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Synopsis

Introduction:

The stationary measure of equilibrium states is uniquely characterized by Gibbs
measure or Boltzmann distribution. Given a system with a Hamiltonian, it is
straightforward to write down the stationary probabilities of all the configurations
in equilibrium and from there, one is always able, in principle, to compute the
partition function and consequently the macroscopic observables of interest. But,
in nature, there are numerous processes where there is a net flow of some observable
through the system in some resultant direction, this net flow or current indicates
the onset of non-equilibrium phenomena. To start with, the problem that intrigues
us in context of non-equilibrium processes [1], is that, in sharp contrast to the
equilibrium states, there is no Gibbs-Boltzmann like general formula to determine
the non-equilibrium steady states. For each given dynamics one must solve the
Master Equation under stationary conditions to obtain the steady state weights.
We address the question of how to obtain the steady states of a class of in-
teracting particle systems [2] driven out-of-equilibrium [3]. In this connection, we
introduce several non-equilibrium stochastic processes particularly in one dimen-
sion and solve the corresponding steady states exactly using techniques like matrix
product ansatz and others. We further calculate analytically the partition function
and observables like spatial correlation functions, particle current etc. Interesting
features like current reversal and negative differential mobility of particles has
been observed in these exactly solvable non-equilibrium models. Also, we discuss
novel phenomena like condensation of particles in some of the stochastic processes

introduced here.

Models and their steady states:

Finite Range Processes(FRP)

In comparison to the study of systems in equilibrium where the starting point is
some Hamiltonian containing the interaction between different microscopic com-
ponents of the systems, the non-equilibrium processes are often defined in terms
of the explicit dynamics executed by the components of the model under consider-

ation. For example, in this section, we consider a one dimensional periodic lattice
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with L sites labeled by ¢ = 1,2,... L where each site ¢ can either be vacant or
one or more particles can reside there. Clearly, the particles are free of hard core
repulsion so that the occupation number n; for a site ¢ can take any non-negative
integer value 0,1,2... N where N is the total number of particles. A particle
from a randomly chosen site i can hop to its right neighbor (i + 1) with a rate
Wi iy iK1y -« 5 Ty« - - M K—1, N k¢ ) that depends not only on the occupancy
of the departure and arrival sites but also on that of K number of right neighbors
and K number of left neighbors of the departure site i. Here the interaction be-
tween the particles is manifested through the hop rates which expresses the fact
that the motion of any particle depends on the presence of other particles within
a range K. We name this stochastic process as “ finite range process” (FRP) [4].
The dynamics conserves the density p = % One can express the FRP dynamics

as follows

(oM Mg, ) — (o mis, g — Lingg +1,.0)

with rate w(ni_g,..., ..., NitK).

The unidirectional motion of the particles ensures the steady state of the system
to be an out of equilibrium one. So, one may now ask what does the probabil-
ity P({n;}) of any possible configuration {n;} = (ny,...,n;,...,ny) looks like
in the steady state. The master equation describing the time evolution of the

“ M = total influx or gain to {n;} —

dP( {m})

probabilities can be expressed as
total outflux or loss from {n;}.” Clearly, the steady state is defined by
0- this in turn means, in order to achieve the steady state, we have to find cancel—
lation techniques or schemes that balance the total outflux with the total influx
for any configuration. Before discussing briefly the specific technique we used to
solve exactly the steady state of FRP, first we look for steady state solution of the

following form

P({n;}) o Hg(ni7ni+17 . nz+K)5(Z n; —

where the cluster weight function g(.), with (K + 1) variables, is connected to the
rate u(.)(having (2K + 1) variables) through the relation

HK IR K45 i K14, Titj)
J=0 g(ni_ K45, Mi—K41455-Nitj)

u(ni,K,...,ni,...nHK) = with T_lj ="n; —(Sﬂ
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Technique used to obtain the steady state:

For FRP, in order to cancel the total influx with the total outflux for each configura-

tion {n;} , we use pairwise balance condition. For any configuration (...n; 1, n;, N1 - ..

it can come from a configuration (...n;_; +1,n; — 1,n;41...) and it can go to a

configuration (...n;_1,n; — 1,n;41 + 1...). These local fluxes cancel as

u(...ni_l—l—l,ni—1,ni+1...) P(...ni_l—i—l,ni—1,ni+1...)
= u(...ni,l,ni,niﬂ...) P(...ni,l,ni,niﬂ...).

The above condition is the pairwise balance condition that, through local balancing
of fluxes between a triple of configuration, ensures that the total influx and outflux

for each configuration cancels out resulting in the steady state.

Finite range process with asymmetric rate functions(AFRP)

In this section, we introduce a generalization of the finite range process in a
sense that instead of unidirectional motion, now the particles on a one dimen-
sional periodic lattice can hop to both right and left with different rate functions
ug(.) and ur(.) respectively i.e. depending on which direction the particle would
move, the rates are described by different rate functions in general. A parti-
cle from a randomly chosen site ¢ hops either to its right neighbor with a rate
ur(ni—g,. ..M, ... N1 ) or to its left neighbor with rate urp(n;_f,...ni, ... Ny k).
The conditions under which the rate functions ug(.) and ur(.) give rise to cluster

factorized steady states of the form

L L

P({n:i}) o< [ 9(ni nisa, - - nisi)d(>_ni — N),
i=1 i=1
are quite complicated and have been derived in [5]. Here we briefly discuss only a

special case where K = 0 resulting in factorized steady states.

K=0: Asymmetric zero range process

For K = 0, a particle from a randomly chosen site ¢ can hop to its right with rate
ug(n;) or to its left at rate uy(n;)- the particles interacts only within the departure
site- the spatial range of interaction is zero confirming that we have a zero range
process(ZRP) with asymmetric rate functions. The simple ZRP [6] has a factorized

steady state(FSS) P({n;}) « [1-, f(n;) where f(n) =[], %— irrespective of

),
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the form of the rate u(n). But, for ZRP with asymmetric rate functions(AZRP),
we can have an FSS of the form P({n;}) o [], f(n;) only when the rate functions

ugr(n) and ur(n) satisfy the constraint [u:(Ln()" fulz?rg%[lgg&’ﬁf?;%fﬁgl)] = C where C is

a constant independent of n, here f(n) =[] é() along with f(0) = 1.

=1 up(i)+ur (i

Technique used to obtain the steady state:

To cancel the total influx with the total outflux for each configuration {n;} in

order to reach the steady state, here we have used the following local cancellation

e i+ 1f (21— 1)
n; + Ni+1 —
i i+1) — i+1
o)+ un(ie) = une D750 S )
fni — 1) f(nip1 +1)
—ur(niy1 +1 = h(n;) — h(nit1),
L( +1 ) f(nz)f(nz+1) ( ) ( +1)
where h(n) is some undetermined function. Fore an FSS with constrained rates de-

fln=1)f(1)

scribed in the previous section, we obtain consistently h(n) = h(0)—ur (1) HOLOR

Finite range process with asymmetric rate functions along
with different range of neighbors

Until now, both the hop rates ug (ni—x,...,ni,...,nitx) were functions of the
same number of variables (2K + 1) such that the number(K) of right and left
neighbors of the departure site in both the rates is exactly same. In this section
we further generalize the AFRP by introducing in the rates a further asymme-
try which is between the right and left range of the departure site. More pre-
cisely, a particle from a randomly chosen site i can hop to its right neighbor with
rate ug(ni—k,, .- Ni,...Nitk,) Whereas it may hop to its left neighbor with rate
ur(n;_ Kl My e Mg k). Clearly the previous model is a special case of this one
with K, = K, = K| = K, = K.

For these general class of stochastic processes with rate functions ug(n;—xg,, . . . 14,
..My, ) and uL(ni_K{, oMy .. Mgy ), We construct matrix product steady states
[8] where each site containing some particles or vacancy is represented by a matrix
and consequently the whole configuration is represented as a product of such L
matrices each indicating the occupation of single sites. Clearly, since each site can
contain any integer number of particles, it seems that we need an infinite number
of such matrices which eventually gives rise to set of algebra of infinite number of

matrix equations that has to be solved to obtain the matrix product state. To get
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the steady state solution, it has been shown in [9] that for a very large class of hop
rates, the matrix algebra can be reduced to a single functional relation that we
solve for the matrix A(n) as a function of the variable n. So, we obtain a matrix
product steady state where the probability of any configuration {n;} is expressed
as P({n;}) HiLzl A(n;) where A(n;) represents the state of the site i occupied
by n; particles.

Among all such models [9], we would like to quote an example where K; =1 #
K] =2and K, =2 # K/ = 0such that ug(n;_1,ni, nit1, niy2) = wu(n_1,ni, nip1)+
v(ng, niy1,Nive) and up(n;_o,n;—1,m;) = v(ni_s,n;_1,n;). This model leads to a
non-equilibrium matrix product steady state P({n;}) oc [[; A(n;) with A(n) =

a(n; N D{a(n;—1+1 n;
[B(m)a(n)| when ur(nia,ni1, ni) = LRl ERas e and
wn(nis i Mg nivz) = SRR + wn(n, nig niga), where

|B(n)) is any d—dimensional (d > 0 is a positive integer) column vector and (a(n)|

is some d—dimensional row vector of the variable n.

Technique used to obtain the steady state:

The Master equation for the specific model described above, can be equivalently

written as
ZTr A(n;_o)F(n;—1,ni,nip1)A(nie) ...] = 0,
where,
F(ni—1,ni,niv) = [w(ni-g, ng, nig) A(ni-) A(ng) A(nig)

— wu(ni—1,n; + 1,n — 1) A(ni—1)A(n; + 1)A(ngq — 1)]
+ [v(nie1,ni; i) A(nion) A(ng) A(nig)
— v+ L — 1, n) A + DA — 1) A(nigy)]
+ [v(nie1, ni niv1) A(ni—1) A(ng) A(nig)
— v(ni—1,n = Lnger + 1) A(ni—1)A(ng — 1) A(nig + 1))

We follow the cancellation scheme

F(ni1,mi,mi41) = A(ni 1) A(ni) A(nisn) — A(ni 1) A(ni) A(nign) + A(ni 1) A(ni) (i)
— A1) A(n) A(nigr) + Ao A(ni) A(nigr) — Alni1) A(ni) Aniga),

where A(n), ﬁ(n),Z(n) are auxiliary matrices to be chosen suitably and F(.) is a

function of the rates and site occupation matrices given in [9]. In our case we find
that A(n) = A(n — 1), A(n) = 8(n)A(n), A(n) = A(n + 1).
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K, =1K;=0,K. =0,K| =1: Asymmetric misanthrope process (AMAP)

For K, =1,K, =0,K] =0, K] = 1, the hop rates ug(n;, n;41) and ur(n;_1,n;) are
functions of the occupation numbers at departure and arrival sites, making it a mis-

anthrope process [7] but with asymmetric rate functions. As shown in [5], AMAP
possesses FSS of the form P({n;}) o< [[=, f(n;) where f(n) = £(0) [\, w%i) with

uR(m70)+uL (Ovm)
ur(l,m—1)+ur(m—1,1)

dition described in details in [5].

w(m) = only if the right and left rate functions satisfy a con-

Technique used to obtain the steady state:

The FSS of AMAP for some constrained rate functions ug 1 (.) is obtained using

the following local cancellation condition

fnia+1)f(n; — 1)
f(nl—l)f(nz)

= h(n;_1) — h(n;).

ur(ni—1,n;) +up(ni—1,n;) —ur(ni_y +1,n; — 1)

f(niy —1)f(n; +1)
f(nioa) f(ni)

The desired FSS with the rate functions conditioned suitably ultimately gives

h(n) = ugr(l,n — 1>uRq(J1R7(ﬁ(1)§iZ§E2ﬁ)11) Note that, the same steady state of AMAP

can also be obtained starting from the matrix product ansatz and using some

—UL(TLZ‘,1 — 1,TLZ' + 1)

cancellation scheme involving auxiliary matrices, only what happens is that we
end up with both the site occupation matrix A(n) and auxiliary matrices ﬁ(n)

being scalars.

K-species assisted exchange models

All through the previous sections, we have dealt with particles that are free of hard
core repulsion so that more than one particle can occupy the same lattice site. In
this section, we are going to talk about K-species assisted exchange models on a
one dimensional periodic lattice where the particles obey hard core exclusion which
ensures the fact that any lattice site can either be vacant or it can be occupied by
at most one single particle. Actually, in this model we have K (which can take
any finite positive integer value) different species of hard core particles, denoted by
s=0,1,2,... K, (s denotes the type of particle residing at individual lattice sites),
executing exchange dynamics among themselves i.e. a particle with state s; at a

randomly chosen site ¢ can exchange its position with its right nearest neighbor
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at state s;y1(provided s; # s;11) with an exchange rate u(s;_1, s;, S;41) or it may
exchange its position with its left neighbor at state s;_; with rate u(s;_o, ;_1, $;)-
w(X1.J)

— X JI.

Since, the exchange rates not only involve the two sites among which the ex-

Both the dynamics can be clubbed into a single dynamics as X 1.J

change is taken place but also includes nearest neighbors(left nearest neighbor of
the rightward moving particle), the exchange process is assisted by neighbors and
we call this stochastic process as K-species assisted exchange process. We have
a factorized steady state P({s;}) oc [, f(s;) for this model as a very special
case when u(X1J) = u(lJ) = u(JI) = w(XJI). But the factorized being de-
void of spatial correlations, we investigate the possibility of pair factorized steady
states for general class of assisted exchange rates wu(s;_1, s;, Si+1). Indeed, for K-

species assisted exchange model, we have a pair factorized steady state of the form
P({s:}) oc [Ty 9(si 510001y 0an =Ny Gao—Na) - 6(30 1, 0s, k= Nic)

9(8i—1,8i41)
9(si—1,5:)g(si,85+1) "

where the rates are given as u(s;_1, Si, Sit1) =

Technique used to obtain the steady state:

The desired pair factorized steady state with proper rates for the K-species assisted

exchange model is reached through the following local cancellation scheme

g(Sz’—h 5i+1)g<5i+17 57;)9(51‘; 5i+2)
9(52'717 Si)g(Si, 5i+1)g<5i+1> 5i+2)

= h(8i71, Si, 3i+1) - h(Si, Si+1, 31’+2)7

U(Siq, Si+1, 51’) - U(&'fl, Sis 5i+1)

where the function h(.) has to be determined consistently. For, u(s;_1,$;, Si11) =

9(Si—1,8i+1)
9(si—1,51)9(8:,8i+1)°

h(si_1, si, Si+1) = 0 otherwise.

we obtain h(s;_1,Si, Siv1) = —u(Si_1,Si, Si+1) for s; # s;4+1 and

Observables and special features

Spatial correlation

Spatial correlation is often a quantity of interest as it manifests the interaction
strength between the components of the system. For example, the hop rate or
interaction between particles is bound to a single site for ZRP by virtue of which
the corresponding steady state is factorized and the particles at different sites
remain spatially uncorrelated. But, for finite range processes, the rates depend

on several lattice sites extending the range of interaction between particles at
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different sites and for a large class of these hop rates, as discussed earlier, we
have cluster factorized steady states which indicate existence of spatial correlation.
The spatial correlation functions are calculated analytically [4] by using transfer
matrix methods and we find damped oscillatory behavior or exponentially decaying

correlations depending on the dynamics.

Particle current

Another very important observable that indicates the onset of non-equilibrium
phenomena is the non-zero net flux of observables e.g. particle current [10] in
contrast to the equilibrium systems which are zero-current states. The particle
current can have several interesting features. Below we discuss very briefly a few
of them.

Current reversal

Let a non-equilibrium system with a given dynamics has a non-zero current flowing
through it along some fixed direction. Now, keeping the rates fixed, if we tune the
particle density and after some particular value of the density, the current starts
flowing in a different direction compared to the previous direction- then we have
density dependent current reversal. A simple example is AZRP(AFRP with K = 0)
with rates ug(n) = d forn = 1 and a for n > 1 whereas ur(n) = 1—¢ for n = 1 and
1 — o for n > 1. The corresponding current [5] is J = 5 [20 — 1+ p(2a — 1)},

for a > % and 6 < %, changes its direction of flow as the particle density(p) crosses
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the point of reversal p* = ;—=7.

Negative differential mobility

For systems fairly close to equilibrium, the response of an observable to a small
enough perturbation is dictated by the equilibrium fluctuation of that observable
meaning that the response acts monotonically with the perturbation. But, for
systems driven out of equilibrium, absolute negative mobility [11](current flowing
in the opposite direction of the bias) and negative differential mobility [12](current
decreases with increasing bias) have been detected. In context of finite range
processes, we have observed the phenomena of negative differential mobility [13]
when some current carrying modes are slowed down by the applied bias. For
example, in AMAP(AFRP with K = 1) with rates ugr(m,n) = 14 (¢ — 1)dn0
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and ur(m,n) = Yom1 + (% + (e ¢ — %)(57170)(1 — dpm,1), the particle current shows

a non-monotonic behavior and decreases with increasing bias(e) for € > 3 when

_ 1
¢ T (1+4e)”

Condensation

An intriguing phenomena occurring for particles without hardcore exclusion even

in one dimension is the real space condensation [6, 14]. Among the models we

studied, in case of AMAP(AFRP with K = 1)[5] with rates ur(m,n) = ug(n +
b

1,m— 1);;—%, the system can macroscopically distribute any number of particles

if b < 2, but, for b > 2, the maximum allowed density is p, = b_% and if p > p., a
macroscopic number, (p — p.)L, of particles gather on some particular lattice site

resulting in the formation of a single site condensate.
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Chapter 1

Introduction

Statistical mechanics deals with many particle systems with large number of de-
grees of freedom. The state of such a system at any instant of time can be rep-
resented by a set of generalized coordinates- commonly termed as a configuration.
Then the time evolution of the system can be equivalently thought as the system
changing its configuration from one to another in the configuration space. The de-
scription of a macroscopic system with a huge number of configurations demands a
probabilistic approach where at each instant of time, the system has a probability
of being in a particular configuration and these probabilities actually evolve with
time describing the time evolution of the system. How fast a system changes its
configuration to move to a different configuration- is quantified by dynamical rates.
So the time evolution of the probabilities of all possible configurations of the sys-
tem is described through an equation known as the Master equation that involves
all the relevant dynamical rates and probabilities of the configurations as expected.
In this connection, we should mention that the form of the Master equation we
consider in the present thesis is Markovian in nature, meaning,the probability of

finding the system in a particular configuration at the next instant of time depends



only on the configuration of the system at the present time but not on the system’s
configurations at any of the previous instants of time.

We are often interested in a stationary state of the system where after these
probabilities reach an asymptotic limit, the probability that the system, evolving
according to some dynamics, visits any particular configuration attains a steady
value, independent of time (though this constant probability value for any partic-
ular configuration is in general different from that of any other configuration)- we
call this state of the system as the steady state. From the viewpoint of the Master
equation, the steady state is a balance condition so that for every configuration,
the total incoming probability to that configuration from all other configurations
and the total outgoing probability flux from that configuration cancel each other.

The steady states in general can be categorized in two types- equilibrium and
non-equilibrium states depending on the particulars of the dynamics or more pre-
cisely, dynamical transition rates. Particularly, if the system dynamics obeys
detailed balance, then the corresponding steady state is an equilibrium steady
state(ESS). The steady state measures or functional form of the probabilities in
equilibrium are given by the famous Gibbs-Boltzmann distribution [30, 172]. This
prior knowledge about the functional form of the probabilities takes us one step
forward in calculating the physical observables of interest. More elaborately, with
the information of the stationary probabilities, one can next calculate the parti-
tion function that in turn forms an expression for a free energy and the derivatives
(of different orders) of the free energy give the thermodynamic state variables
and response functions of interest. We should note that, for detailed balance, the

microscopic probability flux between any two configurations in the configuration



space happens to be exactly zero. This in turn implies that the net flux of any
macroscopic observable, known as current, through the system in equilibrium is
also zero, i.e., equilibrium state is essentially a zero current state.

On the contrary, all other steady states, which are reached through some dy-
namics that do not satisfy detailed balance, are called as non-equilibrium steady
state(NESS). A careful look at the Master equation reveals that other than detailed
balance, there are, in general, many possible ways to cancel the total incoming flux
with the total outgoing flux. Each of these ways, which we justifiably call as flux
cancellation schemes, leads to a non-equilibrium steady state. The steady state
measures of non-equilibrium systems have no Gibbs-Boltzmann like general for-
mula in sharp contrast to systems in equilibrium. This statement actually raises
the question: how to obtain the steady states of non-equilibrium systems ¢ Obtain-
ing non-equilibrium steady state measures has always been a subject of interest.
Also another point to note, again in contrast to the equilibrium systems, the mi-
croscopic probability flux between configurations in non-equilibrium systems are
nonzero in general and this results in the possibility of having a nonzero current
of some macroscopic observables. Since current is absent in equilibrium, calculat-
ing current takes a step forward to use it to characterize non-equilibrium systems.
There are many other observables of interest in context of non-equilibrium models,
e.g., spatial correlations between several components or fluctuation of observables
in systems out of equilibrium.

It has been realized that exact solution of steady state measures for certain non-
equilibrium systems and analytical calculation of observables brings much insight

to the understanding of the corresponding systems. In context of the exactly



solvable interacting non-equilibrium systems, there exists many successful models.
Below we briefly discuss in a qualitative and informative way some of the most
powerful and handy schemes used in a profound manner to solve exactly the steady
state and analyze characteristic observables of various class of non-equilibrium

models.

1.1 Schemes for obtaining exact steady state mea-
sures

1.1.1 Matrix Product Ansatz

A prototypical example of non-equilibrium processes is the totally asymmetric sim-
ple exclusion process(TASEP) with open boundaries that has been very useful in
cultivating several features of non-equilibrium phenomena. The steady state of the
TASEP with open boundaries was obtained exactly by Derrida et. al. in Ref.[56]
using matriz product ansatz (MPA). In case of matrix product ansatz, each mi-
croscopic constituent of the system is represented a-priori by a matrix; in steady
state, the Master equation forces these matrices to satisfy certain matrix equa-
tions (formally known as the matrix algebra) involving the dynamical transition
rates. Finally, the ansatz works if one succeeds in finding the representation of the
matrices consistently, though there are specific examples where observables can be
calculated using the matrix algebra without having explicit representations [56].
After successful implementation of MPA in TASEP with open boundaries [56], it
has been used extensively to solve the steady states of different generalizations of
TASEP, e.g., TASEP with multiple species of particles [69], TASEP with inter-
nal degrees of freedom [18]; non-conserved systems with deposition, evaporation,

coagulation-decoagulation like dynamics [103] and also to subjects as diverse as



quantum information [156]. A nice review on the role of matrix product ansatz in
solving general non-equilibrium exclusion processes with numerous examples can
be found in [27]. In context of multi-species TASEP with periodic boundaries,
it has been shown in [76] that the steady state of N-species (N is any positive
integer) TASEP can be written in matrix product form where for N = 3, the ma-
trices representing different species of particles and vacancies can be represented
as tensor product of elements of 2-species TASEP with periodic boundaries and for
N > 3, the matrices can be similarly obtained in a recursive manner from matrices
of multi-species TASEP with lower values of N. This results have been extended
for particles moving in both directions in one dimension i.e., partially asymmetric
multi-species exclusion process with periodic boundary conditions in [160] where
also the steady states can be represented in matrix product forms with the matrices
for N-species being obtained recursively from the matrices of (N — 1)-species. In
[7], the authors have studied the matrix product ansatz for N-species TASEP on
periodic lattices with inhomogeneous hopping rates. Also, for N = 2, the steady
state of TASEP for some specific open boundary conditions has been determined
in [49] and depending on the boundary rates, shock waves, maximal current and

low/high density phases have been found.

1.1.2 Pairwise balance condition

Now if we shift from TASEP like models with hardcore exclusion to interacting
particle systems where the constituents are free of hardcore repulsion, for example,
the well studied model of zero range process (ZRP) introduced by Spitzer [171],

the corresponding steady state can be achieved using pairwise balance condition



(PWB) where one uses the following principle: for every pair of configuration C
and C’, there exists another configuration C” such that the flux coming to C' from
(" is exactly balanced by the flux going from C' to C”. Note that a special case of
the pairwise balance condition is the detailed balance when C” = C’. For PWB to
hold, a necessary condition is that the number of distinct incoming fluxes to any
configuration must be equal to the number of distinct outgoing fluxes from that
configuration. A different model of driven lattice gas with drop-push dynamics
[166] gives rise to a product measure steady state (like ZRP) obtained explicitly
by the pairwise balance condition. Even after introducing spatial disorder within
this drop-push process [176], the corresponding steady state could still be obtained
through the PWB. In Ref.[168], the authors have studied TASEP with extended
objects as a model for protein synthesis and commented that the steady state mea-

sure could have been achieved from pairwise balance condition.

1.1.3 h-balance scheme

Continuing on the discussion on systems of particles, free from hardcore repulsion,
there are many other stochastic process apart from ZRP, like misanthrope pro-
cess, inclusion process etc. Misanthrope process is introduced by Cocozza-Thivent
in [47] and later studied extensively in context of mass condensation in factorized
steady states (F'SS) in [77]. There, to obtain a factorized steady state measure, the
dynamical rates must be constrained. More precisely, the corresponding FSS has
been obtained by imposing a condition that the rates u(.,.) (which are functions
of two variables) satisfy a condition depending on an undetermined function A(.)

which is a function of only one variable. Subsequently the functional form of A(.)



is obtained suitably using boundary conditions. This particular scheme, we name
conveniently as ”h-balance scheme” which will be used extensively in this thesis

for exact solvability in many different non-equilibrium models.

1.1.4 Bethe ansatz

Bethe ansatz (BA) was first introduced by Hans Bethe in [25] to study the en-
ergy eigenvalues and eigenfunctions of a linear chain of interacting atoms as a step

forward to model the behavior of metals. A lucid introduction to the elements of

1

algebraic Bethe ansatz for diagonalizing the Hamiltonian of the spin 3

isotropic
Heisenberg quantum closed chain can be found in [152] whereas Ref.[170] deals
with BA for integrable open spin chains. A more elaborated discussion on the
role of Bethe ansatz in the study of 1d quantum systems including Lieb-Liniger
model, anisotropic XXZ chains etc. is the subject matter of [81]. Remarkably, as
pointed out by Batchelor in [20], the Bethe ansatz “finds its way into everything
from superconductors to string theory”. For example, using BA for interacting
fermions, one dimensional (1d) Hubbard model was solved by Lieb and Wu [136].
In the context of systems in classical statistical mechanics, the eigenvectors of the
transfer matrix of the six-vertex model [137] (also known as the Ice model because
of its resemblance to the crystalline structure of ice) can be achieved through the
Bethe ansatz. Moreover, as shown in Ref.[21], the Heisenberg model Hamilto-
nian commutes with the transfer matrix of the ice model (both solved using BA)
manifesting a general connection between 1d quantum and 2d classical statistical

mechanical problems. Among various exclusion processes, Bethe ansatz has been

incorporated to obtain dynamical quantities like velocity, diffusion constant etc.



of a defect particle in partially asymmetric simple exclusion process on a ring [59].
An extensive discussion on the use of Bethe ansatz for analytical derivation of
the spectral gap, generating function of current etc. can be found in [145]. Also,
for the totally asymmetric simple exclusion process in contact with two reservoirs,
the eigenvalues and eigenvectors of the corresponding Markov matrix are obtained

through the Bethe ansatz in [48].

1.1.5 Large deviation theory

As the name suggests, the scheme of large deviation theory (LDT) is used for the
study of the rare events that, though take place with negligible frequency, may
have huge impact on the system. The mathematical formulation of both equilib-
rium and non-equilibrium statistical mechanics in the language of LDT has been
illustrated beautifully in [175]. For systems in equilibrium, the conditions of maxi-
mum entropy for an isolated system or that of minimum free energy for a closed or
open system appear naturally in the framework of the large deviation theory with
the entropy or free energy being the rate function in context of LDT. In relation to
non-equilibrium systems where net flux of some observable- termed as current is
often the observable of interest. The large deviation function (LDF) for the time
integrated current for TASEP on a ring has been studied in Ref.[54]- where the au-
thors determined the expression of LDF (similar looking as the pressure for an ideal
Bose gas or Fermi gas in 3d) that helps in calculating the exact diffusion constant
of the particles and higher order cumulants of the current. Later, for open systems
connected to reservoirs at unequal densities or temperature, the large deviation

function for current has been calculated [29] from a simple additivity principle.



Along with this additivity principle, how the macroscopic fluctuation theory help
us to calculate the LDF of current in exclusion processes, is discussed extensively
in [60]- where more importantly, it has been argued how the large deviation of
current may generalize the notion of free energy in non-equilibrium systems. In
Ref.[6], the authors show that for symmetric simple exclusion process on a ring
with a large system size, the LDFs of both current and activity take scaling forms
and they further generalize the result by showing that this scaling form is actually
universal for any arbitrary diffusive system with a single conserved field. Since the
rare events are highly suppressed, an important step in this direction is the study
of the problem of conditioning a Markov process on a rare event and representation
of this conditioned process by an effective conditioning-free process [42]. The role
of dissipation in putting bound on the current fluctuation has been studied in [88]
and correspondingly two inequalities for the rate function of the LDF of current in
Markov processes (used for modeling molecular motors, chemical reaction networks
etc.) have been stated and proved. Apart from these classical non-equilibrium sys-
tems, in [83], large deviation theory has been applied to quantum non-equilibrium
systems where LDT allows to treat ensemble of trajectories and one may observe
there features of dynamical phase transitions, also a very important mapping is
made here between two dynamical systems where the rare trajectories of one are
the typical trajectories of the other that helped a lot in generating rare events of

large fluctuations.
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1.2 Schemes we have used

Among the schemes we have just discussed about, it may be noted that the intro-
duction to the first three schemes namely matrix product ansatz, pairwise balance
condition and h-balance scheme have been much shorter with fewer number of ref-
erences and applications mentioned in comparison to the last two schemes Bethe
ansatz and large deviation theory. This is done purposefully, because from now on-
wards, we will focus on the first three, i.e., matrix product ansatz, pairwise balance
condition and h-balance scheme and discuss them in details in the next chapters
to show how these schemes can be incorporated to analyze the non-equilibrium
models we are going to introduce. Since all these schemes have been widely used,
first let us make clear what are we going to discuss in particular.

(1) Firstly, in Chapter 3. we are going to introduce a class of driven diffusive
systems with particles free of hardcore repulsion and the dynamical rate of hop-
ping of particles to nearest neighbors depending on the occupation number of the
departure site and some of its neighbors- this model is somewhat similar to the
well-known model of zero range process (ZRP) except for the fact that in ZRP the
hop rate depends only on the occupation number of the departure site where as in
our case it depends on occupation of the departure site and that of a finite num-
ber of sites within a specified distance from the departure site. This model can be
thought of as a generalization of ZRP where now particles at different sites interact
with each other and we formally call this process as the finite range process (FRP).
We have pointed out earlier that the steady state of ZRP can be obtained using
the pairwise balance condition- in chapter 3. we are going to show that pairwise

balance also helps in obtaining the exact steady state measure of FRP, when the
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transition rates are constrained. Unlike ZRP where the steady state is factorized
for any choice of the jump rate, the steady state of FRP in product measure form
can be obtained only when the rates satisfy certain conditions.

(77) In Chapter 4., we are going to consider a more general scenario of interacting
particles in FRP where the hopping of the particles along different spatial directions
occur with rates whose functional form depend on the direction. Accordingly
the corresponding stochastic processes are named as finite range processes with
asymmelric rate functions or in short, asymmetric finite range process (AFRP). As
we may remember of the h-balance scheme that has earlier been used in context of
totally asymmetric misanthrope processes, in this chapter we explicitly show that
use of the h-balance scheme gives rise to the steady state measure of several models
belonging to AFRP class of models.

(74i) The matrix product ansatz has been widely used for exactly solving the
steady states of several non-equilibrium models, but, only in the context of exclu-
sion processes where the constituent particles obey hardcore repulsion. In Chapter
5., we introduce matrix product ansatz for interacting particles without hardcore
exclusion and discuss in details how to overcome possible difficulties rising from
the fact that the particles do not obey hardcore exclusion. In this connection, we
reproduce some results using this method, which are obtained earlier in the previ-
ous chapters using other schemes. Also, we discuss some non-equilibrium models
that do not fall in the framework of FRP and AFRP, but the steady state measures
for these very different class of models can be achieved from the matrix product
ansatz introduced here.

(7v) In chapter 6. we study a class of assisted exchange models (AEM) with
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multiple species of particles but each of them now obeying hardcore exclusion, the
dynamics is assisted in the sense that the hop rate depends not only on the pair of
particles which are exchanged but also on their neighbors. We will show that the
steady state of the AEM, for a broad class of hop rates, can be obtained by using
the h-balance scheme.

With this brief introduction to the schemes we are going to use to solve exactly
the steady state measures of several class of non-equilibrium models. Let us now
move on to a brief discussion on the physical observables of interest and possibility

of phase transitions in non-equilibrium systems.

1.3 Observables and phase transitions in NESS

For systems in equilibrium with given Hamiltonian, since the steady state weights
are given by Gibbs-Boltzmann distribution, in principle one can always calculate
the partition function and subsequently define the free energy as the logarithm of
the partition function. Then the observables of interest can be derived from the free
energy. The formulation of thermodynamics in case of non-equilibrium systems is
not so straightforward, as there is no general framework exists for this purpose.
At the first place there is no generic measure of the non-equilibrium steady states
and moreover, even if one can obtain the steady state measure for a particular
non-equilibrium system, the existence of state variables like free energy is not
guaranteed because of the presence of current in the configuration space and the
spatial current. Though in special cases, for example with systems having certain
kind of short range interactions, it is possible to define the notion of zeroth law of

thermodynamics and free energy [39]. Study of non-equilibrium thermodynamics
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is a topic of immense interest in recent years. But, in the following discussions, we
will not consider this topic much, rather we will concentrate on observables like
particle current and spatial correlations.

Current, specially in the context of exclusion processes, has been studied ex-
tensively in the past few decades and has contributed much in understanding of
non-equilibrium phenomena. Fluctuations of current through a bond in partially
asymmetric simple exclusion process on a ring grows linearly with time [57] and
the corresponding proportionality constant actually gives the diffusion constant, a
quantity of interest for diffusive systems. Also exact large deviation functional of
current in totally asymmetric simple exclusion process on a ring has been obtained
that not only recovers the diffusion constant and higher order cumulants, but sur-
prisingly, has an expression that imitates the pressure as a function of density of
an ideal Bose or Fermi gas in three dimensions. Apart from these periodic lat-
tices, large deviation function of current for weakly asymmetric exclusion process
in contact with two reservoirs at the ends that mimics transport processes has
been studied [28]. Importantly, the properties of these fluctuations and large de-
viations of current obtained exactly using matrix ansatz, Bethe ansatz, additivity
principles etc. in non-equilibrium steady states can be compared with systems in
equilibrium, e.g., the non-convexity of the large deviation function actually gen-
eralizes the notion of free energy so that the large deviation function of current
(in non-equilibrium) may be viewed as the analog of equilibrium free energy. In
context of particle current in our works, we can analytically calculate this observ-
able for certain class of finite range processes, asymmetric finite range processes

and assisted exchange models. As we will show later, the particle current in these
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models exhibits many interesting features like density dependent current reversal,
negative differential mobility etc. Reversing the direction of current only by chang-
ing the particle density with the dynamical parameters kept constant, gives rise
to the phenomena of current reversal. Negative differential mobility is observed
when the particle current decreases with increasing bias. Apart from the current,
we also calculate spatial correlations between different components of the system
analytically using transfer matrix methods.

Irrespective of whether the system is in equilibrium or not, the study of phase
transitions has always been a central focus of statistical mechanics. In this con-
nection, one should note that the possibility of phase transitions in one dimen-
sion is ruled out for equilibrium systems with short range interactions; this is be-
cause, systems with state variables having finite number of choices and interacting
through short range interaction can be described by finite dimensional symmet-
ric transfer matrices for which the largest eigenvalue is non-degenerate. However,
several different types of phase transitions have been observed in different models
of non-equilibrium systems with short range interactions, even in one dimension
[19, 46, 73]. A much celebrated example is the totally asymmetric simple exclusion
process with open boundaries which exhibits novel phases namely, the low density
phase, high density phase and maximal current phase. Phase transition between
these phases can occur when boundary injection and extraction rates of particles
are varied. Another example is the creation of phase separated states of the com-
ponent particles in ABC' model leading to phase separation transition [46, 73].
Absorbing state phase transitions from active state to absorbing configurations

of the system where the system gets trapped, has also been studied extensively
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in context of self-organized criticality. In the thesis, we primarily concentrate on
the condensation transition in systems of particles without hardcore exclusion, for
example finite range processes and asymmetric finite range processes, where for
specific choice of rates a macroscopic fraction of particles can gather at a single

lattice site leading to the formation of a condensate.

1.4 Brief outline of the thesis

Here is a brief overview on the contents of the following chapters in the thesis. In
chapter 2. we start our discussion by introducing the Master equation and thereby
defining the steady state. Particularly, detailed balance leading to equilibrium has
been summarized and then we briefly discuss the mathematical structure of the flux
balance schemes like pairwise balance condition, h-balance scheme, matrix product
ansatz and how to incorporate these tools in obtaining the exact steady states of
some model systems like zero range process, two interacting random walkers model
etc. This chapter serves as an introduction to the flux balance schemes that would
be used extensively in the next chapters for more complicated systems.

In chapter 3. we will introduce the model and dynamics of the finite range
processes. Starting from the Master equation, we will show how the pairwise bal-
ance condition leads to the steady state of FRP when the rates satisfy specific
constraints. Then we calculate partition function and subsequently spatial cor-
relations in these models which are not that straightforward, but can be done
analytically for special form of the steady state weight functions. Also, forma-
tion of single site condensates and extended condensates for specific choice of the

dynamics are studied extensively in this chapter.
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The next chapter 4. focuses on generalizing the dynamics of finite range pro-
cesses by invoking asymmetric rate functions. Here we discuss the h-balance
scheme that has been used for obtaining the steady states. In particular, the asym-
metric zero range process (AZRP) and asymmetric misanthrope process (AMAP)
are studied extensively in this chapter. Moreover, using special choice of rates in
AMAP and AZRP, we illustrate the phenomena of current reversal and negative
differential mobility.

In chapter 5, the asymmetric finite range process (AFRP) is further generalized
to include different interaction range in different directions with respect to the
departure site from where the particle hops. We first formulate matrix product
ansatz (MPA) for particles free of hardcore repulsions and show how MPA helps
in obtaining the exact steady states of AFRP with different range of neighbors.
Particularly, we study some examples that do not belong to the classes of FRP or
AFRP.

We devote chapter 6. to study some models where there are multiple species
of particles maintaining hardcore repulsion. Number of particles of each species is
conserved in these models as the dynamics only exchange particles at consecutive
sites with rates that depend on the type of pair of particles taking part in the
exchange and the type of particle at the immediate left site of the pair. We show
that the schemes like h-balance, matrix product ansatz etc. that have been useful
to find the exact steady states of finite range processes without hardcore exclusion,
also turn out to be very handy in obtaining the steady states of the models in the
present chapter. Also, phenomena like density dependent current reversal, negative

differential mobility, phase separation transitions can be observed in these models.
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Finally, we summarize in chapter 7. and pose some open problems which can be

of interest in context of transport processes and non-equilibrium thermodynamics.



Chapter 2

Prologue: obtaining exact steady
states in simple examples

Before going to the detailed description of the exactly solvable steady state mea-
sures of the non-equilibrium models to be introduced in the subsequent chapters,
for completeness we devote the present chapter to discuss in a nutshell the Master
equation (a starting point for the systematic study of the systems having many
configurations in the configuration space), quantitative definition of the steady
state (equilibrium and non-equilibrium). We also discuss a few simple examples of
non-equilibrium processes whose steady states can be achieved exactly using some
suitable schemes.

Let us start with a many particle system that transits from one configuration
to another in the configuration space. So what is the configuration of the system
at a given instant is stochastic in nature. Probability of a system to be in a specific
configuration at a given time, evolves with time. In long time limit, however, the
fraction of time spent in a particular configuration with respect to the total time
reaches a definite limit and can be interpreted as the stationary probability.

We start with denoting by P(C,t) the probability that the system is in configu-

ration C' at time ¢- of course these probabilities change with time as the system at

18
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some configuration C' can move to another configuration C’ with a dynamical rate
w(C, C")- and the corresponding time evolution is dictated by the Master equation.

The Master equation is given as
d
- P(C1) Zw (C',C)P(C',t) — w(C,C")P(C, 1) |, (2.1)

for each configuration C' in the configuration space, where the first sum accounts
for the total in-flux or gain to the configuration C' from all other configurations
C' and the second sum can be interpreted as the total out-flux or loss from the
configuration C' to all other configurations C”.
The steady state is defined as the state where the probability of all the config-
urations in the configuration space attain some limiting value. More specifically
P(C,t) = P(C) for every configuration C. Now, as one can see from Eq. (2.1),
there are in general plenty of positive terms in both the in-flux sum and the out-
flux sum, so one has to balance the total in-flux with the total out-flux to reach the
steady state, i.e., in steady state, total in-flux = total out-flux for each configura-
tion in the configuration space. It is evident that there may exist numerous ways
through which the flux can be canceled with each other giving rise to the steady
state. Each of these possible ways, we call them as a flur cancellation scheme. In

the following, we discuss a few of these schemes.

2.1 Detailed balance: road to equilibrium

A quick look at the right hand side of the Master equation (2.1) reveals that, if
each term inside the sum equals to zero, then the whole sum automatically becomes

zero. Mathematically,

w(C', C)P(C") = w(C,C")P(C), (2.2)
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that is, for every pair of configurations C' and C’, the flux coming from C' to C
is exactly balanced by the flux going from C to C' - this is the detailed balance
condition and it necessarily gives rise to equilibrium steady state. The name “de-
tailed” is very much justified as the balance occurs in detail i.e. it takes place
between every pair of configurations. The existence of detailed balance implies
that the probability current Jo o = w(C’, C)P(C',t) — w(C,C")P(C,t) equals to
zero between every pair of configurations C' and C’- since these probability currents
actually constitutes the particle current in real space, so the detailed balance in
(2.2) suggests that equilibrium is essentially a zero current state.

Apart from the detailed balance which is a necessary and sufficient condition for an
equilibrium states, any other flux cancellation scheme, if gives rise to a stationary
state, the corresponding state is in fact a non-equilibrium steady state. Below we

briefly study some of these schemes.

2.2 All configurations equally likely: single ran-
dom walker on a periodic lattice

The simplest case is may be the one when all the configurations are equally proba-

ble, i.e., P(C)= Constant:é for all configurations C, where €2 is the total number

of configurations in the configuration space for the system under consideration,

from equation (2.1) it is clear that the corresponding flux cancellation scheme is
> w(C,0)=> w(C.C"), (2.3)
cr cr

meaning that the total inward rates from all other configurations C' to a particular

configuration C' = total outward rates from the configuration C to all other config-

urations C" . Note that the flux balance scheme in Eq. (2.3) is very much different
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from the detailed balance in (2.2). Let us illustrate this with a small example.

Consider a single random walker on a periodic lattice with L sites i = 1,2...L,
the walker at site ¢ can move to the right neighbor (i + 1) with rate p or can move
to the left neighbor (i — 1) with rate ¢. If we denote the random walker by 1 and

any vacant site by 0, then this dynamics can be represented by

10 = 01. (2.4)

q

Clearly, here for any configuration C' = {...,0,1,0,...}, we have ) ., w(C’",C) =
(p+4q) = > cnw(C,C"). So, all the configurations of the single random walker are
equally probable with probability P(C') = ¢ for every configuration C' since the
total number of configurations here is L. Also, note that the steady state becomes

equilibrium only when p = q.

2.3 Two random walkers: matrix product ansatz
(MPA)

Let us include another random walker denoted by 2, and introduce hardcore in-
teraction between them, i.e., both the random walkers cannot stay at the same
lattice site at a given instant of time. The random walker 1 (2) moves to right or
left with rates p and ¢ (« and f3) respectively. So, now the dynamics of this two

interacting random walkers model looks as

10201, 20=02. (2.5)

q B
Let us denote the configuration of the system as C' = {s;} with i = 1,2...,L
and s; = 0,1,2 represents whether the site ¢ is vacant or occupied by walker

1 or occupied by walker 2 respectively. Firstly, consider a configuration like C' =
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{...,0,1,2,0,... }- clearly the total inward rates to this configuration ) ., w(C’,C) =
(p + B) is not equal to the total outward rates to this configuration which is
Yonw(C,C") = (¢ + «). So, we cannot have an “equally likely” steady state as
the flux cancellation scheme (2.3) fails here.

At this point, we take help of the matriz product ansatz (MPA). Here the ansatz
is to express the probability of any configuration by the trace of product of matrices
where each matrix represents the state(1 or 2 or 0) at corresponding lattice site.
Mathematically,

P(C) & Tr

HXi] , (2.6)

where X; is the matrix representing the state s; at the ¢-th lattice site. More
precisely, X; = D; or D, or E if the site is occupied by random walker s; = 1
or random walker s; = 2 or the site is vacant (s; = 0) respectively. The Master

equation for this particular example takes the form

P({si},t)

Sl

M=

[w(sisi—b 3i—15i>P<~ -2 84—-2, 54, Si—1, Si41 - - ) - w(si—lsia Sisi—l)P(- <0 84—2,8i—1, Siy Si+1 - - - )] .
1

~.
Il

Mh

[XlXQ . Xl',g (w(sisi,l, Siflsi)XiXifl — w(si,lsi, Si5i71>Xi71Xi ) XiJrl e XL] (27)
1

<.
Il

The next step forward is to construct a suitable flux cancellation scheme that
would help us to satisfy the steady state condition when probabilities are given in

the form of (2.6). We device the following flux cancellation scheme
w<3i5i71751713i)XiXi71 - w(8¢f18z‘,8¢8z‘71)Xz'71Xi = )?ilei - Xifl)?i ) (2-8)

where we have introduced auziliary matrices X, that help to ensure that the steady

state condition is satisfied. It can be seen directly that if we sum over the index
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i from 1 to L in Eq. (2.8), the sum vanishes. For the dynamics (2.5), the above

cancellation scheme (2.8) generates the following set of equations

51D1 - Dlﬁl - O, ﬁgDQ - Dzﬁg == 0, EE - EE - O7
DDy — DDy =0, DyDy — DyD; = 0,
pD\E — gED, = ED, — ED, = D\E — D,E

aDyE — BEDy = EDy — EDy = DoE — DyF | (2.9)

which we formally denote as the matriz algebra. What is needed further for the
MPA to work, is the representation of the matrices X; and )N(z which satisfy the
algebra (2.9). We make further simplifications by taking )Af, as scalars Dy = 0, 52 =

0, E = 1. The above matrix algebra then simplifies to
pD\E — qEDy = Dy, aDyE — EDy = Ds, . (2.10)
We also have to put an explicit condition
D?=0,D;=0, (2.11)

which ensures that there is exactly one walker of type 1 and only one walker of
type 2. Thus any configuration having more than one 1 or 2 has weight equal to
zero. Note that if instead of matrices, the walkers 1 and 2 and vacancy 0 were
represented by scalars dy,ds, e respectively, then d? = 0 = d3 would also imply
d; = 0 = dy meaning that a scalar representation is useless in this particular
example. Now, the last but non-trivial step is to find the representation of the
matrices Dy, Do, E satisfying the algebra in (2.10) and (2.11). A consistent set of

matrices that satisfy the algebra are

0 1 0 0 25
D, = , Dy = ,BE=| P . (2.12)
00 10 0 ata
ap—PBq
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Of course, the matrix product has been used extensively in many particle systems
in different contexts as discussed elaborately in [27]. In chapter 5. we will return
to MPA to study its role in solving the steady state of systems without hard core

repulsion.

2.4 Pairwise balance condition: zero range pro-
cess (ZRP)

We may remember that in case of systems in equilibrium, detailed balance is
satisfied where the flux cancellation scheme is such that the flux is canceled between
every pair of configurations. Another flux cancellation scheme which involves three
configurations C’, C, C"”, such that the flux coming from C' to C is exactly balanced
by the flux going from C to C"; if this condition is satisfied for every triple of
configurations in the configuration space, then we have a non-equilibrium steady

state resulting from this pairwise balance condition. Mathematically,
w(C',CYP(C") = w(C,C")P(C). (2.13)

As an example let us consider the zero range process (ZRP) on a periodic lattice
with L sites ¢ = 1,2... L where each site ¢ can be vacant or it can be occupied by
one or more particles n; < N, N = ZZ.LZI n; being the total number of particles
in the system. Any possible configuration of this system can be denoted as C' =
{ni} = {...ni_1,n5,ni11,...}. Clearly this multiple occupancy of a lattice site
implies that these particles do not obey hardcore constraint. They actually interact
through the particle hopping rate w({n;}) = u(n;) that depends on the number
of particles at the departure site. In other words, the dynamics is such that a

particle from a randomly chosen site ¢ can hop to its right neighbor (i + 1) with
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rate u(n;) that depends explicitly on the occupation number n; of the departure site
1. From the structure of the hopping dynamics, one expects no correlation between
occupation on different lattice sites in the thermodynamic limit, it is reasonable
to start with a hypothesis that this system has a factorized steady state (F'SS) of

the form
L

P(ny,ny...,ng) o< [] f(na), (2.14)

i=1

where the single site weight factor f(n) depends on the single site occupation
variable n. Now, the task is to verify if such an F'SS is possible at all and whether
it extends to all possible hop rate u(n). Finally, we must know how f(n) is related
to u(n). To answer these questions, we take help of the pairwise balance condition
described in (2.13). Let us consider a representative triple of configurations in
the form C"={...n; 1+ 1,n;—L,niy ...}, C={...n_1,n,n;1... } and C”" =
{-..ni—1,m; — 1,n;1 + 1...}. Then, the flux balance scheme in (2.13) along with

Eq. (2.14) together give the following equation

u(ni—y + 1) f(n1) ... f(ni—e) f(nia + 1) f(ni — 1) f(niga) ... f(nr)
= u(n;) f(n1) ... f(nia) f(niz1) f(ni) f(nisa) - f(nr)

= u(ni—1 + 1) f(ni—1 + 1) f(ni — 1) = u(n) f(ni—1) f (n:)
f(ni—1 +1) = u(ny) f(ni)

f(niz1) fni—1) (2.15)

= u(n;—; + 1)

Since the left hand side of the above equation is a function of the site (i — 1)

whereas the right hand side is a function of the site 7, this necessarily means

f<n) = constan u\n) = ml—_l - L

where f(0) = 1 without any loss of generality. So, in equation (2.16), we have

expressed the single site weight factor f(n) in terms of the hop rate u(n). Also,
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this equation ensures that for any functional form of the rate wu(.), we can have
a factorized steady state of the form (2.14). We will introduce interaction be-
tween particles at different lattice sites in chapter 3. and use the pairwise balance

condition to solve the corresponding steady state.

2.5 h-balance scheme: zero range process (ZRP)
revisited

In this section we discuss about another flux cancellation scheme which we call to
be the h-balance scheme, the justification of the name comes from the fact that,
just like the auxiliary matrices introduced in the flux balance scheme (2.8) in con-
text of matrix product ansatz, here also we would introduce an undetermined
function A(.) in a suitable way so that the corresponding cancellation scheme
satisfies the steady state condition. To illustrate this point, we reconsider the
example of the zero range process. The Master equation for any configuration

C={ny,...n_1,n;,n541...,np} = {n;} in this system can be written as

M-

< P({n) w(tis + 1) Fi + 1) f (5 — 1) f (i) ..

=1

u(ng) .. f(nio) f(na) f(niga) -+ (2.17)

M-

=1

where we have considered a priori the factorized form in (2.14). In steady state,

the total in-flux and total out-flux has to be equal which means, for ZRP,

' fni+ 1) f(nig —1) uln)| =
Z {u(nl * 1) f(ni)f(ni+1 - 1) ( 2)] !
=Y F(nini) =0, (2.18)

=1

=1

where we have arrived from Eq. (2.17) to Eq. (2.18) by shifting the index (i—1) — i

in the first sum of (2.17) and then dividing both sides by the product []=, f(n:).
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Also we have used a short hand notation F(n;,n;y1) = (u(n; + 1)% —

u(n;)). Now, we are going to introduce the following flux cancellation scheme

fni +1)f(nigs — 1)

F(ni,nip1) = u(n; + 1) f(ni) f(nig1)

—u(n;) = h(nig1) —h(ng), (2.19)

where the undetermined function h(n) has been introduced in such a way that
if we sum over the index ¢ from 1 to L in equation (2.19), then we reach to the
steady state condition in (2.18). The next task is to find f(n) and h(n) by using

the boundary conditions in Eq. (2.19), e.g., if we put n;;; = 0, we have
u(n;) = h(n;) — h(0), (2.20)

whereas if we put n; = 0 in (2.19), we get

f(l) f(ni—H - 1)

fQ0)  f(niy1)
f@) f(n; — 1)
f(O) f(nz)

= h(ni+1) — h(0)

\
e
=

= h(n;) — h(0) . (2.21)

|
u(n) = W ;H Ol (2.22)

=1
along with h(n)—h(0) = u(n), we have considered f(0) = 1 as earlier. So, using the
h-balance scheme, we have reproduced the steady state of the zero range process
(as can be seen both from (2.16) and (2.22)) using both the pairwise balance
condition in the previous section and h-balance scheme in this section. Apart
from this simple example of ZRP, there are other examples like the misanthrope
process whose factorized steady state with specific condition on the rates cannot

be obtained from pairwise balance condition, but can be obtained using the h-

balance scheme [77]. The h-balance scheme in a generalized form will be proved
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to be handy in the subsequent chapters 4 and 6 of the thesis. It would be very
interesting to find some connection between the pairwise balance condition and
h-balance scheme. As already shown in case of ZRP, there exist more models (e.g.
several finite range processes) where both these techniques work equally good to
determine the steady state measures. So, further work in this direction to explore
any deeper connection between h-balance scheme and pairwise balance condition

would be a matter of interest.



Chapter 3

Finite Range Process(FRP)

We start our journey through the exactly solvable driven interacting particle sys-
tems with the finite range processes (FRP). In these models hop rate of particles
depends on the occupation number of departure site and that of the sites within
a “finite” distance measured from the departure site; this justifies the name finite
range process. A special case of FRP, when the hop rate depends only on the
departure site, is the well known zero range process (ZRP). Before going into the
details of FRP, let us briefly introduce some intriguing features of ZRP which, as
will be seen shortly, serves as a primary building block for the finite range pro-
cesses. The zero range process (ZRP), a lattice gas model without any hardcore
exclusions, exhibits nontrivial static and dynamic properties in the steady state.
The ZRP was introduced [171] as a mathematical model for interacting diffusing
particles and, since then, has found applications in different branches of science
[70, 71], such as in describing phase separation criterion in driven lattice gases
[112], network re-wiring [4, 149], statics and dynamics of extended objects [51, 97],
etc. Interestingly, ZRP shows a condensation transition for some specific choices

of particle hop rates when the density becomes larger than a critical density, a

29
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macroscopic number of particles accumulate on a single lattice site - representing
condensation of macroscopic number of particles in real space.

In the ZRP, as we discussed in chapter 2., the particles hop stochastically to one
of the nearest neighbors with a rate that depends only on the number of particles
on the departure site. We have shown in the previous chapter; either by using
pairwise balance condition or h-balance scheme, that ZRP has a factorized steady
state (F'SS) in the form of Eq. (2.14) along with (2.16), which is amenable to exact
analytic studies. However, when the hop rate depends on the neighboring sites,
the steady state does not factorize in general [72, 78]. In such situations, one may
naturally ask for the possibility of a cluster-factorized steady state (CFSS) which
is a straightforward generalization of the factorized steady state (FSS), where the
steady state weight is a product of cluster-weight functions (see Eq. (3.3)) of
several variables, i.e., the occupation numbers at two or more consecutive sites.

In this chapter, we study a class of non-equilibrium lattice models where par-
ticles hop in a particular direction, say from a site to its right nearest neighbor,
where hop rates not only depend on the occupation of the departure site but also
on the occupation of all of its neighbors within a range K; hereafter, K being a
finite positive integer (for discrete lattice, would be real number for continuum),
we refer to this process as finite range process (FRP). We demonstrate that, in one
spatial dimension, one can have a CFSS for various specific choices of hop rates;
what we mean by the CFSS here is that the steady state probability weight can be
written as a product of functions of (K + 1) variables, each of them being an oc-
cupation number in the cluster of K consecutive sites. A special case of the CFSS

with K = 1, called pair-factorized steady state (PFSS), was recently proposed and
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studied in [72] where it was shown that, for a particular class of PFSS, the system
can also undergo a condensation transition. Later, the PFSS has been found in
continuous mass-transfer models [24, 182], in systems with open boundaries [151]
and in random graphs [180], etc. However, non-trivial spatial structure, which is
not present in a FSS, has not been explored before.

We show that, for a broad class of systems having a CFSS with any K, there
exists a finite dimensional transfer-matrix representation of the steady state. Being
finite dimensional, these matrices are quite convenient to manipulate and help
in exact calculations of spatial correlation functions of any order. Moreover, we
propose a sufficient criterion for the hop rates that can give rise to condensation
transition in FRP in general. Surprisingly, we find that a small perturbation to a

F'SS could destroy condensation transition, if any.

3.1 Model

The model is defined on a one dimensional periodic lattice with sites labeled by
1 = 1,2,... L. Each site ¢« has a non- negative integer variable n; representing
the number of particles at that site (for a vacant site n;, = 0). Particle from
any randomly chosen site ¢ can hop to one of its nearest neighbors, say the right
neighbor, with a rate that depends on the number of particles at all the sites which

are within a range K with respect to the departure site:

(i, i, ) — (i — Linga +1,000)

with rate U Ry ey My e ey My K ). (3.1)

Clearly the total number of particles N = ). n;, or the density p = N/L, is

conserved by this dynamics.
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Figure 3.1: In one dimensional finite range process (FRP) a particle hop from a
site ¢ to its neighbor with a rate that depends on occupation of site i (here n; = 3)
all its neighbors within a range. The lattice model, for certain hop rate, can have
a (K + 1)-cluster-factorized steady state.

For K = 0, this model is identical to the zero range process (ZRP) [71] with
hop rate u(n;), and as shown already in (2.14) along with (2.16), it evolves to a

factorized steady state (F'SS)

L

P({ni}) o Hf(m)5(zni - N), (3.2)

with f(n) =[] _, u(m)~'. The Dirac delta function used here is to take care of
the conservation of the total number of particles. The process we consider here is
a generalized version of the ZRP and hereafter we refer to it as finite range process
(FRP).

For K > 0, the steady state of FRP in general cannot have a FSS as there
are nonzero spatial correlations; however, there can be exceptions in specific cases.
We provide explicit proof, later in this chapter that, for K = 1, the factorized
steady state can be achieved when w(k,m,n) = w(m,n). This special case where
the hop rate depends on the number of particles in both departure and arrival
sites, is known as misanthrope process (MAP [77]). Since a FRP with K > 1
includes K = 1 as a special case, one expects that, except for the ZRP and the
MAP, there cannot be a factorized steady state (F'SS) for these class of systems.
Actually, as K increases, more and more neighboring site particles are involved in

the interaction meaning, the interaction range between the particles increases with
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increasing K. Consequently, nonzero spatial correlations between more number
of neighboring lattice sites come into existence as K is increased. Since nonzero
spatial correlations rule out the possibility of having factorized steady states, so,

for K > 1 we do not expect to have factorized steady states.
3.2 Steady state: pairwise balance condition
For the FRP, we first try whether a (K + 1)- cluster-factorized form,

P({n;}) x H g(ni, Misa, . .ni+K)5(Z n; — N) (3.3)

with cluster-weight function g(.) of (K + 1) occupation variables, can be a steady

state weight for Master equation

d
%P({”z}) = Zu(ni—Ka~-~7ni7-~-ani+K>P({ni})
Zzl
— Zu(ni—K; cmi+Lnga — 1 ni k)

=1

XP(...,n,-_l—l—l,ni—l,...). (34)

Now, one can verify that a cluster-factorized form of steady state, as in Eq. (3.3),

is indeed possible when the hop rate at site ¢ satisfies the following condition

WM gy ey My e ey M i)
K _ _ _
_ H (i Ky i K14k - - - Thig k) (3.5)
k=0 9K ks M Kpks -5 it i)

where n; = n; — J;;. A simple way to prove this is to use the pair-wise balance
condition defined in Eq. (2.13) which has already been proved handy to give the
steady state of ZRP. For any configuration C' = {... n;_1,n;,n;11,..}, a particle
hopping from site ¢ can be balanced by taking C' = {... ,n;_1 + 1,n; — 1, n441, ..}

with hopping from i — 1. Equation (3.5) is important as it says that any desired
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cluster-factorized state can be obtained in FRP by a choosing a suitable K-range
hop rate u(n;_g,...,n;,...,ni1x). But, also note that, in contrast to ZRP where
any given rate leads to an FSS shown in (2.16), the CFSS in FRP can not be
achieved for any functional form of u(.), rather only when the rate satisfies the
condition (3.5).

In the rest of this chapter, we discuss various features of the cluster-factorized

steady state and their applications.

3.3 2-clusters: Pair factorized steady state (PFSS)

Let us start with K = 1, for which the steady state is factorized as product of
2-site clusters, commonly known as the pair-factorized steady state (PFSS). In this
case, particles hop from a site i to i + 1 with rate u(n;_1,n;,n;41) that depends
on the occupation of departure site and its neighbors. To have a pair-factorized

steady state of the form

L

P({ni}) = % Hg<ni>ni+1)5(z n; — N) (3.6)

A =1
with a canonical partition function
L
ZLN = Z Hg<nz’, nz‘+1)5 (Z n; — N) )
(n;} i=1 i

the hop rate must satisfy Eq. (3.5) with K =1,

g(ni—1,m; — 1) g(ny — 1,m441)
g(”i—la nz) g(nia ni-i—l)

(3.7)

u(ni—hniani—l-l) =

Unlike the FSS, the PFSS inherently generates spatial correlations and, like

the FSS, it can lead to real-space condensation for certain hop rate [72]. This
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study has been later generalized on arbitrary graphs [180], open boundaries [151]
and for studying mass transport processes and condensation transition therein for
discrete (particle) as well as continuous mass [182], etc. None of these studies,
however, attempted to calculate the spatial correlations in these systems. In fact,
the presence of spatial correlations can change the nature of transitions by creating

spatially extended condensates with or without tunable shapes [64, 181].
3.3.1 Observables

To calculate spatial correlation functions and other observables of interest, we use
the transfer matrix formulation which is possible for a large class of systems having
a CFSS. For the purpose of illustration we mainly discuss this approach elaborately
for the PFSS. Since the PFSS with any arbitrary cluster-weight function g(n;, n;11)
can be obtained from a suitable hop rate u(n;_1,n;,n;4+1) (as in Eq. (3.7)), we
rather focus on the functional form of g(n;, n;11), not on the hop rate. In fact, any
arbitrary function g(n;,n;11) is an element of the infinite dimensional matrix

G=2 > glnn)n)| (3.8)

where {|n)} are the standard infinite dimensional basis vectors which satisfy a
completeness relation (n|n’) = d,,,. Then, in the grand canonical ensemble (GCE),

where a fugacity z controls the density p, the partition sum can be written as
Zi(2) =Y Zyn2" =Tr[T" (3.9)
N=0

where the transfer matrix 7' has element (n|T|n’) = 2("*")/2g(n,n'). In the ther-

modynamic limit Z7(z) ~ AL (when A4, the largest eigenvalue (in absolute

value) of T is real and non-degenerate). Once we know the grand partition sum,
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we can calculate various observables; for example, all the moments for occupation

number n at a site,

k
(k) = %Z;(z) (zdi) 2,(2). (3.10)

For k = 1, we get density of the system p = (n) = %d% In Z;(2); by inverting this
density-fugacity relation, one can express other observables as a function of p.

This matrix formulation is quite general and works for any form of weight func-
tion g(n;,n;+1); however managing infinite dimensional matrices is a challenging
task. In the following, we show that, for a large class of weight functions, one can
have a finite dimensional representation of 7" which, in some cases, can even be
extended to K > 1.

3.3.2 Finite dimensional transfer matrices: analytical cal-
culation of n-point correlations

Let us consider a weight function which has the following form

K
g(ng,n; +1) Z (1) be(niv1), (3.11)

k=0
where a,(n),b.(n) are arbitrary functions, not necessarily analytic. It is evident
that g(n;,n;+1) can be written as an inner product of two (K + 1)-dimensional

vectors,

9(ni; niga) = (a(ni)|5(nira)), (3.12)

where

(B(n)] = (bo(n),b1(n),...,bx(n)). (3.13)
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Then the partition sum in grand canonical ensemble is Z1(z) = Tr[T(2)*] with

o0

T(z) =Y "B(n)){a(n)] (3.14)

n=0

a (K+1)-dimensional matrix. Now the partition sum and the stationary correlation
functions can be calculated easily.

To illustrate this, let us consider a simple example by setting K = 1, by(.) =
1 = ay(.), and renaming functions ag(.), b1(.) as fo(.), f1(.) respectively. The weight
function is now,

g(ni,n; + 1) = fo(ni) + fi(nis1).- (3.15)

which we refer to as sum-form. This particular choice, i.e., a pair-factorized steady
state with a weight function in sum-form, does not lead to condensation transition,
which we discuss later in section 3.6.1.4. Also, in section 3.6.1, we consider a general
case of Eq. (3.11), which gives condensation transition, and we develop a possible
criterion for the transition.

For any functional form of fy(n) and fi(n) we always have an infinite dimen-
sional representation given by Eq. (3.8). However, interestingly in this case, we can
do away with the infinite dimensional representation and get a simple 2-dimensional

representation by taking,

{a(n)] = (fo(n),1) and (B(n)| = (1, f(n)). (3.16)

The partition sum in GCE is then Z = Tr[T'(z)*], where

T(z) = 2"C(n); C(n) = . 3.17
) ; ") ") (fo(”)fl(n) fi(n) ) ( )

To see how the spatial correlation functions can be obtained, let us take a specific

form of the functions fy(.) and fi(.),

q I q
m+ 1) (e + 1)

g(ng,ni1) = ( (3.18)
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where parameters v > 0 and 0 < ¢ < 1 tune the hop rate of particles and § = 1—g¢q,
corresponding to fo(n)/q = fi(n)/q = (n+1)7". In this case, the desired hop rate,

for which the PFSS with weight-function as in Eq. 3.18 is realized, is given by

1\* qni{ +q(ni—1 +1)” }
U1, T, T =(1+— — '
(i +1) ( ”z) [Q(nz + 1)V 4+ q(ni—1 +1)¥
q(niv1 — 1)Y + q(ny)” ]
(i1 +1)Y +q(n; +1)¥

In the extreme limits ¢ = 0 and ¢ = 1, the model reduces to zero range process
(details will be discussed in section 3.6).

The transfer matrix , following Eq. (3.17), becomes

L qLiv(z)  adyE;
T“)_z(uw(z) an<z>> o

where Li,(z) are the Polylog functions. The eigenvalues of T" are

A, = Liwl?) (1 + \/ (q—q)?— ( 49qLiz (2) ) . (3.20)

2z 1 —2)Li,(2)?
The partition function Z1,(z) = A% + AL in the thermodynamic limit (L — oo)

becomes Z,(z) ~ AL and thus the density

d
p(z) = zaln/\Jr. (3.21)

Throughout the discussion, we calculate observables only in the thermodynamic
limit. Let us consider

1
g=5 v=-1 (3.22)

(results for different ¢ and v are discussed in section 3.6); here A\x = 2(1 £+v/1+ 2)/(1 — 2)?

and the density is
2 1 3

= — - —. 3.23
p 1—2 2142z 2 ( )
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Now we proceed to calculate the correlation functions, first the two-point corre-
lation function and later the higher order. The two point correlation function is

defined by

C(r) = (ninigr) — (ni) (Nigr)- (3.24)

For r > 0 we have

Ty [T/TrflT/TLfrfl] )

C = — 3.25
where 7" = dT'/d(In z). For Eq. (3.22), we get
2(3+ 2)? _
C(r)=p? /¢ 3.26
) =P i = (3:26)
with &1 = |In ;\\—; =|In ;Tf V}Z\ being the inverse correlation length. The correla-

tion function for r = 0 is nothing but the variance o2(p) of single-site occupation

variable n;, i.e.,

C0) = ?(p) = () = (ni? = T = (3:27)

where T” = d*T'/d(In z)? and, again for (3.22),

z 22+ 14z + 17 8
4(1 — 2)? (1+2) V1+z

C(0) = (3.28)

Now, we turn our attention to higher order correlation functions. The 3-point

correlation function, for example, is defined as

C(T 1,7”2) = <"i”i+r1”i+r1+r2> - <”i><ni+r1><”z‘+n+rz>

which, in terms of transfer matrix, can be evaluated from the expression

Tr [T/TrlflT/TrgflT/TLfrfl] 5
—p°. 3.29

C(Tl, 7’2) =
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We find that the three-point correlation function can be written in terms of the

two-point correlation functions as
Cry,m2) = p[C(r1) + C(r2) = B(2)C(r1)C(r2)] (3.30)

where B(z) also depend on the parameters g and v; for Eq. (3.22), we get B(z) =
1+ 82z(1+4 2)/(3 + 2)% In a similar way, one can calculate all the higher order
correlation functions exactly.

To conclude, when the weight function g(n;,n;41) is a sum of two functions as
in Eq. (3.15), the correlation length £ = |In /A\_J_r| remains finite at any density as

A_ < Ay for any choice of ¢ and v.

3.4 Generalizations

3.4.1 3-clusters and general (K+1)-clusters

In this section we consider some specific models of FRP with K > 1 which give
rise to (K + 1)-cluster-factorized steady state. Corresponding partition function in
the grand canonical ensemble would require contraction of a tensor product which
is usually a hard task [155]. Our aim here would be to obtain, if possible, a matrix
formulation that can accommodate some cluster- factorized steady states for any
K > 1. For K = 2 we have a 3-site cluster factorized steady state,

L L

P({n;}) = Hg(ni, Nit1, Nitr2)0 (Z n; — N) )

i=1 i=1

For illustration we consider a cluster-weight function,

K

gt Mipr) = > fulnisr) (3.31)

k=0
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which is a simple generalization of the sum-form given in Eq. (3.15). We will now
show that a grand partition function of a finite range process which has a (K + 1)-
cluster-factorized steady state with a weight function given by Eq. (3.31) can be
written as Zr(z) = Tr[Tt] where z is the fugacity and T is a 2¥-dimensional
transfer matrix. Since we intend to obtain the transfer matrix iteratively, let us

rewrite the transfer matrix given by Eq. (3.17) for K =1 in a convenient form,

T (2) = Z"Fi(n); Fi(n) = i 3.32
) Z ) B (fo(”)fl(n) fi(n) ) ( )

In a similar way, we extend to K > 1 and write Tx = Y-, 2"F(n) where

n=0

the 25- dimensional matrix can be written as

Fr_ A 1Fr_
P, — K—1 rK—1Fr_1 | (3.33)
feFro1 feAx-1Fr_

0 0
AK - )
]2K71 0

where Iox-1 is a 2%~ !-dimensional identity matrix. For K = 0, we take 4y = 1.

using a constant matrix

Since K = 0 corresponds to the ZRP which has a factorized steady state, we have
Fo(n) = fo(n), which is a scalar. Clearly F; in Eq. (3.32) satisfy Eq. (3.33). A

little more algebra would show that the transfer matrix for K = 2 is

=Y 2" < Fi Ay ) =Y " 2"Fy(n). (3.34)

n f2F1 f2A1F1

From the transfer matrix, one can, in principle, calculate the expectation value of
any desired observable. We will not discuss further the finite range process K > 1;
the finite dimensional transfer matrix is expected to generate spatial correlations
which was absent in the ZRP. We discuss some of the models in details which

undergo condensation transitions (see section 3.6).
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3.4.2 Continuous mass model

Until now, we have studied CFSS on a one dimensional lattice with each site
having a discrete variable, called the occupation variables or number of particles.
The model and the matrix formulation can be extended, without any particular

difficulty, to systems with continuous mass m. As an example, let us consider
g(mi, Miy1, Miga) = My + M1 + Miyo. (3.35)

A 3-cluster-factorized steady state with above weight-function can be obtained

when e amount of mass is transferred from site ¢ to 7 + 1 with rate

U(mi—2, My—1, My, Mg, mi+2)

2
= H [1— g(mi—osr, mi—1in, migk) '] - (3.36)
k=0

For small €, the model is equivalent to a discrete model where mass is measured
in units of €. In fact, the residual mass (actual mass modulo €) at any site does
not change during evolution. The residual masses, each being smaller than a pre-
defined value € which can be made arbitrary small, does not contribute to the
asymptotic form of the hop rate. Thus we would obtain a transfer matrix 75
discussed in the previous section, with fo12(m) = m, but the sum ) = will now
be replaced by an integral [ dm. Defining, a chemical potential p (where z = e#),

we get the transfer matrix, as in Eq. (3.34),

1 w 0 0

1] 2 11
T(p)=— | * " (3.37)

Pl 2100

6 2 2 4

T

This matrix has eigenvalues %{)\,Aleﬂe,)\g}, where A\ (the largest eigenvalue),

A1, @ and A9 are independent of u, and their approximate numerical values are
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A~ 3.86841, \; &~ 1.10465, 0 ~ 1.87254 and A\, ~ —0.21184. In the thermodynamic
limit, the partition function is Z;, = (A\/ ,uQ)L, and density p = —2/u. The two-

point correlation function for » > 0 is

C(T‘) = <mimi+r>_p2

() e (B) wn ]

where, ¢; = 0.3380, c; = —0.0375 and o = 0.1804. And, for r = 0, the correlation

(actually the variance of the mass distribution) is C'(0) = (m?) — p? = 0.6704p>.

3.5 Impossibility of F'SS in general for K > 0

In this section, we provide an argument that FRP can have a factorized steady
state only for K = 0 (namely the ZRP) and for some specific misanthrope process
(special cases of K = 1). For any K > 1, however, one cannot have a factorized
steady state in general. First we consider K = 1 and show that, in this case, the
hop rate reduces to those in the ZRP or in the misanthrope process, when one
demands a factorized steady state. One can construct a general proof in a similar
way, that condition of F'SS would reduce the hop rate of FRP with K > 1 to the
ZRP or the misanthrope process. Also, thereafter we provide a proof of the above
for the hop rates which can be written in a product form.

3.5.1 K = 1: FSS not possible, only except misanthrope

process
In this section, we show that, for K = 1, one cannot have a factorized steady state

for the general hop rate u(n;_1,n;,n;41). The Master equation for FRP for general
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K >0is

%p({ni}) =Y F(nick,. o iy nivk), (3.39)

where

F(ni—K, -ey g, wni—&-K) = U(”z’-K, ey Mgy ey nz—i—K)P({nz})
—u(ni—g, M + L,ni — 1,00y k)

X P(,nz + l,nHl — 1, ) (340)

In the steady state, right hand side of Eq. (3.39) must vanish, which can happen

if

F(ni—K7---7ni7"'ani+K) :h(ni—Ka"'7ni7"'ani+K—1)

_h(n’ifKJrla"'7ni7"'7ni+K) (341)

for some arbitrary function h of 2K arguments. Note, that the above cancellation
scheme is only a sufficient condition.
Now let us consider K = 1, and demand that the steady state has a factorized
form given by Eq. (3.2). Then
fni+1) f(nig — 1)
fni)  f(nis)

—u(ni—1, i, niy1) = h(ng, nipr) — h(ni_1,n;) (3.42)

u(ni_l,ni + ]., Ni+1 — 1)

where h is an arbitrary function, yet to be determined. Since the hop rate
w(ni_1,ni,ni1) = 0 when n; = 0 and we must have a boundary condition f(m <
0) = 0, we can use specific values of n;s in Eq. (3.42) to find recursion relation
for h. For n; = 0 = n;y; equation (3.42) in h(n;_1,0) = h(0,0). Again putting

nit1 = 0 =mn;_1 we get h(0,n;) — h(0,0) = u(0,n;,0).
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These two conditions leaves Eq. (3.42) for n; = 0 as

S f(nig —1)

f(0)  f(niy1) = u(0,n11,0).

u(nz‘—la Liniy — 1)

Clearly, in order to be consistent, u(n;_1, 1, n;41) must be independent of n;_;. For
convenience, without any loss of generality, lets set w(n;_1,1,1,41) = w(0,1,n;41).
Thus, to have the factorized steady state for K = 1, the hop rate w(n;_1,n;,n;11)

must satisfy

U(Oa ]-7 nz) U(O’ Ti+1, 0)
(07 n; + ]-7 0) u(07 17 Njy1 — 1)

_U(ni—hniani—l—l) = U(ni, Nit1, 0) - U(ni—l,nu 0).

w(ni_1,n; + 1,141 — 1)u

Now if we take n; = 1 and use u(n;_1,1,n;41) = u(0,1,n;41) in the above equation

to rearrange the terms, we have
u s ) U(O, N1, O)

(0,1,1
U(O, 2, O) U(O, 1, N1 — 1)
—U(O, 17 ni—i—l) = U(l, Ny, 0) - U’<07 17 O)?

u(ni-1,2,ni11 — 1)

which implies that w(n;_1, 2, n;,1) must be independent of n;_;. A similar recursion
would result that u(n;_1,n;,n;+1) must be independent of n; ;. This again reflects
the fact that a factorized steady state is possible for K = 1 only when hop rate is
u = u(n;,niy1), i.e., the process is a misanthrope process.

3.5.2 K > 1: FSS not possible for product form hop rates,
only except misanthrope process

In this section, we show that the FRP, for any K > 0, cannot have a FSS when

the hop rate has the following product form,

K
u(ni,K,...,ni,...,nHK) = H v](nl+]) (343)
j=—K
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The Master equation along with a demand of a factorized steady state of the form

(3.2), and then Eqgs. (3.40) and (3.41) together, implies

V_K...V_1Ua ... UKG(TLZ‘, ni—l—l) =0 (344)

where vy = vg(n;4x) and

f(ni +1)f(nipa — 1)
f(ni)f(ni—H)

G(ni,niﬂ) = — UQ(TLZ' + l)vl(niﬂ)
+ vo(ng)vi(nisa).
Now differentiating both sides of Eq. (3.44) with respect to n;,_x and n;, g, we
have

aU,K aUK

) ) ’U_K_H...U_1U2...’UK_1G(RZ',TLZ'+1) = 0.
Ni—K ONi+ K

This implies that, either v_g(n;_g) or vk(n;+x) must be a constant, because
the other solution f(n) = 1/vg(n) = 1/v1(n) cannot be accepted as it means
v1(0) = v9(0) = 0, i.e., a particle cannot be transferred to a vacant neighboring

site. So, let us proceed with v_x =constant (say 1). Then Eq. (3.41) reads as

U1—K~~U—1U2-~UKG(7%7 nz‘+1) = h(ni—Ka ey Mgy ooy ni+K—1)

- h(nifKJrla ooy T,y "7ni+K>‘

Clearly for this equation to be valid its right hand side must be independent of
ni_g and that in turn leads to h(zy, xs, ..., xx) = h(xs, ..., xx).

This way we can eliminate one variable at each step until finally we reach to

v(ni_K, N (7T ,ni+K) = v(n,-, ni+1) = vo(ni)vl(niﬂ),
f(ni+1) f(nipa — 1)
f(ni) f(nit1)

—vo(ni)vi(niv1) = h(nipr) — h(n).

and 'Uo(ni + 1)?}1 (ni—i-l — 1)
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This is exactly the criterion for having a factorized steady state in misanthrope

process with a hop rate that has a product form w(n;, n;1) = vo(n;)v1(nie1) [77).

3.6 Applications

3.6.1 Condensation transition

One important feature in these simple one dimensional models is that they can
exhibit condensation transition at a finite density when one or more parameters
in the rate functions are tuned. To demonstrate the possibility of a condensation

transition in the CFSS, for any K, we consider the weight of (K + 1)-cluster to be,

X v
[q + Dm0 Nits

(n; + 1)¥

G Mgty ey N i) = ) (3.45)

where 7, v and ¢ are positive and -y is an integer. This steady state weight can be

generated from a hop rate given by Eq. (3.5),

R (.

3.6.1.1 Case with K =1 (PFSS)

We first consider K = 1. It is easy to see that for any ~, the weight function
Eq. (3.45) can be expressed as Eq. (3.11) with suitable choice of a,(n) and b, (n)
where k varies from 0 to v, leading to a (v + 1) dimensional transition matrix. We
further set the parameters v = 1 = ¢; this gives rise to a PFSS, as in Eq. (3.6),
with g(n;,,ni+1) = (n; +nip1 +1)/(n; 4+ 1), which can be realized when a particle
hops out from a site 7 (to the right neighbor), having n; > 0 particles, with the

following rate

11" i i i i
w= (14— ) MR it (3.47)
ni) 1+mn;+n;11+n;+n
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For this case, we can obtain exact results following the transfer matrix formu-
lation developed here. First we write g(m,n) = (a(m)|5(n)) where {(a(m)| =
(m+1)7, (m+ 1)), (B(n)] = (n,1). Thus the grand partition function can

be written as Z(z) = Tr(T") with

G150 25

The eigenvalues of T" are

Ae(z) = % (Lir (o) £ VIRV Ea(2))

which leads to the density-fugacity relation p(z) = 2\, (2)/A4(2) and the critical
density p. = lirri p(2). Tt turns out that for v < 4, p. diverges — indicating a fluid
2—

phase for any density. For v > 4 we get,

G —1) = 2%1) +&) | (=2 —(r-1)
26:(0) + 26— DVEE) Ve +Cv-1)

where & (v) = ((v)((v — k) and ((v) are Riemann zeta functions. Thus, for v > 4

Pc =

we have a condensate when density exceeds this critical value. Unlike the ZRP,

where particles at different sites are not correlated, here we have non-vanishing

correlation that extends up to a length scale £(z) = |In :\\;8 |=! which is finite

throughout.

3.6.1.2 Case with K > 2 (CFSS)

It is straightforward to extend the matrix formalism to K > 1 when v = 1. First,
let us take v = 0. In this case, the weight function g takes a sum-form given by
Eq. (3.31), for which we have already constructed a general transfer-matrix. For
v > 0, the dimension of the transfer matrix remains the same as in v = 0; it is

only that each element of Fx in Eq. (3.34) will be multiplied by an extra factor



49

Table 3.1: Critical density p. for v = 1.

qg=1 g=1 q=72
1% K=1 K=2 K=1
5 0.3254 00 0.1591
6 0.1054 0.2773 0.0544
7 0.0429 0.0981 0.0228

(n; +1)7". We omit the exact analytic expressions of the density-fugacity relation
and the critical density - the calculations are straightforward but the expressions
are very long. Only the numerical values of critical density are tabulated in Table

3.1 for different parameters.

3.6.1.3 Criterion for condensation transition

For the ZRP, it is well known that, provided the hop rate ug(n) has an asymptotic
form

b
Uo(n) = 1_‘_%—1— (348)

condensation occurs at a finite density, when ¢ < 1, or when ¢ = 1 but b > 2.
This criterion can be extended to any other system (without any constraint on
occupation number) when the steady state has a factorized form (3.2); one needs
to consider an effective rate function ug(n) = f(n—1)/f(n) and find its asymptotic
form. This criterion determines whether a model can undergo a condensation
transition and helps in understanding phase coexistence in hardcore lattice gas
models [51, 112].

Such a criterion for cluster-factorized steady state would be very useful. At
present, we do not have a general criterion, but the examples studied above suggest

a sufficient condition for CFSS to have condensation. If the rate function can be
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expanded as

. - By (i, -y M1, Mg 15 Nt K )
U(ni,K, ) niJrK) - Z ’

nv
v=0 g

the condensation transition occurs for large particle density p (i.e when p becomes

larger than some critical threshold density p.) when both the conditions

(1) both By and By are constant

(i)  Bi/By > 2 (3.49)

are satisfied. This is only a simple generalization of the criterion of condensation
in the ZRP. Effectively, By/By plays the role of b in Eq. (3.48). As the hop rate

in Eq. (3.46) can be expanded as

V—W(K+1)+ 1
n; n;

w(ow oy mi—ng, Ny ... ) =1+
and thus By = 1 and By = v — (K + 1), the criterion correctly predicts the
condensation which occurs only when v > ~(K + 1) + 2. This is same as the usual
condensation criterion in the ZRP if we treat b = By/By. In this particular case,
we have also checked that moments (n*) as a function of z, in leading order, are
the same as that in the ZRP with corresponding b (see Eq. (3.48) ). This criterion,
however, cannot be applied to some of the following cases studied recently, such
as, the misanthrope process [77] and the PFSS [72]. For the first case, By and B,
are not constants and, for the later case, hop rates are not analytic functions. A
criterion of condensation, which can apply to a cluster-factorized steady state in
general is desirable and remains a challenge.

We end this section with the following remark. The condensation transition

here is different from that obtained for PFFS by Evans et. al. [72]. There, one
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Figure 3.2: Particle distribution in FRP with weight function (3.45) after ¢ = 10°
MCS, starting from a random distribution of particles. Density is p = p. + 0.01.
The critical density for K = 0 is p. = 0.01925; the same for K > 0 are taken from
table 3.1. Clearly, for all cases, the condensate is localized to a single site. The
condensate size is written beside the condensate site.

observes an extended condensate where both the size and the spatial extent of
condensate scales with system size as v/L. This indicates that the transition is
associated with a diverging spatial correlation length. Whereas for the PFSS (and
the CFSS) studied here, the correlation length remains finite throughout and the
transition is characterized by a diverging mass fluctuation, as in the ZRP. The

condensate is also localized to a single site (see Fig. 3.2).

3.6.1.4 No condensation for PFSS with weight function in sum-form

In this section, we first show that a pair factorized steady state with weight function
g(ni,niv1) = fo(n;) + fi(niy1), which we refer to as sum-form, cannot give rise to
condensation. Then, we demonstrate this considering a perturbation to a ZRP that
converts the existing factorized steady state of the ZRP to a PFSS with weight
function in the sum-form. For the PFSS with weight function in the sum-form,

the transfer matrix 7'(2) is given by Eq. (3.17).

The largest eigenvalue of the matrix A, = %(TH + Thy + \/(Tn + Thy)? — 4D,
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where D is the determinant of 7" can be used in Eq. (3.21) to get the density
p(z). With some straightforward algebraic manipulations, one can show that the

maximum density at z = 2. = 1 is,

lm (=) = I 11 dTy 1
e =1Mm p(2) = 1M — | —/—
P z—1 P z—1 2 le dz 11—z

Clearly p. diverges independent of the first term, leading to a conclusion that there
can not be a condensation transition at any finite density. Thus, a PFSS cannot
have condensation transition if the weight function has a sum-form. To illustrate
this, we consider a simple zero range process with weight function f(n) = 1/(n+1)¥
or hop rate u(n) = f(n —1)/f(n) =n"/(n+1)” and add a perturbative term get

a new weight function

g(ni;nip1) = (1 —q) f(ni) + qf (nig1) (3.50)

which depends on occupation of two consecutive sites. Here 0 < ¢ < 1,g=1—¢q
and we choose f(n) =1/(n+1)". A pair-factorized state, as in Eq. (3.6), with the

above weight function occurs when particles hop rate is

_ af(nis) +af(ni— 1)
U(ni—b g, ni"'l) o (jf(??,lfl) + Qf(”z)

Gf(ni — 1) + qf (nis1)

af(ni) + qf(nip1)

For both ¢ = 0 and ¢ = 1 we have a factorized steady state, as in Eq. (3.2),

which corresponds to the ZRP with particle hop rate

_fe-) N v oL
u(n) = ) _(1+n) _1+n+0(n2). (3.51)

Thus we expect a condensation transition for ¢ = 0,1 when v > 2 and the density is

larger than a critical value p.. In this case the Z(z) = F(z)" (the transfer matrix
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T'(z) reduces to a scalar), where F(z) = Y >° h(n)z" = Li,(z). The density is

p=2LF(z) and thus the critical density for ¢ = 0,1 is

y 00 forv < 2, (3.52
=lmp(z) = ’
Pe =1 PL2) =) fory>2 )
(W) '
1 T \ \ oy
] [
r 6 T T ,' ,I 1
0.8 , L
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Figure 3.3: Small perturbation to the ZRP: For small ¢ = 102,107 or 107%,
density p(z) diverges when z — 1. However for ¢ = 0 or for ¢ = 1, p. = p(1) =
Cw=l) g finite, leading to a condensation transition when p > p.. Inset shows

(v)
the phase diagram for v = 3.
The phase-diagram of the condensation transition in the p-v plane is shown in
Fig. 3.3. The critical line p. separates the condensate phase from the fluid phase.

For a general 0 < ¢ < 1, we need to calculate the density using Eqs. (3.19), (3.20),

and (3.21),

1 ' 7(1 — 2)?Li,(2)—
T e e 7 ) A

(1 —2)a) + 2qqz(Liz,(2) + (1 — 2) Lig,—1(2))] — 1

where

a(q,z) = V/(a = @)*(1 — 2)2Li3(2) + 4qqz(1 — 2) Liz ().

In the limit z — 1, p(z) diverges for all ¥ > 0 and thus the condensation transition

is destroyed. It is somewhat surprising why for any non-zero ¢ however small, the

condensation transition is destroyed. It seems that this perturbation, which takes
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the factorized steady state of the ZRP to a pair-factorized steady state, forces
the condensation to disappear. One could understand this following the criterion
(3.49). For v = 3, the rate for general ¢ has an asymptotic form (i.e., when

n; — 00) )

201+ my )% + P2(1 +ngpq)
U’(niflani,nprl) = 1_|_3q ( 1)qq_ni] ( +1) .

Thus, here B;/By = 0 and therefore we should not expect condensation for this
hop rate. It can be shown easily that for any » > 1 the asymptotic form of the
hop rate does not satisfy condition (ii) of ansatz (3.49) ruling out the possibility

of a condensation transition.
3.6.2 Subsystem mass distribution

It was argued in recent works [24, 39, 40] that, for systems with short-ranged
interaction, irrespective of whether they are in equilibrium or not, one could obtain
a state function which plays the role of a free energy function. It was shown in
[39, 40] that the steady state distribution P,(m) of mass in a subsystems of volume
v > £ can be determined from the functional dependence of the scaled variance
o?(p) = ((m?) — (m)?)/v, in the limit of large v, on the mass density p. When
0?(p) o< p? is a quadratic function of density p, the subsystem mass distribution
can be characterized through a gamma distribution, i.e., P,(m) oc m"! exp(um),
where yu = —n/p is an equilibrium-like chemical potential. The exponent 1 however
depends on the details of the model and it can be calculated from the knowledge
of two-point correlation function only. The matrix formulation developed here for
the CFSS can thus help in determination of 7.

To illustrate this, let us consider a continuous finite range process with K =1,
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and calculate explicitly the variance of the subsystem mass. Consider the following

homogeneous weight function for a pair-factorized steady state,

g(mi,mi1) =ml +c mvm?;f (3.53)

i

The grand partition sum is Z = Tr[T] where the transfer matrix T'(x) (¢ = In(2)

is the corresponding chemical potential) is given below

1 [ T(+1) ctath
T(p) = s\ r@s—~+1) . ’ (3.54)
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where I'(.) are Gamma functions. Eigenvalues of T'(u) are Ap = AL(d,7,¢)/p

where

2AL (8,7, ¢) = (1+)T(8 + 1)

+ /(0 +1)2(1 — )2 4+ 4el(20 —y + DT (y + 1)

and the particle density is

0 d+1
p aﬂ NA4 1 ) (3 55)

implying a fluctuation-response (FR) relation

dp
a0 (3.56)

analogous to the fluctuation-dissipation theorem in equilibrium. Now, as shown
below, one can check the above FR relation by explicitly calculating both sides
of Eq. (3.56). The r.h.s of Eq. (3.56) can be calculated by integrating two-point

correlation function o?(p) = >_'— _C(r), using Eq. (3.25),

rT=—00

C(r) = (niNiyr) — 02 = P2 [A(r) — 1] (3.57)
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where, for r > 0,

A(r) =1+ (//:—;) 1(5_;7) r/(cgi)_‘z 2

(20—y+DI(y+1)

and

0 042 20(0—)’T@20—y+1I(v+1)
O = T T, G 122n, (I roT0 1)

In this system, the gap (A, — A\_) between the two eigenvalues is nonzero and
the correlation length ¢ = |In /I:—J‘r|_1 is finite. Therefore, following Ref. [40], the
subsystem mass distribution P,(m), for v > ¢, is a gamma distribution where the

exponent 7 can be written, using Eq. (3.21), as

! = Z(A(r)—n,:é%. (3.58)

Note that the exponent 1 depends only on the homogeneity exponent ¢ but neither
on v nor on ¢. The Lh.s, the compressibility dp/du, of Eq. (3.56) gives the same
n= p2(2,/l—u)*1 = 0+1, by differentiating the expression p = —(6+1)/u in Eq. (3.55)
w.r.t. p; this is a proof that fluctuation-response relation indeed holds here and
also consistent with additivity property proposed earlier for these systems [24, 40].

In principle, the single-site mass distribution (for v = 1) can be calculated
straightforwardly from the moments, but the exact closed form expression is hard
to obtain. In this regard, this formulation [40, 52] for obtaining subsystem mass

distribution from two-point correlation function is quite useful in obtaining the

macroscopic behavior of the system.
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3.7 Summary

In the present chapter, we have introduced a class of non-equilibrium models,
namely finite range processes (FRP), where particles on a one dimensional peri-
odic lattice can hop in a particular direction, from one site to one of its nearest
neighbors, with a rate that depends on the occupation of all the sites within a
range K starting from the departure site. We show that, for certain specific func-
tional forms of the hop rates, the FRP has a cluster-factorized steady state (CFSS),
i.e., the steady state probability of a configuration can be written as a product of
cluster-weight functions g having (K + 1) arguments - the occupation numbers
of (K + 1) consecutive sites. The model with K = 0 reduces to the familiar zero
range process (ZRP), which has factorized steady state.

The CFSS with K' = 1 reduces to the pair-factorized steady state (PFSS)
and its steady state can always be represented by an infinite-dimensional transfer
matrix. However, for the CFSS with K > 1, a transfer matrix formulation is
not guaranteed. We show that, for a large class of systems having CFSS with
K > 0, there exists a finite dimensional transfer matrix representation. Being finite
dimensional, these matrices are easy to deal with and thus help in exact calculation
of the n-point correlation functions for any n. The two-point correlation function
(n = 2) can be utilized to characterize the subsystem mass distribution in these
non-equilibrium systems in terms of a non-equilibrium chemical potential and a
free-energy function, which are obtained through a fluctuation-response relation
[24, 40] - analogous to the equilibrium fluctuation-dissipation theorem.

Even though the finite range process is defined on a one dimensional lattice, it

can exhibit condensation phase transition. We obtain a sufficient condition for the
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condensation transition for a particular class of hop rates in the FRP in general.
The nature of the condensation transition studied here are however different from
those studied in systems having a PFSS [72]; the condensate here remains localized,
as in the ZRP, in contrast to the extended condensate observed in [72, 180, 182].

So, in finite range process, the interaction between particles extends over several
lattice sites in contrast to the simple ZRP where there is no correlation between
particles at different lattice sites. But, in this chapter we have considered a uni-
directional motion of the particles so that the system is necessarily driven out of
equilibrium by construction. So, one may ask, what happens when the particles
in these one dimensional models hop in both the directions with different rates-
how can one obtain the steady state measures of such systems- the asymmetric
motion of particles undergoing finite range process is the subject matter of our

next chapter.



Chapter 4

Finite range processes with
asymmetric rate functions(AFRP)

The previous chapter dealt with a natural extension of the zero range process
(ZRP), which is the finite range process (FRP), where the hop rate of the particles
depends on the occupation number of not only the departure site but also that of
all other sites within a specified distance; clearly in FRP, inter particle interaction
extends to a finite number of neighboring lattice sites. For these systems, in
fact, one can obtain a cluster factorized steady states (CFSS) described in Eq.
(3.3), for certain rates that satisfy a specific condition mentioned in (3.5). An
interesting consequence of the spatial correlations appearing between particles at
different lattice sites in FRP in contrast to absence of site-site correlations in ZRP
and misanthrope process, is that the condensates formed in the factorized steady
states are single site condensates whereas it is possible in FRP, e.g., pair factorized
states to observe condensates extending over a region in space [72, 181] due to
spatial correlations. Now, as we have noticed that the FRP we have discussed in
chapter 3. concerns only unidirectional motion of the particles, in this chapter

we want to generalize the finite range process by introducing a general spatially

29
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asymmetric motion of the constituents of a given system. Our aim is to study
how the steady state measure is modified in these systems, and to find possible
characteristic features of observables.

In usual ZRP and related models, the hop rates do not depend on the direction
along which the particles move. Although, recently some simple examples [41, 177]
have been studied in two dimension (2d), where the rate functions are different in
x- and y- directions, but it was observed that the two point correlations are finite
indicating that the steady state is not factorized. Later, a generalized zero range
processes was introduced [93] where more than one particle can hop from a site
and the hop rates may depend on direction of hopping. A sufficient condition for
having FSS in these models, which is also conjectured as the necessary condition,
showed explicitly that indeed models described in [177] cannot have factorized
steady states. Moreover, these models in 1d (with one hop at a time) reduce to an
asymmetric ZRP where particles hop to right or left neighbor with rates ugr(n) =
pu(n),ur(n) = qu(n) (R, L stands for right and left respectively) respectively;
notably, the steady state weights of these models do not depend on p,q and the
asymmetry parameter g only redefines the fugacity of the system in grand canonical
ensemble.

In this chapter we introduce a class of one dimensional interacting particle
systems with asymmetric rate functions, i.e., the right hop rate ug(n) is an inde-
pendent function, not just a constant multiple of the left hop rate up(n). It is a
priori not clear, whether a factorized steady state is at all possible for this asym-

metric zero range process (AZRP). We derive a sufficient condition for AZRP to
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have a factorized steady state. Generalization of these asymmetric models to asym-
metric misanthrope process (AMAP) and asymmetric finite range process (AFRP)
are also investigated to find sufficient conditions on the rate functions that lead
to factorized steady state in AMAP and cluster factorized form for AFRP. The
h-balance scheme we discussed briefly in chapter 2. helps us here to obtain ex-
actly these steady states as we will discuss in details in the subsequent sections.
Interestingly, even though the steady state of both AZRP and AMAP are simi-
lar to that of ZRP, particle currents here show current-reversal as the density of
the system is changed - a feature which cannot be observed in ZRP with rates
ug(n) = pu(n),ur(n) = qu(n). Moreover, the current, for specific form of hop
rates in AMAP, exhibits negative differential mobility meaning decrease in current
with increase in bias. We also address the possibility of condensation transitions
in these systems and find that the onset of condensation can be tuned by a factor
that merely controls how often the particle chooses to move right, compared to its
left hops.

The asymmetric hopping models which we discuss here are interesting in their
own right. In addition, there are physical situations which may correspond to
the asymmetric diffusion proposed here. It is well known that geometry [169] or
the mean forces [110, 122] acting on the particles may induce asymmetry across
membrane channels and influence the particle fluxes across artificial or natural-
biological pores. Such asymmetry is important for analyzing the dynamics of
particle translocation [119, 120] in biological channels. Also, this asymmetric dif-
fusion effect may be utilized [82] to regulate transport and distribution of motile

microorganisms in irregular confined environments, such as wet soil or biological
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tissues.

4.1 Asymmetric zero range process (AZRP)

4.1.1 Model

Let us consider a system of N particles on a one dimensional periodic lattice with
L sites labeled by ¢ = 1,2,..., L. Each site ¢ can accommodate n; > 0 number
of particles. The dynamics of the system is as follows. From each site 7, having
n; > 0 particles, one particle is transferred either to the right neighbor (i + 1)
with a rate ug(n;) or to its left neighbor (i — 1) with a different rate function
ur(n;). Thus, the total number of particles ziLzl n; = N or the density p = N/L
is conserved. This stochastic process is a zero range process with asymmetric rate
functions and hereafter we refer to it in short as asymmetric zero range process
(AZRP). Clearly, in AZRP, particles at any given lattice site interact with other
particles at the same site through the hop rates which explicitly depend on the
occupation number; interaction between particles at different sites is invoked only
via the global conservation of N. In the following we show that this interacting
particle system can have a factorized steady state if the rate functions satisfy
certain constraints.

4.1.2 Steady state: h-balance scheme and criterion on the

rates

A special case of the model with ug(n) = pu(n),ur(n) = qu(n) is the well known
zero range process [71] which describe symmetric (when p = ¢) or asymmetric

(when p # q) transfer of particles. In this case, the steady state has a factorized
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form for any choice of rate function u(n), and for arbitrary values of p, ¢

L L

Py({ni}) ~ [ ] f(n)s(>_ni — N), (4.1)

i=1 i=1
where f(n) = [ _, u(m)~*. We now ask, if such a factorized form is possible when

rate functions for right and left hops are different, i.e., ZLR8 is not independent of

n. The Master equation for AZRP is

L
{TLZ ZuRnll%—l (..ni_1+1,ni—1,ni+1...)

+UL(n1+1 -+ 1)P( N1, Ny — 1,ni+1 +1... )]
L

— Z [ur(n;) +ur(n;)] P(ng, ... ,ni—1,niNig1,...0L) (4.2)

i=1
which governs how the probability P({n;}) of configuration {n;} evolves with time.
Let us assume that the steady state of AZRP has a factorized form as in Eq.
(4.1) and check whether the steady state condition £P({n;}) = 0 is satisfied
consistently. With a FSS, the steady state Master equation for any arbitrary
configuration of AZRP reads as,

Zf:l [ur(ni) +ur(ni)] f(na)... f(riea) f(na) f(nisa) ... fne)

—[F (i + 1) f + D) f(n— 1)

L (4.3)
+ Zi:l uL(niJrl + 1) <o f(nz - 1)f(nl+1 + 1) .. ] =0.

Now by shifting the index ¢ — (i — 1) in the last sum we get an equation

Zf:l F(n;_1,n;) = 0, where

F(m,n) = wug(n)+ur(n)—ur(m+1)

flm—=1)f(n+1)
fm)f(n)

—ur(n+1)

(4.4)

Clearly we have a stationary measure if we can construct a single site function

h(n) that satisfies F(m,n) = h(m) — h(n). Existence of such a function h(n)
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ensures that Zle F(n;_1,n;) = 0 and thereby guarantees a factorized stationary
measure. Since m,n are non-negative integers, let us first find what restrictions
are imposed on A(.) from the boundary values. When m = 0 = n, from Eq. (4.4)
we have F'(0,0) = 0, as ur 1,(0) = 0 (particle hopping is prohibited if the departure
site is vacant) and f(—1) = 0 (a boundary condition that assigns zero weight for
configurations having negative occupation numbers); thus F'(m,n) = h(m) — h(n)

is automatically satisfied. For other cases,

—oom T A G €0 B,
n=0m>0 : wug(l) 7 0) h((()) iz)(f()l)
n>0m=0 : wugr(n)+uy(n)— uR(l)W = h(0) — h(n). (4.5)

Since the right hand side of above equations are same, these equations are consis-
tent if

fln=1f(1)

T 7(0) (4.6)

|f(n—1), and h(n) = h(0) — ur(1)

Finally, a factorized steady state will be guaranteed if the above expressions of
h(n) and f(n) consistently satisfy F(m,n) = h(m) — h(n) for all m > 0,n > 0.
This requirement actually constraints the right and left hop rates ug 1 (n) to satisfy

the following condition (from Eqs. (4.4) and (4.6)) ,

uL(n —+ l)uR(l) — UR(Tl —+ 1)UL(1)

[up(n) +ur(n)] [ur(n + 1) +ug(n + 1)] =C, (4.7)

where C' is a constant independent of n. This completes the proof: AZRP has
a factorized steady state if the hop rates ur(n) satisfy Eq. (4.7). The weight

factors f(n) can be calculated from the recursion relation Eq. (4.6)

f(n) = " H olm ; where v(m) = ur(m) + ug(m), (4.8)

m=1
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where we set f(0) = 1, without loss of generality. Note a striking similarity of
the weight factor f(n) in AZRP with that of the ZRP. In Eq. (4.8) if one sets
f(1) = ﬁ, then the steady state of AZRP with specified hop rates ug 1,(n) which
satisfy Eq. (4.7) is exactly the same as that of the ordinary ZRP with hop rate
ugr(n) +ur(n).

Note that, although validity of Eq. (4.7) is sufficient for AZRP to have a FSS,

it is not a priori clear if there exists any rate functions which satisfy this condition.

To obtain a desired FSS as in Eq. (4.1) where

() = [ —— along with £(0) = 1, (4.9)

v(m)

[y

m=

one can show, following Eqs. (4.8) and (4.7), that the asymmetric rate functions

have the following generic functional form for n > 1,
ur(n) =v(n)[d —yv(n—1)] ; ug(n) =v(n)[1 -6 +~yv(n —1)]. (4.10)

Clearly for n = 0, ug(0) = 0 = ur(0) meaning v(0) = 0. This functional form
satisfies Eq. (4.7) with C' = v(1)y. Thus, now we have a family of asymmetric
hop rates, characterized by two independent parameters 0 < 6 < 1 and 0 < v <
§/v(n)|maz ', Which gives rise to a unique invariant measure described by Egs.
(4.1) and (4.9).

Some specific examples of AZRP will be discussed in the following sections. A
simple situation is when v = 0, where ug(n) = dv(n) and ur(n) = (1 — 0)v(n).
Since ¢ < 1, the model is identical to an ordinary ZRP where a particle chooses
the right (or the left) neighbor as a target site with probability ¢ (or 1 — 4) and
then hops to that site with rate v(n). Obviously, 6 = 0, 1 corresponds to the usual

ZRP where particles hop along a unique direction.

!The range of § and v are fixed by the condition that the rates up, 1, (n) must be positive.
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For any conserved system (/N particles in L sites) with a factorized steady state

v({ni}) = H Z i — N), with f(n) = ] ! (4.11)

= v(m)’

WhereQN—Z:I_IfnZ an N) (4.12)

{n;} i=1 =1

“S

is the canonical partition function, one can calculate the steady state average of any
local observable straightforwardly. For completeness let us describe the procedure

briefly. The grand partition function of the system is

=3 QN =F(»)" F(z)=)_ f(n)z", (4.13)

where the fugacity z controls the average density of the system p(z) = zF'(z)/F(z).

The steady state average value of any local observable O(n;) is then

[e.e]

(4.14)

which is a function of z. One can get the corresponding value for the conserved
system with a given density p = p* by setting z to a specific value z* which satisty
p(z*) = p*.

4.1.3 Condensation transition

The most interesting thing that happens in ZRP with a hop rate v(n), or for
any other model which has a factorized steady state given by Eq. (4.11), is the

condensation transition. If the asymptotic form of v(n) is

v(n) = v(c) (1+n—i+...), (4.15)

condensation occurs for large densities either when o < 1, or when 0 = 1 and b > 2

[71]. Tt turns out that higher order terms in the series expansion are irrelevant in
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deciding the possibility of a condensation transition; they only play a role in de-
termining the exact critical density above which the system forms a condensate.
Since there are many exclusion models that have exact or approximate ZRP corre-
spondence, the above criteria is extensively used for determining the possibility of
phase separation transition [112]. A particularly simple case of (4.15), where the

critical density p. can be calculated exactly [95], is
v(n) =1+ — (4.16)

that results in a condensation transition for b > 2, when density p of the system

crosses a critical value p. = 315.

In AZRP, to have a FSS given by (4.11) with v(n) =14 2 for n > 1 (v(0) =0
by definition as already mentioned) the rate functions must follow Eq. (4.10). For
this choice of v(n), the model has three parameters b > 0, 0 < § < 1 and ~; here

~ must be in the range 0 < v < m = %er, so that the rates in Eq. (4.10)

remain positive for all n > 0. Let us parametrize (b,d,v) in terms of three other

parameters (bg, by, ) as follows,

br

-y, br
abp +abr’’

b= ab abp 3 0 = a2 L
aR+aLa Cl{( O4bR+O_4bL’

v =a(l (4.17)

where we use @ = 1—a for notational convenience. The purpose of such parametriza-
tion will become clear in a moment. With these new parameters the hop rates of

the model for the choice v(n) =1+ £ can be written (using Eq. (4.10)) as
ur(n) = atgr(n),ur(n) = aug(n) (4.18)

where for n =1,

br

ip(l) = (2 — ————
UR<) ( abR+&bL

)[1 + abg + aby)
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N br _
and forn > 1
N abgr + ab by, —b
iigp(n) = (1+%) [1—a Z_ﬂ
b b b, — b
ar(n) = (14 O‘RTM) {1 +a Z_ 13} . (4.20)

It is easy to see that the asymptotic forms of @ (n) are

b b
aR(n):1+f+...; aL(n):1+EL+.... (4.21)

The new parameters a, bg, by, are all familiar to us: bg, are coeflicients of
% in the asymptotic expansion of the rates @pg 1 (.) which normally take part in
determining possibility of a condensation transition, and « may be considered as
the probability that a particle chooses the right neighbor as the target site (note
that o = «y — ¢ varies in the range (0,1) for any b > 0). Thus, for the model in
hand, particles choose to move right (or left) with probability a (or 1 — «) and
hop there with rate g 1(.) respectively.

For oo = 0, particles in this model move only to left with rate @,(n) =1+ %L
leading to a factorized steady state and a condensation for large densities when
by, > 2. Similarly for @« = 1, condensation occurs for by > 2. It is interesting to
ask, ‘for a given fixed bp 1, is it possible to observe a condensation transition by
changing a 7" Note that o determines how often the system chooses to hop right
and a condensation transition, if appears by tuning only «, is exciting as it has
not been observed earlier in ZRP or related models.

The difficulty, however, lies with the fact that for any given bg; we do not

have exact steady state measure (within this formalism [79]) for all « € (0,1). The
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constraint comes from the requirement that the rate functions obtained in Eq.
(4.18)-(4.20) must be positive valued for n > 0, which in turn restricts the value
of o for which one can obtain the steady state weights exactly. In other words,
for some bg 1, it may not be possible to find ug 1(n) for which the steady state is
factorized for any arbitrary 0 < o < 1. When both bg and b, are larger than 2,
we have b = abgr + (1 — a)by, > 2; this case is less interesting because, even if we
find certain suitable hop rates that describe this situation, and result in a FSS as
in Eq. (4.11) with v(n) = 1 + £, the system will remain in the condensate phase
for all a. Similarly, for bgp < 2,b;, < 2, condensation transition is not possible as
b is smaller than 2 for any 0 < a < 1. Thus, we focus on the case where bgp < 2
and by, > 2 (the other alternative bg > 2 and by, < 2 can be described in the same
manner). For any fixed value of bg the minimum and the maximum accessible
values of «, for which one can have exact FSS with rate functions ug 1 (n) given

by Eq. (4.18)-(4.20) are respectively

bL—bR—l . 1 bL
7 > maxr — 17_
b —bn 5 © min{L, S

1. (4.22)

Qmin = max{0,

These conditions on « are calculated simply by demanding positivity of the hop
rates in (4.18)-(4.20).

To demonstrate the possibility of a condensation transition tuned by «, we
consider AZRP with hop rates ug(n) given by (4.18)-(4.20), in two separate
cases bp = % and % The maximum and minimum values of o now depends on by;
in Fig. 4.1(a) and (b) we have plotted v, and aye, in dashed lines for by = %
and % respectively. The regions for a@ > a4, and a < ayy;, are shaded to indicate

that within this formalism [79] the steady state does not have a factorized form

in these regions. In the rest of regions, we have a factorized steady state given by
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Figure 4.1: Condensation transition for AZRP dynamics given by Egs. (4.18)-
(4.20). For any given bg, by the steady state has a factorized form when a €
(min, Qmaz)- Plots of i, and agne, as function of by (> bg) are shown here for
(a) bp = 2 and (b) bg = 1/2; we do not have exact steady state solution in the
shaded regions where o > gz Or @ < Q. The condensation transition occurs
for large densities when b = aby, + (1 — )b is larger than 2. In (a), this transition
line b = 2, which separates the fluid phase from the condensate one, lies in the

region where we have the exact (factorized) steady state.

Egs. (4.11) and (4.16) and a condensation transition occurs here for large densities
(p > ﬁ) when b is greater than 2, which corresponds to a > a. where

by, — 2
bp —br’

(4.23)

Qe =

In Fig. 4.1 we have also shown o = a, as a solid line, marked as b = 2 and
correspondingly a@ = «,. In the left panel (bgp = %) this line lies in the exactly
solvable regime separating the fluid phase from the condensate one. For bgp = 1/2,
we could not conclude if there is a condensation transition as the exact steady
state measure in the neighborhood of a = a,. line is not known. In fact, with some
simple algebra one can show that for any 1 < bg < 2 the transition line lies in the
exactly solvable regime, which is not the case when 0 < by < 1.

As an explicit example, let us consider bp = %, by, = %; in this case clearly «

can vary freely in the range (0, 1), which can be seen from Fig. 4.1 (a). The rate
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functions, from Eq. (4.18)-(4.20), are now ug(n) = atg(n),ur(n) = (1 — a)ur(n)

with
(13—3a)(2—a) _ (13—3a)(3—2a) _
e n=1 T n=1
ur(n) = (4n73a<2k(§)zfn)+3a77) ar(n) = (4n73ai(;)z:2+3a74)
16n(n—1) n>1 16n(n—1) n>1

It is easy to check that these functions result in the FSS given by Eq. (4.11) along
with (4.16) where b = abg + (1 — a)b,. For a = 1, we have b = bg = 2 and the
system remains in the fluid phase for all densities whereas for a = 0, condensation
occurs as b = by, = 9/4. Interestingly for any arbitrary 0 < a < 1, b = %(3 — )
and a condensation transition takes place when « is decreased below a, = % (from

Eq. (4.23)). For any o > ., the system sets in the condensate phase only when

the density of the system is increased above p, = ﬁ.

4.1.4 Current reversal

Another interesting thing that happens in AZRP is the current reversal, where the
direction of current depends on the particle density of the system. When AZRP
with hop rates ug (n) has a factorized steady state given by Eq. (4.11) with

v(n) = ur(n) + ur(n), the steady state current in the system can be written as

1 (e.¢]

J:F(z)

[ur(n) —ur(n)]f(n)z" = (ur(n)) — (ur(n)) (4.24)

n=1

where F(z) =Y 07 2" f(n). As we have discussed, a sufficient condition required
for having a factorized steady state in AZRP is that ug ;(n) must have a form
given by Eq. (4.10), with some 0 < § < 1 and 0 < v < §/v(n)|maz- Then

(ug(n) —up(n)) =v(n)[20 — 1 —2vyv(n — 1)] and thus

J = (25— Do) — 29(v(n)u(n — 1))

= (20—1)z— 2722. (4.25)
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In the last step we used v(n) = % to calculate (v(n)) = == >-°° v(n) f(n)2" =

z and similarly, (v(n)v(n — 1)) = 22.

In a simple ZRP with hop rates ug(n) = av(n) and up(n) = (1 —a)v(n), which
corresponds to the choice § = a,y = 0, Eq. (4.25) leads to J = (2a — 1)z. Thus,
in ZRP, the direction of current J cannot be changed by changing the density p
(or equivalently the fugacity z); the direction is fixed only by «, i.e., J is positive
(or negative) when @ > % (a < 1). The change of density can only increase or
decrease the magnitude of current, it cannot change the direction of the flow. But
surprisingly density dependent current reversal is possible in AZRP: for a fixed
up,(n) the direction of the current may get reversed when the density of the
system is changed. It is clear from Eq. (4.24) that such a reversal is not possible
when (ugr(n) —ur(n)) has the same sign for all n > 0. In the following, we illustrate
with a simple example that direction of current can be tuned by the density, when
ug(n) > ug(n) for all n except n = 1 where ug(n) < wur(n). To this end, we
consider AZRP with rate functions

uR(n):{a n=1 ; uL(n):{l_(S n=1 : (4.26)

a n>1 l—a n>1

which follow Eq. (4.10) with @ = § — ~y varying in the range (0,1) and v(n) =
1 ¥n >0 (and v(0) =0). In this model isolated particles hop with a different
rate than the rest. We also consider a > % and 0 < % so that isolated particles
hop preferentially in a different direction (here towards left) compared to particles
from sites having two or more particles which preferentially move towards right.
In this case, the flow direction of current can depend on the density of the system.

For very large density there are only a few sites which contain isolated particles

and the current is expected to be positive (towards right) whereas for very low
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density most particles are isolated and one expects a negative current. Let us see
if the direction of the current can be reversed when the density p of the system
falls below a critical threshold p*.

Since, v(n) =1 V¥ n > 0, this dynamics results in a FSS with f(n) =1 ¥n > 0.

Correspondingly F(z) = 1= and p = 2F'(z)/F(z) = %, which in turn implies

z = 7f. Thus the current, from Eq. (4.25), is

p

J=——120—1+p(2a—1)]. 4.27

L i1+ 20— 1) (1.27)

Since o > %, and 0 < %, the current J flows in the negative direction if density p
falls below p* = =20

For the class of AZRP with rate functions represented by (4.10), current reversal
is expected at fugacity z* = 2‘;—;1. But the crucial point that one must keep in
mind is, z* must lie in the range 0 < z* < v(00) so that z(p*) = 2* would solve for
a physically realizable density p*x > 0.

It is worth mentioning that, at the point of reversal (z* or eqivalently p*), the
average current .J is zero but the steady state of the system is far different from
the equilibrium one which also is characterized by zero current. For the model
we discussed here, all the configurations are equally likely i.e., occur with equal

probability as f(n) = 1 for all n > 0. Now, as discussed earlier, the detailed balance

is satisfied if the ratio of the probabilities (P(.)) of every pair of configuration is

P(C)
(o)

equal to the inverse ratio of the corresponding transition rates (w(.)) i.e.

w(C—=C")

D 0=0) So, in the present examples, probabilities of all configurations being

equal this implies necessarily w(C — C') = w(C" — C). Now, if we consider a
right hop from a site occupied by one particle to its vacant right neighbor and

the corresponding left jump from the site containing one particle to its vacant
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left neighbor, then w(C' — C”) = w(C’ — C) implies § = 1 — § meaning § = 1.
Similarly, one can check, hops between other configurations will imply a = 1—a i.e.
a = % if detailed balance has to hold. So, clearly, in the present model exhibiting

current reversal, one obtains equilibrium only for 6 = a = % whereas the point of

1-26
2a—1

reversal p* = has a finite value for any (o > 1/2,60 < 1/2) which correspond

to a non-equilibrium scenario as the detailed balance condition is violated.

4.2 Asymmetric misanthrope process (AMAP)

4.2.1 Model

The Misanthrope process (MAP) is an interacting particle system, where hop rate
of particles depends on both, the occupation of departure site and the arrival site.
In contrast to ZRP, here particles at the departure site not only interact among
themselves, they also explicitly interact with particles at the arrival site. This
model can have a factorized steady state in 1d if the hop-rate satisfies certain
conditions; for a periodic lattice with L sites ¢ = 1,2,..., L, each site ¢ containing
n; particles, if particles move to their right neighbor with rate u(n;, n;y1), the

condition for having a FSS reads as [77],

u(1, m)u(n,0)
u(m+1,0)u(l,n —1)

u(m,n) = u(m+1,n—1) + u(m,0) — u(n,0).  (4.28)

In this section we generalize the misanthrope process to include asymmetric rate
functions ug 1(., *), where the subscripts R, L stands for right, left and the argu-

W

ments “.” and “x” correspond to occupation number of departure and arrival sites
respectively. We ask if the steady state of this asymmetric misanthrope process

(AMAP) can have a factorized form and if so, what would be the corresponding

condition on the hop-rates ?
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Like AZRP, the present section deals with a one dimensional periodic lattice
with L sites labeled by i = 1,2,... L. Each site ¢ contains n;(> 0) number of
particles as earlier but the hop rates in AMAP depend not only on the occupancy
of the departure site but also on the arrival site. More precisely, a particle from
a randomly chosen site ¢, provided n; > 0, can either hop to its right neighbor
(1 + 1) with a rate ug(n;, n;y1) or it can move to its left neighbor (i — 1) with a

rate ur,(n;,n;_1).
4.2.2 FSS: h-balance scheme and criterion on the rates

To study whether AMAP can have a FSS, as before, we start with the ansatz
that the steady state has a factorized form P({n;}) ~ [T, f(n:)d(> 0, n; — N)
and look for conditions on the rate functions that satisfy %P({ni}) = 0 in steady
state where P({n;}), the probability of each configuration {n;} , follows the Master

equation

4P({ni}) = Y ur(nio+1,ni = 1) f(nioy + 1) f(n; — 1) f(niga) ...
308 up (s + 1, — 1) f(nee) fe — 1) f (i +1) ..
— S Jur(ng, i) +un (g nicn)] - f(rasa) f(na) f(niga) -

Let us collect all the terms from the right hand side of the above equation that
contain both n; and n;_; as arguments of rate functions, and write them as

h(n;_1) — h(n;), where function h(.) is yet to be determined,

fnioi +1)f(n; — 1)
f(niza) f(ns)
1) =

h(n;— h(n;). (4.29)

ur(ni—1,m;) +up(ni—1,m;) —ur(ni—1 +1,n; — 1)

f(nior — 1) f(n; + 1) _

—ur(n; +1,n;-4 — 1) f(ni_1)f(ng)

Clearly, existence of a function h(.) ensures that £ P({n;}) = 3", h(ni_1) — h(n;) =

0. Now let us check for the boundary conditions, i.e., when either of n;, n;_; or both
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are zero. Equation (4.29) is automatically satisfied when n; = n;_1 = 0. When

n; = 0,n;_1 = m > 0, we have

h(m) = ur(m,0) +ur(m,0) —ug(l,m —1) (4.30)

Here we have used the facts that ug (0, %) = 0 (particles cannot hop from vacant
sites), f(—1) = 0asn; >0, f(1)/f(0) = 1 (without loss of generality) and h(0) = 0
as the function A(.) in Eq. (4.29) is defined up to an arbitrary additive constant.

Similarly, n, 1 = 0,n; = m > 0 results in

fm—1)
h(m) =ugr(l,m—1 4.31
Solving the above two equations for f(m) and h(m), we obtain
fm—1)

D o] @)

where w(m) =

Clearly, for any given ug 1(n,m), the steady state of AMAP is the same as that

ur(mO)tur(m0) _. the function w(m),

of a simple ZRP with hop rate w(m) = T D T (LT

however satisfies w(1) = 1 (from above definition). The ZRP correspondence is

not surprising, as we know that a factorized steady state (4.11) of any model can

f(m—=1)
f(m)

always be obtained from a simple ZRP with hop rate . Finally using f(m)

and h(m) in Eq. (4.29) we get the following condition on hop rates that ensures a

FSS in AMAP,
ug(m,n) + wup(n,m)= {UR(Z?(;:’_?)_ b _ up(l,n — 1)} w(n) + ur(m,0)
[“L%?nlﬂ)_ Y m— 1)] w(m) + uz(n, 0). (4.33)

When particles move only to the right, i.e., up(.,%) = 0 and ug(.,*) = u(., %)

this equation reduces to the condition Eq. (4.28) required for the usual totally
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asymmetric misanthrope process to have an FSS. In summary, a stochastic process
on a 1d periodic lattice where particles (without obeying hardcore exclusion) hop to
right or left with different rate functions ug 1.(m, n) that depend on the occupation
numbers m and n of departure and arrival site respectively, has a factorized steady
state, as in Eq. (4.11) if the rate functions obey Eq. (4.33).

Equation (4.33) is more complicated than the corresponding condition (4.7) for
AZRP. For AMAP with any given rate function ug (m,n) one can easily check if
they obey Eq. (4.33), but obtaining a generic form of hop rates that satisfy this
condition is rather difficult. In the following we consider three different class of
models which obey Eq. (4.33).

A very special class, is the equilibrium AMAP. If rate functions are related as

follows
w(m)

uL(m,n) = UR(n -+ 1,m — 1) m,

(4.34)

they surely satisfy (4.33) required for having a FSS, at the same time they also
obey the condition of detailed balance. Equation (4.34) clearly describes a class of
generic equilibrium AMAP models in the sense that ug(n + 1, m — 1) can still be
chosen freely.

Another class of AMAP models that has factorized steady state is
ur(m,n) = du(m,n) + yu(m,0)u(l,n); ur,(m,n) = yu(m,0)u(l,n).  (4.35)

These rates, when used in Eq. (4.33) result in Eq. (4.28), which is the condition
required for an ordinary misanthrope process with hop rate u(m,n) to have a
FSS. Thus, Eq. (4.35) describes a family of models, parametrized by two positive
constants 4, and a positive-valued function u(m,n) with «(0,n) = 0. In this case

detailed balance is not satisfied and this class of models leads to a unique non
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equilibrium steady state having a factorized from as in Eq. (4.11) with weight

function,

fm) =11 % (4.36)

k=1

Yet another interesting class of models are, when the rate functions are in

product form,

uR,L(m, n) = [cRL(m) - CR’L(O)] CR7L(TL> (437)

where the rate functions are in product form with cg 1(.) being positive functions
for m > 0; presence of cg 1,(0) ensures that ug (0,.) = 0. A factorized steady state
like in (4.32) can be obtained in this case when these rate-functions satisfy the

constraint (4.33), which in turn impose the following recursion relations on cg 1.(.),

ern(m) = es(0) + w(m) cro(m—1) (g;; —1). (433)

In section 4.2.5 we discuss two specific models of AMAP where hop rates are
given by Eq. (4.34) and Eq. (4.37) respectively. In the following section, we
consider a model which does not belong to any of the three class of models (4.34),
(4.35) or (4.37), but still leads to a factorized steady state and exhibits density

dependent current reversal.

4.2.3 Current reversal in AMAP

Like AZRP, it is possible to reverse the direction of the average current J in AMAP,
only by tuning the number density p. Let us consider the following rate functions,
p n=0 g n=20

up(m,n)=9q p1 n>0, m=1 ;u(mn)=q ¢ n>0, m=1 (4.39)
pe n>0 m>1 g n>0 m>1
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It is easy to check that the rates (4.39) satisfy the constraint (4.33) only if

(p+aa)  (ppr+a))
(1 +q1) (p+q)

2 =p2—q+q+ (4.40)

With this choice of g2 we have a factorized steady state given by Eq. (4.11) where

1 n=0,1
fy =4 " Lot a (4.41)
a” n>2 p+q

It is interesting to note that the steady state weight does not depend on py; any
value of py generates the same steady state as long as ¢» defined in Eq. (4.40) is
positive. One must also note that though the rates in this model obey the generic
constraint (4.33), they do not satisfy detailed balance and are not in the form of

Eq. (4.34), also they do not belong to the special class of models defined in Eq.

(4.35).
0.04
0.02 ,
~0 ‘
-0.02; \
_0.040 — ‘1 e é ‘;*‘:2123‘ ‘3 ———y

p

Figure 4.2: Current reversal in AMAP. Current J as a function of density p,
measured from Monte Carlo simulation (symbols) of AMAP dynamics (4.39) with
(p= %,q = %17]91 = %,ql = %,pg = 53/60, go = 1) on a system of size L, is compared
with exact results (lines) given by Eq. (4.44). As expected, current reversal occurs
at density p* = 2.32.

In the grand canonical ensemble, the partition function is Z; = F(z)* with

F(z)=>",f(n)z" = %;S)Z, where the fugacity z lies in the range (0,1/«), as
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the radius of convergence of F'(z) is z. = 1/a. The density of the system is now

_ F(2) z
PR = R T enar (=0 (442)

14 p2a—1) = /(1 —p)?+4ap
orz = 2pala— 1) . (4.43)

The current in this system can be written as

E Z [ur(m,n) —ur(m,n)] 2" f(m) f(n)

=lp—q) + P —q)z + (p2 — @)(F(z) =z —1)] F;’Z()z); 1

(4.44)

If J needs to reverse its direction at some density p*, the corresponding fugacity

z = z* must be such that J|,_.- = 0; using Eq. (4.44) this leads to

oo L [1_\/p(P1—p)+Q(Q1—Q) (4.45)

a—1 P11 — pq

The above value of z* will correspond to a feasible density only if 0 < z* < 1/q;
and then, one can obtain the corresponding density p* = p(z*) using Eq. (4.42).

Now let us consider some specific cases, say a = g This may be obtained from,
say, (p = 3,4 = %,pl =1,q = %) with ¢a = ps + % (from Eq. (4.40)). In this
case 2, = é = % and the fugacity at the reversal point z* = %(2 —V2) < z.
So, for this choice of rates, the particle current changes its direction when density
of the system crosses a threshold value p* = p(z*) = 2(4 + V2) ~ 2.32. In Fig.
6.2, we have shown a plot of the average current as a function of density; for very
low density current flows towards right and increases as p is increased. Beyond a
certain density where J reaches its maximum value, it decreases with p and finally
starts flowing towards left as soon as the density becomes larger than p* ~ 2.32.

Another interesting case is & = 1 = p + ¢. In this case when ¢ = ps + 1 — 2py,

we have a factorized steady state with a weight function f(n) =1V n > 0. Thus,
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F(z) ==, and z = 174;- Now the current in the system is, from Eq. (4.44),
p
J=—""—_2p—14+2p—1 4.46
which changes its direction at p* = _22ppl—_11_ Thus reversal is possible at density

p = p*, when p > %,pl < % or when p < %,pl > % The noticeable point here is
that the current in (4.46) is exactly similar to that of the AZRP current in (4.27)
with p — ¢ and p; — «, so is the point of reversal p*; but the dynamics of AMAP
is very different from that of AZRP. The similarity originates from the fact that
the stationary state of both models are factorized with identical weight function

f(n)=1Vn>0.
4.2.4 Negative differential mobility in AMAP

Negative differential mobility (NDM) refers to the situation when the current de-
creases with increasing drive [67, 68, 185]. It has been observed in various electronic
systems [50, 127, 129, 143], and in context of particle [15, 108, 185] and thermal
transport [11, 105, 135]. In particular, the occurrence of NDM of driven tracer par-
ticles in presence of static obstacles [10, 14, 16, 61, 132] or in steady laminar flow
[164] or crowded medium [22, 23] have been studied extensively in recent years.
However, plausible mechanism by virtue of which a system may exhibit negative
differential mobility in interacting many particle systems has still been very much
an issue of interest. Recently it has been proposed in [35] that for an interacting
many particle system with multiple current carrying modes (e.g. different particle
types that hop with different hop rates), slowing down some non-driven modes
(that are not biased along any direction) through biasing of other modes can give

rise to NDM. Actually, in general, in interacting driven systems, each degree of
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freedom or mode could experience the bias differently; in particular, the bias might
affect the time-scales of modes which are not directly biased, and in turn influ-
ence the behavior of the current. So, for specific choices of hop rates in several
interacting particle systems, it may happen that the dynamical activity of certain
non-driven modes can be decreased as the bias on driven modes increases and due
to inter-particle interaction between different current carrying modes, ultimately
the total particle current also decreases with increasing bias giving rise to the
phenomena of negative differential mobility.

In this section, we would like to discuss an example of AMAP with specific
choice of rates that give rise to negative differential response of the particles and
try to validate the criterion for NDM proposed in [35] for this system. Following the
local detailed balance condition, we can define the driving fields or bias in terms of

the asymmetric rate functions as F,,, = In up(m.n) ) acting on bonds with local

ur, (n+1,m—1
configurations (m,n). Clearly, if E,,,, = 0 YV m,n, we have ug(m,n) = ur(n +
1,m — 1) and the system is in equilibrium satisfying detailed balance condition

with all configurations being equally likely.

We now choose a set of specific rate functions,

m=1

<

uR(m,n):{w n=0 cup(mn)=4¢ e m>1n=0 ,
1 n>0 1
5 m>1n>0
implying, E,,, = [In2+ (€ — In2)0,,1] (1 — 6,,0)- (4.47)

Here, hopping of isolated particles to vacant neighbors are not biased, i.e., F1g = 0,
as both the rightward hop and corresponding reverse hop occur with same rate 1;
we consider them as non-driven modes. Jumps to occupied neighbors are however
biased by an external field which depends on the occupation of the departure site:

¢ when the departure site has only one particle or otherwise a constant field In 2.
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To explore the possibility of NDM in this system we did Monte Carlo simulation
with ¥(e) = 1/(1 + ). Figure 4.3 shows the particle current j versus € (symbols)
which depicts a non-monotonic behavior, i.e., after a certain finite value of the
bias, as the bias is further increased the current starts decreasing. Now, with this
example, to verify the criterion for NDM described in [35], let us first identify the
non-driven modes that are slowed down. Actually, we have seen that the ”isolated
particle-vacant neighbor” mode of 10 is non-driven since Ejy = 0 whereas "isolated
particle-single or multi particle neighbor” mode, e.g., mode of 13 is driven by the
bias Fi13 = e- and the hop rate ¢ of the non-driven mode is slowed down by
a decreasing function of the bias e which is 1(¢) = 1/(1 4 €)- so that finally we
obtain negative differential mobility of the particles. So, indeed we see that slowing
down a non-driven mode results in NDM.

This behavior of current can be understood more rigorously from the exact
steady state weights of AMAP. As discussed earlier, AMAP has a factorized form
P({n;}) ~ I, f(n;) when the rate functions satisfy a certain constraint expressed
by Eq. (4.33). Using the dynamics (4.47) in (4.33), we find that an FSS is guar-
anteed for the following functional form of 1), In the present case, these conditions

require
2= 426(1 —e7F)
B 3es — 4

U(e) (4.48)

with § = 1(e® — 2+ V4 +12e° + %), when f(n) = 0" 'V n > 0 and f(0) = 1.
Note that ¢(g) in Eq. (4.48) is a decreasing function for all €, but the model is well
defined only in the regime ¢ > ln%l where ¢ > 0. The grand canonical partition
function is Z;, = F(2)* with F(z) = Y, f(n)z" = 14 =, where fugacity z

controls the particle density through p(z) = 2F'(2)/F(z) = 2z[(1—0z2)(1+2—0z2)] .
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Finally, the current is,

J = SpplFE) +20 =2 = )(FE) —1-2)

+22(1 =) (F(2) = 1)) (4.49)

Figure 4.3 (solid line) shows J as a function of ¢ for density p = 0.15; NDM is

observed for £ 2 0.9.

0.008

0.004

0 2 g 4 6 8

Figure 4.3: Current j versus £ for AMP dynamics (4.47) for density p = 0.15.
Circle: ¢ = 1/(1 + ¢) (simulations), solid line: exact results for ¢ given by Eq.
(4.48)

4.2.5 Condensation in AMAP

In this section, we turn our attention to AMAP models which give rise to conden-
sation transition. A typical example of such asymmetric rate functions in AMAP
that lead to condensation is the following, where we consider rates ug r(m,n)
that fall in the special class of AMAP hop rates represented by Eq. (4.34) with

w(m) = 25 (1+ L) (for m > 1),

b
m_ (4.50)

ur,(m,n) = ug(n+1,m—1)
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This model would result in a FSS given by Eq. (4.11) along with the single site

steady state weight
nl(b+1)"

fln) = 1),

(4.51)

where (¢), = c¢(c+1)...(c+n—1)is the Pochhammer symbol. Now, we can calcu-

oo nl(1+b)™ _n

late the grand canonical partition function Z = F(z)" where F(z) = > "> aTo),

Thus z varies in the range (0, z.) where z. = (1 +b)~! is the radius of convergence

I;,/(j)); the critical density above

of F(z). The density of the system is now p(z) = z

which condensation takes place is

Pec = p(zc) - { o b=2 (452)

1
s b> 2.

Thus, for AMAP with dynamics (4.50), the system under consideration can macro-
scopically distribute any number of particles if b < 2. However, for b > 2, the max-
imum allowed density is p. = ﬁ and if p is larger than p., a macroscopic number,
(p — pe) L, of particles gather on some particular site resulting in the formation of
a single site condensate.

Let us consider another example that belong to the class of models (4.37),
where both the left and right hop rates are in product form. As discussed earlier,
in this case one can obtain a factorized steady state as in (4.32) with any arbitrary
choice of w(m) when the the functions cg 1 (.) appearing in the hop rates follow
the recursion relation (4.38). Now for a specific choice w(m) = Wldlm (d>0

and v > 0), the recursion relation can be solved,

m dk crp(1) B K ! 1
1+ Z ((m — k;)')'Y (CR,L(()) 1) H (d—i_pA/)

k=1 ) p=m—k

(4.53)
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Thus, with above choice of cg 1(.) the rate functions (4.37) gives rise to the sta-

tionary state

P({m;}) = Tle(miﬁ (Z m; — N) with  f(m) = % ﬂ(d+ K7).  (4.54)

It is interesting to note, even though the dynamics of these asymmetric misan-
thrope process is different, the steady state weight of the model for v = 1 is
identical to the steady state of the inclusion process studied in [86]. For general
~v > 2, the steady state is also same as that of the misanthrope process studied in

[179], which exhibit explosive condensation transition.

4.3 Asymmetric finite range process (AFRP)

Factorized steady states are a very special type of stationary measure but it is not a
generic feature of systems out of equilibrium. Stochastic processes like ZRP, AZRP,
MAP, AMAP constitute a specific class of non-equilibrium processes that enjoy the
simplicity of F'SS. But one can also have pair factorized steady state (PFSS) [72]
and cluster factorized steady state (CFSS) [34] for generic models where particle
interaction extends beyond departure and arrival sites. Such finite range processes
(FRP) introduce spatial correlations among occupation at different sites leading
to condensates spreading over a finite region. Shape and size of these extended
condensates has been extensively studied in these systems [181]. In this section,
we would like to focus on asymmetric FRP in 1d where the rate functions depend
on occupation of K-nearest neighbors both to right and left of the departure site
but the functional form of the hop rates now depend on the direction (left or
right) of hopping. We would like to find out specific and sufficient conditions that

must be obeyed by an asymmetric finite range process (AFRP) to achieve a cluster
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factorized steady state (CEFSS).

4.3.1 Model

Consider a one dimensional periodic lattice with L sites labeled by ¢ = 1,2,..., L.
Each site i contains an integer number of particles n;(> 0). A particle from each
site i (with m; > 0) can hop either to its nearest right neighbor (i + 1) with
rate ur(Mi K, Mi—Ka1s---,MisMig1 - - Niv k1, Ntk ) OF it can hop to left nearest
neighbor (1 — 1) at a rate up(n;_g...,ni_1,n;...ni k). So both the right and
left rate functions depend on (2K + 1) terms, namely the departure site and its
K nearest neighbors in both right and left directions. The (2K + 1) arguments
of ur(...) are spatially ordered, i.e., arguments 1 to (2K + 1) correspond to
occupancy of site i — K to i + K respectively. Thus, the argument (K + 1)
corresponds to the occupancy of the departure site i, and the arguments (K + 2)
and K are the occupancy of the arrival site for right and left moves respectively.
We assume that a cluster factorized steady state is possible for AFRP, as given
below, and derive consistently the constraint required on the rate functions to

obtain such a state.
4.3.2 Criterion on the rates for CFSS: h-balance scheme

A cluster factorized steady state is represented by

L L

P({n:}) ~ [[9(ninis, .- nizx)5(> _ni = N), (4.55)

i=1 =1

where we call g(.) the cluster weight function that depends on (K + 1) variables.
In the steady state, with suitable rearrangement of terms, the Master equation of
AFRP can be written as a sum of L terms, each one being a unique function F(.)

of (2K + 3) arguments (1n;_g_1,...,Mi—1,M, Mit1,-- -, Nitk+1). S0, in the steady
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state,
{nl ZF Ni—K— 1,...,ni,l,ni,niﬂ,...,nHKH) = 0. (456)

A sufficient condition to satisfy the above equation (4.56) is when each of the L
terms in the right hand side individually vanish, i.e., F'(n;—g—1,... 1% ..., Niyk+1) =
0 for every ¢ (i = 1,2,...,L). Clearly this condition is too restrictive and it is not
a necessary condition for having CFSS. We restrict ourselves to this simple case

which effectively leads to,

uR(ni_K""’ni’nHl'-->ni+K)+UL(m—K,.. , N 1,m...,m+K)
i ~
:uR(ni_K_l"'vni—l—'—lani_1...7’Li+K_1) H g<n]’n3+l7"'7n]+[{)
j=i—-K-1 9(nj, 1, .- Mytk)
e g( n‘ 1 ﬁ K)
g(nmnjﬂw--anﬁrl()

j=i—K

(4.57)

Here ’ﬁj ="n; + 5j,i—1 — 5j,i and ij =n; — 6j,i + 5]‘72'4_1. This constraint (457) on

the rate functions can be satisfied by a family of hop rates, parametrized by § > 0

and v > 0,

5g<ni—K7ni—K+1a"'7ni_1)

UR(ni—K, sy Mgy M1 - - - 7nz+K> =

g(ni Ky T K15 - - -5 T05)
i _
A A gn 'I’L+1...7’L'+K
¢TI oCistsens. o igere) £y J] LRl Moen)
=i K41 i Kg(ny7”g+1,---,”j+f<)
i—1
—5 S ~ g(n; — 1,nip .. Niyk)
UL (M gy i1, My Mg ) = 9(Rj, jyay - My k)

(4.58)

where the newly introduced n; = n; — d;, and 0,7 are constant parameters.
Let us consider the simplest case of AFRP, where particle interaction extends

over arange K = 1. In this case, we expect a pair factorized steady state P({n;}) ~
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IL g(n, niﬂ)é(ZiL:l n; — N) when hop rates are,

_g(k,m —1) g(m—1,n)
uR(k,m,n)—W dg(m —1,n+1) +’}/W
ur(k,m,n) = dg(k+1,m — 1)%. (4.59)

Note that for v = 0, the hop rates satisfy detailed balance, and for v = 1,6 = 0,

we recover the usual condition required for pair factorized states discussed in [72].

4.3.3 Discussion on the possibility of current reversal and
NDM in AFRP
We observe that, current reversal is not possible for these particular set of rate func-
tions in Eq. (4.59) which result in pair factorized steady states. This is because,
the current in these models turns out to be J = ~z, which is just proportional
to the fugacity z and since density p(z) is a monotonic function of z, it is not
possible to reverse the direction of the current by changing z(> 0) or equivalently
the density p(z). In fact, for K > 1 also the rate functions in Eq. (4.58) give
the same average current J = <z, meaning that there is no current reversal by
tuning of the fugacity or density for these class of models. However, the possibility
of current reversal with a CFSS produced by asymmetric right-left rate functions
in one dimension is still not ruled out, because, to satisfy the Master equation
in the steady state, one may find a balance condition different from the one used
here; then J may not take such a simple form. Also, though it seems technically
tedious, one might try from Eq. (4.58) to choose suitably the rates such that there
are non-driven and driven modes present in the system and then may try to ob-
tain negative differential mobility with the corresponding rates by slowing down

the non-driven modes.
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4.3.4 Condensation in AFRP

Another common feature of AZRP and AMAP is the formation of condensates
which, unlike current reversal, can also be observed in case of AFRP within the

framework of rate functions given by Eq. (4.58). We illustrate this briefly with a

m4n+1

(mi1y> Where b is a tunable

simple example. For K = 1, let us choose g(m,n) =

parameter indicating the onset of condensation. The corresponding right-left hop

rates are
k+m m+n+1 1 m-+n
k = 5 14 =)y
ur(k, m, n) E+m+1 mb 1 +m>m—|—n+1
k+m-+1 1 m-+n
k — (1 4+ =)
ur(k,m,n) (k +2)b ( +m)m+n~|—1

(4.60)

Using the transfer matrix formalism developed in [34], one can calculate the
partition function Q7 (z) in the grand canonical ensemble, where z is the fugacity
associated with a particle in GCE and subsequently one can also obtain the density
p(z). Now if we proceed to calculate the critical density p. = ll_rg p(z), we find that
for b < 4, p. diverges indicating that the system remains in the fluid phase for
b < 4 at any density. Whereas, when b > 4, we have a finite value of the critical

density given by

Gl -2+ &) C(b—2)— 1)
P D+ K- Vel VaD b1 Y

where £(b) = ((b)((b — k) and ((b) are Riemann zeta functions. So, for b > 4,

if the density of the system is greater than the critical density, i.e., p > p., one
can observe a macroscopic number of particles (p — p.)L gathering at a single but

arbitrary lattice site forming a single site condensate.



91

One can also observe spatially extended condensates in AFRP like the one

discussed in [72], only this time with asymmetric rate functions given by

eUém,l[e—)\(n—m+3) + 6_2)‘9(771 _ n) + 62>‘(1 _ 9(m _ n))] m<k,n+2
" (k . n) B 6U6m,1[6—>\(m—n—3) + 62)\] m > k,n+ )
RAR T T8 eUomie=An=m+) L 9(m —n) + 21 —0(m—n))] m>k,m<n+2
eUom1[g=Alm=—n=1) 4 1] m<k,m>n+2
and
(A E—m+3)+Ubm 1 m<k+2n
efA(mfk73)+U5m,1 m>k+ 2,7’L
ur(k,m,n) =

e Ak=mAD)+Usm1 oy < | 4 2,m>n

e*/\(mfkfl)+U6m,1 m>k+ 2’ m < n.

\

These rate functions lead to a PFSS with g(m,n) = e Xm=nlt3@motén0) Here A, U
are the parameters that can be tuned to study the possibility of a condensation
transition. As discussed in [72], if A > A\, = U —In(e? — 1), a macroscopic number
of particles condensate over a spatial extent O(L'/?) when the density p exceeds
a critical value p. = m Since this asymmetric FRP shares the same steady
state, we expect a similar condensation transition here.

In brief, we have discussed the possibility of formation of both single site and

extended condensates in case of AFRP with K = 1.

4.4 Summary

In this chapter, we generalize FRP with unidirectional motion of particles stud-
ied in the previous chapter by introducing asymmetric transfer of particles to their
neighbors. In these models, both right and left hop rates depend on the occupation
of the departure site and their neighbors, but their functional forms are different.
In usual driven diffusive systems the asymmetric rate appears from spatial inhomo-

geneity created by an external potential, which does not depend on the microscopic
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occupation. However it is not difficult to imagine, in fact actually has been shown
recently, through simulations [169] and in biological systems [82, 110, 122], that
geometric irregularity can result in asymmetric diffusion of particles. It is interest-
ing to ask what kind of rate functions are realistic for a particular geometry and
the answer to this question is not understood well. So, here we focus on generic
asymmetric rate functions and derive a sufficient condition on them so that the
steady state measure can be calculated exactly. Various stochastic processes that
belong to the class of such asymmetric models are asymmetric zero-range process
(AZRP), asymmetric misanthrope process (AMAP) and the most generic case,
asymmetric finite range process (AFRP).

Unlike ZRP, which has a factorized steady state (FSS) for any hop rate u(n),
AZRP with rate functions upg 1 (n) lead to F'SS only when the rate-functions obey
a specific condition, Eq. (4.7). On the other hand, a desired FSS as in Eq. (4.11)
can always be obtained from a two parameter family of AZRP having left and right
hop rates described by Eq. (4.10).

It is well known [34, 77] that misanthrope processes cannot have a cluster-
factorized steady state and its steady state has a factorized form only for certain
hop rates u(m,n) which satisfy Eq. (4.28). AMAP shares the same feature but
with a different constraint on the rate functions; it leads to a F'SS only when the hop
rates ug r(m,n) follow Eq. (4.33). Both AZRP and AMAP show a condensation
transition similar to other models having an F'SS. Interestingly in the case of AZRP,
the condensation transition can be induced or broken by tuning the relative choice
of ug r(n), i.e., by changing the factor that decides how often a right move occurs

with respect to a left move.
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The important role of asymmetric dynamics, both in AZRP and AMAP, ap-
pears in the particle current. Unlike ZRP or MAP where the direction of current is
fixed by the external bias, here the direction can get reversed by changing only the
particle density with the parameters in the dynamics kept fixed- resulting in the
phenomena of density dependent current reversal. Another interesting feature ex-
hibited by AMAP with specific choice of rates is the negative differential mobility
when the particle current surprisingly decreases with increasing bias.

We also extend this idea of asymmetry between right-left hop rates to obtain a
cluster-factorized steady state in AFRP. In particular, we describe specific exam-
ples where the rate functions depend on the occupation of departure site and its
two nearest neighbors (right and left), but the functional form for the right hop is
different from that of the left; in this case we have obtained a sufficient condition
required for a pair factorized state. Also, these examples include the formation
of both localized and extended condensates. The general condition required for
AFRP to have CFSS is much more complicated and we could not obtain the most
generic class of rates which satisfy this constraint. However, we have discussed
a specific family of models parametrized by two constants although they do not
show density dependent current reversal or negative differential mobility.

An interesting point to note in context of the phenomena of current reversal
is that, at the point of reversal, the current becomes zero, now at this particu-
lar density we have a non-equilibrium steady state where the dynamics does not
satisfy detailed balance but still the particle current is zero. So, it would be in-
teresting to study how to differentiate these zero-current non-equilibrium systems

from equilibrium ones which are also zero-current states.
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In the next chapter we generalize finite range processes further where the hop
rates may depend on the occupation of the departure site and that of K, neighbors
to right and K; (# K, in general) neighbors to left, i.e., the number of right
neighbors and left neighbors are not the same unlike the rates of the FRP. This
helps us in considering misanthrope process and its generalizations to be a part
of the generic class of finite range processes. Also, the study of these finite range
processes with different range of neighbors in the following chapter gives us a new
method of solving the steady state measure which is the matriz product ansatz for

interacting particle systems without hardcore constraints.



Chapter 5

AFRP with different range of
neighbors

In this chapter, we are going to generalize the dynamics of the finite range process
(FRP) and asymmetric finite range process (AFRP) studied in the previous chap-
ters in such a manner that in the hop rates, the range of neighboring lattice sites
(with respect to the departure site) in different directions, for example number of
right neighbors and number of left neighbors of the departure site on a one dimen-
sional lattice, are different. Note that these ranges, i.e., the number of neighboring
lattice sites along different directions with respect to the departure site, are the
same for the FRP and AFRP discussed in chapters 3. and 4 respectively. Inter-
estingly, with these modifications change the steady state structures substantially.
Also, as we will see soon, other than the flux cancellation schemes used up to
now, there might be other ways which can be handy to obtain the steady states
of these modified models. In particular, in the present chapter, we are going to
introduce matrix product ansatz for interacting particle systems without hardcore
repulsion with dynamics that in general represents AFRP with different range of

neighbors. Apart from examples of this general process, we will also show that for

95



96

specific choice of the hop rates, some of the steady states obtained in the previous
chapters 3. and 4 can be recast in the form of the matrix product states that will
be introduced soon in this chapter.

Matrix product ansatz (MPA) [27] for interacting particle systems following
hardcore constraint is known to be one of the most useful and elegant analytical
tool for finding NESS. Soon after being introduced in context of totally asymmetric
simple exclusion process (TASEP) [56], MPA has found enormous applications in
different branches of physics. MPA has been very helpful in calculating spatial
correlation functions for exclusion processes with point objects [17] as well as for
extended objects [36] in one dimension. Study of relations between algebraic Bethe
ansatz [121] and matrix product states for stochastic Markovian models in 1d [89]
and the same for Spin—% Heisenberg chains [117] brought calculational convenience
and also gave good physical insight to the problems. In connection to correlated
non-equilibrium systems, MPA can describe asymptotic distributions of the sum
of correlated random variables [5]. Moreover, as a natural extension of MPA on
discrete lattice, continuous matrix Product States(cMPS) have been introduced as
variational states for 1d continuum models [178] and ¢cMPS have already proved
to be convenient in studying Bose gas in 1d [147] , interacting Spin—% systems [45]
etc. In a nutshell, MPA is attracting interest in vast research areas starting from
condensed matter physics to quantum information [156].

In matrix product ansatz (MPA), any configuration {n;} (n; = 0 or 1 for
exclusion processes) in the configuration space is represented by a matrix string
{A¢}, where each matrix A$ represents either a vacancy(a = 0) or a particle of

any one of the species(a = 1,2, ...) present at site i. Generally the representation
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of the matrices Ay do not depend on the site index ¢. But, notably, particles of
different species and vacancies are denoted by matrices that are in general non-
commuting ( [A%, AP] # 0 for a # 3). If the system is open one needs additional
vectors (say (W] and |V)) to represent the boundaries. The MPA assumes that

the steady state weights of the configuration {n;} to be,

P({n;} { < Tr[[12, A2]  periodic (5.1)

WITTL, AgV)  open.

A specific dynamics on the lattice insist the matrices and vectors (if present) to
satisfy a set of equations, commonly known as matriz algebra. Any representation
(of the matrices) that satisfy this matrix algebra provide a steady state solution
of the respective dynamics. An important point to note is, in all these systems
particles are constrained by hard-core interactions, that lead to a finite number of
algebraic equations to be satisfied.

In this chapter, we study interacting particle systems without hardcore interac-
tion, where each lattice site can be occupied by any number of particles. To form a
matrix product state (MPS), thus, we require infinitely many matrices; any given
dynamics of the system would then insist on a algebra containing infinitely many
matrix equations. It is not a-priori clear whether such a steady state in matrix
product form is at all possible. Here we show that, if the matrices are function
of the occupation numbers, the matrix algebra for a class of models reduce to a
single functional relation which is easier to deal with. In fact, a solution to this
functional relation eventually leads to an exact steady state weights of the model.
We demonstrate this in a class of interacting particle systems where particles hop

to one of the nearest neighbor with rates that depend on the occupation of the
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departure site and its neighbors within a finite range.

5.1 Matrix Product Ansatz in absence of exclu-
sion

In this section we introduce the matrix product formulation for interacting particle
systems in absence of hardcore exclusion, i.e., the systems allow multiple occupancy
at any lattice site. We first consider a generic stochastic process where particles
execute directed motion on a periodic lattice in one dimension (1d). The dynamics
of the model is totally asymmetric in a sense that particles here hop along a
specified direction with hop rates depending on the occupancy of several sites-
namely the departure site, its left neighbors within a range K; and right neighbors
within a range K. Below we describe the model in details.

Let the sites of the periodic lattice be labeled by i = 1,2, ..., L. With each site
i, is associated a non- negative integer variable n;(> 0) representing the number
of particles at that site (for a vacant site n; = 0). The dynamics is as follows. A

particle from a randomly chosen site ¢ hops to its right neighbor ¢ 4+ 1 with rate

U(ni_K“ ey -1, Mgy M1, -, ni—l—Kr) .

(coosmicn i nigr, ) — (e — Lingp + 1,000

with rate w(n,—g,,..., N, ..., Nitk, ). (5.2)

Clearly, this driven non-equilibrium dynamics conserves the total number of parti-
cles () in the system. The Master equation dictating the evolution of probability
P({n;}) of every configuration {n;} of the system reads

%P({ni}) = Z Wi gy, My -+ Mavre, ) P({1i})

=1
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— Zu(ni,m, comni+Lng — 1, nk,)

T Pl et L1, (5.3)

In steady state, the net probability flux must vanish for each configuration {n;},

i.e., the total out-flux (the first sum on the right hand side of Eq. (5.3)) must

balance the in-flux (the second sum). This cancellation may occur in several dif-

ferent ways, with detailed balance being one of the special cases which, if exists,

guarantees equilibrium. Pairwise balance is another special condition giving rise
to non-equilibrium steady states.

For the dynamics in Eq. (5.2), to ensure that the in-flux is balanced by the out-

flux we first make an ansatz that the steady state weight P({n;}) can be written

in the matrix product form

P({ni}) = 5 — T ([ Al 83 i = W), (5.4

Quyn

where any configuration is represented by a string of L matrices, A(ny) being the
matrix associated with k-th site containing n,, particles. The dfunction here ensures

the particle number conservation and )z x is the canonical partition function.
5.1.1 flux cancellation scheme: auxiliary matrices

Now for the ansatz to be a valid one, we must ensure that the matrices in Eq. (5.4)
satisfy Eq. (5.3) in steady state. This can be achieved by constructing a suitable
cancellation scheme involving additional auziliary matrices [56]. In this context,

we propose the following cancellation scheme,

Uik, iy g1 -y Nivk,)  Anirg) - A A(niga) - Ay, ) —
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U(ni_K“ Ny + 1, N1 — 1nz+Kr)A(nz—Kl)A(nz —+ 1)A(TLH_1 — 1)A(nl+Kr)

(5.5)

where we have introduced a new set of auwiliary matrices matrices A(n). It is
straightforward to check that the above cancellation-scheme satisfies the Master
equation Eq. (5.3) in steady state. What remains, is to find suitable representation
of the set of matrices {A(n;)} and the auziliary matrices { A(n;)} which follow the
matriz-algebra given by Eq. (5.5).

A sufficient condition (though not necessary) that satisfies Eq. (5.5) is
u(ni_Kl, ey Ny, TLZ'+1, e 7ni+K7~) A(ni—Kl) . A(TZZ>A(TLZ+1) e A(ni—f—Kr)

= A(ni_g,) ... A(ni1)A(n))A(nisr) ... Anick,)  (5.6)
U(TLZ'_KZ, Ny + 1, N1 — 1.., ni—l—KT)A(ni—Kl)--A(ni + 1)A(n2+1 — 1)A(nz+[{r)

= Ani—k,) ... A(ni—1) A(ni) A(nig1) - .- A(nitk, ). (5.7)

Now both of the above equations (5.6) and (5.7) are satisfied consistently if we

choose the auxiliary matrix A(n) to be

An)=An—1) for n>0 (5.8)
along with A(0) = 0. With this choice, Egs. (5.6) and (5.7) reduces to

w(nioks -5 N Nty - Nirk,)  Aniekg) - Ang) A(niga) - A(niv,)

= A(ni_Kl) . A(nz_l)A(nz - 1)14(711_;,_1) e A(ni—l—K?«)‘ (59)
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Thus the matrix product ansatz, formulated here for systems with multiple site
occupancy, finally leads to a unique set of equations, as above. For a given model,
with totally asymmetric hop rate u(.), we have to solve the matrix algebra (5.9)
to find a possible representation of {A(0), A(1),...}. Practically this is a difficult
task as we need to solve infinitely many matrix equations to be satisfied by an
infinitely large set of matrices {A(0), A(1),...} which are non commuting and, in
principle, independent and unrelated to each other. However for a generic class of
models, which we discuss in the following sections, it is possible to find a matrix
representation where A(n) is a function of n; i.e., all elements of the matrix A(n)
are specific functions of n represented by A(n);; = f;j(n). In that case, we don’t
need to solve the matrix algebra to obtain A(0), A(1), A(2),... separately, rather
we should obtain the general matrix function A(n) by treating the algebra (5.9) as
a single equation of the matrix function A(n). Once we find such a matrix function
A(n) any desired matrix A(k) can be obtained just by putting the desired value
n = k. This is indeed possible for a large class of hop rates which we are going to
discuss in details in the following sections. Also, since A(n) is now a general matrix
function of the site occupation variable n, we call it the site occupation matriz.
In order to proceed further, we need to be specific about the dynamics as
the matrix algebra (5.9) explicitly depend on the hop rates. In the next section
we will discuss the formulation of matrix product ansatz for the generic finite
range process, which is an interacting particle system where particles do not obey

hardcore constraints.
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5.2 MPA for Finite Range Process

In this section we consider finite range process(FRP) where particles hop to right
with a hop rate that depends on occupation of the departure site and its neighbor
within a range K to left and K, to right. In particular we discuss different cases,
K, =0= K, (ZRP), K; =0, K, = 1 (namely misanthrope process), K; = 1 = K,
(systems having PFSS) and the generic scenario with K; = K = K,. For K; =
K, = K, the hop rate u(n;_g,...,n;,...,n;yx) in FRP depends on same number
(K) of neighbors in both directions with respect to the departure site 7. This
special case was studied earlier [34] and it was shown that, when the hop-rates obey
certain conditions, FRP leads to a (K + 1)-cluster factorized steady state (CFSS),
P({n:}) ~ T1L, g(ni,nisr, .. - niyk). For K = 1 we have a 2-cluster factorized
state, commonly known as the pair factorized state P({n;}) ~ [1, g(ns, ni + 1).
Clearly, a pair factorized state can equivalently be written as a matrix product
state as g(n;,n; + 1) can directly be considered as the elements of an infinite
matrix 7', i.e., Ty, n,yy = 9(ni;ni41). In the following we show that, whenever a
PFSS is possible, the matrix product ansatz also naturally lead to the same. For
K > 1, however, existence of a cluster factorized state does not ensure that it can
also be written as matrix product state. In this section, we show that, even for
K > 1, one can construct matrix product states through the matrix formulation
developed in the previous section. Below, some examples of totally asymmetric

finite range processes for which one obtains steady states in matrix product form,

are discussed in details.
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5.2.1 Zero range process (K; =0= K,)

Zero range process (ZRP) is a very familiar stochastic process where hop rate of
particles depends only on the occupation of the departure site; thus FRP reduces
to ZRP when K; = K, = 0. One important feature of ZRP is that its steady state
has a simple factorized form irrespective of the functional form of the hop rates,
lattice geometry or spatial dimension. In spite of having a rather simple dynamics,
ZRP shows condensation transition for specific choice of rates - the condensation
transition can be mapped to a phase separation transition in an equivalent ex-
clusion process. Interestingly related phenomena like wealth condensation [31] in
agent based models, jamming in traffic flow [43] can be related to condensation
transition in ZRP.

Clearly ZRP fits into the generic matrix product formulation discussed in previ-
ous section, as the hop rate u(n;—g,,...,ni, ..., N1k, ) here is equivalent to u(n;).

Thus for ZRP, the matrix algebra in Eq. (5.9) reduces to

u(ny) Ani-g,) ... An)Ani1) ... A(niyk, )

= A(TLZ‘_KZ) e A(n,_l)A(nz - 1)A(7’Lz+1) . A(’I’LH_Kr), (510)

along with the auxiliary matrix A(n) = A(n — 1), as in Eq. (5.8). First we try for
a scalar solution to A(n) by setting A(n) = a(n), a positive function for n > 0.

This particular choice implies that the auxiliary matrices for ZRP are also scalar,
A(n) = a(n —1). So Eq. (5.10) simplifies to

a(n —1) Lo |

u(ni)a(n;) =a(n; —1) = an)=———==0a(0) || —= (5.11)

u(n) 1:[1 u(j)

J
Thus, the steady state weight is

L

P({n;}) ~ To[[ [ A(ni)] = [ ] a(ns) (5.12)

i=1 i=1
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which is the familiar factorized steady state we know for ZRP [71]. The matrix
A(n) being scalar, there are no spatial correlations between occupation of particles
at different lattice sites, apart from the global conservation of the total number of

particles.
5.2.2  Misanthrope Process (K; =0, K, = 1)

Misanthrope process is a special case of FRP with K; = 0 and K, = 1, i.e., the
hop rate u(n;,n;11) here is no longer departure-site symmetric, it depends on the
occupation number of the departure site(i) and arrival site(i 4+ 1) only. For certain
choice of hop rates, misanthrope process is known to have a factorized steady state
as studied in [47, 77]. Here we will show that the same factorized state can be
obtained starting from matrix product ansatz. Note, that the generic choice of

auxiliary matrices A(n) = a(n — 1) along with A(n) = a(n), given by Eqs. (5.8)

a(n;—1)
a(nq)

and (5.9), would result in u(n;, ni11) = which is inconsistent as this choice

does not allow the hop rate to depend on the occupation of the arrival site. We
now proceed with a scalar choice A(n) = a(n), A(n) = a(n), where both functions

a(n) and a(n) are yet to be determined. The cancellation scheme in Eq. (5.5) now

becomes

M) — u(ng Nit1 — a(ni +1a(niy — 1) _ a(n;) _ a(ni1)
u(ni,niv1) —u(ni + 1m0 — 1) a(m)a(m) ) alnee)’ (5.13)

Since the hop rates u(m,n) = 0 for m < 1 or for n < 0, the above equation, for

n;y1 = 0 and for n; = 0 reduces to,

_an) Zi(_O:u . a(l)a(n—1)
u(n,0) = o)~ a0 (1, 1)a(0 o) (5.14)

~—

~—
~—

These equations further results in,
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a(n) = a(l) ul,n — 1>a(n —1)=1a(0 <@)” H u (5.15)

0/ i

a(n) = & u(n a(n
a(n) = [a( )+ ( ,0)} (n) (5.16)

It appears from Eq. (5.15) that we have a factorized steady state P({n;}) o
[T~ a(n;) for any hop rate u(m,n) which is certainly not true, because the equa-
tions (5.14) and (5.16), derived by using specific boundary conditions (n; = 0 or
n;y1 = 0) must also respect Eq. (5.13) for all n; > 0,n;,; > 0. Using Eq. (5.16) in
Eq.(5.13) we get

a(n; + Da(n;; — 1)

a(ni)a(niy1)

= u(ni, 0) — u(niy1,0).

(5.17)

u(ng, nip1) — w(ng +1,ni0 — 1)

Thus, in MAP, we have a factorized steady state P({n;}) HiLzl a(n;) only when
the hop rate u(n;, n;y1) satisfy Eq. (5.17), which is the familiar constraint that has
been reported earlier [77]. The steady state weights, given by Eq. (5.15) is also
identical to the one which is already known for MAP [77]. Thus, clearly the matrix
product formulation leads to the correct steady state measure and the condition

on hop rates for its validity.
5.2.3 FRP with K, = K, = K = 1

If K, = K, = K = 1, particle from a randomly chosen site 7 hops to site (i + 1)
with rate u(n;_1,m;,n;41) that depends on the occupancies of the departure site
(1) , its left nearest and right nearest neighbors (i — 1 and i + 1 respectively). For

a special class of hop rates, this finite range process has a pair factorized steady
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state(PFSS) [72] given by

=

P({n}) = -

ZL N

g(ni, ni+1)5(z n; — N) (5.18)

i=1
Obviously g(n;,n;v1) itself can be considered as the elements of an infinite di-
mensional matrix as n; and n;,; can take arbitrarily large positive integer values.
In other words, PFSS is a matrix product state, represented by infinite dimen-
sional matrices. We show below that for a class of models one can obtain finite
dimensional representation.

Let us consider hop rates of the form

{a(nia) | B(ni = D)(a(ni = 1) [ B(nis1))

u(ni,l,ni,niﬂ) = s (519)

(i) | Bna))(a(ni) | B(ni))

a(n) and [(n) are arbitrary positive functions with a(—1) = g(—1) = 0. It
is easy to see that the matrix algebra (5.9), along with the choice of auxiliary

A(n) = A(n —1) as in Eq. (5.8), can be satisfied if,

A(n) = [B(n)){a(n)]. (5.20)
Correspondingly, the steady state probability of configurations are P({n;}) ~
Tr([[; A(n:))d(>_, ni — N). The grand canonical partition function is then

Zi(z) =Y 2 Te([ [ A(na) = Te[T(2)"]; T(z) =D 2"B(n){a(n)]  (5.21)
{ni} @ n

Now one can conveniently calculate steady state average of desired observables
in the steady state, like spatial correlations, density fluctuations, particle current
etc.. For example, since the particle hop towards right only, the average steady

state current of the system is

L

J = (u(ni—1,ni,nip1)) = ZLl(z) Zu(nl,nQ,ng)zmTr[H Any)] =z (5.22)
{na} i
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To find the dependence of J on the average particle density p, one can calculate

p(z) = 7o 4 7, and then invert this relation.
5.2.4 Finite range process with K; = K, = K > 1

For a more general finite range process (FRP) corresponding to K; = K, = K > 1
the hop rate w(n;_f,...,ni ..., ni k) is a function of (2K + 1) site variables,
namely the occupation number of the departure site and that of K neighbors to
its left and to right. This model was introduced earlier in Ref. [34], where it has
been shown that the steady state of the system is cluster factorized when the hop
rates u(.) satisfy certain specific conditions. For a cluster factorized steady state

(CFSS), the probability of configurations are given by,

P({n}) =

ZL Hg (1225 it 7ni+K)5(zi: n; — N), (5.23)

where g(n;, i1, ..., Nivk), a function of (K + 1) variables, is called to be the
cluster weight function and Z, y is the canonical partition function. The authors
in [34] have restricted their study to FRP where the cluster weight function has a
‘sum-form’ g(n;, niy1, ..., Nivk) = Zf:o fr(nivx). For example, when K = 2, FRP
has a 3-cluster factorized steady state with weight function g(n;,n;i1,n,40) =

Yo(n;) +71(nig1) +Y2(nire) if the hop rate (that satisfies the required condition) is

H ’YO nZ 2+k + Vl(nl 1+k') + 72(n2+k‘ ]‘) (5 24)
Yo(Mi—oik) + Y1 (Ric11k) + Y2 (Nitk)

U(nzfm Ni—1, M, g1, ni+2
k=0

Clearly ¢(.) being a function of (K + 1) variables, unlike for K = 1 case, it can not
be considered directly as matrix. Thus, for K > 1, rewriting a cluster factorized
steady state as a matrix product state is already challenging. Moreover, here we
will discuss more generalized forms of the hop rates which does not necessarily

lead to the ‘sum-form’ of the cluster weight function. Let us consider an example
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K; = K, = K = 2, where a particle from a randomly chosen site ¢ hops to its right

neighbor (i 4+ 1) with a rate

2

(fo(niasr)[f1(ni—1r)) + (folniorw) | f3(nige — 1))

i, i, s i, i) = ,}_[0 (fo(i—ar) | fr(niciqn)) + (fa(niigw) | f3(nigk)) (5:25)
where (f,(n)| = (hl(n), h2(n),h%(n),... hi(n)) are d-dimensional row-vectors and

|f,(n)) = (f,(n)|" (here v = 0,1,2,3). In fact the rates here satisfy the condi-

tions required for a system to have 3-cluster factorized steady state P({n;}) ~

Hi 9(ni, Mip1, Nige) With
g(l,m,n) = (fo(D)| f1(m)) + (fa(m)| fs(n)). (5.26)

Although we have exact steady state weights for these rates, it is not very useful in
calculating the partition function or other physical observables. This is because,
any occupation variable n; appears thrice in the cluster factorized state and car-
rying out the sum over the all possible values of n; is not straightforward. In this
regards, the matrix formulation, where the matrices are parametrized by the local
occupation number, is very helpful. In the following we proceed with the MPA
and use the auxiliary matrices A(n) = A(n — 1), as in Eq. (5.8). The matrices
A(n) should then follow the matrix algebra given by Eq. (5.9) with hop rate there
replaced by Eq. (5.25). We find that this algebra is satisfied by the following

representation of matrices,
A(n) = (18(n)) @ 1) T'(n) (I @ (a(n)]) (5.27)

where,

1
B(n)) = ( o) ) - el = ( ()] 1) (5.28)
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are (d + 1)-dimensional vectors and

[/1(n))  Oaxa
I(n) = 5.29
o= (" i) =

is a (d+ 1)-dimensional matrix. Also, [ is the identity matrix in (d+ 1) dimension.
The operation ® is the familiar direct product. Note that [3(n)) ® I and I ® («a(n)|
are not square matrices; their dimensions are respectively (d + 1)? x (d + 1) and
(d+1) x (d+1)2

Thus, the dimension of the matrices A(n) that represent the steady state
weights are (d + 1)?. In the next section, we have discussed how to generate the
matrix representation systematically for a dynamics (5.25) or equivalently for a
model which has a cluster factorized steady state with weight factor g(.) given by
Eq. (5.26).

Let us illustrate the dynamics and the steady state weights for a specific ex-
ample where the hop rates are given by Eq. (5.25) with scalar choice of (f,(n)],

i.e, (f,(n)] = f.(n) =|f,(n)). Explicitly, the hop rates are now

ﬁ fo(ni—asx) f1 (i 14x) + fo(ni1x) folnise — 1)
Jo(nicosk) filnicizr) + fa(nicisk) fs(nige)
(5.30)

For this simple choice of hop rate,

1B(n)) <f3(n>) a(m| = ( fo(n) 1 )3 D(n) ( ; f2<n)>

and correspondingly the steady state matrix A(n), from Eq. (5.27), reduces to a

4-dimensional matrix

fo(n) fi(n) fi(n) 0 0
Aln) = 0 0 fo(n) fa(n) fa(n)
fom) fi(n) fs(n)  fi(n) fa(n) 0 0

0 0 fo(n) f2(n) fa(n)  fa2(n)f3(n)
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Thus, we obtain the matrix product steady state P({n;}) ~ Tr[[[~, A(n,)] for the
dynamics (5.30). As we have already mentioned, the steady state of this dynam-
ics has 3-cluster factorized form P({n;}) ~ [, g(n;, nit1,niy2). Finally, once the
representation of matrices A(n) as in (5.27) are known, it is quite straightforward

to calculate the partition function and any desired observable.
5.2.5 Matrix product form of cluster factorized steady states

We have seen in this section that the matrix product ansatz naturally leads to
a cluster factorized steady state if the dynamics of the system allows one. De-
pending on the dynamics of the model, MPA results in a specific matrix-algebra,
but there are no systematic methods for obtaining matrix representation from a
given algebra. Thus for models that have a cluster factorized steady state, it is
useful to construct the matrices from the known steady state whenever possible.
We must recall that, for FRP with K > 2, calculating the partition function or
average value of observables is not straightforward even when the exact steady
state weights are known in cluster factorized form; in such situations the matrix
formulation is certainly a relief.

To this end we construct the matrices from a 3-cluster factorized steady state;

it is straightforward to generalize this for larger clusters. Let us consider a specific

CFSS, P({nl}) ~ Hig(ni_l, n;, ni+1) with

g(k,l,m) = (fo(K)|fr(D)) + (fo(D)] f3(m)). (5.31)

where (f,(n)| = (hl(n), h3(n),h%(n),... h(n)) are d-dimensional row-vectors and
|f,(n)) = (f,(n)|* (here v = 0,1,2,3). This form of the cluster weight function can

be rewritten as inner product of vectors and matrices each of which now depends
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on a single individual occupation number. More precisely,

g(k,1,m) = (a(k)[L(1)|5(m)), (5.32)

where (a(k)| = (* (fo(k) 1>;|ﬁ(m)>=< 1 )

‘fs(m»

[f1(D))  Oaxa
and I'(]) = . 5.33
" ( 0 <f2(l)\> 539

Now the steady state weights can be written as

P({ni}) ~ Hg(niflvnivnHl)

— (a(R)PDIBm) (@ITm)|AM) (alm)T(m)IB() (amINE)8a) ...

= Te [L(D)|5m)) (a(D)] T(m)[B(n)){a(m)] T(n)|B(p)) {an)]...]
=Tr[G(l,m) G(m,n) G(n,p)...](5.34)

Thus we have transformed the 3-cluster weight functions to a matrix product form
with matrices G(I,m) = I'(1)|8(m)){a(l)| depending on occupancy of two neigh-
boring sites. To get matrices A(n) which depend only on a single site occupation
number, as in the matrix product ansatz (5.4), we proceed as follows. Since the

direct product of any two vectors |b) and (a| can be written as
[b)(al = (I ® (a])(|b) ) (5.35)

with [ being the identity matrix of same dimension as that of |b) and (a|, we

rewrite G(I,m) as
G(l,m) =TD)|Bm))(a()] =T1) (I @ (a@)]) (|8(m)) @ I). (5.36)
Using this in Eq. (5.34) we get

P({ni}) ~ Tr[H A(ni)]
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with A(n) = (|8(n)) ® 1) T(n) (I © (a(n)]) (5.37)

So, we have demonstrated how to obtain a matrix product form from a known
3-cluster factorized steady state. There is no particular difficulty in extending this

formulation to systems with larger cluster factorized steady state (like the FRP

with K > 2).

5.3 MPA for finite range process with asymmet-
ric rate functions

In the previous sections, we have studied finite range processes where particles
hop only to the right. In fact, if we introduce a parameter p, the probability
that a particle chooses the right neighbor as a target site and moves there with
rate u(.) or other wise (i.e., with probability 1 — p it decides to hop to left and
moves there with the same rate u(.) ), the steady state measure of FRP remains
invariant. A non-trivial situation is when the functional form of rate functions for
right hop is different from that of the left hop. A class of such asymmetric motion of
particles without hardcore constraints has recently been introduced and studied in
[33] in context of asymmetric zero range process (AZRP), asymmetric misanthrope
process (AMAP) and asymmetric finite range process (AFRP)- each of them having
exactly solvable non-equilibrium invariant measures (factorized steady states (FSS)
for AZRP, AMAP and cluster factorized steady states (CFSS) for AFRP). AZRP,
AMAP show interesting features like density dependent current reversal (keeping
the external bias fixed), condensation (tuned by the proportion of right and left
moves executed by the particles)- phenomena solely induced by different functional

forms of the left and right rates. Now, AZRP and AMAP having FSS, would not
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be of much interest in context of matrix product states since in previous sections
we have already discussed how the matrices and the auxiliaries reduce to scalars
for a steady state to have a factorized form. So we would like to explore only
the possibility of obtaining a matrix product state for AFRP. In this section we
will first introduce a very general dynamics for asymmetric hopping process in
one dimension which includes AFRP as a special case. We will then illustrate the

matrix formulation with some examples.
5.3.1 General asymmetric hopping dynamics

Let us consider an interacting particle system on a one dimensional periodic lattice
where particles (without hardcore exclusion) can hop in both directions with re-
spective forward and backward rates; the rate functions depend on the occupation
of several lattice sites as well as on the direction of motion of the particles, i.e., the
right and left hop rates can have different functional forms. The model is defined
on a one dimensional periodic lattice with L sites where each site i contains n;
particles with n;(> 0) being a nonnegative integer. A particle from a randomly
chosen site i (with n; > 0), can move either to its immediate right neighbor (i + 1)
with rate ur(n;—k,,..., N4, ..., Nitk,) Or it can hop to its immediate left neighbor
(1 — 1) with rate uL(ni_Kl/, s M4y ...,y kr). Note that, the model is different
from the one discussed in [38] as not only the forward and backward rates have
different functional forms ug(.) and ur(.), also, they may have different number of
arguments; the right hop rate depends on K left neighbors and K, right neighbors
in contrast to K] left and K right neighbors for the left hop rate. In general, all
four numbers K, K,, K|, K| can be different. We ask if this stochastic process can

lead to a non-equilibrium steady state, particularly in matrix product form. Below
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we study two specific examples.

5.3.1.1 Example 1

Solving the matrix algebra to find out a matrix product state for arbitrary values of
K, K,, K], K| appears to be quite complex. We restrict our selves to some special
cases. Our first example is K; =1# K/ =2 and K, =2 # K, =0, i.e., a particle
from site 7 hops to the right neighbor with rate ug(n;_1, 7, ni+1, ni12) and it hops
to the left with rate ur(n;_2,n;—1,n;). This dynamics has not been studied earlier
in context of particle or mass transfer processes and clearly the criteria for having
a factorized or cluster-factorized steady state is not known. In the following we
show, using a specific example, that one can use MPA to obtain an exact steady
state weights of these models in some special cases.

Let us choose the rate functions in the following form

UR(Mi—1, My Mit1, Niva) = w(Ni—1, Ny, Nit1) + V(N4 N1, Nita)

ur(ni—o,mi—1,ni) = v(Ni—2,ni—1,M;). (5.38)

Here, the right hop rate ug(.) is a sum of two independent functions —the first part
u(.) is symmetric with respect to the departure site and the rest v(.) is arrival-site
symmetric. On the other hand, the left hop rate ur(.) = v(.) is purely arrival-
site symmetric. Assuming that the steady state of the model can be written as a
matrix product form P({n;}) ~ Tr(][, A(n;))6(>_,ni — N), the Master equation

for dynamics (5.38) in steady state reduces to,

L
Z[U(niq, Niy Nit1) + V(N N1, Niga) + (N2, ni—1,m4)]
i=1

TI‘[. .. A(nz_g)A(nZ_l)A(nZ)A(mH)A(an) .. ]
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—E:mmkbm4+4nu—nmyAmFgAmFr+nAm,—mq

o(ni + 1 — 1, nas) Te[ A(ni 1 + 1D A(n; — 1) A(ns1). ]

—i—v(ni,l,ni — 1,TLZ'+1 + 1)TI'[A(TL171)A(TLZ — 1)A(n2+1 -+ 1)“ =0 (539)
The above equation can be equivalently written as

ZTI‘ TLZ 2 F(ni,l,ni,niH)A(an) .. ] = 0, (540)

where,

F(ni—1,ni,ni41) =

[w(ni—1,ni,nit1) A(ni—1) A(ni) A(niv1) — w(ni—1, i + 1, nipn — 1) A(ni—1) A(ni + 1) A(nigr — 1)]
—i—[v(ni_l, ni,ni+1)A(ni_1)A(ni)A(ni+1) — v(ni_l +1,n; — 1, ni+1)A(ni_1 + 1)A(nl — 1) (nH_ )]
+o(ni-1, ni; nig1) A(ni—1) A(ni ) A(nit1) — v(ni-1,ni — L,nipn + 1) A(ni—1) A(ng — 1) A(nit + 1)].

Equation (5.40) is a sum of L similar terms where each term carries a three site
function F(z,y, z) that contains the relevant information about the dynamics, i.e.,
the in-flux and out-flux for a given configuration. So it would be reasonable to
find a local three site cancellation scheme for F(z,y, z) that would make the sum

of L terms in Eq. (5.40) equal to zero.

5.3.1.2 Flux cancellation scheme

A cancellation scheme, we propose is the following.

F(ni—1,ni,nis1) = [A(ni-1)A(ni) A(nier) — A(ni-1) A(ng) A(nig)]
+ (Al A) A(nin) = A(niza) Aln) A(nia)]

+ (A1) An) A(nir) — A1) A(i)A(nia)]. - (5.41)

It is easy to check that this form of F(n;_1, n;, n;41) indeed serves the purpose. Note

that, unlike the previous cases where we had only one kind of auxiliary matrix g(n),
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here we have used three different auxiliary matrices A(n), A(n), A(n). In fact, if
all three auxiliaries were same, i.e., A(n) = A(n) = A(n), then (5.41) reduces
to the familiar cancellation scheme studied here in (5.5) with K; = K, = 1 and
correspondingly one obtains a matrix product steady state for totally asymmetric
hoping model with hop rate ug = u(n;_1,n;,n;11) and vy, = 0, a model which we
have already discussed in the previous section.

To proceed further with the asymmetric hopping model we need to be more

specific about the dynamics, that is one has to choose possible functional forms of

u(.) and v(.). If we consider the functions u(.),v(.) to be in the following form

n;) | B(nit1))
)

(1) [ Bl + D)t + 1) | i)
ittt = ) B et o) O
then, Eq. (5.41) results in the following solution:
A(n) = A(n—1);A(n) = A(n + 1): A(n) = 6(n)A(n)
A(n) = |6(n)){a(n)], (5.43)

where 0(n) is the Heaviside step function. So, to summarize, if particles on a one
dimensional periodic lattice undergo asymmetric hopping with different right and

left rate functions (constructed below by substituting Eq.(5.42) in (5.38))

P S (a(ni—2) | B(ri—1 + 1)) (e(ni-1 +1) | B(n))
T (a(ni—2) | B(ni—1))(a(ni1) | B(ny))
(Rt s M i e) = (a(ni—1) | Blni — 1)) (e(ni — 1) | B(nit1))
e (a(ni-1) | Bna)){a(ni) | Bniwa))
+ uL(ni,nHl,an) (544)

along with ug(x,0,z,w) = 0 and ur(z,y,0) = 0, the steady state of the model

has a matrix product form P({n;}) ~ Tr(][, A(n;))6(>_,ni — N) with matrices
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A(n) = |B(n)){a(n)| and the auxiliary matrices g(),ﬁ() and A(.) given by Eq.
(5.43).

We conclude this subsection with the following remark. Matrices A(n) we
obtain for the asymmetric hopping dynamics (5.44) are same as those we obtain
for dynamics (5.19). The auxiliary matrices in two cases are different, but they
do not explicitly appear in the steady state weights. This indicates that these two

very different dynamics lead to the same steady state measure.

5.3.1.3 Example 2

In this example we study an asymmetric finite range process where K; = K, =
K] = K] = 1. In details, we consider a one dimensional periodic lattice with L
sites with each site ¢ containing n;(> 0) particles and a particle from a randomly
chosen site ¢ (if not vacant) jumps either to its right neighbor (i + 1) with a hop
rate ugr(n;_1,ni,niy1) or to its left neighbor (i — 1) with rate wr(n;_1,ni,ni41)-
In this model both the right and left rate functions are symmetric with respect
to the the departure site (i). Let us assume that the steady state probability of
any configuration {n;} of this stochastic process can be expressed as a product of
matrices in the form P({n;}) ~ Tr([], A(n:))0(>_, n; — N) where A(n;) is the site
occupation matrix corresponding to site ¢ containing n; particles. The steady state
Master equation for this interacting particle system reads as

Z[uR(ni,l, Ny Niv1) +up(ni—1, g, nie) | Tef o A(ni—1) A(ng) A(nigq) - . -]

i=1

[UR(TLZ‘_Q, n;_1+ 1, n; — ].)TI‘[ .. A(?’Li_g)A(ni_l + 1)14(712 — 1) .. ]

i=1

“+ur(n; — 1,ni+1 + l,an)Tr[. .. 14(’[1Z — 1)A(nl+1 -+ I)A(TLH,Q) c. H =0

(5.45)
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Shifting the sum indexes in Eq. (5.45) and rearranging them suitably, we arrive

at EiLzl TI'[ .. A(ni,g) F(ni,l, n;, ni+1) A(ni+2) .. ] = O, where

F(ni—laniani-i-l) = [UR(ni—hni;ni—i-l) +uL<ni—17niuni+1>} A(ni—l)A(ni)A(ni+l>
— UR(TLi_l, n; + 1, N1 — 1) A(nl_l)A(nl + 1)A(TLZ+1 — 1)

— uL(ni,l — 1, n; + 1, niJrl) A(ni,l — 1)14(77,2 + 1)A(n1+1) (546)

So, just like the previous example, the Master equation in steady state has been
written as a sum of L terms each containing a three site function F'(zx,y, z), which
we must write in a way using auxiliaries so that the terms within the sum cancel

with each other. To this end, we further specify the rate functions ug 1 (.) as

UR(Ni—1,Mi; Nig1) = 7Y {(nia) | B(ni — D) (a(ni —1) | B(nit1))
T (a(n 1>\§<m>><a< na) | Blnisr))

s (a(ni—1) | B(n; ><a( 1) | B(nir + 1))
)

(a(ni-1) | B(ni)) (ol  Bnn))
ur(ni-1, M, Nip1) = 0 (a(ni—y +1) | B(n; — 1)) (a(n) | B(nis1))

(5.47)

These hop rates resemble the rate functions considered by the authors in [38] in

context of asymmetric finite range process.

5.3.1.4 Flux cancellation scheme:

Here too, we use three auxiliary matrices A, A and A but now the last two auxiliary
matrices are functions of two arguments whereas A has one argument as in earlier

cases. Explicitly, the cancellation scheme reads as,

F(ni—1,ni,niv1) = [A(ni—1)A(ni) A(nita) — A(ni-1) A(ni) A(nisa)]
+ [A(nic1)A(ni, nig1) Aig) = Alnig,mi) A(na) A(nig)]
+ [A(ni-) A(ni-1, 1) A(niga) — A(ni) A(na) A(ni, nig)]-

(5.48)
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One can easily check that Eq. (5.48) satisfies the steady state condition (5.46) and

it results in a matrix product state with matrices A(n) in the familiar form

A(n) = [B(n))(a(n)]. (5.49)

The corresponding choice of auxiliary matrices are then

~

A(n) =~ Aln = 1), A(m,n) =6 A(m — 1)|5(n + 1)) (a(m)],

A(m,n) =46 |B(n)){a(m + 1)|A(n —1). (5.50)

So, if we have an asymmetric particle transfer process with right and left rate
functions expressed by (5.47) we have a matrix product steady state, same as the
one obtained for dynamics (5.44) or for (5.19).

However, it should be mentioned that the cancellation scheme used here in Eq.

(5.48) is again very different from the schemes used in the previous examples.

5.4 Summary

In this chapter, we have introduced matrix product ansatz for systems of interact-
ing particles without any hardcore constraints. In these models, particles on a one
dimensional lattice jump to their neighboring sites with some rate that depends
on the occupation of the departure site and its neighbors within a specified range.
In case of MPA for exclusion processes, where particles obey hard core constraints,
we need only a few matrices, each representing one species (of particle). Here, the
sites can either be vacant or occupied by arbitrary number of particles and thus
a matrix product state that describe these systems would require infinite number
of matrices (in contrast to the hardcore exclusion processes), each corresponding
to a specific occupation number. Again, any given dynamics would insist the ma-

trices to follow an algebra, consisting of infinitely many matrix-relations. Finding
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specific representation of these infinite set of matrices appears to be complex, but
here, in this chapter, for a generic class of models, we show that the matrices can
be parametrized by the occupation number (which essentially leads to the name
site occupancy matrices of the matrices A(n)), i.e., the elements of the matrix are
functions of the occupation number. This parametrization actually helps to treat
the infinite set of matrix algebra as a single equation of the matrix function A(n)-
which can be solved once and for all for any general n, so that one no more has to
solve for the matrices A(0), A(1), A(2) ... separately.

The class of hopping models we studied here is very general; many well known
models, like zero range process, misanthrope process, models with pair factorized
steady state, and finite range processes are only some of the special cases, for which
the exact steady state weights are already known. Here, first we re-derive the
steady state weights for these familiar stochastic processes using matrix product
formulation.

We also study FRP for very general rates which has not been studied in the
previous chapters, and show that their steady state can be expressed as matrix
product states. A specific example is FRP with K = 2, which leads to a 3-
cluster factorized steady state with weights P({n;}) ~ Hle g(ni—1,n4,n;11) when
the hop-rates satisfy a specific condition. Even when the steady state is known
exactly, for a genetic form of weight function ¢(.) in K = 2 case, there are practi-
cal difficulties in calculating the partition function or average steady state values
of the observables; this is because any particular occupation variable n; appears
thrice in the product and carrying out sum of n; for all possible values is non-

trivial. For some special cases, like when the weight function has a sum form
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g(k,l,m) = fo(k)+ f1(1) + f2(m) one can write the steady state in a matrix prod-
uct form, where matrices depend on only a single occupation variable n; which
enables us to carry out the corresponding sum over n;. In [34], re-writing the 3-
cluster factorized steady state in a matrix product form was only a mathematical
trick, a relation between the matrices and dynamics of the system were not estab-
lished. When g¢(k,l,m) has a ‘sum-form’, the matrix product ansatz formulated
here leads to a matrix algebra which is naturally satisfied by the matrices con-
structed in [34]. Moreover we explicitly derive matrix representations for certain
other class of weight functions g(k,1,m) = fo(k)fi(1)+ f2(1) f3(m) and more gener-
ally for g(I, m,n) = (fo(l)| fr(m))+(fa(m)| f3(n)). However there are no well defined
methods to obtain matrix representation from a given matrix algebra. Fortunately
for systems having a cluster factorized steady state, the matrix representations can
be derived systematically which we have discussed this in details.

We further study asymmetric finite range processes where the rate functions for
right and left hops are different in the sense that they may have different number of
arguments and/or different functional forms. In particular, we introduce a model
where the hop rate for right move ug(.) depends on occupation of departure sites,
K neighbors to its left and K, neighbors to the right. Whereas the left hop rate
ur(.) depends on the departure site and K, sites to its left and right respectively.
We obtain matrix product steady state for two specific cases (1)K; =1 # K] = 2
and K, = 2 # K/ =0, (ii) K; = K, = K = K, = 1. Interestingly, both
models lead to same matrix product steady state, but the auxiliaries, used in
the cancellation scheme to satisfy the Master equation in steady state are very

different.
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There are many other interesting directions to pursue in the study of matrix
product formulation for interacting particles in absence of hardcore constraints.
One important direction is to investigate the open systems, where particle can
enter (say from left boundary) and exit from the system (from right boundary). It
is well known that open exclusion processes (EP), where particles obey hardcore
constraints, give rise to interesting results; even the simplest case, namely totally
asymmetric simple exclusion process (TASEP) which is exactly solved through
MPA, shows rich variety of phases and transitions among them as the entry and
exit rate of particles are varied [56]. One can also study exclusion processes that
can be mapped to a particular finite range process. It is well known that, steady
weight of exclusion processes can always be written in matrix product form if they
can be mapped to zero-range process; in this situation explicit representations
can be obtained from the known steady state weights of the corresponding zero
range process, which helps in finding spatial correlation in EP. In a similar fashion,
using matrix product formulation, one can study the spatial correlation functions
in exclusion processes which can be mapped to finite range processes.

We conclude with a general comment that chapters 3., 4. and the present
chapter 5.- all three of them deal with interacting particle systems without hardcore
exclusion, the corresponding steady state measures have been obtained exactly
using different flux cancellation schemes that include pairwise balance condition,
h-balance scheme and matrix algebra involving auxiliary matrices following the
matrix product ansatz. In the next chapter, we would like to turn our attention
towards another class of exactly solvable models with the particles obeying hardcore

exclusion and we will see how the flux cancellation schemes we have used up to
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now in context of systems without hardcore repulsion, also prove to be helpful in

the next chapter.



Chapter 6

Exclusion models: Multi species
assisted exchange models

In the present chapter, we consider an interacting particle system where the par-
ticles do feel hardcore repulsions and thus a single lattice site can not be occupied
by more than one particle. A typical example of the exclusion processes is the
totally asymmetric simple exclusion process (TASEP) [171]. In particular, the
steady state of TASEP with open boundaries through which particles can enter or
exit the system has been solved exactly [55], and it is well known that TASEP ex-
hibits novel phase transitions as the particle entrance and exit rates vary. Among
many generalizations of TASEP, a few are the asymmetric simple exclusion pro-
cess (ASEP) [139] considering the motion of the particles in both directions in one
dimension, multi-species [69] models with particles of several species, restricted
exclusion process [19] with restricted motion of the particles etc. Among these,
the restricted asymmetric simple exclusion process (RASEP) exhibits absorbing
phase transition due to the fact that the particles can move only when they are
assisted by other particles so that isolated particles cannot move. So, RASEP can

be considered as a single species assisted hopping model where the hopping of a
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particle is assisted by others. The aim of this chapter is to study the steady state
and observables in a system with multiple species of particles undergoing an as-
sisted exchange dynamics with each other in a way such that the rates depend on
the neighboring particles other than the pair of particles that are being exchanged.

More elaborately, in this chapter, we introduce a class of assisted exchange
models on a one dimensional periodic lattice where each site can be occupied by
exactly one particle of any of the types k = 0,1,... K. In these models, a particle
at any site can exchange its position with one of its nearest neighbors with a rate
that depends on both, the type of particle pair which are exchanged, and the type
of particle present at the left most neighbor of the exchanging-pair. We primarily
address two questions about the (K +1)- species assisted exchange models (AEM).
The first one is to find the exact steady state measure of this non-equilibrium
system —in particular we derive the conditions under which the steady state has a
pair-factorized form using the h-balance scheme. We argue that for any finite K,
a pair factorized steady state can not give rise to phase separation transition; in
other words the systems in this case remains in a mixed phase exhibiting nontrivial
spatial correlations. We also aim at obtaining the exact steady state current of
each particle species. It turns out that AEM exhibits density dependent current
reversal and negative differential mobility of particle current, which have been
subjects of interest in recent years [35, 38].

Multi-species models with simple exchange dynamics, where exchange of dif-

ferent type of particle pairs occur with different rates, have been introduced earlier
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[106]. It turns out that steady state of these models can not be written in pair-
factorized form, but there can be a matrix product steady state with matrices sat-
isfying a diffusion algebra. Some explicit examples of these models with K = 1,2
have been discussed in Refs. [71, 106]. In fact, asymmetric or symmetric exclusion
process (K = 1) [139] belong to these class of models with K = 1. Some other
examples, with K = 2 are two species exclusion models [71], ABC model [9, 46]
and extended AHR model [8]; some of these models, like ABC model, exhibits

phase separation transition in one dimension.

6.1 Model

Consider a system of (K + 1)species of particles on a one dimensional periodic
lattice with L sites represented by ¢ = 1,2,..., L. Each site ¢ can be occupied
by exactly one particle of any of the types £ = 0,1,..., K; accordingly the site
variable s; takes an non-negative integer value smaller than (K +1). The dynamics
of the model is given by

u(X.1.J)

X1 =T X1 (6.1)
w(X,J,I)

where u(X, I, J) are the exchange rates. Clearly u(X,,J) = 0 when I = J The
exchange dynamics (6.1), by definition, conserves the particle number N of each
kind - the model has K conservation laws along with the trivial one Zf:o N, = L.

In some examples we discuss here, sites with s; = k = 0 are considered as vacant
sites; in that case there are only K-species of particles of type k =1,2,..., K; the
exchange of a particle with 0 present in the left (or right) neighbor will then
represent hopping of that particle to left (or right) - the density conservation of

each species pp = %, where Ny, is the number of particles of type k, remains
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unaltered.
6.1.1 Steady state: h-balance scheme

The Master Equation describing the time evolution of the probabilities of different

configurations following the dynamics (6.1) is as follows

d L
EP({Sz}) = Z u<5i—17 Si+1, Si)P<- <81, Si+1, Siy Si42 - - - )

1

M-

'LL(Sl',l, Si, SZ'+1)P(...SZ',1, Siy Si41, 5i+2-'-) . (62)

=1

Our first goal is to find the steady state by setting the left hand side of Eq.(6.2)
equal to zero. It seems to be quite complex to obtain the steady state for the
general dynamics (6.1). Instead we look for class of rates for which we can have a
pair factorized steady state (PFSS) for this assisted hopping and exchange model.
In case of PFSS (which by construction is a spatially correlated state in contrast
to factorized steady states that may be simpler to achieve but do not contain
spatial correlations among its constituents), the steady state weight of any possible
configuration is expressed as a product of pairs of a function of successive neighbors
on the lattice. Explicitly, the steady state weight of any configuration {s;} is given

by

P({si}) ~ [T o(sise) [ 0 (Z Ok — Nk) : (6.3)

=1 k=1 i=1

The right hand side of (6.2) contains the sum of numerous in-flux and out-flux
terms, which must equal to zero in the steady state; this cancellation can happen
in several ways. To achieve the PFSS described in (6.3), it is sufficient to follow

the condition

g(Sz‘—h Sz‘+1)g(8i+1, Si)g(sz’, 3i+2)
g(Sz‘—h Si)g(sia 3i+1)g(5i+17 Si+2)

U(Sifla Si+1, Si) - U(Siflu Siy 5i+1)
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= h(si—1, Sis Sit1) — h(Si, Sit1, Sit2) (6.4)

where the function h(.) is yet to be determined suitably. Note the right hand side of
the condition Eq. (6.4), when summed over all lattice sites gives zero and ensures
stationary, £ P({s;}) = 0. Any arbitrary rate u(s;_1, s;, s;+1) does not obey Eq.
(6.4). However for a class of rates

g(si—h 5i+1)
9(8i-1,5:)9(54, Siv1)

(6.5)

U(Siq, Siy 5i+1) =

with u(s;_1,8; =k, s;41 = k) = 0V k, it is straightforward to check that Eq. (6.4)

is satisfied by
h(si—1,8i,Si41) = —u(si—1,5, Sit1) - (6.6)

Thus a desired factorized steady state can always be obtained in AEM with dy-

namics (6.5).
6.1.2 Transfer matrix formulation

The next task would be to calculate the partition function of the (K + 1)-species
exchange model, which is,

Q({Ni}) ZHQ Siy Sit1 H5 (Z Os; b — Nk)

{s;} i=1

The d-functions here ensure that the particle numbers Nys are conserved. We now
work in the grand canonical ensemble (GCE) and associate fugacities {zx}, one
for each species, which will control the particle densities {px}. Also we set 2y = 1,
without loss of generality. Hence the partition function in the GCE is

Z({z)) = ZQ{Nk} H( w) Nk (6.7)

{Ni}

- Z H ZS¢+1g<3i7 3i+1) = TI‘[TL] (68)

{si} @
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where T is a (K + 1) dimensional square matrix

K

T =3 gk, k)l )k (6.9)

k' k=0

which is formally known as the transfer matrix. Here {|k)} with £ =0,1,..., K
are the standard basis vectors in (K + 1)-dimension. The transfer matrix 7" can

also be written as

K

T =Y 2Dy with Dy = g(k k)|K) (k| (6.10)

k=0 k'=0

where the matrix Dy represents a particle of the species k. With these set of
matrices { Dy} we write the steady state weights of the system in matrix product
form
P({s:}) ~ [ [ 9(si»si+1) = T[] [ Ds.] - (6.11)

In matrix product form, the correspondence of particles by a representing matrix,
helps in calculating expectation values of several observables, which is discussed
below.

With Eq.(6.10) in hand, we can proceed to calculate different observables an-
alytically. Let us start with density px of the particles of species k.

pr = (k) = Tr[zl’if[);f] 1 U%LT[TL?, (6.12)

Let the eigenvalues of T are A, A, Ao, ..., A\g with corresponding right and left

eigenvectors (normalized) {|1), [¢1), [t2) ... |¥K)} and {{(¢|, (&1], (P2| ... (PK|)} re-

spectively, with A having the largest absolute value. Since T' is a positive matrix
(as g(i,7) > 0), the largest eigenvalue A is non-degenerate and the corresponding

eigenvector [1)) can be chosen positive. Thus,

T" = XY (o] + > M) (] - (6.13)
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Using this in Eq. (6.12) we calculate the density of each species in the thermody-

namic limit L — oo (i.e., Al > MVl <k < K),

pr. = (k|) (9] k). (6.14)

In a similar way one can calculate expectation values, that species k is a right

neighbor of m in steady state,

Tr (226 Dy DR T2
Tr[TE]
zrg(m, k)

= IR () glm), (6.15)

(mk) =

where in the last step we have used the thermodynamic limit. In a similar manner,
one can obtain the two-point spatial correlation functions between any two species

of particles (say k and k') at a distance r,

TI'[ZkaTT_l,Zk/ Dk/TL_T_l]

Crw(r) = Te[T7] — PkPx
E|TT K (KT |k
_ TR,
K )\ r
= WOl Y m)onlt) (5 (6.16)
m=1

Here, to obtain the last step, we used Eq. (6.14) and taken the thermodynamic
limit. For large r, the dominant contribution to the correlation function comes
from the first term m = 1 (in the sum), i.e., Chp(r) ~ ()" = e "/¢ where the
correlation length & = |In 3|

From the study of correlation functions it is clear that a pair factorized steady
state can not give rise to diverging correlation length if the number of species are
finite. For (K + 1) species model, one gets (K + 1)- dimensional transfer matrix

with elements (m|T'|n) = z,g(m,n) > 0; the largest eigenvalue A then remains non-

degenerate following Perron-Frobenius theorem [154]. Thus, the correlation length
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£=|ln Ayl|_1 is finite and possibility of phase transition is ruled out in (K + 1)-
component systems with PFSS. To get out of this situation, one may think of
setting some matrix elements to zero so that the transfer matrix become reducible
and then, Perron-Frobenius theorem does not apply. However, it is easy to check
that a reducible form of g(m,n) force the steady state weight of all configurations
to be zero.

There are numerous examples of exchange models which exhibit phase transi-
tion; like extended KLS models with ferro [112] or anti-ferromagnetic [128] inter-
actions, ABC models in an interval [9] or a ring [46]. However, the steady state
of these models are not pair factorized. In some models, the steady state can be
written in matrix product form [27] with matrices having dimensions larger than
the number of components (K + 1), then the matrix elements of corresponding
transfer matrix can not be treated as the weight factors, as in PFSS. In this case
one can have a reducible transfer matrix which does not restrict the phase space
even though a block of matrix elements are zero.

The assisted exchange models, with pair factorized steady state, does not give

rise to phase separation transitions in general, but they exhibit interesting steady-

state current behavior which will be discussed in the next section.
6.1.3 Average current of particles

The average current is an entity of interest since the non-equilibrium phenomena
are characterized by a net flow or current in the system comparing to their equilib-
rium counterparts which are dictated by zero average current. In this section we
will focus on calculating exactly the average particle current in the pair factorized

steady states of (K 4 1)species assisted exchange models. In particular, the average
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current for the species k would be

K K
Je= Y ul(m, kK ) (mkk') — u(m, K, k)(mk'E).
k' %k m=0

Using the matrix representations in Eq. (6.10), it is quite straightforward to obtain

Z 2!

mkk') = 2 g, K)g(h, W) () (0lm)
_ (mk) (kK" (6.17)
Pk ' '
Then, for the exchange dynamics (6.5), the current of species k is
K K
Je = 20D A olm) (glm, KK ) — glm, k) {kI4:)
k1¢ka_oK
= 5 SN (arlmb!) — 2 (mk)) . (6.18)
k' £k m=0

To proceed further we need to be more specific about the dynamics. In the
following section we choose a specific form of weight function g(m,n) for which
the steady state results for current and other observables can be obtained exactly

for any arbitrary K.

6.2 Exact results for a class of AEM

In this section we choose a specific form of weight function g(m,n) for which the
steady state calculations of current can be done explicitly for any arbitrary K. Let

us consider the weight function to be

glm,n) = 9(m. 0)(0,n) m,n > 0, (6.19)

79(0,0)
where g(m,0) and ¢(0,n) are (2K + 1) independent parameters; once these pa-

rameters are fixed, the rest of the elements of g(m,n) can be calculated using Eq.

(6.19). In the following, for convenience, we set a short-hand notation

Um = g(m,0)g(0,m). (6.20)
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It is easy to check that the transfer matrix 7', with elements (m|T'|n) = z,,g(m,n)

along with Eq. (6.19), has the following properties,

K

I. Tr[T]= szg(k:, k) =27 (6.21)
k=0
[I. Det[T] =0 (6.22)

III. Nonzero eigenvalues : Ay =7+ V72—
K

s=(t-1) Z 2V}, (6.23)

k=1

Note that the other eigenvalue 0 is (K —1)-fold degenerate. Let [¢)), and (¢| be the
left and right eigenvectors (normalized), corresponding to the largest eigenvalue
A = Ay with elements, (m|y), and (¢|m) with m = 0,1,2,... K. For m > 0 we
have,

(mly) = ng(m,0)(0f4); (dlm) = nzng(0,m)(|0);

1
A =274 ¢(0,0)

with n = (6.24)

For m = 0, one can determine (0[¢)) and (¢|0) from the normalization condition

(oly) =1,

(0l0){0y) = <1+A_Az_f£(;<%),0>)

- (1 + 7g(0,0)n*(27 — ¢(0, 0)))

-1

(6.25)

Using these properties of T' we will now calculate the observables. Let us use the
grand canonical ensemble and remind ourselves that, without loss of generality, we
can set the fugacity zo = 1. The particle densities are then

 YZmUmg®(1,1)
a 20/«

[ + o — o] (6.26)

m

where,

o' = \/(a+d)? +4(y — Dow?
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K
and o = v¢*(1,1) Z 2V (6.27)

k=1
Similarly, the correlation function is

’yzm/g(m, O)Q(Oa m/)g2(17 1)
20/«

x (o —a+v}) (%) : (6.28)

C’m,m' (T) -

This being stated, we proceed to obtain the particle current given by (6.18).
From now onwards, we will be concerned with the average current of the species
k = 0. As we have already mentioned that £ = 0 can be considered as vacant
sites and k£ > 0 as the K-particle species; the particles £ = 1,2, ..., K exchange
with each other whereas the exchange of any species £ with 0 will now represent
diffusion, i.e., hopping of that species to right or left vacant neighbor. Clearly in
this case the total current including that of 0 or vacant sites will be J + Jy = 0
where J is the total particle current of K-species of particles £ = 1,2,..., K.
Then, J = —Jy. Current Jy can be calculated from Eq. (6.18), which gives the

total particle current

9(0,0) 11— g(0,0)/\) w
s = [((1—7) o 27—9(0,0));%

—r (1= 252 | oior ot (6.29)

where (4]0)(0]¢)) is given by Eq. (6.25). Inverting the density fugacity relations,

we arrive at the following equation

_ P ()% , »
Zp = U_ngQ(l’ 1>p0(1 _ /)0)2 [(1 - 2/)0) + 2 /)0(1 _ /)0)
(

+(1—2p0)v/ (1 = 2p0)* + 471 po(1 — po)], (6.30)

that expresses the fugacities z; (1 = 1,2,...,k) in terms of the densities p; so that

z; can be replaced in Eq. (6.29). Note the difference between the expressions of the
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average particle current J in (6.29) compare to (6.18); it became possible to write
down the current in (6.29) in terms of the input parameters like the densities and
hop rates (after replacing z;s using (6.30)), which was not that straightforward for
(6.18).

Now, as we have obtained the exact average current for the K-species assisted
exchange model, our next move would be to investigate possible interesting proper-
ties of the current. First we consider K = 1 case where a single species of particles
undergo assisted hopping on a 1d periodic lattice; we will discuss how these simple

models exhibit density dependent current reversal and negative differential mobil-

ity.
6.3 Assisted exchange model (K =1)

Consider a 1d periodic lattice with L sites 1 = 1,2, ..., L where each site 7 can be
occupied by at most one particle(i.e, the particles are hard core) represented by 1
or it can be vacant, represented by 0. A particle from a randomly chosen site ¢ can
move to its right neighbor (i 4 1), if vacant, with a rate that depends on the left
neighbor (7 — 1) of the departure site. Whereas, the particle from i can also move
to its left neighbor (i — 1), if vacant, with a rate that depends on the left neighbor
(1 — 2) of the arrival site (¢ — 1). More precisely, in a nutshell, the motion of the
particles are assisted by their neighbors- isolated particles and crowded particles
(particles with occupied neighbor(s)) hop in different manner. The dynamics is

represented as

010 = 001 110 = 101 (6.31)
q Y29

For this dynamics we have pair factorized steady state, following (6.5) only if
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= % = 7; the pair-weight functions are then

1 1 1
g(0,0) = —; ¢(1,0)g(0,1) = vy = —;g(1,1) = — 6.32
(0,0) . (1,0)9(0,1) = v, ” (1,1) o (6.32)
and the corresponding dynamics,
010 = 001 110 = 101 (6.33)

q qyt
has three parameters p,q and ~. It is easy to show that the particle current for
this single species assisted exchange model, in terms of particle density p or corre-

sponding fugacity z, is

7 = p({010) + 7(110)) — ((001) + %<101>>

R T R o))
1/1 z 1 z z
e A= 3 (G- )

)\ —
and (¢[0)(0|y) = pr])g—pq—z{]z/W'

(6.34)

In the above equation, we have calculated the current in the grand canonical
ensemble by associating a fugacity z to the particles. In order to express the
average current J in terms of particle or vacancy densities, one can replace z in

(6.34) by inverting the density-fugacity relation as follows

1-2
L o oap e = 2p)

q  2qpo(1 — po)
[(1 —2p0)7 + v/ (1 = 2p0)*7* + 4ypo(1 — Po)] : (6.35)

X

Now we would like to discuss two interesting features viz. density dependent
current reversal and negative differential mobility of particles emerging from the
expression of particle current in Eq. (6.34) that resulted from the stochastic process

(6.31) along with (6.32).
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6.3.1 Current reversal in AEM with K =1

Let us discuss a more specific example with, ¢ = }D and v = #; the dynamics is

then,

1

010 =001 ; 1102101 . (6.36)

p
P

Now comparing the rates in Eq. (6.36) with that in (6.31) and further using Eq.
(6.32), we conclude that the dynamics in (6.36) indeed gives rise to a pair factorized
steady state with the pair weight factors obtained as ¢(1,0) = ¢(0,1) = 1 and

9(0,0) = g(1,1) = p. Correspondingly, the particle current from Eq. (6.34) will be

(z—1)(A—p)(1—p?)

;- - (6[0) (0],
where \ = %(p(l +2) + VP21 — 2)2 + 42)
and (9]0} (0]45) = %{% (6.37)

Thus the particle current J vanishes when p = 1, or when z = 1 (note that
A > pz and thus (¢|0)(0]¢)) can not be zero). Since A = p corresponds to z = 0
(i.e., the particle density p = 0) and p = 1 corresponds to equilibrium, the only
nontrivial condition for a zero current state is z = 1. The density fugacity relation

can be obtained using py = 1 — p in Eq. (6.35),

Sy Pt V(2p— 1)+ 4p2p(1 — p)] . (6.38)

This indicates that for any arbitrary p # 1 the current J = J vanishes at density
p=7

In Fig. 6.1 we plot the particle current J as a function of density for different
values of p. For all values of p, the current is antisymmetric about density p = %,
i.e., J(p) = —J(1 — p). This is evident from the fact that dynamics (6.36) is in-

variant under particle-hole exchange 0 — 1 and 1 — 0; thus, the magnitude of
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Figure 6.1: Current as a function of density for K = 1. Density dependent current
reversal for single species assisted hopping model obeying dynamics (6.36) for
p = 0.5,0.7, 1.5, 3- the current becomes zero at p* = % (point of reversal) and then
reverses its direction as density is increased.

current experienced by particles must be same as the current experienced by holes
after particle-hole exchange, but the direction of hole current is opposite to that
of particles. Also, for all values of p, when particle density is small (p =~ 0), the
average current flows towards right if p > 1 (or towards left, if p < 1), it reaches
a maximum (minimum) value and then decreases (increases) continuously until J
becomes zero at density p* = %, which we call to be the point of reversal; further
increase of the particle density results in flow of current in opposite direction. The
density-dependent current reversal is uncommon in single species of particles. In
fact, for systems with two or more species of particles, each species can experi-
ence the external field differently (say, positive and negatively charged particles
in an electric field) and the particle current can change direction when the rela-
tive density is varied. The density-dependent current reversal we observed here
is due to inter-particle-interaction. Although, we have only one kind of particle,

the current gets contribution from two current carrying modes which experience
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the external bias differently: particle in isolation experience a bias 2Inp (bias is
defined for dynamics (6.36), following local detailed balance [118]) whereas parti-
cles in crowded environment experience an opposite bias —2Inp. With increasing
density, the relative density of these two current carrying modes changes, resulting

in current reversal at some threshold density p = p*.
6.3.2 Negative differential mobility in AEM with K =1

In this section, we consider yet another specific case of dynamics (6.33), by setting

p = 1,q = e ¢ without loss of generality and choosing v as a function of ¢, i.e.,
V=7 Jrlae. The dynamics is then
010 2001 110 = 101 17— — (6.39)
e emey1 T Th e '

The above hop rates, when compared to Eq. (6.31) along with (6.32), imply that
the model has a pair factorized steady state with g(1,0) = ¢(0,1) = e“/2,¢(0,0) =
efand g(1,1) = (14-0¢). The parameter o introduced here measures the strength of
the particle current for a given density and more importantly, tunes the dependence
of 7 on €. Note that, in (6.39), for ¢ = 0, the exchange dynamics is insensitive to
the occupancy of the left neighbor of the exchanging-pair and the model reduces to
asymmetric exclusion process on a ring [139] where all configurations are equally
likely in steady state and the particle current J = (p—q)p(1—p) = (1—€e7%)p(1—p)
is an increasing function of the bias €.
For dynamics (6.39), it is easy to see following local detailed balance condition[118]

that the bias on the isolated particles is simply € whereas the crowded particle ex-
periences a rightward bias given by (e — 21In(1 + g¢)). For any 0 < o < 1/2, both

these biases increase monotonically with ¢ and one expects the particle current
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to increase as € is increased. This is however not true. We find that the particle
current J exhibits non-monotonic behavior.

Let us calculate the particle current, for the present dynamics (6.39), using Eq.

(6.34),
7= P (- e (14 09) — oelz - 1) (ol0) 0,
Where)\—%<e —l—Z(l—){\—OE )+ v/ (ef — z(1 + 0€))? +4zef>
and (6]0)(0}) = 52— (6.40)

From the density-fugacity relation, one can also express z in terms of the density,

B - (1~ 270) x [ef(1 —
= U500 " A+ otpll —py) < €17 20)

+/ec(e(1 — 2pg)2 4 4ec(1 + o€)po(1 — po)) | -

Let us study the system at a specific density p = % = po; then the fugacity z in

the above equation simply relates to the bias € as

z= Ato0 (6.41)

Correspondingly, substituting this value of z in Eq. (6.40), the particle current at

p= % = po becomes
1 —e“(1+o¢)

2(1+ o€+ 1+ oe)

(6.42)

1

In Fig. 6.2 (a) we plot the current .J as a function of the bias € for p = 3

with three different parameter values ¢ = 0, %, % As expected from dynamics

(6.39), irrespective of the value of o and p, J vanishes for e = 0 (corresponds to

equilibrium) and it increases as the bias is increased. It reaches its maximum value

at some finite € = €*(0) (e.g., €°(1/3) = 2.516, €*(1/2) = 2.487), after which, as we
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Figure 6.2: The current J as a function of bias ¢ for AEM with K = 1 following

dynamics (6.39). (a) J versus e for p = 5 and 0 = 0, 5, 3. (b) J versus ¢ for 0 = %

and p = 0.05,0.3,0.6,0.9. Negative differential mobility is observed for all cases
except for 0 = 0 which corresponds to asymmetric exclusion process on a ring
[139].

increase the bias the current decreases gradually giving rise to negative differential
mobility (NDM) (i.e., 42 < 0 in the parameter region ¢* < e < oo). The occurrence
of NDM has been evident from Eq. (6.42); as J vanishes in the extreme limits
e — 0 and € — oo, there must be a finite threshold bias ¢ = €* at which the
current reaches to an extremum. Current J as a function of € for ¢ = %, and
different p are shown in Fig. 6.2 (b).

In this model, both current carrying modes experience a positive external bias
€; decrease of current with increasing bias is due to inter-particle interaction. Pos-
sibility of NDM in interacting systems has been explored recently in Ref. [35];
it was argued that the slowing down of certain non-driven modes could generate
NDM. Here, both isolated and crowded particles are driven by external bias in the
same direction but the asymmetry factor v = 1/(1 + o€) decreases with increasing
¢ (for any value 0 < ¢ < 1/2 considered here), leading to NDM. To emphasize
this point we also study the model with ¢ = 0 (i.e. v = 1); the corresponding

current J = (1 —e~)p(1—p) is plotted in Fig. 6.2. Clearly non-monotonic current

behavior disappears when dependence of 7 on € is switched off (i.e., ¢ = 0) and
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current settles to a finite constant value p(1 — p) as € — oo.
To understand the mechanism of negative response better, let us re-write the

second part of the dynamics (6.39), i.e., the part involving parameter ~,

1101 = 1011; 1100 = 1010 (6.43)

o1 1
In the first step, hopping of a particle to the left or right neighbor does not change
the number of domains (which are uninterrupted sequence of 1s) as as the particle
leave one domain and join immediately another existing domain. Whereas in
second step, rightward hopping of the particle (with rate ) increases the number
of domains and the reverse hop (with rate e ¢y~!) merge the domains and thus,
decrease the total number. The factor 7~ = (1+0¢), being an increasing function
of €, favors small number of domains for large €. This in turn enhances formation
of larger domains and there by decreases the particle current. Consequently we
have negative differential mobility of particles for the dynamics (6.39) when v~! =
(1 4+ oe€) in the parameter region 0 < o < %

This concludes our discussion about the single species assisted hopping model
with a generic dynamics of the form (6.31)- which possess pair factorized steady
state when the rates are specified by the condition (6.32). We have shown explicitly
that this model, with some specific choice of rates, as given by Eq. (6.36) and (6.39)
can exhibit density dependent current reversal (Fig. 6.1) and negative differential

mobility (Fig. 6.2) respectively.
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6.4 Assisted exchange model with K =2

In this section we describe a simple example of the dynamics in Eq. (6.1) for
K = 2. We start by considering a specific rate,

3

9(0,0) = 15.900,1) = £.9(0.2) = 2,9(1,0) = 5 = 9(1,1),

9(1,2) = Lg(2,0)= 7= 9(2,2),9(2,1) = (6.44)

OOIH

The exchange rates, that gives rise to a pair-factorized state with the above pair
weight functions, can be constructed in a straightforward way using Eq. (6.5).
The fugacities z; and 2 corresponding to the particles of the two different species,
can now be expressed as a function of the corresponding particle densities p1, po

and pg =1 — p; — po as (using Eq. (6.30)),

1
21 = 281p1; Z9 = 581p2 (645)
1 —po(1 —po) + (1—2,00\/1‘1‘2001—,00)

where s; = 0l = po)?
o1 — po

The particle current, as given by (6.29), takes the following form

- K%po + \/,0_052> (21 4+ 25) — (/s + 552)ss
where sy = 5 (p—\/l_ + 5/\)_2/> (6.46)

Finally, by replacing z; » from (6.45) into (6.46), we obtain the expression of current
J as a function of the particle densities p; o.

Figure 6.3 shows the steady state particle current as a function of the second
species particle density p, for a fixed value p; = 0.2; here the direction of current
is changed multiple times. For small density ps ~ 0, current flows towards left
(here almost the whole of the current is carried by the species k = 1 only) and it

changes it direction and flows towards right once density crosses a threshold value
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Figure 6.3: Density dependent current reversal for a two species (K = 2) assisted
exchange model (see Eq. (6.44)). The direction of current is reversed twice when
po is increased keeping p; = 0.2 fixed. The reversal points are p3 = 0.07,0.62

p5 =~ 0.07. Again the direction of current changes at p, =~ 0.62. Note that multiple
current reversal with density was not possible for one species, K = 1 exchange
models. One should keep in mind that this current reversal can also be observed
by tuning p; with a fixed value of py. In fact, in general, J is a function of (p1, p2)
and one expects a line of reversal in the p;-ps plane, where, along this threshold

line the the current becomes zero before changing its direction.
6.4.1 Negative differential mobility in AEM with K =2

Just like current reversal, in this section, we would like to show an example where
the assisted exchange model exhibits negative differential mobility of particle cur-

rent. In particular, we consider K = 2 with pair-weight functions,

9(0.0) = ¢, 9(1,0) = g(0,1) = e, g(1,1) = (1 + ).

9(2,0) = e/?,(0,2) = ™/, g(1,2) = (1 + 2)65/5,

9(2.1) = (1+5)e7™/10,9(2,2) = (14 )™/, (6.47)
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Figure 6.4: Negative differential mobility exhibited by the total particle current
in the region 3 S ¢ S 17 for a two species ((K = 2) assisted exchange model at
densities p; = 0.6, po = 0.1

Corresponding two species assisted exchange dynamics can be derived from Eq.
(6.5). Since, here we focus on the current as a function of the bias €, we consider
the particle densities of the two species to be fixed at p; = 0.6 and py = 0.1
respectively. It is quite straightforward to check that all the relevant biases in the
total particle current are increasing functions of the bias ¢ under consideration.
Now, the exact form of the current in this case can be calculated directly from Eq.
(6.18). We have not provided the expression of exact steady state current here as
the expression is long and complicated - it does not provide any useful physical
insight. Instead, we show the plot of the total particle current as a function of the
bias in Fig. 6.4.

We observe that the current increases as bias € is increased and beyond a
threshold value €* ~ 3 it starts decreasing, exhibiting negative differential mobility.
The differential mobility remains negative in a finite region 3 < ¢ < 17 and then
the current starts showing the usual positive response. Observation of negative

mobility for a finite range of bias is quite interesting; at present we don’t have a
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better understanding of this effect. Further study, in this direction will be reported

elsewhere.

6.5 Summary

We have introduced in this chapter an assisted exchange model on a one dimen-
sional periodic lattice with hardcore particles of (K +1) (K being any finite positive
integer) different species, where the dynamics conserves the total number of par-
ticles as well as the number of particles of each species. We refer to it as assisted
exchange model (AEM) because the particle exchange rate, between two different
species of particles, depends on both, the pair of particles taking part in exchange
and their immediate left neighbor. Firstly, we investigate the possible steady state
measure of this stochastic process and using the h-balance scheme, we obtained an
explicit, sufficient condition, for which the steady state has a pair-factorized form.
We provide a transfer matrix formalism that helps us to calculate the spatial cor-
relation function and steady state averages of several other observables. We have
been mostly interested in the particle current that characterizes a non-equilibrium
state. The (K + 1)-species exchange model can also be interpreted as a hopping
model of K-species particles by denoting one of the species as vacancy; exchange
with the vacancy is then equivalent to the hopping and exchange with any other
species will remain as exchange dynamics. In this case the total particle current J
is same as —Jy, where Jy is the current of species 0 (vacancy).

We also provide exact and rigorous results for a specific class of pair-weight
functions; the steady state current and density-fugacity relations are calculated

explicitly for any arbitrary (K + 1)-species of particles. Some specific examples of
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K =1 and 2 are also discussed elaborately. To illustrate intriguing features like
density dependent current reversal for a fixed set of rates and negative differential
response of the particle current with increasing bias, we have extensively discussed
a single species assisted hopping model where isolated particles (particles with
both neighbors vacant) and crowded particles (particles with at least one neighbor
occupied) hop with different rates. This model resembles the partially asymmetric
conserved lattice gas [19]. Moreover, these interesting behavior of current, i.e,
current reversal and negative differential mobility has also been described briefly
for two species assisted hopping and exchange model with specified rates; for K = 2
models we observe additional features like multiple points of reversal in context of
current reversal and an unusual response in particle current where the negative
mobility is restricted to a finite region of bias.

We conclude that the phenomena like reversal of current with increased density,
and negative differential mobility of particles can generally occur in multi-species
assisted hopping and exchange models for suitable choice of the dynamical rates.
One can in general ask if AEM can have a steady state measure, other than PFSS
and explore the possibility of phase separated states. It would be interesting
to explore these exactly solvable models to study the characterization of non-

equilibrium states in terms of current and its higher order cumulants.



Chapter 7

Conclusion

We have introduced several classes of driven interacting particle systems and solved
exactly the corresponding steady state measures using different schemes. As it is a
well-known fact that the non-equilibrium systems, unlike their equilibrium coun-
terparts characterized by Gibbs-Boltzmann distribution, do not have any unique
steady state measure, we have tried to shed some light on this issue by consider-
ing certain class of non-equilibrium models which could be solved exactly. Since
the steady state of non-equilibrium systems are very much dependent on the com-
plexity of the dynamics, it is difficult to track down a path how to systematically
proceed to obtain the steady state of a system with a given dynamics. In this re-
gard, starting from the Master equation that governs the time evolution of a many
particle system in the configuration space, several schemes (more precisely, flux
cancellation schemes) have been used throughout the thesis that help us to find
steady state measures. These schemes include matrix product ansatz, h-balance
scheme and pairwise balance condition.

In context of stochastic processes driven out of equilibrium, we have introduced

the finite range process on periodic lattices in one dimension where particles are

148
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free of hard core repulsion and can stay in multiple number on individual lattice
sites. The dynamics of this process is such that a particle can hop to its nearest
neighbor along a given direction with a rate that depends on the occupation number
of a finite number of neighboring lattice sites (including the departure one) mak-
ing the process to be finite range process. Using pairwise balance condition, we
found that the corresponding steady states can be written in a cluster-factorized
form meaning the steady state probabilities are expressed as a product of func-
tions that depend on a cluster of neighboring site occupation variables. Since the
finite range dynamics invokes a spatial correlation between different lattice sites,
we have calculated analytically the spatial correlations in some of these models
with the help of a transfer matrix formulation. In subsequent chapters, we have
generalized this finite range process by considering motion of the components in all
possible directions (asymmetric finite range process) and also by including differ-
ent number of neighbors in different directions in the hop rates (asymmetric finite
range process with different range of neighbors). Although these generalizations
are simple to state, their steady state structures are quite intriguing. A simple
modification in the dynamics may render inoperative the cancellation scheme used
earlier to obtain the exact steady state measure, then one has to invent a new
scheme. This makes study of non-equilibrium steady states a challenging task on
one hand but also interesting on the other. In asymmetric finite range processes,
the steady state is achieved through the h-balance scheme which involves the in-
troduction of an undetermined function h(.) in a suitable way that necessarily
satisfies the steady state Master equation, whereas for the asymmetric FRP with

different range of neighbors, we have extensively devised matrix product ansatz
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for particles without hard core exclusions and the flux balance scheme used there
involves the representation of an algebra of infinite set of matrices as a single func-
tional relation of the site occupation variables and also the introduction of some
auxiliary undetermined matrices in a suitable way that essentially leads to the
steady state Master equation. Apart from these non-equilibrium models, we have
also studied multi-species assisted exchange models where the particles obey hard
core exclusion and the corresponding steady state for particular choice of exchange
rates have been found exactly using the h-balance scheme.

Along with the exact solution of the steady state measures of several non-
equilibrium processes using different flux cancellation schemes, we have calculated
analytically physically relevant observables like spatial correlations and particle
current in many of these models. In particular, to differentiate non-equilibrium
systems from the equilibrium ones which are zero current systems, the particle
current in non-equilibrium cases is always an interesting quantity to cultivate.
The particle current, for specific choice of the dynamical rates, exhibits several
special features like density dependent current reversal and negative differential
mobility. For systems with multiple current carrying modes that feel net bias
in different directions, for fixed values of the rate parameters, only by tuning
the particle density one can observe that the current reverses its direction. We
have observed such phenomena in asymmetric zero range process and asymmetric
misanthrope process. Moreover, in the assisted exchange models with multiple
species studied here, we have observed the existence of multiple points of reversal,
i.e., the particle current reverses its direction more than once with the change of

density. The negative differential mobility of particles has been observed in several
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processes, e.g., asymmetric misanthrope processes, where by slowing down the
activity of some current carrying modes through the biasing of other modes, the
current has been found to be decreasing with increasing bias. We have also studied
the possibility of condensation transitions in one dimensions in these processes. In
fact, for special choice of hop rates in finite range and asymmetric finite range
processes, we have found that a macroscopic fraction of particles accumulate at a
single lattice site leading to the formation of condensates.

The present thesis on the exactly solvable driven interacting particle systems
also raises some open questions. For example, it would be interesting to study the
finite range process and their generalizations with open boundaries. The steady
states of a system on periodic lattice and with open boundaries can be very differ-
ent from the dynamics on a periodic system. For example, in case of the totally
asymmetric simple exclusion process- the steady state on a one dimensional pe-
riodic lattice consists of all equally likely configurations whereas the same bulk
system with open boundaries has a matrix product state and exhibit novel phase
transitions. In this context, it would be interesting to explore the steady state
measures and possibility of phase transitions in open boundary finite range pro-
cess. Also, remembering the fact the exactly solving higher dimensional models
may be very different from that of one dimensional problems, one may study finite
range process and their generalizations in higher dimensional lattices to see how to
obtain the corresponding steady states. Another interesting point revealed from
the study of current reversal is the existence of a special point, namely the point

of reversal where the particle current vanishes even when the system is far from
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equilibrium. It is interesting to ask how to differentiate these zero current non-
equilibrium situations from equilibrium system which is naturally a zero current
states. In general, the schemes used here to exactly solve the steady states and to
analytically calculate observables, may help in rigorous study of characterization

of non-equilibrium systems in general.
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