerical results shown in Fig. 4.4 for b = 6 are indeed consistent with this expectation.
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Fig. 4.5 Temporal decay of the autocorrelation function S(0, ¢) defined in (4.14) at the crit-
ical point for the exclusion process with hop rate (2.12) and b = 7/2. The inset shows the
data collapse for various system sizes for b = 3.8 at the critical density.

On comparing the unequal time correlation function with that for TASEP, we find a good
agreement up to a constant factor as shown in inset of Fig. 4.4.

We next turn to the case when 3 < b < 4. Although the roughness exponent in (4.13) is
1/2 in this parameter regime, as the third cumulant of p(m) diverges for b < 4, our hydro-
dynamic description in Appendix C.1 breaks down. However, our numerical data for the
autocorrelation function shown in Fig. 4.5 is consistent with the =23 decay at large times
which means that the dynamic exponent z = 3/2 here as well. This is also verified by writ-
ing (4.7) as rS(r, 1) = x 23.%#(x) , x = tr~*'2 and obtaining a data collapse for three system
sizes as shown in the inset of Fig. 4.5. The slow convergence of S(0, #) to the asymptotic
behavior indicates that the subleading corrections to the leading behavior may be strong.

From (4.12) for the static correlation function, we see that the subleading correction grows



4.5 Unequal time correlation function 61

107! - - ' ' '
070 F "o ]
— * @
'OQ'\ d m
o L]
= 1]
©n o035 Lo ]
4 ~ re)
3 L = 15000 N
L=25000 o "~0g
L = 40000 . 5
L (L_3/2t)_1/6 __________ \\% b

S(0,1)

102

L = 48000
0.216 /3 e
0216t‘4{3(1._(196t71ﬂﬁ . |
102 103 104

Fig. 4.6 Temporal decay of the autocorrelation function S(0, f) defined in (4.14) at the crit-
ical point for the exclusion process with hop rate (2.12) and b = 5/2. The inset shows the
data collapse for various system sizes for b = 9/4 at the critical density.

as r*~P for b > 3. On using this result and the discussion in Sec. 4.3, we find that

1
S(0, 1) x 2 2(b-3)
13 3

A
1+ ) : (4.22)

where A is a constant. Thus for b = 7/2, the correction to the leading order behavior is

expected to decay slowly as ¢7!/3; the numerical data fits well to the above equation as

shown in Fig. 4.5.

4.5.3 Autocorrelation function when2 < b <3

As in the 3 < b < 4 case, here our hydrodynamic description also breaks down, the reason
for which can be traced to the slow decay of the hole cluster distribution. In addition, the

static correlation function C(r, 0) increases superlinearly, see (4.12). As shown in the inset of
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Fig. 4.6, we obtain a good data collapse for various system sizes using a« = (4—b)/2 and z =
3/2in (4.7). Thus, here the autocorrelation function decays with time as a power law with
a continuously varying exponent given by 2(b —2)/3. Moreover, on taking the subleading

corrections to the static correlation function into account, we obtain

1 A
S0,0) ¢ <5 |1+ , (4.23)
3

23-b)
t 3

which provides a good fit to the numerical data as shown in Fig. 4.6 for b =5/2.

4.6 Critical dynamics in other models

The main conclusions so far are that at the critical point, in a certain parameter regime,
the roughness exponent is different from that in the TASEP but the dynamic exponent z =
3/2 holds throughout. Below we discuss three more models that show a similar jamming
transition and for which the above results continue to hold. In Sec. 4.6.3, we also discuss a

model for which the above conclusions are not valid.

4.6.1 Generalised exclusion process with hole-dependent rates

We now discuss a class of driven lattice gas models in which a particle hops to the empty
left neighbor at a rate u(m, m') where m(m’) denotes the number of vacancies on its left
(right). This model is obtained, via the mapping described in Sec. 2.2, from a misanthrope
process [33] in which a site can be occupied by any number of particles and a particle hops
out of a site with mass m to its right neighbor at a rate u(m, m') when there are m’ particles
on the landing site. When the hop rate does not depend on the mass at the target site, we
obtain a ZRP as already discussed in Sec. 2.2.

Here we consider such a case with hop rates given by [33]

u(m,m) = (v(im)-v(0) v(im), (4.24)
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where

2 1
—<v0)<l1, vim=1+ , m>0. (4.25)
3 m+1

Thus a particle hops to the left empty site with a lower rate if there are large empty regions
on either side. For the range of v(0) mentioned above, a jamming transition occurs, see
detail in Sec. 2.2.2. The static density-density correlation function at the critical point is

calculated in Sec. 3.5 and given by

cpeT(c=2) 1

S,O: ’
0 == r 3 rc-5

(4.26)

where the critical particle density p. and the related mass density g, are given in Sec. 2.2.2.
On comparing this result with those in Sec. 4.4, we immediately see that the roughness
exponentis equal to (7—c¢)/2 for5< c<6and 1/2 for ¢ > 6.

Further, the speed of the density fluctuations v = 0J/0p where the stationary state cur-

rent expression J in lattice gas model with hop rates (4.24) and (4.25) can be written as

J(p) = u@,0ni—2A-ni-1)niNis1+u2,0n;-3(1—n;-2)1—n;-1)NiNi+1
+otul, )20 —1;-1)n;1—=1i41)0i42+..0)
= (). Y ummni—gmenNiNisow+n [[ Q=0 [TA =054y 427
m=1m'=0 k=1 j=1
= p )Y ) wm-vO)vm)pmpm') (4.28)
m=1m'=0

B wv(l)— v(0) ( 2v(0)2F1(1,3,¢,Cw) )2

(4.29)
v(0) 2—-v0)+v(0)F;(2,2,c,Cw)

Furthermore, assuming that the dynamic exponent z = 3/2 here as well, we expect that

the autocorrelation function behaves as

_ 2(c-5) _2(6-0)
=45 @+a1t s) 5<c<6,

(
(

wino

SO0, o { 1 1+a2t—2“s‘6)) L 6<c<7, (4.30)

win

2
r 1+a3t_§) ,c>7,
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Fig. 4.7 Autocorrelation at the critical point for the generalised exclusion process discussed
in Sec. 4.6.1 for ¢ = 5.5 with p, = 5/33, v = 0.285714 (main) and ¢ =9 with p. = 12/19,v =
—0.00846192 (inset).

where «;’s are constants. Our numerical results for the autocorrelation function shown in
Fig. 4.7 for c = 5.5 and 9 in the rest frame of the density fluctuations are in agreement with

these expectations.

4.6.2 Exclusion process with particlewise disorder

We again consider a system of hard core particles on a ring in which a particle hops to the
empty left neighbor. However, the hop rate of a particle is now a random variable, and it
is independent of the length of the hole clusters on either side [25-27]. The hop rates are

chosen independently from a common distribution,

Y

m(u—ﬂ)y,y>0, (4.31)

q(u) =
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Fig. 4.8 Autocorrelation function at the critical point for the disordered exclusion process
discussed in Sec. 4.6.2 for y = 0.5 (main) and y = 4 (inset). The data are averaged over 2000
independent disorder configurations for the rates chosen from (4.31) with &t = 1/2.

where 0 < @ < u < 1. This model can be mapped to a ZRP with sitewise disorder as ex-

plained in Sec. 2.2.3 and shows a jamming transition at p, = yﬁ [25, 26]. On using the

result from Sec. 3.6, the static two-point correlation function turns out to be

1+Y m

Y (4.32)

S(r,0) = p(1+7) (Tuﬂ)

Using this expression in (4.9), we find that the roughness exponent is given by (2 —y)/2
when 0 <y <1butis1/2 fory > 1.

Following similar steps to the models considered before, the stationary state current

for a given configuration of particle hop rates is found to be J = pw, and the speed of the

density fluctuations can be calculated using (2.33) and its derivative with respect to w. In

numerical simulations, for a given set of u;’s, we calculated the speed and measured the
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Fig. 4.9 Autocorrelation function at the critical point for the process with short and long
jumps for two values of parameter w. The data are shown here for system size ~ 15000
and averaged over 2000 independent histories. The plot confirms that the autocorrelation
function decay is independent of hop parameters and decays with exponent 1/4.

autocorrelation function in (4.14). The numerical data were averaged over many disorder
configurations to yield S(0, t) which is shown in Fig. 4.8, and we find that our numerical
results are consistent with (4.7) where the roughness exponent is as quoted above and the

dynamic exponent z = 3/2.

4.6.3 Exclusion process with short and long jumps

The model of our interest is already explained in Sec. 2.3. It is known to show jamming
transition only in the bidirectional case when the current in the system is zero. From the
hydrodynamic agreements, one would expect it to fall in Edwards-Wilkinson (EW) univer-
sality class [71] and therefore, the dynamic exponent z = 2. Using the static two-point cor-
relation function decay exponent from (3.77) in (4.9), we calculate the roughness exponent

a to be 0.75 which is very different from standard prediction of @ = 1/2 by EW. Further, us-
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ing the two-point correlation function scaling given by (4.7), the autocorrelation function
is given as

S, 1) ~ 1 V4, (4.33)

and is consistent with the numerical simulation as shown in Fig. 4.9.

4.7 Tagged particle correlation for the model with hole-
dependent hop rate

Another way to understand the stationary state dynamics is through the study of the dis-
placement of a tagged particle. Here, we study the growth of the variance of the displace-
ment of a tagged particle with time. The variance is studied at the critical point for ex-
clusion process with hole-dependent hop rate (3.18), in stationary state. The details of
some of the known stationary state properties of this model have already been discussed
in Sec. 2.2.1. The time growth of the fluctuation for a tagged particle in the steady state
for ASEP [72-74] as well as that for the hole-dependent hop rate (3.18) [66] has been well
studied. However, a detailed analysis at the critical point is still lacking.

The study of the fluctuation by measuring the variance of a tagged particle displace-
ment in time can be approached in two ways: (a) by calculating the variance o?(t), aver-
aged over different stationary state initial configurations and (b) by calculating variance
s2(t), which is only averaged over stochastic histories starting from the same initial condi-
tion.

Earlier studies on ASEP show that the fluctuation, o (¢), grows linearly in time with a dif-
fusion constant, Dy which is a function of density and the bias [73] in the thermodynamic
limit; for TASEP, it is given by Dy = (1 — p). Further, it has been observed that the growth
of the variance is sensitive to ensemble averaging, i.e., the variance decay scaling changes
if the variance is averaged over different stochastic histories starting from same initial con-
dition. In the thermodynamic limit, the variance, s? with same initial condition, shows a

constant growth in time with exponent 2/3 (s?(t) ~ t?/3) [74]. This difference in the expo-
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nent can be explained by arguing that in the stationary state, the displacement of the n'"

tagged particle, y(n, ) — y(n,0), has contributions from three different terms: drift, sliding

density fluctuations, and dissipation. Thus, one can write the displacement as
d(t) = y(n, 1) — y(n,0) = Dot + Wyt + tP4,, (1) , (4.34)

where a is the roughness exponent and f is the growth exponent of the KPZ equation.
Presently, we will not go into the detailed observation of (4.34) (see [74] for details) and use
it to explain briefly how the exponents for 02 and s? are different. Two different scenarios

are considered —

(i) When the displacement is averaged with respect to the different stationary initial con-

ditions, we get

d(t) = (y(n, 1) — y(n,0)) = Dot + Wy t* + P (4, , (4.35)

where the angular bracket denotes averaging over the stochastic histories, and the
over-bar denotes ensemble averaging of initial conditions. Now, taking the variance

of displacement, o%(t) becomes
0% () = (Wy, = W) t% + tP (G, — (4,0)? ~ 12, (4.36)

where a = 1/2 for TASEP.

(i) When the displacement is averaged over different stochastic histories while keeping

the initial condition fixed, we get
() = (y(n, ) = y(n,0)) = Dot + Wy, 1" + t7(4,) (4.37)
Thus, the variance of the displacement becomes

s2(0) = tP (G — (@) ~ 12, (4.38)
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Fig. 4.10 Growth of the variance of the displacement in time at critical point is shown for
hop rate (3.18) when b = 6 for the system size L = 16000. The main figure shows the growth
of the variance s as /3 same as in TASEP given by (4.38). The inset shows the linear growth
of the variance o2 (4.36) when average is taken over several initial conditions.

where 8 = 1/3 for TASEP. Hence, we recover two different scaling of o%() and s? (see

ref. [74] for details).

Note that although, there is fair amount of literature for hop rate (3.18), but the result is
not very clear at critical point [66]. Here, we do not comprehensively analyse this, rather,
we carry out some numerical simulations to understand the growth of the displacement
fluctuation of a tagged particle at the critical point. Following the study of TASEP given
earlier in this section, we require knowledge of the roughness exponent a and the growth
exponent f at the critical point [3]. In Sec. 4.4, we have found two different regimes for the
roughness exponent and growth exponent. For 2 < b < 3, we have continuously varying
exponents, and for b > 3, we have exponents as that for the KPZ equation. Therefore, for

b > 3, the variance of displacement is expected to show the same result as TASEP.
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Fig. 4.11 Growth of the variance of the displacement in time at the critical point is shown for
the hole-dependent hop rate (3.18) when b = 3.5 for the system of size L = 12000. The main
figure shows the linear growth (4.36) for the variance, 02 which is averaged over several
initial conditions. The inset shows the growth of the variance, s2 with next order correction
when averaged over stochastic histories only.

The results obtained from numerical simulations for the hop rate (3.18) are compared
with the known TASEP results [66]. On the basis of the result of roughness exponents (4.13)
and growth exponents a/z where z = 3/2, the fluctuation in the tagged particle displace-

ment is calculated from (4.36) and (4.38).

4.7.1 Variance of a tagged particle displacement when b > 3

For b > 3, the exponents a and f are 1/2 and 1/3 respectively, same as in TASEP. Therefore,
the results for the variance s and o are same as in TASEP case and are given by equations
(4.38) and (4.36) respectively. This has been confirmed by the numerical simulations as
shown in Figs. 4.10 and 4.11. In Fig. 4.11, we consider next order correction of the variance

s2(t) similar to the correction incorporated for the autocorrelation function (4.22).
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Fig. 4.12 Growth of the variance of the displacement in time at the critical point is shown
for the hole-dependent hop rate (3.18) when b = 2.25 for the system of size L = 15000. The
main figure shows the linear growth for both variance o and s*. The inset shows the next-
order term of the displacement given in (4.35) which represent the value of roughness ex-
ponent a.

4.7.2 Variance of a tagged particle displacementwhen 2 < b < 3

In this case, the static correlation function suggests that the roughness exponent « is con-
tinuously varying with hop parameter, a = (4 — b)/2. Hence the growth exponent g is also
continuously varying with exponent (4 — b)/2z. Using these values of exponents in (4.36),

and (4.38), we get the variance of the displacement as

a?(t) ~ D , when averaged over different initial configurations, (4.39)
s2(5) ~ t“9P/%  when averaged over stochastic histories only . (4.40)
This suggests that the growth of o2(¢) and s?(¢) are faster compared to that for b > 3. How-

ever the numerics suggest that the growth of the fluctuation is linear for both o (when the
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Fig. 4.13 Autocorrelation function at the critical point for the bidirectional case for hop
rate u(m) = 1+ b/ m discussed in Sec. 2.2.1 for b = 3.5 (main) and 2.5 (inset). The results of
autocorrelation function is consistent with numerical simulation with dynamical exponent
z=2.

initial configuration is averaged) and s (with fixed initial condition) as shown in main fig-
ure of Fig. 4.12. The exponent for variance s is same as given by (4.40) while o is different
from (4.39). We do not know the reason for this difference yet, and would like to revisit it in
future. Moreover, we have checked the second leading order term for the displacement of
a tagged particle and it is consistent with the exponent given by roughness exponent a as

shown in the inset of Fig. 4.12.

4.8 Summary

Although the critical dynamics of some nonequilibrium phase transitions such as absorb-
ing state transitions [75] have been rather well studied, such questions have not been ad-

dressed for the condensation transition and the related jamming transition barring some
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exceptions [27, 67]. The dynamical behavior in the stationary state for the latter class of
transitions is the subject of this Chapter.

Here we studied several one-dimensional models in which the particles have hard core
interactions and always hop in one direction. Our main finding is that when the equal
time density-density correlation function decays faster than the inverse of the distance, the
autocorrelation function decreases with time in the same way as in the TASEP. However for
slower decaying S(r,0), the autocorrelation function S(0, t) also decays slower than 123
and with an exponent that varies continuously with a model parameter. In a driven system
of hard core particles with nonlocal hop rates, the static correlation function is found to
decay as r~2 and the dynamic exponent has been shown to be one [76], unlike here where
z=3/2is found to be robust.

For a generalisation of the hop rate (2.12) given by u(n) = 1+ (b/n*), the jamming tran-
sition occurs when 0 < A < 1, b > 0 (besides the case considered here, namely, A =1,b > 2)
[77]. In the former case, at the critical point, the single site mass distribution p(m)
exp [-b(1 - )L)_lml_l] decays faster than a power law as in the fluid phase. As a conse-
quence, the roughness exponent remains one half [2] and the dynamical behavior is the
same as in the TASEP for all 0 < A < 1,b > 0. We have also studied a bidirectional version
of the model in Sec. 4.2 in which a particle may hop to either side with equal probability
at a rate that depends on the number of holes in the direction toward which it chooses to
hop. This model can be mapped to a symmetric ZRP whose steady state is the same as
in Sec. 4.2. As a result, the roughness exponent does not change from the driven model.
However, since the steady state current vanishes, the dynamic exponent z = 2 here [46, 65]
as shown in Fig. 4.13. Our numerical simulations for the autocorrelation function given
by (4.7) are consistent with these values of the roughness exponent and the dynamic expo-
nent.

We note that the Galilean invariance which holds for the KPZ equation and yields the
scaling relation a + z = 2 is violated for the models studied here at the critical point when
the static correlation function decays slower than 1/r. Precisely what is responsible for this

breakdown is not understood. We have been able to obtain an understanding of the KPZ dy-
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namic exponent z = 3/2 in the models discussed here using a hydrodynamic theory when
the third cumulant of the hole distribution is finite, but an extension of the hydrodynamic

description to the complete range of parameters at the critical point is desirable.



Chapter 5

Critical dynamics of classical systems

under slow quench

5.1 Introduction

In the past few decades, extensive studies have been carried out to understand the phase
ordering dynamics of classical systems with equilibrium [78] and nonequilibrium steady
states [54, 67, 53] when the system is quenched infinitely fast from a disordered state to an
ordered one. Slow quench (or annealing) dynamics have also attracted some attention in
the recent years, and have been invoked to understand the defect structures in the early
universe [6, 79] and more generally, to systems exhibiting second order phase transitions
[7, 80] in both classical [81-87] and quantum [88-92] settings. Moreover, a number of ex-
periments investigating the relationship between defect density and quench rates have also
been performed in variety of systems such as liquid crystals, superfluid *He, superconduc-
tors, Bose-Einstein condensates and colloidal systems, see [93] for a recent review. The
defect density at the end of the quench is generally found to decay as a power law in the
inverse quench rate (although some systems such as 2D XY model exhibit non-algebraic
decay [94, 95]).

Much of the body of work on slow quench dynamics appeals to the Kibble-Zurek ar-

gument [6, 7] which states that if the control parameter is varied slowly across the criti-
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cal point, the system stays close to the steady state (adiabatic regime) until its relaxation
time becomes longer than the quench time after which the dynamics are hypothesised to
remain “frozen" (impulse regime) until the critical region is crossed. Thus the argument
applies only for quench processes near the critical point, but recent works have elucidated
the slow annealing dynamics when the system is quenched far from the critical point to an
ordered phase and argued that the defect density is determined by coarsening dynamics
[85, 94]. However the question about the dynamical behavior when the system is quenched
slowly in the critical regionhas not been addressed in previous investigations. Moreover, all
the studies mentioned above deal with systems with equilibrium steady state (but, see [96]
that considers a nonequilibrium quantum system).

Here we consider the slow quench dynamics of the jamming transition that occurs in di-
verse settings such as vehicular traffic [20], cellular traffic [19] and granular media [23]. We
study a classical nonequilibrium system in one dimension which shows a jamming transi-
tion in the stationary state [47]. The steady state of this model is known exactly [1], and
some results for the coarsening dynamics [5, 53] and stationary state dynamics [3] have
also been obtained. However the dynamics of this model under slow annealing have not
been studied and here we address this problem using numerical simulations and analytical
arguments. We find that the standard Kibble-Zurek scaling explains our results in the crit-
ical region but close to the critical point and for quenches deep in the jammed phase, the
defect density decay can be understood using the corresponding results for rapid quench

dynamics [85].

5.2 Model

We consider an exclusion process with hole-dependent rates given by
b
un)=1+—,n>0. (5.1)
n

The stationary state properties of this model and its mapping to a Zero Range Process (ZRP)

have been described in Sec. 2.2.1. Here we recall that for this hop rate, ajamming transition
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occurs at

2_
be=""L 5.2)
1-p

where p = N/L is the total particle density. For b < b, the typical hole cluster length is of
order unity (fluid phase) while for b > b, a macroscopically long hole cluster coexists with
gaps that are power law distributed as n~” (jammed phase) [1]. As shown in Appendix D.1,
close to the critical point, the static correlation length ¢ ~ (b, — b)™", diverges with an expo-

nent v that varies continuously with b, when 2 < b, < 3 but is a constant otherwise [2],

(b.-2)"1 | 2<b.<3,
V= (5.3)

1 , b.=3.

The stationary state dynamics have also been studied and it has been found that at the
critical point, the steady state density fluctuations decay on a time scale that grows as L*
where the dynamic exponent z = 3/2 [3].

In the following, we also consider a bidirectional modelin which the particle first chooses
either the left or the right neighbor with equal probability and then hops with a rate that de-
pends on the vacancies in the chosen direction provided the target site is empty. The steady
state obeys detailed balance and is the same as that in the unidirectional model [1]. As a
result, the correlation length exponent v is given by (5.3); however, the dynamic exponent
z =2 in this case [3].

To study the slow quench dynamics, we introduce time-dependence in the hop rates
and write

b(t)
u(n,t):1+7,n>0, (5.4)

where, for simplicity, we work with linearly varying b given by

b(t) =

—,0=st=7. (5.5
T

The quench protocol was carried out by changing the parameter b from zero (in the fluid

phase) to a final value b; = b, (critical point) and 2b, (jammed phase) keeping the density
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Fig. 5.1 Inset shows the unidirectional lattice gas model studied in this article and the re-
lated zero range process. Main figure shows the dynamics of the excess defect density de-
fined in (5.6) for b; = b, = 2.3 in the unidirectional model.

fixed at p. which is given by (5.2). Our quantity of interest is the domain wall density (which
is the interface between the particle and hole) in the lattice gas model. From the inset
of Fig. 5.1, we see that the number of domain walls is equal to two times the number of
occupied sites in the ZRP. For finite inverse quench rate 7, as the system is far from its
steady state and has more domain walls than at stationarity, we consider the excess defect

density given by

6pa(t)=2p.[p0,1)— p(0)], (5.6)

where p(0, f) is the probability that a site is empty at time ¢ in ZRP when the parameter

b is time-dependent and p(0) is given by (2.6). In Monte-Carlo simulations of the mod-
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109 |

Fig. 5.2 Main figure shows that the remaining time ¢, to the critical point obeys the Kibble-
Zurek prediction (5.7) for the unidirectional model when b; = b,. Inset shows the collapse
of excess defect density with the Kibble-Zurek scaling (5.8) for time ¢, < ¢ < 7 when the
system is quenched to b; = b, =2.3.

els described above, we measured 6p,(¢) for system sizes in the range 15000 — 20000 and

averaged the data over 2000 — 4000 independent initial conditions.

5.3 Results

When the quench rate 77! is very small, the parameter b changes very slowly allowing the
system to relax to the stationary state. But for faster quench, the system is farther from the
steady state. Indeed, as Fig. 5.1 shows, the excess defect density 6 p,(t) decreases with in-
creasing 7. Our objective here is to understand how 6 p4(7) decays with 7 when the system

is quenched slowly to b;.



80 Critical dynamics of classical systems under slow quench

o

SRS
o O
[T
NN
W W

e)

1073 |

o0 e m

102 103 104

Fig. 5.3 Power law decay of the probability p(0, ) — p(0) with time after a fast quench to the
critical point starting from b = 0 to b, with density p. in the unidirectional model (closed
symbols) and bidirectional model (open symbols). The lines show the scaling (5.9) and the
triangular closed symbols show the numerical data when the system is quenched instanta-
neously to b, = 2.3 from the initial value one.

5.3.1 Dynamics in the critical region

When the system is far from the critical point, it relaxes quickly. But as the critical point is
approached, the relaxation time increases and at time ., the remaining time #, = 7 — £, to
reach the critical point becomes comparable to the relaxation time in the stationary state

which can be expressed as [6, 7]
t —zZV
T— L ~¢; ~(bc—b(t*))‘”~(1—7*) : (5.7)

so that ¢, ~ 775 . As the system falls out of equilibrium at z,, in numerical simulations, we
picked the time . to be the one where the excess domain wall density is 10 and found

the time t,. Using the exponents v and z quoted in the last section, we find that for the
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unidirectional model, the time f, ~ 73/?%=D for 2 < b, < 3 and as 73/° for b, = 3 which is
in good agreement with the numerical data in Fig. 5.2. (We have checked that our scaling
results are not affected if t, is determined by the criteria that excess defect density < 1073).

Assuming that the system does not evolve after time £, the defect density after crossing
the critical point is posited to be §p4(7) ~ &1 ~ 7Y/ (+V2) [6, 7]. However, we find that
the Kibble-Zurek scaling works well for times < 7 but not at or after the critical point is
crossed (see below). Our simulation results for the unidirectional model shown in the inset
of Fig. 5.2 for a quench to the critical point demonstrate that the excess defect density is of
the form,

2
: T 21 f(t/T) , 2<b:<3,
5p4" (1) = ) (5.8)

125 f(tIt)  , be=3,
where f(x) is the scaling function and . < ¢ < 7. We also find that the above scaling form
breaks down at times of order ..

Close to the critical point, the system undergoes critical coarsening during the time
interval ¢, [85]. We therefore turn to a discussion of the fast quench dynamics of the ZRP
in which the system initially in the fluid phase is quenched instantaneously to the critical
point. To distinguish between the quantities obtained using slow and fast quench, in the
following, we use ~ to refer to quantities obtained using the fast quench protocol. In [5],
critical coarsening dynamics of the ZRP have been investigated in mean-field geometry
and in one dimension. In the latter case, numerical simulations indicate that a measure
of the domain length grows with time as ¢'/# with the coarsening exponent z = 3 (5) for
unidirectional (bidirectional) model and a scaling argument suggests that the probability
op(0,1t) ~ t~% with the exponent & = (b—2)/Z for b > 3. While our numerical results for 2
are in agreement with those of [5], the distribution of empty sites does not obey the scaling
law claimed by Godréche. Instead, our numerical results shown in Fig. 5.3 suggest that
op(0,1t) ~ t~% where,

(be—11z , 2<b:<3,
a = (5.9)

21z , be=3.
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6pa(T)

Fig. 5.4 Decay of the excess defect density when the system is quenched slowly to the critical
point (b; = b,) in the unidirectional model. Our scaling prediction (5.12) is compared with
numerical data for several values of b, and the errorbars for some representative points are
also shown.

In the stationary state, using the fact that the mass distribution p(n) ~ n~? at the critical
point and extreme value theory [97], it can be seen that in a system of size L, the largest

mass is of the order LY~V for b > 2. These considerations also show that

(e e]

p(0,L) — p(0) ~f L dnn P ~17, (5.10)

Lb-1

and the mass fluctuation ¢ grows as [47]

Vo= 9 p<3,
/- (5.11)

VL , b=3.
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Fig. 5.5 Decay of the excess defect density when the system is quenched slowly to the critical
point (b; = b,) in the bidirectional model. Our scaling prediction (5.13) is compared with
numerical data for several values of b.; the errorbars in this case are smaller than the point
size.

However, as mentioned above, on rapid quench, the mass fluctuation /(1) ~ tY'% [5] on
using which in (5.11) yields a relationship between time and system size thence leading to
op(0,1t) ~ t~% with @ given by (5.9).

Using the above results and recalling that the coarsening process initiates at time of
order t,, we obtain §p4(t) ~ t; ¢ ~ 777V&/(1+2Y) when the system is quenched to the critical
point. Here we have ignored the dependence on the quench depth (i.e., b, — b(t.)) since
our numerical results in Fig. 5.3 suggest that the long time dynamics are independent of it.

More explicitly, for the unidirectional model, we have

be-1
wni T 21 | 2<bh.<3,
6pd (1) ~ (5.12)

7~2/5 , b.=3,
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1072

6pa(T)

1073

Fig. 5.6 Decay of the excess defect density in the unidirectional model when the system is
quenched slowly to b; = 2b,. The lines in the main figure show (5.14) and the data collapse
with the coarsening exponents in the jammed phase is shown in the inset for b; = 2b., b, =
2.3.

while, for the bidirectional model, we get

5pP(x) ~ (5.13)
T_4/15 y bc 2 3 .

The above predictions for the excess defect density are consistent with the numerical re-
sults shown in Figs. 5.4 and 5.5 when b; = b.. We have also checked that the above scaling

predictions hold when the system is quenched in the vicinity of b,.
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5.3.2 Dynamics in the jammed phase

For b; > b, the system undergoes coarsening in the jammed phase after the time #. + ,
where b(t.) = b, [85]. As the time scale t, ~ 7 but ¢, is sublinear in 7, the time left until the

quench is of order 7. Thus we expect the defect density to simply decay as
Spam) ~17 V% be>2, (5.14)

where the coarsening exponent Z = 2 (2 = 3) for unidirectional (bidirectional) model [53, 1].
Fig. 5.6 shows that our numerical results for b; = 2b. are consistent with the above scaling
prediction. Moreover, the excess defect density 6 p,(?) is of a scaling form similar to (5.8) as

attested by the data collapse shown in the inset of Fig. 5.6.

5.4 Slow quench dynamics of zero range process in mean
field geometry

Here, we consider a zero range process (ZRP) in mean-field geometry, in which, a particle
hops to any other site with a rate depending on the number of particles at the departure
site which is given in (5.1). For this choice of hop rate, in the mean-field, one obtains a
condensation transition at

1
b=—+2, (5.15)
e

where p is a finite density. The stationary state is specified by a product measure (as re-
viewed in Sec. 2.2.1). Along with the stationary state properties, the model has well studied
coarsening dynamics both at the critical point and in the condensed phase [5](see Sec. 2.4).
Here, our intention is to extend the study of slow quench dynamics in the mean-field geom-
etry [9]. For slow quench process in mean-field geometry, a particle hops to any other site
with time dependent hop rates (5.4). To perform study, we compute the excess probability

of a site having zero mass, in comparison with its probability at stationary state
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Fig. 5.7 The Kibble-Zurek prediction (5.7) for the remaining time ¢, to reach the critical
point is shown in the figure for b > 3.

dp(t)=p(,1)—p0), (5.16)

where p(0, 1) is the probability of a site having zero mass at time ¢. Similar to one dimen-
sion, we start the analysis with the help of Kibble-Zurek argument, and therefore, we ex-
pect the decay of the excess probability of a site having zero mass, at the critical point to
be 77v#%/(1+v2) with appropriate exponents. In order to determine this excess probability
we need information of the unknown exponents z, @ and v. The exponents a and v are
already known from the previous studies [5, 2]. The correlation length ¢ which scales as
¢ ~ (b.—Db)~" diverges at the critical point with exponent v is given in (5.3). The exponent «
is decay exponents of the probability of a site having zero mass in time at the critical point
due to fast quench process and is explained in Sec. 2.4. Further, we need to know about
the nature of the stationary state fluctuation in order to determine the exponent z. The
simplest way is to get an understanding of the fluctuation via hydrodynamic equation in

higher dimensions. Earlier studies on the KPZ equation have shown that above the upper
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Fig. 5.8 Decay of defect density when the system is quenched slowly to the critical point
(b; = b;) in mean-field geometry of ZRP for 2 < b < 3. The numerical results show the
decay of excess probability of a site having zero mass in comparison to its stationary state
in T with an exponent 1/3, for two values of b.

critical dimension, the dynamical exponent z changes from 3/2 to 2 [98]. Therefore, we
consider the dynamical exponent z = 2 for this case. Nevertheless, it is worth mentioning
that a more comprehensive understanding of the stationary state fluctuation in mean-field
is still needed and is one of the goals for the future work. Below, we briefly describe the

results obtained so far for this model.

5.4.1 Dynamics in the critical region

Using the above mentioned exponents for mean-field, we have first checked for the Kibble-
Zurek scaling (5.7) of the remaining time ,, to reach the critical point and find good agree-
ment with numerical simulations for b, > 3, as shown in Fig. 5.7.

Close to the critical point, system undergoes critical coarsening during the remaining

time in the same manner as given for one dimension in Sec. 5.3.1 but with different expo-
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104 10°

Fig. 5.9 Decay of defect density when the system is quenched slowly to the critical point
(br = b.) in mean-field geometry of ZRP. Our prediction (5.17) is compared with numerical
data for several b, > 3 in mean-field geometry.

nent. Using the known results of the critical coarsening for mean-field [5] (as described in
Sec. 2.4) and remaining time ¢, the excess probability of a site having zero mass in compar-
ison to the stationary state can be shown to algebraically decay with 7 at the critical point.
For 2 < b, < 3, the excess probability 6 p(r) decays in 7 with a exponent 1/3, whereas for
b. > 3, the exponent is continuously varying with the hop parameter as shown in Figs. 5.8
and 5.9. However, the analytical results in the mean-field picture, suggest the decay of ex-
cess probability as

T be , 2<b.<3,

Sp(t) ~ (5.17)

770213 p. >3,
For b. > 3, the numerical simulations are consistent with the result (5.17) which is shown
in Fig. 5.9, whereas, for 2 < b, < 3, we find a disagreement with the predicted exponent of

1/b. shown in Fig. 5.8.
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Further, we are also trying to understand the slow quench dynamics of the mass distri-
bution analytically by analysing the modified master equation. The dynamical equation

for the evolution of the single site mass distribution with the time-dependent hop rates is

given as

ap‘[(ny t) — 7

TR un+1,0p:(n+1, )+ u(t)p:(n-1,1) —uln, )p;(n, 1) —u(t) p;(n,t),n>0,
ap‘[(oy t) —

where u(n) =1+ b(t)/n and b(t) = 6%. The #(¢) is the mean hop rate in the model given
by i(t) =), u(n, t)p(n, t). We perform exact integration of the equation (5.18) for different
7 values and find that the results obtain by integration are consistent with the simulation

results and same as shown in Figs. 5.8 and 5.9. The detailed analysis is in progress [9].

5.5 Summary

Slow quench dynamics have been studied extensively when the control parameter is changed
across the critical point of a second order phase transition in equilibrium systems [7, 80]
and recent works have considered slow quenches deep into the ordered phase [85, 94].
Here we have performed, to our knowledge, first quantitative study for the slow quench
dynamics when the system is quenched in the critical region.

The Kibble-Zurek argument assumes that in the critical region, the dynamics are frozen
since the relaxation times are much longer than the time available. Here, we find that the
defect density decays as a power law even within the so called frozen regime although with
an exponent smaller than or equal to the Kibble-Zurek prediction. While the dynamics
outside the critical region involve only the stationary state dynamic exponent (z) and the
deep quench in the ordered phase is determined by the coarsening exponent (2), the criti-
cal point quench dynamics are more complex involving both static fluctuations and critical

coarsening.
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For the class of models considered here, a comparison of the decay exponents shows
that the excess defect density decays faster in the unidirectional model which has a nonequi-
librium steady state than in the bidirectional model with equilibrium steady state. We
also obtain continuously varying exponents for 2 < b < 3 where the mass fluctuations are
anomalous but constant otherwise [1].

A detailed exploration of other nonequilibrium and equilibrium systems with critical
point annealing should inform us better about the dynamics in the impulse regime and is

a goal for the future.



Chapter 6

Summary

In this Chapter, we summarise our main findings and give a brief outlook of future research.
We have considered several stochastic models that exhibit jamming and condensation tran-
sitions. Although, in the recent past, several authors have studied stationary state proper-
ties and dynamics of condensates, a complete and coherent picture at the critical point has
been lacking. This thesis has made some efforts in this regard; it provides a detailed study
of nonequilibrium stationary states and dynamical properties at the critical point within
the scope of certain one-dimensional driven lattice gas models. In particular, we have fo-
cused on models whose stationary measures are either of a product form or given by the
mean-field approximation. Mostly, the emphasis is on the study of the two-point correla-
tion function which describes the statistical fluctuation of density at critical point.

In Chapter 3, exact static two-point correlation functions in the canonical ensemble
and in the thermodynamic limit which are valid in the fluid phase and at the critical point

are calculated. The main results obtained from this Chapter are:

(i) At the critical point, the exponent characterizing the power-law decay of the two-
point correlation function changes continuously with the hop parameter when sta-

tionary state partition function of the model is given by a product measure.

(i) The correlation length diverges with an exponent v which changes continuously for

the parameter regime where mass variance diverges, whereas it is constant otherwise.
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(iii) Our calculation of two-point correlation function in the thermodynamic limit is valid
even in a mean-field approximation. In the aggregation model, the correlation func-
tion decays with an exponent 1/2, and the correlation length decays with exponent

v=1.

The stationary state dynamical behavior for the jamming transition is the subject of Chap-

ter 4. Our main findings in this regard are:

(i) The autocorrelation function decreases with time in the same way as in the TASEP
when the equal time density-density correlation function decays faster than the in-

verse of the distance.

(ii) When the static correlation function decays slower than the inverse of the distance,

the autocorrelation function decays slower than ¢=2/3.

(iii) The Galilean invariance which holds for the KPZ equation and yields the scaling rela-

tion a + z = 2 is violated at the critical point for the case when mass variance diverges.

Chapter 5 is devoted to understanding the role of cooling or annealing mechanism in the
equilibration of the classical systems in the critical regime, especially via slow quench pro-
cess. To the best of our knowledge, we have performed the first quantitative study of the
slow quench dynamics when the system is quenched in the critical region. The main results

we obtain from our study of slow quench dynamics are:

(i) The defect density decays as a power-law even within the so called “frozen regime ”of

Kibble-Zurek scaling.

(ii) The critical point quench dynamics are more complex involving both static fluctua-

tions and critical coarsening.

(iii) We obtain the exponents that are continuously varying in the region where the mass

fluctuations are anomalous, and are constant otherwise.

The continuously varying critical exponents for the regime where the variance of the hole

or mass clusters distribution diverges is key universal feature observed in our work. The
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power-law distribution of clusters is hallmark of a phase transition and is observed in many
scenarios. For this reason, we expect our results to hold in more general settings and we

hope that this thesis would initiate further enquiry in this direction.
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Appendix A

A.1 Partition function in the canonical ensemble

Consider a system of N particles on L sites. If 7 is a configuration in this system, let W (1)
denote the stationary weight of such a configuration. Let Z; n denote the partition function

of the EP in this system. That is to say,

Zin=) W)

We will first give two different recurrence relations for Z; y.
Note that any configuration can be written in the form 0710, where 7 is a config-
uration in the system with L — ko — ky — 1 sites and N — 1 particles. Since we want this

representation to be unique, 7, has to be 1. Thus,

Zin= Yo Y wekriotv
0<ko+kny<L-N T

= > Y. flko+kn)W(T)

0<ko+kny<L-N T

L-N
=) (k+Df () Y W),
k=0 T

where we set k = ko + ky in the lastline and the factor of k+1 counts for the number of ways
one can split k in this way. The sum over 7 now gives the partition function for a system

with L -k —1 sites and N — 1 particles where the first site is occupied. Since the system is
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translation-invariant, this gives the formula,

L-N

-1
Zin= ) f(k)(k+1) IZL k—1,N—1- (A.1)
k=0

Another recurrence relation for the mass model with short-jump partition function
V4 <« 4 with & sites and A particles has been obtained in the reference [45] and is given
by

Zox=Y fOZgp-1 5k (A.2)
k=0

with Zoy v =840 since 71 , = f(n). Since a ZRP can be mapped to EP by regarding the N
particles in an EP as Z sites in ZRP and L — N holes in EP as .4 particles in ZRP, the two

partition functions can be related as

ZN.L-N - (A.3)

7 L
LN =7

The prefactor on the right hand site (RHS) of the above equation arises due to the fact that
the mapping described above between ZRP and EP assumes that an EP configuration be-
gins with an occupied site. The EP configurations that begin with an empty site are taken
care of by the factor L/ N using the argument described above.

Therefore, on using the last two equations, we get

-1
Zin= Z f(k) T A kN (A.4)

We have thus shown that both recurrence relations (A.1) and (A.4) with the initial conditions

Zro = Z1,1 = 1 giverise to the same formula.
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A.2 Exact Formula for the partition function of hole-dependent
hop rate

It turns out that one can express Z;, y exactly using integer partitions [2]. To state the result,
we need some definitions. An integer partition of a positive integer 7 is a representation
of n in terms of other positive integers which sum up to n. For convenience, the parts
are written in weakly decreasing order. For example (5,3,3,2,1) is a partition of 14. If A is
a partition of n, we denote this as A - n. Another way of expressing a partition is in the
so-called frequency representation, 1412%2..., where a; represents the multiplicity of i in
the partition. This information can be encoded as a vector @ = (a;, az,...). For example,
the same partition of 14 above can be written as 1'2!324%5! = (1,1,2,0,1) followed by an
infinite string of zeros, which we omit. We will write a - n to mean a partition of » in this
notation.

The number of parts of a partition, denoted by |al, is given by }_; a;. Given a function f

defined on the positive integers, we will denote

fl@=fmafe®....

In the same vein, let a! = []; a;!. Finally, recall that the Pochhammer symbol or rising fac-
torial (m), for nonnegative integer n, is given by the product m(m+1)---(m+n—-1)if nis
positive and by m if n = 0.

The partition function of the EP can be written as

(N —lal+1)-1

Zn+m,N = (N+M) Z pY

aFM

fla, (A.5)

where the length of the system is L = N + M and (m),, is the Pochhammer symbol defined
after (2.14). We will prove this by equating both representations (A.1) and (A.4). Doing so
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for Znpm,n shows

M (N-DF)
2

M—Nk)
— — ' |=o.
S N+M-k-1

ZN+M-k-1,N-1 ( N
Isolating the k = 0 term and replacing N — 1 by N gives a recurrence

M Z(N+1)k M
N+M NN T TN Ak

fK) Znsyv-kN-

Define Zy, N = % to get a recurrence for Z’s,
(N+1D)k-M ~
ZNiMN = Z — R Znem-kn (A.6)
k=1

We will now prove the formula for Zy, M,N equivalent to (A.5) by induction on M. When
M =1, there is a single term in the sum corresponding to a = (1,0,...). Thus ZN+1,N = f().
This is correct since there is a single vacancy and a factor of f(1) for the particle preceding
it.

Now, we assume that (A.5) is true for the number of vacancies being any of 1,..., M — 1.
Using (A.6) and the induction assumption, we can write
lal +1)ja-1

(N+D)k-M (N - _ _
ZMiNN = kglmf(k) dl—%—k T f(a. (A.7)

Notice that each term in the above equation contains the factor f(k) f (@) where at- M — k.
We can thus replace a in the sum by @/, where @’ = @@ (k). Then f(k) f (@) can be replaced
by f(a'). Therefore, the sum above can be reinterpreted as a sum over partitions of M. We
have to compute the coefficient of f (a’ )in such a term.

Suppose a' can be written as (z1 e ’ ) where each ak # 0. Since there are j distinct

k 1’...11,/) fork=1,...,j.

Ll

parts in a’, we can express a = (ip) ® a ©, Where a k= (z1 IEER zk

There are thus, exactly j terms that contribute to the partition a’. Note that

la'l=ld'1-1, f(a)=f(@y)f(iy) and 7!:Ek!a;k.
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The terms contributing to a’ are

i (N+1Dir—M  (N=l@d+D = | _
> S = ()

LW+ -M N+ g,
=2 a;, f(a)
k=1 M

(N-la'|+2)5 @ i (N+Digaj -Maj,
= a

a'l
a'l-2

a'l k=1 M

(N=la'1+2) 5,

fl@)y(N+1-1d)

a'l
(N=|d|+1)~ _

la’'|-1

= fla).

a'l







Appendix B

B.1 Simple exclusion process

For u(n) =1, n> 0, as all configurations are equally likely [40], the steady state partition

function is given by Z; y = (%). The two-point correlation function S(r) = (x3)/(x) =
N(N -1)/(L(L-1)), r > 0 vanishes in the limit L — oo. It can be easily checked that (3.3)

also gives this result. For large systems, the free energy defined in (3.4) works out to be
Fl@=0+@n(+p) -plnp, (B.1)

which is an increasing function of the density p. Furthermore, since f(m) = 1, we have

g(w) =1/(1 - w) and therefore

1-(1-py p*

-y -y

G(y)=p , (B.2)

which immediately yields S(r) =0, r > 0, as expected in the thermodynamic limit.

B.2 Free particle case

The case of free particles is considered here for which u(n) = n [60] where each particle is
endowed with an exponential clock that ticks at rate one, but since the particles are free

and act independently, the total hop out rate is equal to the number of particles at the site.
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Therefore from (2.3), the ZRP partition function is easily seen to be

°%g/‘/

S

Using this in (3.3), we obtain the exact expression for the two-point correlation function as

k k
P e (r—k) LNk _EL-N)!
in; N-r+k _ B.3
Mitier) =~ Nkz%m,, ¢ ) -N-b (B.3)
In the thermodynamic limit, the above expression gives
Lr- k) (-
MiMisr) =p Z ke e, (B.4)
For this case, we have g(w) = e¢” and w = p. As a result, (3.14) gives
2
Gy)=—2P P (B.5)

1—yer-D  1—y

It can be checked that the correlation function in (B.4) matches that obtained from the
series expansion of (B.5).
To obtain an explicit expression for the correlation function S(r), we use the Euler-

Maclaurin formula given by [99]

r r 1 r o0 1 2 5
Y flk = f dx f(x)+ =(f(0) + f(r) - f dx fiy) Y SR/ (B.6)
k=0 2 0 j=1 T[]
_ d fO &[T .
= x f(x)+— > +2 Z dx cos2jnx)f(x) (B.7)
j=170
= f dx f(x) + —= O +2Z Re f dx eI f(x) |, (B.8)
- , .

where f(k) is the summand in (B.4). Our main task is to calculate the integral on the RHS

of the last equation which can be carried out using the saddle point method for large r. We

find that
er(xo—p)

f dx 27 f(x) ~ , (B.9)
0

1+ xp
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where Xy is the solution of the saddle point equation
o—Xxo+In(p/xp) +i2mj =0. (B.10)

Writing xy = pae’?, we find that & and 6 obey the following equations:

2nj-0 2nj-0
+1n - (B.11a)
tanf psin6
2mj—
« = 270 (B.11b)
psin6
For j =0, the saddle point xo = p which immediately gives
(o] r
S(r)=2p) | dx cosjmx)f(x), (B.12)
j=170
where the summand is given by
. i—0 . ; .
er(%_p) cos(r(mj—0))(1+ %) +sin(rnj—-0))2nj—-0) B.13)
21j-6 ; : :
1+ZL52 + 2nj-6)?

Since the contribution of the successive terms in the sum decreases with increasing j, we
estimate only the j = 1 term here. Also, numerical analysis of (B.11a) shows that  increases

with j and therefore we work within small-0 approximation. These considerations finally

yield
27
g=—T" (B.14)
W (pelte)
where W is the Lambert function that satisfies W (w)e"V @ = @ [100], and
_ri_zx) cos(r0) (&) —sin(r0) (27 - 0)
S(r) = 2pe ' 0 5 (B.15)
E)2+ 21 6)?

~ peT3 Geosé) (B.16)

T

which is an oscillatory function with decaying amplitude.
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Fig. B.1 Figure to show the closed contour C’ appearing in the integral given by (top) equa-
tion (3.22) and (bottom) equation (B.17).
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B.3 Evaluation of the integral (3.43)

Consider the following integral:

1 s+ b1 — b1
I, =— dse’” ( ) , =0, (B.17)
2ni Jor s2

where the contour C’ around the branch cut at —¢ includes the Bromwich contour along
the line s = ¢, ¢ being real and nonnegative given in Fig. B.1b. The residue from the second
order pole at s = 0 gives I = (b—1)¢?~2. The integral along the large semicircle with radius
R decays exponentially fast with increasing R, and the one along the small semicircle with

radius e is proportional to e”~2 and therefore vanishes as € — 0. Thus we get

1 c+ioo S+t b-1 _ tb_l
heg ([ o[ aserSEE—). (B.18)
2710 \Je-ico AB JB'A S

Since s = —f + xe*i”™ along the upper (lower) branch AB(B’A’), we get

ct+ico ¢ (S+ t)b_l—tb_l
f ST (B.19)
c—ico 271 §2
b
_ sin( 7T) - f dx e *" )2+(b_1)[b_2 (B.20)
b ¢ b 1 E L (t tr _
= SO g, gy DD le( Ne 1 - (B.21)
b

For t = ¢ = 0, using that e*Ej_; (x) x20 (b—2)"1+ 6@ (xP2) [49], the above integral reduces to

fioo ﬁ = sin(br) T(b-2)

ioo 271 T rb-2 (8.22)

B.4 Single defect particle

We consider a lattice gas model having L sites and N hard core particles. In this model,
all the particles are identical except one known as the defect particle which hops with the

slower rate than the rest of the paricles. The hop rates corresponding to the defect particle
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and a particle p from the set of identical particles can be defined as

uy(n) c, (B.23)

uy(n) = 1 foru>1. (B.24)

Here, particle with sub index 1 is the defect particle, and ¢ < 1 indicates that the defect par-
ticle hops to the empty nearest neighbor with a slower rate compared to the other particles.
This hopping condition leads to a phase separation phenomenon between the fluid phase
and jammed phase (see Chapter 2 for details). In the jammed phase, p < p., the mean hop
rate becomes ¢ while in fluid phase, p > p., the mean hop rate is a function of density as
explained in Sec. 2.2.3. The canonical partition function of this model can be computed

exactly by mapping it to the mass model as shown in Fig. 2.1; it can be expressed as

- [N(L—x-2
ZNL-N= ), ( )c‘x. (B.25)
x=0 N-2

Using Stirling approximation, followed by saddle point calculation, the partition function

simplifies to

3 1 . o (1-¢)N NA-¢2( ¢ L-N
s oL N () o~ N-D | g —orf ( B )
NL-N =3¢ (1-0) o 2¢ o 2¢ l-¢ N

(B.26)

Two-point correlation function

Two-point correlation function is defined as the probability that the sites i and i + r are
occupied. As explained in Sec. 3.2, the two-point correlation function is a product of the
partition of two sub-configurations and is given by the equation (3.3). However, in a single
defect system the hopping rate of one particle is different from the rest of the particles, so
itimposes a condition to consider the correlation function as the sum of the following two

configurations.
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(i) In the first case, when one sub-configuration of length r from the start contains the
defect particle, the partition function of the sub-configuration is given by (B.25). On
the other hand, the rest of the subsystem of length L — r sites is the same as a simple
exclusion process, and thus, the partition function calculated as sub-configuration
is equally likely and is given by a binomial distribution. Therefore, the correlation

function of the system in which first r site contain defect particle S, (r) is given as

max _ 1 Z ) N— 7 L—
Sin= Y (r ]) il ’( r”)( d ) (B.27)
j=min L ZL,N L-r N—r+]

Using (B.26) and the Stirling approximation, the correlation function transforms to

1)3/2 2-0vl1-c¢

_2 2
S1n =~ (; -

(B.28)
(i) In the second case, a sub-configuration of length r has normal particles with hop
rate one, while the rest of the system of length L — r sites has one defect particle. The
partition function of first configuration of site r is given by binomial distribution and

rest by (B.25). Hence, the correlation function S, (r) can be given by

max _q — i Z—r — 4
S =Y (u)( ' )(N H]) LonNr (B.29)

j:min r r_] L ZL,N

By simplifying above equation, we get
S2(r) = (1= &)’ [1+D(c, )], (B.30)

where D(c, p) is a series in ¢ and p. Now, the total correlation function is the sum of the

above two correlation functions,

S(r) = 81(r)+ 82(r) (B.31)
/ — V] —
- 2(1—6)2(1)32M+(1—C)Z[I+D(c,p)]. (B.32)
T L c
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The total correlation function calculated above shows good agreement with the numerical

simulation for any finite system.

Thermodynamic limit

In the grand canonical ensemble, the partition function of ZRP with single defect site is

given by (see Sec.2.2)
B N 00
Znw) = J]| ) o™ fene (B.33)
c=1|n.=0
o0 o0 N-1
= [Z w"c" [Z w”] (B.34)
n=0 n=0
= — , N=>1. B.3
1-% (1 - w) = (B.35)

From Ref. (3.63), we can write the generating function G(y) of the correlation function in

thermodynamic limit as
Gy = p) (ye"'Z,(wy) (B.36)
n=0
1-yw & ( ye f )"
= p+p (B.37)
- % n=1 1- wy
1-yw ( ye P )
= + ) (B.38)
p p1—% ye P —(1-wy)
where P is the pressure. It can be calculated as
PN = InZyw) (B.39)
= —-In(l-w/c)—(N-1)In(1 - w). (B.40)

Now at the critical point, w = ¢, and the series expansion of generating function (B.38)

around y =1, as shown in Sec. 3.2.2, gives

c(l1-2c)

Gy)=pQ+p+ V.. (B.41)
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Fig. B.2 Scaled two-point correlation function for the single defect particle model with dif-
ferent system sizes is shown in the figure. The slowest particle has hop rate, ¢ = 0.25.

Further, the correlation function is given by (3.16) which shows that the correlation func-
tion depends on the system size — as the system size increases the correlation function
decreases. It has also been confirmed numerically, see Fig. B.2. Thus, in the thermody-
namic limit L — oo, i.e., the single defect approaches the estimates of simple exclusion. It
is because the effect of a single particle is negligible, the particles average hopping rate

become 1.

B.5 Single defect particle with hole dependence

In this case, the single defect particle hop rate depends on the number of holes in front of

it, and the hop rule of the system is given as

b

u(n) = c 1+—) , forn>0, (B.42)
n

uy(n) = 1, foru>1, (B.43)
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provided ¢ < 1. The canonical partition function for the above choice of hop rate as given

inref. [1] is

_ n x! L—x-2
INI-N= -, B.44
N,L-N xgo(l—l'b)x( N—2 )c ( )

The critical point for this model is dependent on the system size and is given as [1]

N (B.45)

=T+

c 2 (Ioc)”2
l1-¢c 1-c '

From the above expression, at the critical point the dependence on b goes away for an in-
finitely large system and the expression of the critical density for a single defect is recovered.
Furthermore, it is useful to simplify the partition function so that we can solve the correla-
tion function exactly as done in the single defect case. The simplified partition function is

given by

_ bb"
Zun = |2 v wwa oo
1-¢) N N (1-c¢)? L-N
erf l —erf 1-9 ( ¢ _ ) . (B.46)
2c 2c (1-o0 N

The correlation function for this case is again same as (B.32). By normalising, the depen-

dence on b cancels out and the correlation function for this case becomes the same as that

of a single defect particle case.

In thermodynamic limit

For the choice of hop rate uy,(n) (B.43), the steady state weight factor (2.14) can be obtained

[101]. It is given as

m = ~_" (B.47)
hm = o, '

fp(n) = 1 for p>1, (B.48)
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and from (2.8), we get

X oy nl
g1 = ,;o(?) P (B.49)
= »F(,L;1+bwl/o), (B.50)
gplw) = 1% for p>1. (B.51)

Now using (B.51), we can write the grand canonical function similar to (B.35). It is given by

l—w( 1 )N‘l
(B.52)

Z = —
N(w) 5

l-w

We calculate the generating function in a similar way as we did for the single defect particle

case and obtain
(l1-wy) X ( ye P )"
Gy)=p+ (B.53)
NP w21y
where P is the pressure,
(B.54)

P=In[g;(w)—(N-1)In(1 -w)].

In thermodynamic limit, this system has p. = 1 — ¢, and the fugacity, w = c. Using these

values for p. and w, and expanding the generating function G(y) around y = 1, we get

(B.55)

G(y) = p+yeP+..)
_2F1(1’1;1+b;1))(1—c)(1+%)+..(N‘(L‘N’)]. (B.56)

1+y|l
v e

o

Here, same as the single defect problem, the correlation function decreases with an increas-
ing system size. Thus, the effect of a defect particle vanishes in the thermodynamics limit

and the correlation function becomes the same as that of the simple exclusion process.






Appendix C

C.1 Hydrodynamic equation for the height profile

For the lattice-gas models considered here, the average particle density p;(t) = (n;(¢)) at
site i obeys a continuity equation, p;(¢) = j;(£) — j;—1(#) where j;(¢) is the average current in
the bond connecting the sites i and i + 1. On a coarse-grained level, the local density (now

defined in continuous space) obeys the following equation

dp(r,t) dJ(p(r, 1) _
ot T O

(C.1

where, assuming that local stationarity holds, the current depends on the space variable
through the density and given by the expression in the stationary state [46, 65]. Writing
p(r,t) = p+9dp(r, t) and expanding the current to quadratic order in the deviation 6p(r, t)

about the mean density, we obtain J(p(r,t)) = J(p) + vop(r, 1) + (A/2) (0 p(r, £))? where

i
v = ap' (C.2)
0%]
A = T (C.3)

Since the lowest order term in 6 p obeys the following first order wave equation

00p(r, t) 00p(r, t) 3
ar Ve O

(C.4)
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the density fluctuations move with a speed v. Using the mapping (4.2) and retaining the
quadratic term that carries information about the decay of the density fluctuations, we

obtain the KPZ equation for the height profile in one (space) dimension [46, 65]:

oh (ah) A(ah)z 0°h
=-U
or

— =y —|+Z D, 5
or ar) 2 Vg T (C.5)

where the noise is assumed to be white in both space and time with ({(r, ){ (1, ')y = D& (r—
r'"é(t—t") and C(r,0) = (D/Vv)|r].

For the exclusion process described in Sec. 2.2, we now consider the above equation for
p = p.. As explained in Sec. 4.5, the speed v given by (4.21) is related to the variance of the
mass. The coefficient A above is however related to the third cumulant of mass, x3:

20

. w 2 4
A=—=(0"+2p0 —Kg)—w. (C.6)

(po?)3
For p > p., since the mass distribution is an exponential, all the mass cumulants exist and
therefore, using the KPZ exponents, it follows that the autocorrelation function decays as
23 in the fluid phase.

We now ask if the KPZ equation describes the dynamics at the critical point as well. As
for the speed, we approach the critical point from the high density side to find the coeffi-
cient A. In the vicinity of the critical point, for non-integer b, the generating function g(w)
for the weight factor f(m) in (2.13) is given by [2]

(=9)

2 n
gw) = g()—sg'(1) + %g"(l) ot — gD +as" 40, C.7)

where s = 1 —w, n is the integer part of b—1 and a = bz csc(brn). Using this in the density

conservation equation (2.9), we have [2]

1 ab-Dg'd) p-2
o ) s+ 0(8) ,2<b<3,
1 ! ! Il
— =71 ,80)(gd) g@ _ (b=Da .b-2
P 4 o 2 (g(l) 700 1) S= 7w S ,3<b<4, (C.8)

1,80 (gm _g'm ) )
pc+g(1)(g(1) 7m L s+0(s%) ,b>4.
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On inverting this equation for the fugacity to lowest order in the deviation € = p — p., and

using it in (4.19) for the current, we get

pc+ve+6’(eﬁ) ,2<b<3,
J(p) =1 pe+ve+0GE’?) ,3<b<4, (C.9)

pc+veE+O(€?) , b>4,

where v is given by (4.21). The above equation shows that the coefficient A is finite for b > 4

but diverges otherwise at the critical point.






Appendix D

D.1 Calculation of the exponent v for fixed density

D.1.1 Forb>3

From (2.15) the density is related to the generating function as

g'(w)
_ _ B(w, D).
0= iy P@D

We perform Taylor series expansion of p around w = 1 and b = b, which gives us

B(w,b) = B(1,b.) + (@ —1)0,B(w, b)|1,p, + (b= bc)0pB(w, b)ly,p, -

Further, (D.2) is written as series expansion in following way

g'(1) g'(1) (g’(l))2 g" () [g() / g]
= +(w-1 - + +(b- —-g ()=,
cm "V e e e | TP g T8 W2
which further simplies to
_ _ _ 2, 8w _ [g() / g]
e=0ctw-1) [Qc Oct ) +(b-b.) 0 (1)g2 ,

where

abg(wr b)ll,bc = g(lr bc)

(D.1)

(D.2)

(D.3)

(D.4)

(D.5)
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For fixed density, p = p., we obtain the following relation

g// ((1)) _
gw |

ORI

1- c— 0> b—bc[ 1—]. D.6
( w)[p 0+ b=bo | ) =8 D3 (D.6)

The correlation length is defined as { ~ (1 - w)~ ! ~(b-b,) L. Therefore, v =1.

D.1.2 For2<b<3

Here, we use the Laplace transform representation of the single site steady state weight

factor f(m). The density is related as

_Joomf(mye™*"dm

- 00 ’ (D?)
€ Joo fimye=s"mdm
with
f fmydm=1. (D.8)
0
We define the moments of f(m) as
[k :f m* f(m)ydm. (D.9)
0

Now to calculate the exponent v, we have to expand the Laplace transform g(s, b) of f(m),

when s approaches to 0 and b approaches b, and by defining b — b, —e¢. For f(m) ~ Am™?,
we have
g(s,b.—¢€) :f Am~ b€ g=sM 4y (D.10)
0
which on expansion gives
g(s,b+e) = f fm)Q+elnm)e*"dm (D.11)
0
= f f(m)e_smdm+€f fm)Inme™*"dm (D.12)
0 0

ff(m)e_smdm+€f fm)InmQ -sm)dm . (D.13)
0 0



D.1 Calculation of the exponent v for fixed density 127

The above integral can be evaluted using small s expansion

D st 1 s
g(s,b+e):k;)T+Qs +'"+€((bc—l)2_(bc—2)2)’ (D.14)

and the derivative of g(s, b +¢€) is therefore,

, B n-1 (—l)kﬂksk_l b2 1
g(s,b+e)_kglw+(g(bc—1)s +"'_€((bc—2)2)’ (D.15)

where Q = AI'(1 - b). Using (D.14) and (D.15), the density in (D.1) can be expanded as

5= Qlbe— 5" % +e (L)
o = . (D.16)

1
IJ’O _uls+€((bc_l)2)

Since s and € are small quantities, we get

el
|

b.—2 1 1
,Ltl—Q(bC—l)SC —I—€((b _2)2) ,Lto-l-,l,tls—é‘(m) (D.17)

_ ul—Q(bc—l)st_2+e(bC_2)2 —e(bc“_ll)z. (D.18)

The first moment, y; defined as the critical density p., we have
Oc = 0c—Qbc—1)s" " +e —e—fe | (D.19)

(be—2)> (b —1)?
Qb —D)s? = 6[(19012)2 - (bfian]' (D.20)
At fixed density, p = g,
1 Oc € 5

T [((bc—az - (bc—l)Z) Q(bc—l)] ’ i

where € = b, — b and s = —Inw. We get the relation of hop parameter and fugacity as

oo el
M N e-22 " be-12) Q-1

(D.22)
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1

i TS
(bc—2)2 (bc_l)z Q(bc_l) ’ .

e I

B (be=2)2  (b.—1?%) Qb.—1) ’ '
_ 1 O € =

l_w'_[&m—mZ(m—nJwadJ

w = exp

(D.25)

As the function f (m) is normalised,

foof(m)dm = 1,
0

and the normalisation constant A= b—1. As Q = AI'(1 — b), the relation (D.25) becomes

o _H =T - ) 6 . (D.26)
TN\ We-22 e-12) b-D2rA-b)] '

Since, the correlation length is defined as & ~ (1 —w)~! ~ (b — b)"V/(?c=2_ Therefore, v =

1/(be—2).
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