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Separation of dense colloidal suspensions in narrow channels: A stochastic model
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The flow of a colloidal suspension in a narrow channel of periodically varying width is described by the
one-dimensional generalized asymmetric exclusion process. Each site admits multiple particle occupancy. We
consider particles of two different sizes. The sites available to particles form a comblike geometry: entropic
traps due to variation of channel width are modeled by dead ends, or pockets, attached individually to each site
of a one-dimensional chain. This geometry, combined with periodically alternating external driving, leads to a
ratchet effect which is very sensitive to particle size, thus enabling particle sorting. A typical behavior is reversal
of the current orientation when we change the density of small and big particles. In an optimal situation, the two
types of particles move in opposite directions, and particle separation is in principle perfect. We show that in
the simplest situation with one type of particles only, this model is exactly soluble. In the general case we use
enhanced mean-field approximation as well as direct numerical simulations.
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I. INTRODUCTION

The problem of movement of driven and strongly inter-
acting classical particles in confined geometries occurs very
often in numerous applications [1,2]. One of the first mo-
tivations for study of these systems occurred in molecular
biology [3,4]. When synthesizing proteins, ribosomes slide
along the RNA chain, driven by a molecular motor. There
are many ribosomes attached one after the other on the same
RNA chain, and as they are not synchronized, they interact
strongly by steric repulsion. The situation can be described in
terms of the asymmetric exclusion process (ASEP) [5]. This
model, due to its conceptual simplicity, became very popular
during the last decades. It is exactly solvable either using the
Bethe ansatz or using the matrix product technique [6—14].
It was found that it is a paradigmatic model for a very wide
range of situations sharing the same dynamic universality
class [15,16].

The success and popularity of the ASEP stimulated its
use for more realistic situations. We already mentioned the
early application to ribosome movement. Ribosomes are just
one of many examples of molecular motors at work in living
cells [17-20]. The molecular motors rely on the mechanism
of a Brownian ratchet [21], i.e., on periodic alteration of the
effective potential in which the motor particle moves. Such
alteration is spatially indiscriminate, nevertheless it produces
driven motion in a specific direction. Experiments show var-
ious complex phenomena which manifest strong interactions
between molecular motors [22—-26]. To model them, the ASEP
was often combined with the ratchet mechanism, as a starting
point to develop more complicated models with internal de-
grees of freedom and complex dynamics [27-39].
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The typical length scale of molecular motors is about
10 nm. On a much larger scale, about 1 um and more, similar
physics is observed in dense suspensions of colloidal particles
in narrow pores or various microfluidic chambers [1,40—43].
Driving is provided by the flow of surrounding liquid only, or
combining it with gravity, electrostatic field, centrifugation,
etc. One of the important tasks we face in such systems
is separation of colloidal particles according to their size,
shape, or other physical properties [44—46]. Among numerous
applications, let us mention, for example, separation of alien
particles from blood [47-49]. As a pedagogical example,
blood is perhaps the most illuminating case. Indeed, there are
numerous, but not extremely many, types of blood cells, all
of them at a scale about 10 um, and they form a rather dense
suspension driven by blood pressure. Contact interaction be-
tween cells is strong due to considerable density, and driving
is also strong in order to keep them in movement. If there are
alien cells in very small concentration, e.g., originating from a
tumor, it is delicate task to find them among all the rest. Phys-
ical methods, like inertial migration [50], have the invaluable
advantage of being nondestructive; therefore, the captured
cells may be further analyzed, cultivated, etc. Another strategy
based on hydrodynamics is provided by deterministic lateral
displacement where particles pass through a two-dimensional
array of obstacles [51,52]. Diffusion-driven sorting in such
two-dimensional structures was studied in Refs. [53,54].

In our work, we focus on separation of particles in chan-
nels and tubes of various asymmetric geometric structure.
The most typical shape is the “sawtooth” profile, where the
width of the channel periodically increases and decreases.
The behavior of colloidal suspensions in such channels was
widely studied experimentally [55-59], confirming the sepa-
ration capacity of these devices. Theoretical modeling of these
systems was done mostly in the low-density regime, where
particles are nearly independent [60—62], but simulations are
also available for dense suspensions of hard spheres [63] or
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Lennard-Jones particles [64]. The clue to separation mecha-
nism lies in the ratchet mechanism, as explained above. It was
shown that the key ingredient of such channels as separating
devices comes from the wider areas of the channel. They act as
weak or strong traps (depending on the shape) where particles
may be kept off the current of other particles. In specific
geometries, such traps, or pockets, may even lead to negative
mobility of the particles [65-67].

The idea of our work comes from combination of the chan-
nel geometry containing arrays of pockets with the idealized
dynamics provided by the ASEP model. The fact that there are
several species of particles, which can differ in their mobility,
size, etc., will require some generalization of the ASEP model.
However, we shall still profit from its conceptual simplicity
and the ease of implementation in simulations.

In fact, the ASEP with several species of particles was
studied quite in depth [68-77]. As long as the exclusion
property is kept, i.e., if there is at most one particle at a site,
the multispecies ASEP remains to be integrable, and many
properties are known exactly. The situation changes if we
allow more particles per site [78]. This family of models is
commonly called generalized exclusion process (GEP). The
situation is much simpler in symmetric case, where unidi-
rectional driving is absent. Numerous results are known for
symmetric GEP [79-83], and although it does not seem to be
integrable, except for special cases (e.g., the misantrope pro-
cess [84]), approximative methods yield surprisingly precise
results when compared with numerical simulations [80].

For our purposes, we need to include asymmetric driving,
so the asymmetric GEP, or the generalized ASEP, will be
used [85]. Here we further generalize this model by allowing
two species of particles. These two species will model the sit-
uation of a dense colloidal mixture, whose components need
to be separated. This situation was already modeled in terms
of a two-lane ASEP [86—88], where interaction between lanes
partially accounts for two particles being at the same site. A
similar two-lane perspective was also applied in Ref. [89],
while in Ref. [90] particles could have different length, i.e.,
they can occupy different number of adjacent sites. Also in
our model the particles will have a different size, but we shall
require that one particle can occupy at most one site. The sum
of the sizes of all particles at the same site cannot exceed a
fixed number we shall call site capacity.

Second generalization introduced here will affect the ge-
ometry of the structure on which the particles move. In order
to mimic the channels of variable width, we abandon the
strict linear chain of sites. In earlier models each site was a
cell within which particles were placed. In our model, each
site is an object composed of two cells. The linear chain of
cells serves as a kind of a backbone and to each cell on the
backbone we append another cell as a dead end or a pocket.
The pockets are isolated from each other, so the particles
can jump just from the backbone to a pocket and back. This
way, particles diffuse on a kind of an asymmetric comblike
structure. Such structure is crucial for the emergence of the
ratchet effect, i.e., rectification of the net particle current,
when the direction of the external driving is periodically alter-
nated. Indeed, in the original ASEP and all its generalizations
keeping the linear chain geometry, the current just changes
sign when the direction of driving is altered, resulting in zero

ratchet current. The nonzero ratchet current can occur only
due to the presence of pockets.

In the Sec. II we define our generalized ASEP model,
show an exactly solvable case, and specify in detail the Monte
Carlo simulations used. Comparison with these simulations is
made throughout the following sections. In Sec. III we start
with mean-field approximation in methodologically useful
simplified cases. In Sec. IV we solve the full generalized
ASEP model using the mean-field approximation and discuss
the agreement with Monte Carlo simulations. In Sec. V we
investigate the ratchet effect and its use for full separation of
particles according to their size. Section VI summarizes the
results obtained.

II. GENERALIZED ASEP MODEL

A. Discretized and stochastic description

We want to model a dense suspension of colloid particles
moving in a pore with nontrivial geometry. The particles are
suspended in a fluid, but we assume they are neutrally buoy-
ant. The particles are driven by an external bias, due to either
a hydrodynamic drift or an external field. They interact with
each other and with the walls of the pore by steric repulsion.
Hydrodynamic interactions due to surrounding fluid are ne-
glected. We say in advance that such neglect is a serious weak
point of our approach, because in reality the hydrodynamic
interactions, especially with the walls, are quite strong. On the
other hand, it greatly simplifies the treatment, as the principal
factors of the movement are drift and diffusion. These two
factors can be then effectively accounted for by stochastic
modeling.

The first ingredient of our model will be the simplified
geometry of the pore in which the particles move. We suppose
the diameter of the pore varies periodically along its axis.
Inside the pore, a mixture of particles of various sizes is
moving. We show the situation schematically in Fig. 1(a).

(a)
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FIG. 1. (a) Schematic picture of a pore with periodically varying
diameter, containing a mixture of colloidal particles. Note that the
variation is mirror-asymmetric. (b) Model idealization of such pore,
featuring an asymmetric comblike structure of cells. The structure
consists of a backbone with attached dead ends, or pockets. These
pockets represent locations where the diameter of the pore is in-
creased. The jump rates along the links connecting the cells are
indicated by quantities a, b, ¢, and d.
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In view of ASEP-like modeling, we mimic such a pore
geometry by a discretized version. Instead of having contin-
uous values for the positions of the particles we divide the
space available into cells, and for each particle we register
only the presence or absence of the particle in certain cell,
not the precise position within the cell. In order to measure
the size of the cell, we introduce the cell capacity k. As
our primary concern is separation of mixtures of colloidal
particles, we assume we have K species of particles, each
being characterized by the particle size [,, « =1,..., K.
Finite size of the cell and steric repulsion between particles
are taken into account by the exclusion constraint for each
cell with capacity k, which is

K
D nela <k, (1)
a=1

where n,, is the number of particles of species « contained in
the cell.

The simplest way how the pore as in Fig. 1(a) can be
discretized into cells is the asymmetric comblike structure
sketched in Fig. 1(b). There are two types of cells. The cells
of the first type [one of them is denoted by the letter “s” in
Fig. 1(b)] form a linear chain which will be called backbone.
The cells of the second type (one of them is denoted by the
letter “z” in Fig. 1(b); the meaning of the letters s and z
will be clear later) complement the backbone by a sequence
of dead ends of unit length. Each cell in the backbone is
connected to exactly one cell of the second type. We shall
call the cells of the second type pockets. The pockets are
not connected directly one to another, but can communicate
indirectly through the backbone.

Particles can jump from one cell to the other, provided
the cells are directly connected. This means that particles can
jump from a cell on the backbone to the two nearest-neighbor
cells on the backbone. This is indicated in Fig. 1(b) by the
corresponding right- and left-hand jump rates a and b. A
particle in the backbone cell can also jump to the single
pocket cell attached to it (indicated by rate c¢) and conversely,
a particle can jump from the attached pocket to the backbone
(as indicated by rate d). For further convenience, we shall fix
the nomenclature so that the pair of cells consisting of one cell
at the backbone and the pocket cell attached to it will be called
a site. Therefore, the system consists of a linear chain of sites.

The second ingredient (after the geometry) of our model
is the dynamics of the particles. In reality, the movement
of the colloid particles has a deterministic and a stochastic
component. The deterministic part comes from the hydrody-
namic driving, which is known uniquely as long as the flow
of the fluid is determined (provided the flow is laminar). The
stochastic part is the Brownian motion, which depends on
particle size, temperature, and fluid viscosity. Instead, in our
model the movement of particles is purely stochastic, and the
deterministic component of the real movement is taken into
account in the model by a bias in jump rates between cells.

Therefore, the dynamics of the model is parametrized by
a set of jump rates. For each of the K species of particles,
we have four rates, namely, left and right jump rates along
the backbone and jump rates to and from the pocket. The
only constraint the particles must keep is the inequality (1)

which must be satisfied at all cells. Jumps which would violate
this constraint are forbidden. This is the generalization of the
exclusion principle of the ASEP model, in which at most one
particle at each site is allowed.

We shall denote the length of the backbone L (so that there
are 2L cells in total) and always assume periodic boundary
conditions.

As our main concern is with separation of particles by
size, and at the same time we want to keep the model simple
enough, the core results will contain particles of two species,
i.e., K = 2. Their sizes will be simply /; = 1 (small particles)
and I, = 2 (big particles). With a few exceptions (specified
explicitly later), we shall keep the convention that upper-case
symbols (rates, currents, etc.) pertain to big particles, while
lower-case symbols are used for small particles.

B. Exactly solvable case

If our model contains only small particles and, moreover,
if the capacity of the cells in the backbone is unity, k =
1, but the capacity g of the pockets can be arbitrary, we
can exactly calculate the stationary many-particle state. The
configurations are specified by the collection of occupations
numbers (s|z) = {(s;|z;)} wheres; =0,1landz; =0,1,...,q
are the particle numbers in the ith backbone cell and in the
attached pocket, respectively.

Stochastic transitions have the form of random jumps
of particles both between neighboring backbone cells and
between a backbone cell and the attached pocket, always
respecting their capacities. In particular, the transition rate
W((s'|z') < (s|z)) = a whenever a particle jumps from an ith
backbone cell to the (i + 1)th backbone cell, i.e., fors; = 1 —
sip1 =1, 5;=1—5;,, =0, and s_’]- = s; for all other back-
bone cells, with the pocket configuration remaining untouched
(z' = 2). Analogously, the transition rate for the opposite
jump, i.e., from the (i + 1)th backbone cell to the ith one is
denoted by b. A particle can also jump from the ith backbone
cell to the attached pocket with rate ¢ and the opposite process
occurs with rate d z;; note that it is proportional to the number
of particles in the pocket.

We will show that the stationary distribution does not
depend on the jump rates a and b, therefore it coincides with
the stationary distribution of the detailed balanced dynamics
(a = b). The latter is to be the equilibrium distribution of a
system with L ground states (the backbone cells) and L excited
states (the pockets), which in the grand-canonical setting takes
the factorized form

L
P(slz) = [ [IpGsi) pz). )

i=1
where the marginal distributions in the backbone cells and the
pockets, respectively, are

(D= By = o= )
si)=——, D)= o

P 1+ P97 e o

with y = ¢/d and E(A) = Y}_7_,(Ay)"/n!. In this ansatz we
have used that the logarithmic ratio In(d/c) = —Iny can

be interpreted as the effective energy difference (with unit
temperature) between the ground (backbone) and the excited
(pocket) states. The averaged density of particles is then
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p1 = (si) + (z;) or
A dIn E(A)

= + A .

1+ dxr

We remark that by conditioning the distribution (2) on a
fixed total number of particles ) ,(s; + z;) = piL, which is
invariant under the dynamics, we would obtain the canonical
form of distribution (no longer dependent on A that cancels
out). However, for convenience we stick to the factorized
grand-canonical form (2) in the sequel, and we prove that
it indeed provides the stationary distribution of the driven
dynamics (i.e., for a # b, in general).

The stationary condition

DI < (s12) =0 (5)

(s',7)

“4)

L1

expressed in words requires that the sum of all probability
currents from any configuration (s|z) is zero. There are four
types of particle jumps: to or from the pocket (denoted by
indices 1 and |) and to the right or to the left along the
backbone (denoted by indices — and <-). Therefore the
stationarity condition can be written in the simplified form

MU+ T+ T+ T 161 =0. (©)

l

The first term jf (s]z) can be nonzero only if the configuration
(s|z) satisfies s; =1, z; < g, and it counts the probability
current between this configuration and the configuration (s'|z")
such as s; = 0, z; = z; + 1 (all other occupations unchanged),
which equals

T (sl2) = ¢ P(s]z) — d(zi + DP(s'|2). (7)
However, this is always zero since from (2) and (3) we have
P(s|z) zi+1
N (8)
P(s'z) Y

By the same reasoning, ,_71.¢ (s|z) = O for the probability cur-
rent between any (s|z) such that s; = 0 and z; > 0 and (s'|7')
defined by s; = 1, z; = z; — 1 (and the rest unchanged). To-
gether it verifies the detailed balance condition for all transi-
tions to and from the pockets, which is also intuitively clear
from the geometry.

On the other hand, for the jumps to the right along the
backbone we need s; =1 — 5,4 = 1 and the new configu-
ration is s; = 1 —s;, | =0 (and the rest unchanged). Since
P(s'|Z/) = P(s|z), the probability current between these two
configurations is

J;”(slz) = (a — b)P(s|2)si(1 — sit1). 9
Analogously, J;" (s|z) = (b — a)P(s|z) whenever s; =1 —
si—1 = 0 and zero otherwise. Their sum can be conveniently

written in the form
(T + T5)Glz) = (@ — b)(si — sit1)P(s]2) (10

from which the stationarity (5)—(6) immediately follows by
summing over all cellsi = 1, ..., L and by using the periodic
boundary conditions.

The stationary particle current is given by

Jj= Z[Jiq = T0lGs12) = (@ = b)(si)(1 = (siy1))  (11)
(slz)

(independently of i). In terms of the fugacity A(p;, ), the cur-
rent reads j = (a — b)A/(1 + A)%. Since the driving reversal
corresponds to the transformation a <> b together with ¢ <> d,
we can also calculate the ratchet current (for a flashing ratchet
slowly switching between the positive and negative driving
regimes) as

a—>b A A*
2 LA+2r)? (4202

where A* = A(pj, 1/y) is the fugacity in the driving-reversed
case and j* is the corresponding particle current. The ratchet
current as a function of the density of small particles can be
obtained by inversion of the relation (4).

S P
Jrat = 5(] +] )— i|» (12)

C. Strategies for general case
1. Monte Carlo simulation

In a generic case, there is no exact solution available and
there is no easy hope for any, because as soon as k > 1 at
the backbone the system is very likely to be nonintegrable.
A natural choice is a direct numerical Monte Carlo (MC)
simulation, which we implement using a cellular-automata
approach. At each moment of the discrete simulation time the
state of the system is described by the occupation numbers
of particles of each species in each cell. We denote the set
of occupation numbers by {(i? )}, where the numbers at the
bottom denote the occupation numbers at the ith backbone
cell, while the numbers on the top denote the occupation
numbers at the pocket attached to the ith backbone cell. We
shall keep the convention that the letters “z” correspond to
the pockets and letters s correspond to the backbone. At the
same time, capital letters denote occupation by big particles,
and lowercase letters denote occupation by small particles.
The site index i runs from 1 to L.

Transition probabilities between states of the system

W[{(i"? )}« {(é'? )}] are deduced from the probabilities of
individual processes which always affect at most two neigh-
boring sites. Therefore, for the nondiagonal elements of the

transition matrix we have

wll (4 _ [(=%
S,'S,' S;S:
= ﬂ i Wz |:(ZW!Zm> (Zm+lzm+l)
L m=1 smSm sm+1Sm+1

- <ZmZm> <Zm+IZm+l)i| , (13)
S;nS;n S;n+1S1/n+l
where Ay = [1; ;2 izmi1 05:.5.05..5,0.287, 7 In the following
we shall also denote xx(s,S)=1if0 < sand 0 < S and s +
2§ < k. Otherwise we put x(s, S) = 0.
The matrix W, describes the probabilities of elementary

jumping processes. For example, for a jump of a small particle
to the right on the backbone we have

LSVARN§5Y2) 212y 22
W2 <
5157 8§25, s1 + 18 s — 15

1
= 501+ Da xi(s2, 82). (14)
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The list of all nonzero off-diagonal elements in the matrix W,
is given in Appendix A.

The diagonal element of the transition matrix W is com-
puted so that the matrix is stochastic, i.e., the sum of prob-
abilities over all final states gives 1. The precise value of
the constant v is inessential in the simulation, except for the
requirement that all elements of W are probabilities, i.e., fall
into the interval [0,1]. For example, we can use v = k(a +
A+ b+ B+ ¢+ C +d —+ D). On the basis of these transition
probabilities, we run a standard Monte Carlo simulation.

2. Mean-field approximation

Besides direct numerical simulation, we shall use the
mean-field (MF) approximation. Details of the MF calcula-
tions will be thoroughly explained later. Here we just sketch
the general approach. In the approximation, we want to keep
correlations between the cell at the backbone and the pocket
cell attached to it. These two cells form a single site. We
neglect the correlations between different sites, assuming that
the full probability distribution of all configurations factorizes
into product of probabilities of configurations of individual
sites. As we also suppose that the system is uniform, i.e.,
all sites are equivalent, we obtain a set of equations for the
probabilities of configurations of one site. For k = 3, which
will be the typical case studied here, there are 36 configu-
rations. However, their probabilities are not all independent.
Taking into account three constraints (one for unit total prob-
ability and two imposed by fixed number of particles of each
species), we end with the set of 33 quadratic equations, which
are then solved numerically. In the following sections we shall
investigate specific situations, starting with the simplified ones
(with lower number of independent equations). Comparison
with corresponding results of Monte Carlo simulations will
be provided in parallel.

III. PRELIMINARY CALCULATIONS

Before going to the full model with pockets, let us look first
at several simpler situations. We shall omit the pockets, so that
the particles can hop only along a linear chain, but suppose
the cell capacity k is larger than 1. This feature generalizes
the ASEP model.

A. One species of particles
1. Jump rates

In our analytic calculations, we shall work in continuous-
time description. When we compare stationary-state proper-
ties with discrete-time Monte Carlo simulations, such dis-
tinction in the treatment of time plays no role, as long as
probabilities and rates are properly matched one to the other.

Let us first simplify the model further by assuming just
one species of particles, namely the small ones. The particle
can jump to the right or to the left. The only condition is that
the occupation s of any site must be s < k. We can introduce
general jump rates depending on the occupation of the site.
From a site occupied by s particles, one particle can jump to
the right with probability a, and to the left with probability
b;. If the particles do not interact, besides the steric constraint

PHYSICAL REVIEW E 101, 032608 (2020)
3b3a  2b2a

boa 2b2¢
FIG. 2. Generalized ASEP model with the cell capacity k = 3;
the rates are shown as given by Eq. (15). The probability that a

particle jumps from a site occupied by s particles is proportional to s.
This means that particles do not interact beyond the steric repulsion.

s < k, it is natural to let
a; = sa, by = sbh. (15)

This is the choice we shall use in most of the calculations
and which also corresponds to our Monte Carlo simulations.
However, as it will be clear later, our theory works equally
well for any choice of the dependence of a; and b, on s. For
example, we could investigate “sticky” particles, where a; and
b grow slower than linear with s. We illustrate the model for
k = 3 in Fig. 2.

2. Chain of master equations

For small particles only and cell capacity k, each site can be
in one of the k + 1 states denoted by the site occupation s. The
configuration of the whole chain is the set of occupation num-
bers. The probability of the configuration {s;} will be denoted
P({s;}). We suppose that these probabilities are invariant with
respect to spatial translations. Then we can extract the one-site
and two-site probabilities which do not depend on position:

L
1
PO =307 > b P UsiD,
sif " m=1

L
1
PO =37 D Busde e PUisi)). (16)

{si} — m=1

We can write an exact master equation for the one-site
probabilities as follows. As a first step we construct an
evolution equation for this one-site probability by explicitly
analyzing possible jump processes. The change of P{!) in time
is caused by jumps occurring on the left (L) and right (R)
bonds connecting this site to its two neighbors,

L2 D = x4 xg. (17
dt ’
Each jump can be of the loss (—) or gain (+) type
X, =x +x,
Xg = Xg +x]'{. (18)
It is convenient to express these terms through functions

! and u which select appropriate two-site states allowed for
each s:

- L 5 L
xp = —bg; — o xuy,

+ ? L 3 L
XL = (SS,ka-lls-&-l + (SS’OMS—I’

— R K R
AR = _a‘Vls - 8-V,kus ’

X = Sorasly + 80Uy (19)

Here factors Smr =1— 4, are used to exclude the terms
for states s = {0, k} where necessary. Equalities ag = by = 0
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are also implied. The selective functions / and u are defined
through two-site probabilities as follows:
k-1

k
L _ § : 2) L _ § : 2)
ls - Ps’s ’ u, = aS,Ps’s ’

s'=0 s'=1
k—1 k
R 2 R 2
R=>"P0 uf=> bPY. (20)
=0

s'=1

Functions /-, IR refer to jumps from the site in state s, whereas
ul, u® describe jumps onto this site. The context of defining
these functions for one-site states is similar to the one for
many-site states discussed in the formulation of the pairwise
balance for the drop-push model [91]. It is easy to notice that
the “R” functions change to the “L” ones, if indices of P are
permuted and simultaneous substitution by — ay is made.
The same holds for x§ and x;.

Expressions (17) through (20) together constitute the mas-
ter equation for the one-site probabilities. By analogy, similar
equation can be obtained for two-site, three-site, etc., prob-
abilities, thus producing a chain of equations familiar from
many branches of statistical physics. We need the probabilities
beyond the one-site ones in order to calculate measurable
quantities. For example, from the two-site probabilities we
obtain the current along the bond between two neighboring
sites as

k k-1 k=1 k
=YY aPP =" bP. 1)
s=1 s'=0 s=0 s'=1

3. Mean-field approximation

The simplest closure of the chain of master equations is
obtained by assuming factorization of two-site probabilities

P ~ POPY. (22)

This is the mean-field (MF) approximation, neglecting the
correlations between neighboring sites. Moreover, note that
not only correlations are absent in the MF approximation, but
also the asymmetry Ps(f,) #* Ps(i), which may play important
role in a driven system, disappears in MF approach.

This way we obtain closed set of equations for the k + 1
probabilities P!, Hence, from now on we drop the superscript
“(1),” as there is no danger of confusion.

The periodic boundary conditions imply that the number
of particles in the system is conserved. Therefore, the average
density of particles p; is constant and the one-site probabilities
satisfy two linear conditions Zf:o P, =1and Zf:o sP; = py.
This reduces the number of independent equations to k — 1.

Owing to approximation (22) the selective functions reduce
to

uf ~ P,y byPy. (23)

We are interested in a steady state, defined by dP,/dt = 0.
From (17) and (22): it follows that the stationary master
equation has the form

0= (a + b)[(_hxpa + Sx,khs-‘rlps-‘rl )l + (_Ss,sz
+ Ss,Opsfl )uls (24)
where hy = (ay + by)/(a + b) are the reduced rates and

k—1 k
I=) P u=) hhP. (25)
s'=0 =1

The current defined by Eq. (21) can be written as

k
j= (a;—b)Pi. (26)
s=1

It is simplified to j = (a — b)ul, if a;/a = b, /b.
The set of k + 1 quadratic equations (24) for P, written as
0= hlpll —P()u’
0= (=mP +hP)l + (=P + Pou,

ey

0= —mPl+ P_iu

is to be solved with respect to the probabilities. However, it
is reducible to one equation. We simplify it by successive
adding to obtain g Pyl — Piu = 0 for each s, from which k
quasilinear relations follow: Py = ¢hyy Py, where ¢ = [/u.
P; for any s < k can be expressed through P; as

Pilsak = ¢ “heiihgis - Py (27)

Using this formula in the normalization condition yields P in
terms of ¢:

L -1
b= |:Z hopr - hk¢k_sj| : (28)
s=0

Note that in the most interesting case (15) we have simply
h; = s and the probabilities are equal to truncated Poisson
distribution

)

P =n?

for s <k,
s!

P, =0 for s > k. 29)

Equations (27) and (28) derived from the set of stationary
equations (24) express all the probabilities through ¢. How-
ever, the neglect of nearest-neighbor correlations by the use
of Eq. (22) has resulted in that these expressions coincide
with their equilibrium counterparts [80,83] written in terms
of the fugacity, A = 1/¢, which can be obtained from the
grand canonical ensemble for a = b. For the ASEP model
(k = 1) the stationary solution (29) is exact; cf. Sec. IIB
(without pockets). More generally, for £ > 1 and under the
assumption a,/b; = a/b, the MF solution (27) coincides with
the exact stationary distribution of the corresponding zero-
range process [92].

The equation for ¢ is derived by multiplying the normal-
ization condition by p; and subtracting from the density-fixing
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25 r ve -

P1

FIG. 3. Particle current for the generalized ASEP model with
small particles only. Points represent Monte Carlo simulation data,
lines correspond to mean-field approximation. The site capacity is
k=2 (x), k=3 (e),k =4 (A), and k =5 (V). The hopping rates
area=1,b=0.

condition: Zf:O P(p; — s) = 0. Substitution of Eqs. (27) into
this relation yields

k
pr—S k—s
_— =0. 30
Zhlhzu_hy (30)
s=0
The rates satisfying Eq. (15) yield h; = s, and Eq. (30) is
reduced to

k
YA g, 31)

s!
s=0

whereas the current is

J=(a—=b)1—PF)p. (32)

We can see that the current depends on the rates @ and b
only through the multiplicative factor (a — b) in (32). The
occupation probabilities P; do not depend on the rates at all.
This is the consequence of (15). For other choices of the rates
as, by this may not be true.

4. Comparison with Monte Carlo simulations

We can easily solve Eq. (31) and from the solution compute
the current (32). The results were compared with direct Monte
Carlo (MC) simulation using the transition probabilities (13)
appropriately simplified for the case without pockets and in
presence of small particles only. The results are shown in
Fig. 3 for the cell capacity k = 2, 3,4, and 5. We can see
that for k = 2 the mean-field results are barely distinguish-
able from the MC simulation. When we increase k, the MF
deviation from MC results increases, but the agreement still
remains very good. This means that the correlation effects,
neglected in MF approximation, remain very small. We shall
see in the next section that the situation changes dramatically
when big particles are also present.

B. Two species of particles
1. Jump rates

Now we add big particles. The size of these particles is
I =2, and the number of big particles on a site will be

b a a
—_—

ba  3b3a b boa 2
ol tel.d
B A A B

FIG. 4. Generalized ASEP model with two species of particles
and cell capacity k = 3.

denoted by capital letters. If there are s small particles and §
big particles on the same site, the constraint s + 25 < k must
be satisfied. In analogy with jump rates of small particles, we
denote by As and By the rates at which one big particle jumps
from a site occupied by S big particles to the right and to the
left, respectively. Also in analogy to (15), when comparing the
MF results with MC simulations we shall use

As =SA, Bs =SB, (33)

which holds for particles which interact only by steric re-
pulsion. However, our calculations will hold for any form
of the dependence of the rates on S. The model is depicted
schematically in Fig. 4.

2. Mean-field approximation

The one- and two-site probabilities for occupation by s
small particles and S big particles will be denoted Pfsl ) and
PS(SZ)S &> Tespectively. The master equation for these probabili-
ties can be constructed in the same way as it was done in the
preceding section for the one-species case. (See Appendix B 1
for details.) We shall directly proceed to the mean-field ap-
proximation

2) ~ p)p)
P.vs ™ P Pog - 34

We also drop the superscript “(1)” in the following, as we did
in the one-species case.

In the stationary state dPss/dt =0 and we obtain a set
of quadratic equations for the one-site probabilities. In the
special case k = 3 which will be analyzed in detail, we have
six quadratic equations. The probabilities must also satisfy the
conditions implied by fixed density p; of small particles and
density p, of big particles

(k) (k) (k)
Y. Ps=1 ) shs=p. ) SPs=p. (39
5,8 5,8 5,8

where (k) in upper limits of the sums denotes restriction s +
2§ < k. In fact, the densities of small and big particles, p; and
P2, have to satisfy similar inequality p; + 20, < k.

The MF steady-state master equation for P is as follows:

0 = (a + b){[—hsPss + 85125 khs41Psr1.511
+ [—851254Pss + 85,0Ps—1,51u
+ [—HsPys + 8,405k Hs 1Py s411L

+ [—85+25.4Pss + 8s5.0Ps.5-11U}, (36)

where Hy = (As 4+ Bs)/(a + b) and the factor (:Sx+2s,k =1-
8s42s5.k — Osy25.k—1 ensures correct treatment of highly occu-
pied states for big particles. The MF selective functions [, L
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are defined in the Appendix, Egs. (B8) and (B10), whereas the
MF expressions for # and U read

(k) (k)
u=> hyPyg, U= HyPys. (37)

S/,S/ S/ ’S/
The MF currents of small and big particles are

(k) (k)

j=) (a,—b)Psl, J=) (As—Bs)PsL. (38)
s,S 5,8

For details, see the Appendix, Eqgs. (B5) and (B6).

Let us consider the case k = 3 for which an additional re-
striction p, < 1 takes place. Stationary MF master equations
for Pgs follow from Eq. (36):

Poo : 0 = hyProl — Poou + Hi1Po1 L — PooU,
Py : 0 = (=h1Po + haPy)l + (—Pro + Poo)u
+H, P L — PyU,
Py 1 0 = (—haPag + h3P3)l + (—Pao + Pio)u,
Pio 1 0 = —h3Ps0l + Pyu,
Por : 0 = hy Pyl — Poyu — HiPor L + PooU,
Py :0=—hPl + Pyyu— H{ P, L+ PyU, 39
where

I = Poo + Pio + Pao + Po1,

u = hiPig + haPy + h3P3o + h1 P11,

L = Py + Pro,

U = H\Py + H\Py.. (40)

Again, the problem can be reduced to one equation for the
quantity ¢ = [/u (see Appendix B 2). The equation is

2p1—1 (h1 + ho)p1 +2hipr — 2k — Iy
p1¢* + ¢+ : ¢’
n 12h,
n (hy + h3)pr + Bhy + h3)py — 3hy — 2h2¢
12hahs
200 — 3
preezo @41)
12hahs

Note that the equation does not depend on the jump rates of
big particles. The probabilities and the currents are calculated
from the solution to Eq. (41) as explained in Appendix B 2.
For the rates taken as in Eq. (15) the final equation is
reduced to

3p1 + 205 — 4
p1d* + Q2py — Dg® + LT 2T 2 2

2
4p1 +6p2 — 9 +20, -3
i 01 6,02 b+ 01 6;02 —0. 42

From the solution of this equation we extract the currents
of small and big particles according to (38), which is then
compared with MC simulations.

3. Comparison with Monte Carlo simulations

The allowed range of densities of small and big particles
is limited by inequalities 0 < 0 < 1,0 < p; < 3, and p; +

P2

0 1 2 3 P

FIG. 5. The region of densities for the two-species generalized
ASEP with k = 3.

2p, < 3. It is depicted schematically in Fig. 5, where we can
distinguish several special regimes. Line I with p; € [0; 3],
02 = 0 represents the one-species generalized ASEP with
k = 3 which has been considered above and the results are
shown in Fig. 3. Line Il with p; = 0, p, € [0; 1], corresponds
to the classical ASEP model of big particles. Correlations are
known to be absent in the stationary state of this model on the
ring while the current reads J = (A — B)p2(1 — py). There is
also no correlation on line III with p; € [0; 1], p, = 1, where
the big particles are immovable (J = 0) and the small particles
behave like the ASEP with j = (a — b)p(1 — p1). The close-
packing line represents mixtures of varying composition with
currents j and J being equal to zero.

Therefore, we expect that the correlations will diminish
when we approach the edges of the allowed density region
indicated in Fig. 5 and the MC simulation data will be
close to MF results. On the contrary, in the interior part of
the allowed density region we expect larger correlations and
higher difference between MC and MF values.

We show in Fig. 6 dependence of the currents of big
and small particles on the density of small as well as big
particles. First, we can observe that the MF results always
agree qualitatively with MC simulations. The trends, positions
of the maxima, and exact intervals of density, within which the
currents are nonzero, are all well reproduced. Quantitatively,
though, there are often considerable differences, which call
for explanation. Generally, the difference between the MF
and MC results are due to correlations and the size of the
deviations may serve as an estimate of the importance of
these correlations. We can clearly see that the correlations
are stronger for intermediate densities and tend to zero when
the densities come close to lower or upper limits. This is
most evident in Figs. 6(a) and 6(d), where we can see the
dependence of the current of small particles on the density
of small, and the current of big on the density of big particles,
respectively. Let us look at Figs. 6(a) more carefully. Next
to lower and upper limits of p;, the agreement is very good.
We can also see that when the density of big particles is large
[p2 = 0.8 in Fig. 6(a)] the agreement is quite good for any
p1, while for smaller p,, the deviation is as large as 25% in
the middle of the allowed p;. This seems to be in contrast
with the results presented in Fig. 3, where the dependence
of j on p; for p; =0 shows very good agreement of MF
and MC results. The situation becomes more clear when
looking at Fig. 6(b), where we can see the dependence of j
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FIG. 6. Dependence of the current of small particles [panels (a) and (b)] and the current of big particles [panels (c) and (d)] on the density
of small particles [panels (a) and (c)] and big particles [panels (b) and (d)], in the generalized ASEP model. The points represent numerical
simulation data, the lines are results of mean-field approximation. The rates are a = A = 1, b = B = 0. The parameters in panels (a) and (c) are
02 = 0.8 (X, solid line), p, = 0.4 (A, dot-dashed line), p, = 0.2 (e, dotted line). The parameters in panels (b) and (d) are p; = 0.5 (X%, solid

line), p; = 0.8 (e, dotted line), p; = 1.2 (A, dot-dashed line).

on p,. We observe that at high values of p, the difference
between MF and MC gradually diminishes. On the contrary,
when p, approaches zero, the difference stays large, or even
seems to increase. This needs a detailed view at what happens
at very small concentration of big particles. Such detail is
shown in Fig. 7. We can see that down to values as small
as p, = 0.005 the current j seems to converge to a value
significantly lower than the value observed at p, = 0 exactly.
Only within very narrow region of very small concentrations
of big particles we observe steep approach to the p, = 0 value.
This implies that addition of a few big particles into the system
of small particles induces significant correlations. In fact, it

1l ]
- A IS
08¢ ]
0.6 1
0.4 ‘ :
0 0.005 0.01 0.015

P2

FIG. 7. Detail of the dependence of the current of small particles
on the density of big particles, as shown in Fig. 6(b). The parameters
are p; = 0.5 (x, solid line), p; = 0.8 (e, dotted line), p; = 1.2 (A,
dot-dashed line).

is not difficult to understand these correlations qualitatively.
Even a single big particle acts as a “bottleneck” for small
particles, slowing their movement locally. To see this effect,
we calculated by MC simulations the pair correlation function

C@i— j) = (s:8)) — (si){S;), (43)
where s; and S; denote the number of small and big particles
present at the site i, respectively. In Fig. 8 we show the results

10_1 T
Re
+++ "
1072 + " -
| +
Sy X
— +
X
Tt .
X
104 ‘ ‘ %
—20  —10 0 10
=]

FIG. 8. Pair correlation function of the densities of big and small
particles. The symbols distinguish the sign to be applied in front
of the quantity C: + corresponds to the plus sign (i.e., correlation
function is positive), and x corresponds to the minus sign (i.e.,
correlation function is negative). The average densities are p; = 1.2,
p2 = 0.1, the hopping ratesarea = 1,A =0.5,b =B =0.
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for a typical set of parameters. We can clearly see that behind
a big particle, an exponentially decaying cloud of enhanced
density of small particles is formed. At the same time, in front
of the big particle, the density of small particles is depleted,
also with an exponential decay.

This observation also provides a hint why the MF results
for current of big particles are sometimes higher than MC
results, while in other cases the opposite is true. Indeed, if
small particles are depleted in front of the big one, as Fig. 8
indicates, the big particle jumps to the right with higher prob-
ability in comparison to uniform configurations with average
density p; implied by MF approximation. This is in agreement
with the observation that the MF current of big particles
mainly underestimates the MC data, Jyr < Jmc [Figs. 6(c)
and 6(d)]. Overestimation takes place only when the both
densities are high, p, > 0.8, p; = 0.8. On the contrary, big
particles can only decrease the MC current of small ones
and overall overestimation jyr > jmc is similar to that of
the model without big particles considered in the previous
subsection.

IV. FULL MODEL WITH POCKETS

Let us now investigate the model introduced in Sec. II
in full detail. The geometry is quasi-one-dimensional. The
entity we shall call “site” consists of two cells, the first at
the backbone and the second attached to the first as a pocket.
Configuration of the site is specified by occupation numbers
of both species of particles at both the backbone cell (s and S)
and the pocket cell (z and Z). As always, capital letters belong
to big particles, lowercase letters to small particles. In general,
capacity k of the backbone cell may be different from the
capacity ¢ of the pocket cell. The restriction for the occupation
numbers at each site is then s + 25 < kand z + 2Z < g.

As in the case of jump rates along the backbone, also the
jump rates to and from the pockets depend on the occupation
of the cell from which the jump occurs. We shall denote them
¢s, Cs for jumps to the pocket and d;, Dz for the jumps from
the pocket. As before, for particles interacting only by steric
repulsion we have

a; = sa, Ag= SA,
by =sb, Bs =SB,
cs =sc, Cs=S8C,
d, =zd, Dz=1ZD. (44)

A. One species of particles

Let us start with small particles only. The configuration
of the site is () where z is occupation of the pocket and s
occupation of the backbone cell. As before, we can define
one-site configuration probabilities PS(Z'), and assuming factor-
ization of the two-site probabilities, we arrive at a closed set of
equations in the mean-field approximation. These equations
are complemented by the conditions of normalization and

fixing the density

k q kK q

DR =1 Y Y s+aR)=p (45)

s=0 z=0 s=0 z=0

Probability P! is governed by the following generaliza-
tion of Eq. (17):

—PP =x +xg +. (46)

where x; and x; refer to jumps between sites, while y
describes one-site pocket processes (see Appendix C1 for
details).

In a steady state, equality dP{/dt =0 holds. Then
Eq. (46) within the MF approximation and under periodic
boundary conditions is reduced to

0= (a+ b){[_hspxz + SS,/{hS+1PS+1,Z]l
+ [_Ss,szz + SA‘,OPs—l,z]u}
- Sz,quPsz + Sz,qu.,Odz+1Px7l,erl
+ Ss,kgz,Ocs-HPS-H,z—l - Ss,kdzPszv (47)

where the superscript “(1)” has been omitted as before and we
introduce

k=1 q k q
1535 SN 1% ST
/=0

§'=0 7/=0 s'=1
The current
k q
J=> (ag=b)l > Py (49)
s=1 =0
simplifies to
j=(a—Dbul (50)

if the rates are given by (15).

The set of stationary master equations (47) can be reduced
to one equation for k = 1; see Appendix C 2. Similar reduc-
tion to a single algebraic equation was shown in the cases
without pockets, investigated in the previous sections. Here,
though, for k > 2 such simple reduction is not possible in
general case but still remains possible if the jump rates satisfy
(44). (See Appendix C 3 for details.) In this special case and
for k = g = 3 the final equation for ¢ = [/u reads [see also
Eq. (C26)]

1
p¢® + (1 +y)(p — )¢ + S+ Yo —2)¢*

1 3
+ 1+ =39+ Z(l +or+ y2><p —4)¢

6 2
)/2 V3
+E(1+V)(p—5)¢+%(,0—6)=0 (SD

with y = c¢/d. From the solution of this equation we re-
construct all the one-site probabilities and then compute the
current.

B. Two species of particles

Now we turn to the case of two species. The capacities of
backbone and pocket cells imply restrictions on the densities
of small (p;) and big (p,) particles, namely, p;+20, <k+q.
The one-site probabilities Pfsl)zz satisfy three conditions
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originating from fixed densities

k) (q)

2.2 Psz=1

s,S z,Z
k) (q)
Y s+PS, = p
s,.S z,Z
&) (@)
DY S+2)PS, = (52)
s,S z,Z

The master equation for the one-site probability is written
in the form

d
E#£%=x+y+X+Y, (53)

where x and X are related to jumps of small and big particles
along the backbone and y and Y describe jumps of small and
big particles to and from the pockets. Explicit expressions for
them are given in Appendix D I.

The mean-field approximation is performed as usual by
factorizing two-site probabilities. At the same time we again
drop the superscript “(1).” Then, in the MF approximation we
have

x = (a+ b)[(=hsPss. .z + Ss425 khs+1Prs1.5.:2)]

+ (=8y4254Pss..z + 85.0Ps—1.5.22)ul,
|

X = (a+ b)[(—HsPss .z + 85125 4kHs 1Py 541.22)L

+ (—85125kPss. .z + 85.0Ps.5-1,02)ul. (54)

Functions /, L are given in Egs. (D11) and (D13) while u, U
are defined as follows:

(k) (9)

u= E hs’ E PS’S’,Z/Z”

5,8 7,72
(k) (9)

U= Hy Y Pz (55)
5,8 7,7

The MF currents of small and big particles read

(k) (@)

j = Z(as — by)l ZPXS,zZ»
5,8 z,Z

(k) (q)
J=Y (As—Bg)LY Ps.z. (56)
5,8 2,Z

If a;g/a = bs/b and Ag/a = Bs/b for all s and S, these are
reduced to

j=(a—bul, J=(a—bUL. (57)

The equations for stationary state can be simplified for
rates satisfying (44). Using the same procedure as in one-
species case (detailed in Appendix C 3), we arrive at a set of
just two algebraic equations for the quantities ¢ = [/u and
Y = U/L which are

p16° + (1 +y)lp1 — 1¢° + (1 + y)’[p1 — 21¢* + (1 + ¥)’[p1 — 31¢°

+ev(L+ 37 +v7)lor —410° + 55>+ v)lor — 516 + 557 (o1 — 6]

+ 9 {pi¢® + L+ )1 — 11¢° + v (1 + 3v)lo1 — 21¢* + 2v*>(1 + 1v) o1 — 31¢° + Ly °[o1 — 4197}

+ Ty {19 + (1 +y)lo1 — 11¢° + 31 +29)[p1 — 218" + (1 4 3y)[p1 — 316° + Ly[p1 — 417}

+ Ty p10° + (1 + y)lor — 116° + y[o1 — 21¢*} =0, (58)
p2{d® + 1+ )¢ + 30+ y)¢* + (1 + vV’ + iy (14 3y +v7)¢" + 5V U+ v)d + %77}

+ (o2 = DY {o® + (L + 1) + v (1 + 1y)o* + 1y (1 + 1y)¢® + LyP9?)

+ (o2 = DTY{g® + (1 + )¢ + 3(1 +2y)¢* + £ (1 +3y)¢’ + tv o’}

+ (o2 = 2Ty + (1 +)9° + yo*} =0,

where y = c¢/d and I' = C/D. From the solution of these
equations, the one-site probabilities can be reconstructed
straightforwardly (see Appendix D 1 for details).

C. Comparison with Monte Carlo simulations

We investigate the simplest nontrivial situation k = 3 and
g = 3. The backbone and pocket cell capacities imply a
restriction on the densities of small and big particles, namely,
p1 + 202 < 6. Moreover, in this geometry there can be at most
one big particle both in the backbone cell and in the pocket,
therefore p, < 2. This defines the area of allowed densities.

(59)

We show in Figs. 9 and 10 the currents of small and big
particles as functions of the density of small particles in com-
parison with direct MC simulations. We use the same value
y =T for big and small particles. Again, we can see that in
the limits p; — 0 and p; approaching the maximum allowed
value, the agreement between the MF and MC results is very
good, while in the intermediate region the correlations cause
marked deviations. This is the same behavior as in the case
without pockets. In the dependence of the current of big par-
ticles we observe a remarkable feature. In the regime p, < 1,
shown in Fig. 9, the current of big particles show deviations
between MF and MC for intermediate densities p;. On the
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FIG. 9. Current of small particles (a) and big particles (b) for the
generalized ASEP with pockets. The density of big particles is p, =
0.5. The ratesare a=1,A=05,b=B=0,d =0.5, D =0.25,
y =TI =0.5 (x, solid line), y ="' =2 (e, dotted line), y =T =
0.2 (A, dot-dashed line).

contrary, in the regime p, > 1, shown in Fig. 10, the MC and
MF results coincide nearly exactly. At the same time, when
we compare the curves for different values of the parameter y,
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FIG. 10. Current of small particles (a) and big particles (b) for
the generalized ASEP with pockets. The density of big particles is
pp, =15 Theratesare a=1,A=0.5,b=B=0,d =0.5,D =
0.25, y =T = 0.5 (%, solid line), y = I' = 2 (e, dotted line), y =
I' = 0.2 (A, dot-dashed line).

we can see that in the p, > 1 regime the current of big parti-
cles always increases with increasing y, while in the p; < 1
regime J increases with y only for large p;, but decreases
with y for small p;. This can be understood as follows. For
p2 < 1 and few small particles, increasing y means that more
big particles are trapped in the pockets and less of them are
available for movement along the backbone. When the density
of small particles increase, the pockets are filled by the small
particles instead, pushing the big particles out, thus increasing
the number of big particles on the backbone. This causes the
increase of the current of big particles. For p, > 1 we do
not see the change of trend when increasing the density of
small particles. In this case the backbone is in large part filled
by big particles, thus blocking the movement of each other.
Increasing y means more big particles trapped in the pockets,
which has the effect of increasing the current of big particles,
rather than decreasing it. Presence of small particles does not
change this behavior qualitatively. Small particles cause only
overall decrease of the current due to less space to move.

As for the current of small particles, in both Figs. 9 and 10
we can see that the maximum of current is shifted to low con-
centrations p; at low values of y and to high concentrations
for high values of y. This is the basis for the ratchet effect
investigated in the next section.

V. SEPARATION OF PARTICLES
A. Ratchet effect

Up to now we were concerned with time-independent
driving of particles and we computed only the stationary state.
If we want to investigate the ratchet effect, we need to include
the nonstationarity, at least on an approximate level. Here we
shall use adiabatic approximation. Generically, ratchet effect
occurs everywhere two conditions are satisfied, namely time-
dependent driving and mirror-asymmetric geometry. How-
ever, it is not obvious a priori, if, in a specific situation,
the ratchet effect is quantitatively significant or negligible.
In our case, the ratchet effect occurs by a simple mechanism
tightly related to the presence of pockets. We imagine that the
driving is due to an external field, e.g., an electrical one, if
the particles carry electrostatic charge. The pockets are dead
ends tilted with respect to the axis of the backbone. Let us
look at what happens in low-density regime. In an alternating
external field, particles are pushed toward the dead ends in
one half-period, thus emptying the backbone. This implies
decreasing the current. In the next half-period of the driving,
particles are pulled from the dead ends, average density on the
backbone increases. Therefore, current averaged over entire
period of the driving is rectified. An important point is that
in the high-density regime the effect of filling and emptying
the pockets has opposite consequences. Indeed, in the high-
density regime, when we decrease the density at the backbone,
the current increases. Therefore, we expect that not just the
magnitude but even the sign of the ratchet effect depends
strongly on the density of particles.

If we consider time-dependent driving in adiabatic approx-
imation, we can use the results obtained for stationary state
virtually unchanged. Specifically, we suppose that driving
depends on time periodically in a stepwise manner. In the first
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half of the period, we assume parameters of the model are a,
b,A,B,c,d,C,and D. We also assume a > band A > B, i.e.,
in the first half period the drift is oriented rightward. In the
second half of the period we exchange the values of the param-
eters asa <> b, A < B, ¢ <> d, and C < D. A physical inter-
pretation of such change is the following. We suppose that
the particles are driven by a homogeneous external field. For
example, colloid particles can carry electrostatic charge and
the whole apparatus can be inserted in homogeneous but time-
dependent electric field. When the orientation of the field is re-
versed, it corresponds to exchange the right- and left-hand side
in the model. This implies the exchanges a <> b and A <> B.
As we already hinted, pockets are considered as tilted dead
ends of the channel in which the colloid particles move. The
rates for entering and leaving the pocket depend on the field
in analogous manner as the rates for leftward and rightward
jumps. Moreover, they depend on the inclination of the dead
end with respect to the main channel. Inverting the orientation
of the field is equivalent to inverting the inclination. This
implies the exchanges ¢ <> d, and C < D.

We suppose that the frequency of the alternation of
the external driving is so low that during each half-period
the system is in a stationary state almost all the time. This
is the adiabatic approximation. The quantities averaged over
many time periods then can be calculated as average of sta-
tionary states with one orientation of the driving and with the
opposite orientation of the driving. Particle current averaged
in such a way is the ratchet current. It can be nonzero even
though if we averaged the driving itself, we would get zero.
The source of the ratchet current is the mirror asymmetry of
the geometry in which the particles move.

For y =c/d <1 and T' = C/D < 1 pockets are inclined
against the direction of the driving. The pockets are emptied
and the density of particles at the backbone is increased.
On the other hand, for y > 1, I > 1, i.e., pockets inclined
along the direction of the driving, the pockets are packed
with particles and the density of particles at the backbone is
decreased. In the first and in the second half-periods of the
periodic driving the density at the backbone is different, which
results in a net ratchet current.

If the rates satisfy (44), the currents of small and big parti-
cles are proportional to a — b and A — B, respectively. There-
fore, we define quantities j(y, ") = j/(a — b)and J(y,T') =
J/(A — B), which depend on the parameters of the model only
through the fractions y = ¢/d and I" = C/D, as indicated by
the arguments. Then the ratchet currents of small and big
particles in the adiabatic approximation are

. a—>b - =, -1 —1
JratZT[J(V,F)_J(V 7F )]7

A—B - Tra,—1 —1
Jra = T[J()/, L)—J@y=, I )l (60)

We show the ratchet currents as functions of the density
of small particles in Figs. 11-13. In all cases we have a — b
as well as A — B positive and y < 1, i.e., in the first half-
period of the periodic driving the drift is oriented rightwards
and jumps from the pocket have higher probability than to the
pocket. This means that the pockets are tilted to the left, just
as depicted in Fig. 1(b).
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FIG. 11. Ratchet current of small particles (x, solid line), and
big particles (e, dotted line). The rates are a =A =1, b=B =0,
d =0.5,D = 0.25, y = 0.2. The density of big particles is p, = 0.5.

In all three figures we can see the typical behavior of the
ratchet current of small particles. For small p; it increases,
for p; increasing it achieves a maximum, and then descends
to zero at some intermediate density, and beyond this point it
becomes negative. Its absolute value increases again, achieves
a maximum, and decreases finally to zero at a maximum
allowed density. This type of dependence can be easily un-
derstood from Figs. 9 and 10. As we already stressed, the
maximum of the current is at lower densities if ¥ < 1 and
at higher densities if y > 1. Therefore, the positive current
in the first half-period dominates at lower densities, while the
negative current at the second half-period dominates at higher
densities. In simple words, at the second-half period, when
y > 1, particles are more accumulated in the pockets than in
the first half-period. Such accumulation leads to decrease of
the current for small densities, but, on the contrary, to increase
of the current for higher densities.

Comparing the MC and MF results, we can see in all
cases that mean-field approximation overestimates the ratchet
current. This implies that correlations hinder the ratchet effect.

B. Regime of full separation

In Figs. 11-13 we can see features which play a cen-
tral role in separation of particles by size. The ratchet
currents of big and small particles have quite different
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FIG. 12. Ratchet current of small particles (x, solid line), and
big particles (e, dotted line). The rates arca =A =1, b=B =0,
d =0.5,D = 0.25, y = 0.2. The density of big particles is p, = 1.0.
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FIG. 13. Ratchet current of small particles (x, solid line), and
big particles (e, dotted line). The rates are a=A =1, b=B =0,
d =0.5,D = 0.25, y = 0.2. The density of big particles is p, = 1.5.

magnitude, and most importantly, they can have even different
sign. It is the latter regime that is the most important, because
this implies in principle a total separation of these particle
species. In practice, however, such full separation regime can
be only transitory, because it occurs only in specific region
of particle densities. The separation process itself results in
change of the concentrations, and in general can push the
system out of the regime of full separation, unless a special
trajectory in the density plane (p; vs p;) is maintained.

More specifically, in Figs. 11-13 we can see that for fixed
02 there is a specific interval of densities p; for which j,c and
Jra have different sign. In Fig. 13 we can observe that for p, =
1.5 such interval is about p; € [0, 1.4], while for p, = 0.5 it
is about p; € [1.5,3]. We found that in general for p, > 1
the interval for p; extends down to 0, while for p, < 1 it has
positive lower limit.

The set of these intervals sums up in a phase diagram as
shown in Fig. 14. We can compare the area of full separation
obtained by MC simulations (shaded areas) with MF results
(delimited by lines). The general feature of this diagram is
that full separation occur at “diagonal” densities, i.e., at low
density of small particles, if the density of big particles is

2k y e
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1 |
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FIG. 14. Phase diagram of the ratchet separator. We indicate the
area of densities for which the ratchet currents of small and big
particles have opposite sign. The shaded regions are obtained by
Monte Carlo simulations, the lines correspond to the mean-field
approximation. The values of the parameters are a =1, A = 0.5,
b=B=0,d =0.5D=0.25, y =0.1 (area shaded as “//,” solid
line) and y = 0.5 (area shaded as “\\,” dotted line)

large, and at low densities of big particles, if density of small
particles is large, as well as at the intermediate regime, where
both densities are somewhere in the middle of their allowed
range.

Comparing the MC and MF results, we can see that they
agree very well at the part of the diagram which corresponds
to high concentration of big particles, but differences are
rather large in the part corresponding to low concentration
of big particles. This is consistent with the generic finding
we already discussed before, that addition of small number of
large particles into moderately dense ensemble of small parti-
cles drastically increases correlations. This is then reflected in
large difference between the MF and MC results.

VI. CONCLUSIONS

We introduced generalizations of the asymmetric simple
exclusion process. The basic assumptions of ASEP are main-
tained. Namely, the model is endowed with stochastic dynam-
ics; the system is discrete, i.e., it is composed of cells among
which the particles jump; the system is driven, which results
in nonzero current in stationary state; the particles interact by
steric repulsion, i.e., there is an exclusion condition.

We generalized the standard ASEP in three directions. The
first one consisted in allowing several particles sharing the
same cell at the same time. This is the most important change
from the standard ASEP, because it makes the model non-
integrable in general. The second generalization introduced
several species of particles, each species being characterized
by a specific particle size. The exclusion condition then re-
quires that sum of sizes of all particles at the same cell does
not exceed a constant k which we call capacity. The third
generalization consisted in changed geometry. Instead of a
linear chain of cells used in ASEP, we used an asymmetric
comblike topology, in which a new cell, called a pocket, is
attached to each cell on the chain.

The main question we posed was, how much this setup can
serve as a model of particle separation in narrow channels.
Therefore, the main quantities of interest were the currents
of small and big particles. The approaches to the model were
first direct Monte Carlo (MC) simulations, which were done in
parallel with generalized mean-field (MF) approximation. We
also found a specific case in which exact solution is possible
for the stationary state.

We used the difference between MC and MF results as a
qualitative measure of correlations induced by particle inter-
action. Generically, we found that correlations are significant
in the regime of intermediate densities, but they are small
in either of the limits of very small and close to maximum
density of particles. An important exception is the regime
of intermediate to large density of small particles, where
adding even a few big particles increases the correlations
significantly. It can be understood intuitively as blocking large
number of small particles behind a single big particle.

The presence of pockets is essential for the ratchet ef-
fect. Ratchet effect is achieved here by making the driving
time-dependent. More precisely, by periodical change of the
direction of the driving, so that the driving is zero on average.
In the first half-period the driving is constant and oriented
rightward, in the second half-period the absolute value of the
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driving is unchanged but orientation is reversed. In presence of
pockets, the ratio y of the jump rates to and from the pocket is
y < 1 in one half-period while y > 1 in the next half-period.
This results in a nonzero net current when averaged over the
whole period. This is the intuitive explanation of the current
rectification.

We calculated the ratchet effect in the adiabatic approxi-
mation, i.e., we assumed that the period of the driving goes to
infinity. We found that the generic dependence of the ratchet
current on the density of particles shows current reversal at an
intermediate density of particles. The most practical finding
is that the density at which the current reversal occurs, is
not the same for the big and the small particles. Therefore,
there is an interval of densities for which the directions of the
ratchet currents of the small and big particles are opposite. In
this regime, full separation of the small particles from the big
ones is expected. Interestingly, in the density-density plane,
the area of full separation extends “diagonally” from the states
of high density of big and low density of small to the states of
high density of small and low density of big.

If we imagine separation of a real mixture of colloid
particles, the actual densities of both small and big particles
change during the separation process. Therefore, we move
in the density-density plane along a trajectory, whose shape
depends on the details of the separation setup. If we are clever
enough to devise the apparatus so that the trajectory goes
within the “diagonal” area of full separation, we may actually
end with having all big particles on one side and all small
particles on the opposite side.

There are numerous directions in which we can make
the model more realistic. First, the quasi-one-dimensional
geometry can be enhanced by attributing a finite size to the
backbone as well as to the pockets. This means that several
cells can be placed one by another in transversal direction.
Another important extension would be keeping finite nonzero
frequency of switching the driving direction. We have made
preliminary studies in a variant of the model with sinusoidally
varying driving and observed strong dependence on the fre-
quency. Moreover, at nonzero frequency, the currents show
rather complicated nonlinear dependence on the strength of
the driving, i.e., in our model, on the difference between
rightward and leftward jump rates. These topics need more
investigation, though.
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APPENDIX A: MATRIX OF TRANSITION PROBABILITIES

The matrix W, describing the probabilities of elementary
jumping transitions in Eq. (13) can be easily defined by listing
all the nonzero off-diagonal elements. The list includes jumps
along the backbone
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APPENDIX B: TWO-SPECIES GENERALIZED ASEP
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1. Construction of the master equation

The right-hand side of the analog of Eq. (17) includes also
contributions from jumps of big particles, X; and Xg:

d
—P =x +xg + X + Xg, B

dt

where X; =X, +X;" and Xz = Xz + X . Explicit expres-
sions for all the terms read

L % L
x, = —blg — 055 klgs,

+ 3 L ? L
XL, = 85+2S,kbs+lls+1’5 + av,OMs_],S’

xg = —asl® — 8 ya5uX,
X = urasits il s + Ssouy (B2)
for small particles and
X = —BsL% — §s+2s,kUs]§’
Xt = (:Ss+25,kBS+1L§S+1 + SS’OUY%S*“
Xy = —AgLR — 5,405, UX,
Xg = §s+25,kAS+1L§S+1 +850U% (B3)

for big particles, where Sst’k =1 — 854254 — Ost25.k—1
stands for highly occupied states in the case of jumps of
big particles. Four states (s — 1, ), (s + 1, S) and (s, S — 1),
(s, S + 1) contribute to the gain terms. The selective functions
[,uand L, U are defined as follows:

(k=1) (k)
L _ 2) L __ (2)
lis = Py, U= Z agPyg. s
S/,S/ S/,S/
(k—1) (k)
R _ (2) R _ (03]
ls‘S - Z PSS;s’S” U = ZbS/PsS;X’S”
5,8 5,8
(k=2) (k)
L _ (2) L _ (2)
LsS - Z Ps’S’;sS’ UsS - ZAS’PS’S/;SS’
5,8 5,8
(k—2) (k)
R __ (2) R _ (2)
L = Z Psyws» Us = ZBS/P sSis'S" (B4)
s, S 5,8

where the upper limit of the sum given in parentheses, like
Zi’? has the meaning that the summation is carried over
all non-negative integers s and S satisfying the condition
s+25 <m.

525, +1

aZi\ (wZ+1\] _ 1
= —(Z 18Y2] ,S ,
(5151) (SzSz — 1)_ 2])( 2+ DD xi(s2,52)

1y —1
5151+ 1

22\ | 1
= _(Sl + I)C Xk(Z17Z1)9
528> i 2v

Z]Z] ZQZZ — 1 ] 1
< )( ) = 5(3’2 + DC xx(22, Z2). (A2)
(
The currents of small and big particles read
(k) (k—=1) (k=1) (k)
: (2) (€3
J= Z Z ai‘PxS;s’S/ - Z ZbS,RvS;s/S” (BS)
5.8 8.8 5.5 5,8
(k) (k—2) (k=2) (k)
T=Y > AsPShg— Y > BsPSl . (B6)
5,8 5.5 5,8 5.8

Under periodic boundary conditions, the mean-field ap-
proximation P;SZ)J o~ Pv(Sl)P;lS), makes the selective functions
to simplify

Ly =15 =Pl g =PSus,  uly =P, (B7)
where
(k=1) (k) (k)
I=>"PY. us=) aePl, uy=Yy bePly (BY)
s,8 s',8 '8
and
Ly =18 =PPL, UL =PYU,, UR=PPU; (BY)
with
(k=2) (k) (k)
L=Y"PY. Ui=)Y AgPY. Us=)Y BgPly.

5.8 5.8 5.8

(B10)

2. Reduction to single equation for k = 3

We start from the master equations (39). Two quasilinear
relations follow from the equation for Py and its combination
with that for Pyy: Pig = ¢phaPoy and Pyyg = ¢ph3 Py, where ¢ =
[ /u. Adding the equations for Py, and Py, yields one more
relation:

Poo + Po1 = dhi(Pio + Pry).

Another type of a relation is deduced if we add the equations
for Py; and Py;:

Py + Pio = ®H;(Po1 + Pr1)

with ® = L/U.

Let us show that Eqs. (B11) and (B12) can be split. Using
their definitions, L and U can be eliminated from the LU part,
say, of the equation for Py, to yield

(B11)

(B12)

—H Py 1L + PoU = —H\Po1Pro + Hi Poo P (B13)
Then the equation for Py, takes the following form:
1/hy)P H; /P [
(1/h)Py1 l/lOO+. (B14)

Py  H\Pp+u
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The numerator and denominator of the left-hand side of this
proportion multiplied by H; are added to those of the right-
hand side [93] resulting in
Por  Hi/mPy + 1+ Hi/hiPy
h1 Py H\ Py + u+ H Py

(B15)
Next, the equation for Py, is transformed making use of
relation (B13) to the following:

(1/h1)Poo _ I+ Hi/hPo
Py u+H Py

(B16)

Owing to the same property of a proportion [93], frac-
tion (1/h;)Py/Pio appears to equal the right-hand side of
Eq. (B15) resulting in Pyy/(hiPio) = Po1/(h1Py1). Equation
(B11) shows now that these fractions are equal to ¢ or
Poo = ¢hi Py and Py; = ¢hyPy,. These relations rewritten as
hi1Piol — Poou = 0 and h; Pyl — Pyju = 0 immediately split
the /u and LU parts in the corresponding master equations.
Then

H\Py L — PoU =0, H P L—-PoU=0, (Bl17)

i.e., Poo = ®H, Py, and P, = ®H, P, splitting Eq. (B12).

Now, we derive an equation for ¢. The normalization
condition is multiplied by p; and p, and subtracted from p;-
and p,-fixing conditions (35) to yield

(k) (k)

D Ps(pr—9)=0, Y Ps(p—8)=0. (BI8)
5,5 5,8
All the probabilities are expressed through Ps as
Py = ¢*hihahs Py,
Pio = ¢*hah3 Py,
Py = ¢ph3 Py,
@>hihohs
Py = 25 py,
01 oH,
@>hahs
= P B19
11 oH, 10 (B19)

and inserted into Eqs. (B18) resulting in a closed set for ¢
and ®:

s pi—1 5, p1—=2 p1—3
A A S A
¢? p1—1
v =0,
+HCI>|: ¢+ n :|
1
pz<¢ + — ¢ +_h1h2¢ h1h2h3>

¢? I
+qu)(,02 1)|:¢+ hl] =0. (B20)
When we eliminate ® from these equations, we obtain a single
equation for ¢, which is Eq. (41).

Having obtained the solution in terms of ¢, we need to
reconstruct the probabilities. Pj; can be written in terms of
¢ using Py; = ¢h1P;; and the p,-fixing condition as Py =

p2/(1 4+ h¢). Hence

Py = P29 (B21)
1+ hi¢
Remaining probabilities are computed using relations (B19).
Since all Py are now expressed through ¢, and H; = (A; +
By1)/(a + b) does not enter the final equation for ¢, it follows
that the steady-state probabilities do not depend on the jump
rates of big particles, A; and B .

APPENDIX C: ONE-SPECIES GENERALIZED ASEP
WITH POCKETS

1. Master equation

In case on the chain composed of a backbone and pockets
attached to each backbone cell, the equation for one-site
probability P can be written as

4 py _

E SZ _xL+'xR +y’
where x; = x; +x, xg =xg + x5, while y =y~ 4+ y* de-
scribes one-site processes involving jumps to and from the
pocket. We again write these terms through selective functions
! and u which are now specified for each pair (s, z):

(ChH

L
bl — Skujz,

L
xL = 8qubs+]ls+l,z + Ss»ous—l,z’

- R_5 R
Xy = —aglg — Og kg,
Xt =8 a1 IR+ 8, ol (C2)
R s, kCs+1bs41 2 5,085—1,2+
Expressions for the functions / and u are as follows:
k
L _ p@ L _ (2)
ls Z 84,527 usz_ZaSPs+vz’
s=1
9 (C3)

k
R _ (2) R _ (2)
lsz_zpvzf+’ Uy _Zb Pszv+’
§'=0 s'=1

where total summation is understood over the pocket index
denoted by subscript “+,” as in, e.g.,

(2) (2)
s '+,52 Z Ps 7,82
since the pocket state does not influence on jumps. The loss

and gain contributions,

Y = =8, 4c,PY — 8, 4d, PV

sz

(C4)

(C5)
y = 83 kBZ OCA+IP+1 z—1 + 81 5155 OdZ‘HP )1 2+

describe entering and leaving the pocket being in state s, z
(direct processes) and their inverses, respectively; 8’s come
to play for fully occupied and empty pocket or site.

The current between two neighboring sites is defined by

k k-1
IR DI Zzb e (CO)
s=1 =0 s=0 s'=1

with total summations taken over the pocket indices denoted
by “+,” as before.
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In the mean-field approximation we neglect correlations
between sites, PS(Z}Z, A PS(Z”PS(/L,) . In this approximation, the
- - L'_JR o p); L ~ pQ R A
selective functions are [j; = I8 ~ PDI, ul ~ PPu,, ud ~
PDuy,, where

k—1

k k
1 1 1
[ = § P u, = § agPy), uy = § bePl). (CT)
s'=0 s'=1 s'=1

2. Reduction to single equation for k = 1

When the backbone cell accepts at most one particle, the
master equations read, according to Eq. (47),

Py : 0 = (a + b)[h1Piol — Pooul,
Py : 0 = (a+ b)[—h1Piol + Pooul — c1Pio + d1Por,

P()z N O = (a —+ b)[/’l]Plzl — P()Zu] + CIPl,z—l — dzP()z’
P, 0= (a+b)[—h Pl + Pooul — c1Piy +de1 Pozits

Py, : 0= (a+ b)[hlplql — Pogul +c1Py g1 — qu()q,
qu 0= (a + b)[—hlplql + P()qu], (Cg)

with the mean-field / and u defined as

k=1 ¢q k q
I=)"3"Pe u=y hy P, (C9)
s=0 z=0 s=1 z=0

and h; = 1. Consecutive adding splits the set (C8) into
two subsets: 0 =Pyl —Poul,_, , and 0=—cP;+

de1Po 11l ), 41 Tesulting in 2¢ + 1 relations:

POZ = ¢Plza P(Jz == )/zPl,z—la (CIO)
where ¢ = [/u, y, = c;/d,. We combine these equations to
obtain the recurrence Py ,_; = %PlZ which yields

¢qu ¢qu+1
P,=———P, P,=——P, (Cl])
Vel -+ Vg Vel -+ Vg

Py, can be expressed in terms of ¢ by inserting these formulas
into the normalization condition ), . P, = 1:

Py =niva...yy

q -1

" Lb"*' D vy e+ DT w} '
z=1

(C12)

Now, the density-fixing condition is subtracted from the nor-
malization condition multiplied by p; to yield

kK q
Y Pulpr—s—2)=0.

s=0 z=0

(C13)

When we insert into (C13) expressions (C11) for the proba-
bilities, we obtain the equation for ¢:

q
P+ Ty v+ D — )t

z=1

+vi-.veler —(@+ D] =0. (C14)

If the rates satisfy d, = zd, we have y, = y/z with y = ¢/d
and the equation for ¢ has the form

4 1 1
> LT -+ Do~ g+ 01 =0,
z=0 ' .

(C15)

The site state and the pocket state appear to be uncorre-
lated. Functions / and u in the case k = 1 are reduced to
Py = ZZ:O Py and Py = ZZ’:O Py, (with h; = 1.) Thus,
relation Py,/P); = [/u can be rewritten as Py, P+ = P Poy.
The normalization condition in the form Py, =1 — P is
substituted into the right-hand side to yield P, = P P,
where P, = Py, + Pj.. This result exactly means no correla-
tion between site state s = 1 and arbitrary pocket state z. The
case s = 0 is similar, and we obtain P, = P, P,,.

3. Reduction to single equation for k > 2

Numerical study of the model with k = 2 and g = 1 shows
that the solution to the master equations in the special case
hy =1,hy =2and c; = ¢, ¢c; = 2c are such that the jump and
pocket parts of each equation equals zero separately. In other
words, each master equation splits onto zero-value jump and
pocket parts. Numerical calculations for the model with k = 2
and g = 2 with occupancy-proportional rates show the same
feature.

Within the assumption of such splitting, two sets of rela-
tions can be derived from Eq. (47):

Py, = ¢hi Py,
P, = ¢ohy P,
Pi_1; = ¢iPrs, (C16)
withz =0,1,..., ¢, and
Vi+1Pi; = Po 41,
V2,41P2; = P14,
Vezt1Pee = Pr12415 (C17)

with z=0,1,...,g—1 and ys .41 = ¢s/d;+1. We require
that these relations do not contradict each other. For example,
P>; can be expressed through P> in two ways: using the
relation with P3, to yield P»; = ¢h3Psy/y3; and alternatively
by the relation to P, which reads: P»; = ¢hyPoy/y2,. These
two expressions are not contradictory if h3/y3 = hy/y» or
h3/c3 = hy/cy. The general form of the conditions of consis-
tency reads
herl hs

—=—, s=12,...
Cs+1 Cs

Jk—1. (C18)
If the rates ay, b,, and ¢, are proportional to s, these require-
ments are satisfied.

The two sets of relations (C16) and (C17) can be used to
express all the probabilities through P, as

Py, = wy Pyy. (C19)
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This expression is inserted into the normalization condition
resulting in

-1

k.q
Py = [Z wszi| ) (C20)

5,2=0

Let us obtain wy;. Using relation Py, = ¢hyy1 Py ; repeatedly
we get
sz — ¢k7shs+lhx+2 t (C21)

Py, can be related to P, by repeated application of the
recurrence relation P, = ¢hyPy ;4+1/ Yk ;+1, which gives

' hksz-

(Ph )™
P, = Piy. (C22)
Vi,z+1Vkz+2 " Vg
Substitution of this expression into Eq. (C21) yields
hsprhgin - b hI°
— +17%542 kg ¢k+qfsfz. (C23)
Viz+1Viz+2 ** Vig
We derive the equation for ¢ from relation
k.q
Y welp —s—2)= (C24)

5,2=0

obtained by insertion of Egs. (C19) into the difference of
the normalization condition multiplied by p; and the p;-
fixing condition. Combination of this relation with Eq. (C23)
produces the following equation:

k q
Z M(ﬂdrq*s*z(pl —s—2)=0. (C25)

== hihy - - - hg

All {h} are included here. Regarding the pocket rates, only
combinations y;, = ¢y /d, are present, whereas other c; are not
involved owing to conditions (C18). For k = g = 3, Eq. (C25)
has the form

6 1 h s
p1¢° + —| 1+ y31— J(o1 — D¢
hy h3

1 hy h
+— 1+V31—+V31V32 (o1 —2)p*

hihy h3

hz
L+ 1+ v51vn—

+ h1h2h3 h3

hh
+ V31¥YnyB—m )(/01 —3)¢’

V31 hy 2
1 — —4

+ P ( + y32 + ¥a2)33 h3>(/01 )P

V31V32

-5

+ 5 hzhg( + y3)(p1 — S)¢

V31V32V33

_ —6)=0. C26
+ ol (o1 —6) (C20)

In the case of h; =5, ¢y = sc, and d, = zd it is reduced to
Eq. (51).

APPENDIX D: TWO-SPECIES GENERALIZED ASEP
WITH POCKETS

1. Master equation

We construct the master equation by combining the results
for the two-species generalized ASEP and the one-species
generalized ASEP with pockets, Egs. (B1) and (C1). The
master equation has the form
=x +xg+y+X +Xz +7Y. (D1)
Each term in the right-hand side has a loss (—) and a gain (4)
part. The terms corresponding to jumps along the backbone
are

L ? L
_bxlss,zz - 55’+2S.kux5, A

oz L L
Xp = Ossaskbsiliiy 5.7 1 Ss.0Ug 1 5.7 ©2)

Xg = —axlg’zz - Ss-&-ZS.kug,zZ’
Xy = Ss+2s,kas+ll§+1,5,zz + Ss,ouiLs,sz
and
X]j = _BSLA%S,zZ - 3s+25,kU}S,zZ’
Xt = §S+2S,kBS+1LsL,s+1,zZ +85.0Us’s- 1.2+
Xg = —ASLg,zz - 3s+2s,kUSI§,zZv
Xg = 3&+2$,kAS+1L§,S+1,zZ + SS*OU;{S—I’Zz' (D3)

The corresponding selective functions /, u and L, U read
(k—1) (k)
vS Z = Z P ’S’++ 58,227 uI;S,zZ = Z“S’P s(/zs)/++;ss,zz’
S/,S/
(k—1) (k)
lsRs,zz = Z Pg)zz §S 4+ ugs,zz = ZbS’PSzZ S8+

§,8 5,8
(D4)
and
(k—2)
Ll_:S',zZ = Z P 3525)/++;s5,zz’
5,8
(k)
Ust,zz = ZAS,P;’?S')’JmL;sS,zZ’
5,8
-2 (D5)
L;{s 2z = Z Pv(g)zZ 58/ 4+
§,8

k)

R
UsS Z — § :BS' sS, zZ s'S++°
/ S/

where “+4” in the subscripts denote total summation over
pocket indices, e.g.,

(q)
(2) _
Pisitsaz = Pys 221582
vz

(Do)
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(and analogously in all other cases), where the upper summa-
tion limit “(¢)” means that the summation is restricted by the
condition 7/ + 2Z" < ¢. The contributions of pocket processes
for small and big particles can be written as

3 (1 (D
y = _82+ZZ’QCSRVS,ZZ - 8AY+25’deRvS,zZ’

+ _ 3 5 (1)
y —8s+2$,k8z,0cs+1PS+].S’Z_l,z

< 3 (1)
+8:122.405.0d: 1P 5 11 25

Y = _8z+22,qCSPs(S,LZ - 8s+25,kDZI)S(S,lZ’

Yt = Ss+zs,kgz,ocs+1Ps(,ls)ﬂ,z,z,]
+8:402.485.0Dz1P_ L 701 (D7)
The currents of small and big particles are as follows:

(k) (k=1) (k=1) (k)

j= Z Z aSR§§3L+;s/S’++ o Z ZbS’Rv(szi+;‘s’s'++’ (D8)

5,8 8.8 5,5 5.5
® &2 *=2) ()
- @ _ @
/= Z Z AsPis vt 2 : 2 :BS’PxS++;s/S'++‘
5,8 5.8 5,8 5.8

(DY)

2. Mean-field approximation
; ; (2) ~ pH p)
. The mean—ﬁ.eld.apprommatlon PY.S,.ZZ;X’S’,z’Z’. ~ P ss,zzPs’s',;'Z/
within the periodic bounary conditions splits the selective

functions:

L __ R _ p() L _ p)
lsS,zZ - lsS,zZ - PsS,zZl’ usS,zZ - PsS,zZua’

R

uls ., = P, (D10)

where
(k—=1) (k) (k)
l= Z Ps('ls)’++’ Ua = Za‘Y’Ps(/]Serw Up = ZbS’Ps(’]S)’++’
5.8 5.8 5.8
(D11)
and
L?S,zZ = LES',zZ =P s(sl,)zzL’ Us]§,zz =P, s(bl,)zZUA’
US.z = PislzUs. (D12)
with
(k—2)
L=> Py .
5.
(k) (k)
Us=Y AgPYy,,. Us=)» BgPly .. (DI3)

5,8 5,8

In the case k = g = 3 explicit expressions for functions /, L
and u, U defined in (55) read

I = Poo4+ + Pro,++ + Pro++ + Por 4+,
u=hPyo i+ + Py i+ + h3Pso 1+ + hiPri 4,
L = Poo,++ + P10, 4+,
U = H P ++ +H Py (D14)

If the rates are proportional to occupancies, the set of sta-
tionary master equations can be reduced to two equations for
¢ =1/uand ¢ = U/L in the way discussed in Appendix C 3.
This way we get the pair of equations (58) and (59).

[1] P. Huber, J. Phys.: Condens. Matter 27, 103102 (2015).

[2] C. Bechinger, R. Di Leonardo, H. Lowen, C. Reichhardt, G.
Volpe, and G. Volpe, Rev. Mod. Phys. 88, 045006 (2016).

[3] C. T. MacDonald, J. H. Gibbs, and A. C. Pipkin, Biopolymers
6, 1 (1968).

[4] C. T. MacDonald and J. H. Gibbs, Biopolymers 7, 707 (1969).

[5] B. Derrida, Phys. Rep. 301, 65 (1998).

[6] B. Derrida, E. Domany, and D. Mukamel, J. Stat. Phys. 69, 667
(1992).

[7] B. Derrida, M. R. Evans, V. Hakim, and V. Pasquier, J. Phys. A:
Math. Gen. 26, 1493 (1993).

[8] B. Derrida, S. A. Janowsky, J. L. Lebowitz, and E. R. Speer,
J. Stat. Phys. 73, 813 (1993).

[9] G. Schiitz, Phys. Rev. E 47, 4265 (1993).

[10] S. Sandow, Phys. Rev. E 50, 2660 (1994).

[11] B. Schmittmann and R. K. P. Zia, Statistical Mechanics of
Driven Diffusive System, Phase Transitions and Critical Phe-
nomena Vol. 17, edited by C. Domb and J. Lebowitz (Academic
Press, London, 1995).

[12] G. M. Schiitz, J. Stat. Phys. 88, 427 (1997).

[13] G. M. Schiitz, Exactly Solvable Models for Many-Body Systems
Far from Equilibrium, Phase Transitions and Critical Phenom-
ena Vol. 19, edited by C. Domb and J. Lebowitz (Academic
Press, London, 2001).

[14] R. A. Blythe and M. R. Evans, J. Phys. A: Math. Theor. 40,
R333 (2007).

[15] M. Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. Lett. 56, 889
(1986).

[16] T. Halpin-Healy and Y.-C. Zhang, Phys. Rep. 254, 215 (1995).

[17] M. Schliwa, (ed.), Molecular Motors (Wiley-VCH, New York,
2003).

[18] K. Svoboda and S. M. Block, Cell 77, 773 (1994).

[19] M. Schliwa and G. Woehlke, Nature (London) 422, 759
(2003).

[20] G. Cappello, P. Pierobon, C. Symonds, L. Busoni, J. C. M.
Gebhardt, M. Rief, and J. Prost, Proc. Natl. Acad. Sci. USA
104, 15328 (2007).

[21] P. Reimann, Phys. Rep. 361, 57 (2002).

[22] I. Raska, K. Koberna, J. Malinsky, H. Fidlerova, and M. Masata,
Biol. Cell 96, 579 (2004).

[23] U. Scheer, B. Xia, H. Merkert, and D. Weisenberger,
Chromosoma 105, 470 (1997).

[24] F. Jiilicher and J. Prost, Phys. Rev. Lett. 78, 4510 (1997).

[25] O. Campas, Y. Kafri, K. B. Zeldovich, J. Casademunt, and J.-F.
Joanny, Phys. Rev. Lett. 97, 038101 (2006).

[26] N. J. Carter and R. A. Cross, Nature (London) 435, 308 (2005).

[27] E. Jiilicher and J. Prost, Phys. Rev. Lett. 75, 2618 (1995).

[28] A. B. Kolomeisky and B. Widom, J. Stat. Phys. 93, 633 (1998).

032608-20


https://doi.org/10.1088/0953-8984/27/10/103102
https://doi.org/10.1088/0953-8984/27/10/103102
https://doi.org/10.1088/0953-8984/27/10/103102
https://doi.org/10.1088/0953-8984/27/10/103102
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1002/bip.1968.360060102
https://doi.org/10.1002/bip.1968.360060102
https://doi.org/10.1002/bip.1968.360060102
https://doi.org/10.1002/bip.1968.360060102
https://doi.org/10.1002/bip.1969.360070508
https://doi.org/10.1002/bip.1969.360070508
https://doi.org/10.1002/bip.1969.360070508
https://doi.org/10.1002/bip.1969.360070508
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1007/BF01050430
https://doi.org/10.1007/BF01050430
https://doi.org/10.1007/BF01050430
https://doi.org/10.1007/BF01050430
https://doi.org/10.1088/0305-4470/26/7/011
https://doi.org/10.1088/0305-4470/26/7/011
https://doi.org/10.1088/0305-4470/26/7/011
https://doi.org/10.1088/0305-4470/26/7/011
https://doi.org/10.1007/BF01052811
https://doi.org/10.1007/BF01052811
https://doi.org/10.1007/BF01052811
https://doi.org/10.1007/BF01052811
https://doi.org/10.1103/PhysRevE.47.4265
https://doi.org/10.1103/PhysRevE.47.4265
https://doi.org/10.1103/PhysRevE.47.4265
https://doi.org/10.1103/PhysRevE.47.4265
https://doi.org/10.1103/PhysRevE.50.2660
https://doi.org/10.1103/PhysRevE.50.2660
https://doi.org/10.1103/PhysRevE.50.2660
https://doi.org/10.1103/PhysRevE.50.2660
https://doi.org/10.1007/BF02508478
https://doi.org/10.1007/BF02508478
https://doi.org/10.1007/BF02508478
https://doi.org/10.1007/BF02508478
https://doi.org/10.1088/1751-8113/40/46/R01
https://doi.org/10.1088/1751-8113/40/46/R01
https://doi.org/10.1088/1751-8113/40/46/R01
https://doi.org/10.1088/1751-8113/40/46/R01
https://doi.org/10.1103/PhysRevLett.56.889
https://doi.org/10.1103/PhysRevLett.56.889
https://doi.org/10.1103/PhysRevLett.56.889
https://doi.org/10.1103/PhysRevLett.56.889
https://doi.org/10.1016/0370-1573(94)00087-J
https://doi.org/10.1016/0370-1573(94)00087-J
https://doi.org/10.1016/0370-1573(94)00087-J
https://doi.org/10.1016/0370-1573(94)00087-J
https://doi.org/10.1016/0092-8674(94)90060-4
https://doi.org/10.1016/0092-8674(94)90060-4
https://doi.org/10.1016/0092-8674(94)90060-4
https://doi.org/10.1016/0092-8674(94)90060-4
https://doi.org/10.1038/nature01601
https://doi.org/10.1038/nature01601
https://doi.org/10.1038/nature01601
https://doi.org/10.1038/nature01601
https://doi.org/10.1073/pnas.0706653104
https://doi.org/10.1073/pnas.0706653104
https://doi.org/10.1073/pnas.0706653104
https://doi.org/10.1073/pnas.0706653104
https://doi.org/10.1016/S0370-1573(01)00081-3
https://doi.org/10.1016/S0370-1573(01)00081-3
https://doi.org/10.1016/S0370-1573(01)00081-3
https://doi.org/10.1016/S0370-1573(01)00081-3
https://doi.org/10.1016/j.biolcel.2004.04.015
https://doi.org/10.1016/j.biolcel.2004.04.015
https://doi.org/10.1016/j.biolcel.2004.04.015
https://doi.org/10.1016/j.biolcel.2004.04.015
https://doi.org/10.1007/BF02510484
https://doi.org/10.1007/BF02510484
https://doi.org/10.1007/BF02510484
https://doi.org/10.1007/BF02510484
https://doi.org/10.1103/PhysRevLett.78.4510
https://doi.org/10.1103/PhysRevLett.78.4510
https://doi.org/10.1103/PhysRevLett.78.4510
https://doi.org/10.1103/PhysRevLett.78.4510
https://doi.org/10.1103/PhysRevLett.97.038101
https://doi.org/10.1103/PhysRevLett.97.038101
https://doi.org/10.1103/PhysRevLett.97.038101
https://doi.org/10.1103/PhysRevLett.97.038101
https://doi.org/10.1038/nature03528
https://doi.org/10.1038/nature03528
https://doi.org/10.1038/nature03528
https://doi.org/10.1038/nature03528
https://doi.org/10.1103/PhysRevLett.75.2618
https://doi.org/10.1103/PhysRevLett.75.2618
https://doi.org/10.1103/PhysRevLett.75.2618
https://doi.org/10.1103/PhysRevLett.75.2618
https://doi.org/10.1023/B:JOSS.0000033246.14231.e1
https://doi.org/10.1023/B:JOSS.0000033246.14231.e1
https://doi.org/10.1023/B:JOSS.0000033246.14231.e1
https://doi.org/10.1023/B:JOSS.0000033246.14231.e1

SEPARATION OF DENSE COLLOIDAL SUSPENSIONS IN ...

PHYSICAL REVIEW E 101, 032608 (2020)

[29] M. Badoual, F. Jiilicher, and J. Prost, Proc. Natl. Acad. Sci.
USA 99, 6696 (2002).

[30] S. Klumpp and R. Lipowsky, J. Stat. Phys. 113, 233 (2003).

[31] C. Maes and M. H. van Wieren, J. Stat. Phys. 112, 329 (2003).

[32] A. W. C. Lau, D. Lacoste, and K. Mallick, Phys. Rev. Lett. 99,
158102 (2007).

[33] R. K. Das and A. B. Kolomeisky, Phys. Rev. E 77, 061912
(2008).

[34] T. Tripathi and D. Chowdhury, Phys. Rev. E 77, 011921 (2008).

[35] P. Greulich, A. Garai, K. Nishinari, A. Schadschneider, and
D. Chowdhury, Phys. Rev. E 75, 041905 (2007).

[36] A. Basu and D. Chowdhury, Phys. Rev. E 75, 021902 (2007).

[37] F. Slanina, Europhys. Lett. 84, 50009 (2008).

[38] F. Slanina, J. Stat. Phys. 135, 935 (2009).

[39] FE. Slanina, Phys. Rev. E 80, 061135 (2009).

[40] T. M. Squires and S. R. Quake, Rev. Mod. Phys. 77, 977 (2005).

[41] G. M. Whitesides, Nature (London) 442, 368 (2006).

[42] E. Slanina, Phys. Rev. E 94, 042610 (2016).

[43] F. Slanina, Phys. Rev. E 99, 012604 (2019).

[44] P. Sajeesh and A. K. Sen, Microfluid. Nanofluid. 17, 1 (2014).

[45] J. Xuan and M. L. Lee, Anal. Methods 6, 27 (2014).

[46] T. Salafi, K. K. Zeming, and Y. Zhang, Lab Chip 17, 11 (2017).

[47] D. Di Carlo, D. Irimia, R. G. Tompkins, and M. Toner, Proc.
Natl. Acad. Sci. USA 104, 18892 (2007).

[48] J. Seo, M. H. Lean, and A. Kole, Appl. Phys. Lett. 91, 033901
(2007).

[49] A. A.S. Bhagat, H. Bow, H. W. Hou, S. J. Tan, J. Han, and C. T.
Lim, Med. Biol. Eng. Comput. 48, 999 (2010).

[50] D. Di Carlo, Lab Chip 9, 3038 (2009).

[51] L. R. Huang, E. C. Cox, R. H. Austin, and J. C. Sturm, Science
304, 987 (2004).

[52] Y. Viero, Q. He, M. Fouet, and A. Bancaud, Electrophoresis 34,
3300 (2013).

[53] C.-F. Chou, O. Bakajin, S. W. P. Turner, T. A. J. Duke, S. S.
Chan, E. C. Cox, H. G. Craighead, and R. H. Austin, Proc. Natl.
Acad. Sci. USA 96, 13762 (1999).

[54] P. K. Ghosh, P. Héinggi, F. Marchesoni, S. Martens, F. Nori, L.
Schimansky-Geier, and G. Schmid, Phys. Rev. E 85, 011101
(2012).

[55] C. Marquet, A. Buguin, L. Talini, and P. Silberzan, Phys. Rev.
Lett. 88, 168301 (2002).

[56] S. Matthias and F. Miiller, Nature (London) 424, 53 (2003).

[57] K. Mathwig, F. Miiller, and U. Gosele, New J. Phys. 13, 033038
(2011).

[58] S. Verleger, A. Grimm, C. Kreuter, H. M. Tan, J. A. van Kan,
A. Erbe, E. Scheer, and J. R. C. van der Maarel, Lab Chip 12,
1238 (2012).

[59] C. Schwemmer, S. Fringes, U. Duerig, Y. K. Ryu, and A. W.
Knoll, Phys. Rev. Lett. 121, 104102 (2018).

[60] C. Kettner, P. Reimann, P. Hinggi, and F. Miiller, Phys. Rev. E
61, 312 (2000).

[61] R. L. C. Cisne Jr., T. F. Vasconcelos, E. J. R. Parteli, and J. S.
Andrade Jr., Microfluid. Nanofluid. 10, 543 (2011).

[62] X. Yang, C. Liu, Y. Li, F. Marchesoni, P. Hinggi, and H. P.
Zhang, Proc. Natl. Acad. Sci. USA 114, 9564 (2017).

[63] M. P. Howard, A. Gautam, A. Z. Panagiotopoulos, and A.
Nikoubashman, Phys. Rev. Fluids 1, 044203 (2016).

[64] S. Solérzano, N. A. M. Aratjo, and H. J. Herrmann, Phys. Rev.
E 96, 032901 (2017).

[65] R. Eichhorn, P. Reimann, and P. Hinggi, Phys. Rev. Lett. 88,
190601 (2002).

[66] R. Eichhorn, P. Reimann, and P. Hinggi, Phys. Rev. E 66,
066132 (2002).

[67] R. Eichhorn, P. Reimann, and P. Hinggi, Physica A 325, 101
(2003).

[68] C. Arita, J. Stat. Mech. (2006) P12008.

[69] P. A. Ferrari and J. B. Martin, Ann. Probab. 35, 807
(2007).

[70] M. R. Evans, P. A. Ferrari, and K. Mallick, J. Stat. Phys. 135,
217 (2009).

[71] A. Ayyer, J. L. Lebowitz, and E. R. Speer, J. Stat. Phys. 135,
1009 (2009).

[72] C. Arita and K. Mallick, J. Phys. A: Math. Theor. 46, 085002
(2013).

[73] N. Crampe, M. R. Evans, K. Mallick, E. Ragoucy, and M.
Vanicat, J. Phys. A: Math. Theor. 49, 475001 (2016).

[74] L. Cantini, A. Garbali, J. de Gier, and M. Wheeler, J. Phys. A:
Math. Theor. 49, 444002 (2016).

[75] N. Crampe, C. Finn, E. Ragoucy, and M. Vanicat, J. Phys. A:
Math. Theor. 49, 375201 (2016).

[76] S. Corteel and L. K. Williams, Sel. Math. New Ser. 24, 2275
(2018).

[77] A. Ayyer, C. Finn, and D. Roy, Phys. Rev. E 97, 012151
(2018).

[78] C. Kipnis, C. Landim, and S. Olla, Commun. Pure Appl. Math.
47, 1475 (1994).

[79] T. Becker, K. Nelissen, B. Cleuren, B. Partoens, and C. Van den
Broeck, Phys. Rev. Lett. 111, 110601 (2013).

[80] C. Arita, P. L. Krapivsky, and K. Mallick, Phys. Rev. E 90,
052108 (2014).

[81] T. Becker, K. Nelissen, B. Cleuren, B. Partoens, and C. Van den
Broeck, Phys. Rev. E 93, 046101 (2016).

[82] C. Arita, P. L. Krapivsky, and K. Mallick, Phys. Rev. E 94,
016101 (2016).

[83] C. Arita, P. L. Krapivsky, and K. Mallick, Phys. Rev. E 95,
032121 (2017).

[84] C. Cocozza-Thivent, Z. Wahrscheinlichkeitstheorie Verw. Geb.
70, 509 (1985).

[85] T. Seppildinen, Ann. Probab. 27, 361 (1999).

[86] G. M. Schiitz, J. Phys. A: Math. Gen. 36, R339 (2003).

[87] V. Popkov, J. Schmidt, and G. M. Schiitz, Phys. Rev. Lett. 112,
200602 (2014).

[88] V. Popkov, J. Schmidt, and G. M. Schiitz, J. Stat. Phys. 160, 835
(2015).

[89] S. Ghosh, T. Bameta, D. Ghanti, and D. Chowdhury, J. Stat.
Mech. (2016) 123501.

[90] E. C. Alcaraz and R. Z. Bariev, Phys. Rev. E 60, 79 (1999).

[91] G. M. Schiitz, R. Ramaswamy, and M. Barma, J. Phys. A: Math.
Gen. 29, 837 (1996).

[92] M. R. Evans and T. Hanney, J. Phys. A: Math. Gen. 38, R195
(2005).

[93] If we have proportion 4 = 4 whose value is ¢, then f;z‘; = ¢,
where v is an arbitrary number. This is obtained by adding vab
to both sides of aB = Ab.

032608-21


https://doi.org/10.1073/pnas.102692399
https://doi.org/10.1073/pnas.102692399
https://doi.org/10.1073/pnas.102692399
https://doi.org/10.1073/pnas.102692399
https://doi.org/10.1023/A:1025778922620
https://doi.org/10.1023/A:1025778922620
https://doi.org/10.1023/A:1025778922620
https://doi.org/10.1023/A:1025778922620
https://doi.org/10.1023/A:1023691923564
https://doi.org/10.1023/A:1023691923564
https://doi.org/10.1023/A:1023691923564
https://doi.org/10.1023/A:1023691923564
https://doi.org/10.1103/PhysRevLett.99.158102
https://doi.org/10.1103/PhysRevLett.99.158102
https://doi.org/10.1103/PhysRevLett.99.158102
https://doi.org/10.1103/PhysRevLett.99.158102
https://doi.org/10.1103/PhysRevE.77.061912
https://doi.org/10.1103/PhysRevE.77.061912
https://doi.org/10.1103/PhysRevE.77.061912
https://doi.org/10.1103/PhysRevE.77.061912
https://doi.org/10.1103/PhysRevE.77.011921
https://doi.org/10.1103/PhysRevE.77.011921
https://doi.org/10.1103/PhysRevE.77.011921
https://doi.org/10.1103/PhysRevE.77.011921
https://doi.org/10.1103/PhysRevE.75.041905
https://doi.org/10.1103/PhysRevE.75.041905
https://doi.org/10.1103/PhysRevE.75.041905
https://doi.org/10.1103/PhysRevE.75.041905
https://doi.org/10.1103/PhysRevE.75.021902
https://doi.org/10.1103/PhysRevE.75.021902
https://doi.org/10.1103/PhysRevE.75.021902
https://doi.org/10.1103/PhysRevE.75.021902
https://doi.org/10.1209/0295-5075/84/50009
https://doi.org/10.1209/0295-5075/84/50009
https://doi.org/10.1209/0295-5075/84/50009
https://doi.org/10.1209/0295-5075/84/50009
https://doi.org/10.1007/s10955-009-9743-z
https://doi.org/10.1007/s10955-009-9743-z
https://doi.org/10.1007/s10955-009-9743-z
https://doi.org/10.1007/s10955-009-9743-z
https://doi.org/10.1103/PhysRevE.80.061135
https://doi.org/10.1103/PhysRevE.80.061135
https://doi.org/10.1103/PhysRevE.80.061135
https://doi.org/10.1103/PhysRevE.80.061135
https://doi.org/10.1103/RevModPhys.77.977
https://doi.org/10.1103/RevModPhys.77.977
https://doi.org/10.1103/RevModPhys.77.977
https://doi.org/10.1103/RevModPhys.77.977
https://doi.org/10.1038/nature05058
https://doi.org/10.1038/nature05058
https://doi.org/10.1038/nature05058
https://doi.org/10.1038/nature05058
https://doi.org/10.1103/PhysRevE.94.042610
https://doi.org/10.1103/PhysRevE.94.042610
https://doi.org/10.1103/PhysRevE.94.042610
https://doi.org/10.1103/PhysRevE.94.042610
https://doi.org/10.1103/PhysRevE.99.012604
https://doi.org/10.1103/PhysRevE.99.012604
https://doi.org/10.1103/PhysRevE.99.012604
https://doi.org/10.1103/PhysRevE.99.012604
https://doi.org/10.1007/s10404-013-1291-9
https://doi.org/10.1007/s10404-013-1291-9
https://doi.org/10.1007/s10404-013-1291-9
https://doi.org/10.1007/s10404-013-1291-9
https://doi.org/10.1039/C3AY41364K
https://doi.org/10.1039/C3AY41364K
https://doi.org/10.1039/C3AY41364K
https://doi.org/10.1039/C3AY41364K
https://doi.org/10.1039/C6LC01045H
https://doi.org/10.1039/C6LC01045H
https://doi.org/10.1039/C6LC01045H
https://doi.org/10.1039/C6LC01045H
https://doi.org/10.1073/pnas.0704958104
https://doi.org/10.1073/pnas.0704958104
https://doi.org/10.1073/pnas.0704958104
https://doi.org/10.1073/pnas.0704958104
https://doi.org/10.1063/1.2756272
https://doi.org/10.1063/1.2756272
https://doi.org/10.1063/1.2756272
https://doi.org/10.1063/1.2756272
https://doi.org/10.1007/s11517-010-0611-4
https://doi.org/10.1007/s11517-010-0611-4
https://doi.org/10.1007/s11517-010-0611-4
https://doi.org/10.1007/s11517-010-0611-4
https://doi.org/10.1039/b912547g
https://doi.org/10.1039/b912547g
https://doi.org/10.1039/b912547g
https://doi.org/10.1039/b912547g
https://doi.org/10.1126/science.1094567
https://doi.org/10.1126/science.1094567
https://doi.org/10.1126/science.1094567
https://doi.org/10.1126/science.1094567
https://doi.org/10.1002/elps.201300354
https://doi.org/10.1002/elps.201300354
https://doi.org/10.1002/elps.201300354
https://doi.org/10.1002/elps.201300354
https://doi.org/10.1073/pnas.96.24.13762
https://doi.org/10.1073/pnas.96.24.13762
https://doi.org/10.1073/pnas.96.24.13762
https://doi.org/10.1073/pnas.96.24.13762
https://doi.org/10.1103/PhysRevE.85.011101
https://doi.org/10.1103/PhysRevE.85.011101
https://doi.org/10.1103/PhysRevE.85.011101
https://doi.org/10.1103/PhysRevE.85.011101
https://doi.org/10.1103/PhysRevLett.88.168301
https://doi.org/10.1103/PhysRevLett.88.168301
https://doi.org/10.1103/PhysRevLett.88.168301
https://doi.org/10.1103/PhysRevLett.88.168301
https://doi.org/10.1038/nature01736
https://doi.org/10.1038/nature01736
https://doi.org/10.1038/nature01736
https://doi.org/10.1038/nature01736
https://doi.org/10.1088/1367-2630/13/3/033038
https://doi.org/10.1088/1367-2630/13/3/033038
https://doi.org/10.1088/1367-2630/13/3/033038
https://doi.org/10.1088/1367-2630/13/3/033038
https://doi.org/10.1039/c2lc21089d
https://doi.org/10.1039/c2lc21089d
https://doi.org/10.1039/c2lc21089d
https://doi.org/10.1039/c2lc21089d
https://doi.org/10.1103/PhysRevLett.121.104102
https://doi.org/10.1103/PhysRevLett.121.104102
https://doi.org/10.1103/PhysRevLett.121.104102
https://doi.org/10.1103/PhysRevLett.121.104102
https://doi.org/10.1103/PhysRevE.61.312
https://doi.org/10.1103/PhysRevE.61.312
https://doi.org/10.1103/PhysRevE.61.312
https://doi.org/10.1103/PhysRevE.61.312
https://doi.org/10.1007/s10404-010-0688-y
https://doi.org/10.1007/s10404-010-0688-y
https://doi.org/10.1007/s10404-010-0688-y
https://doi.org/10.1007/s10404-010-0688-y
https://doi.org/10.1073/pnas.1707815114
https://doi.org/10.1073/pnas.1707815114
https://doi.org/10.1073/pnas.1707815114
https://doi.org/10.1073/pnas.1707815114
https://doi.org/10.1103/PhysRevFluids.1.044203
https://doi.org/10.1103/PhysRevFluids.1.044203
https://doi.org/10.1103/PhysRevFluids.1.044203
https://doi.org/10.1103/PhysRevFluids.1.044203
https://doi.org/10.1103/PhysRevE.96.032901
https://doi.org/10.1103/PhysRevE.96.032901
https://doi.org/10.1103/PhysRevE.96.032901
https://doi.org/10.1103/PhysRevE.96.032901
https://doi.org/10.1103/PhysRevLett.88.190601
https://doi.org/10.1103/PhysRevLett.88.190601
https://doi.org/10.1103/PhysRevLett.88.190601
https://doi.org/10.1103/PhysRevLett.88.190601
https://doi.org/10.1103/PhysRevE.66.066132
https://doi.org/10.1103/PhysRevE.66.066132
https://doi.org/10.1103/PhysRevE.66.066132
https://doi.org/10.1103/PhysRevE.66.066132
https://doi.org/10.1016/S0378-4371(03)00188-2
https://doi.org/10.1016/S0378-4371(03)00188-2
https://doi.org/10.1016/S0378-4371(03)00188-2
https://doi.org/10.1016/S0378-4371(03)00188-2
https://doi.org/10.1088/1742-5468/2006/12/P12008
https://doi.org/10.1088/1742-5468/2006/12/P12008
https://doi.org/10.1088/1742-5468/2006/12/P12008
https://doi.org/10.1214/009117906000000944
https://doi.org/10.1214/009117906000000944
https://doi.org/10.1214/009117906000000944
https://doi.org/10.1214/009117906000000944
https://doi.org/10.1007/s10955-009-9696-2
https://doi.org/10.1007/s10955-009-9696-2
https://doi.org/10.1007/s10955-009-9696-2
https://doi.org/10.1007/s10955-009-9696-2
https://doi.org/10.1007/s10955-009-9724-2
https://doi.org/10.1007/s10955-009-9724-2
https://doi.org/10.1007/s10955-009-9724-2
https://doi.org/10.1007/s10955-009-9724-2
https://doi.org/10.1088/1751-8113/46/8/085002
https://doi.org/10.1088/1751-8113/46/8/085002
https://doi.org/10.1088/1751-8113/46/8/085002
https://doi.org/10.1088/1751-8113/46/8/085002
https://doi.org/10.1088/1751-8113/49/47/475001
https://doi.org/10.1088/1751-8113/49/47/475001
https://doi.org/10.1088/1751-8113/49/47/475001
https://doi.org/10.1088/1751-8113/49/47/475001
https://doi.org/10.1088/1751-8113/49/44/444002
https://doi.org/10.1088/1751-8113/49/44/444002
https://doi.org/10.1088/1751-8113/49/44/444002
https://doi.org/10.1088/1751-8113/49/44/444002
https://doi.org/10.1088/1751-8113/49/37/375201
https://doi.org/10.1088/1751-8113/49/37/375201
https://doi.org/10.1088/1751-8113/49/37/375201
https://doi.org/10.1088/1751-8113/49/37/375201
https://doi.org/10.1007/s00029-017-0375-x
https://doi.org/10.1007/s00029-017-0375-x
https://doi.org/10.1007/s00029-017-0375-x
https://doi.org/10.1007/s00029-017-0375-x
https://doi.org/10.1103/PhysRevE.97.012151
https://doi.org/10.1103/PhysRevE.97.012151
https://doi.org/10.1103/PhysRevE.97.012151
https://doi.org/10.1103/PhysRevE.97.012151
https://doi.org/10.1002/cpa.3160471104
https://doi.org/10.1002/cpa.3160471104
https://doi.org/10.1002/cpa.3160471104
https://doi.org/10.1002/cpa.3160471104
https://doi.org/10.1103/PhysRevLett.111.110601
https://doi.org/10.1103/PhysRevLett.111.110601
https://doi.org/10.1103/PhysRevLett.111.110601
https://doi.org/10.1103/PhysRevLett.111.110601
https://doi.org/10.1103/PhysRevE.90.052108
https://doi.org/10.1103/PhysRevE.90.052108
https://doi.org/10.1103/PhysRevE.90.052108
https://doi.org/10.1103/PhysRevE.90.052108
https://doi.org/10.1103/PhysRevE.93.046101
https://doi.org/10.1103/PhysRevE.93.046101
https://doi.org/10.1103/PhysRevE.93.046101
https://doi.org/10.1103/PhysRevE.93.046101
https://doi.org/10.1103/PhysRevE.94.016101
https://doi.org/10.1103/PhysRevE.94.016101
https://doi.org/10.1103/PhysRevE.94.016101
https://doi.org/10.1103/PhysRevE.94.016101
https://doi.org/10.1103/PhysRevE.95.032121
https://doi.org/10.1103/PhysRevE.95.032121
https://doi.org/10.1103/PhysRevE.95.032121
https://doi.org/10.1103/PhysRevE.95.032121
https://doi.org/10.1007/BF00531864
https://doi.org/10.1007/BF00531864
https://doi.org/10.1007/BF00531864
https://doi.org/10.1007/BF00531864
https://doi.org/10.1214/aop/1022677266
https://doi.org/10.1214/aop/1022677266
https://doi.org/10.1214/aop/1022677266
https://doi.org/10.1214/aop/1022677266
https://doi.org/10.1088/0305-4470/36/36/201
https://doi.org/10.1088/0305-4470/36/36/201
https://doi.org/10.1088/0305-4470/36/36/201
https://doi.org/10.1088/0305-4470/36/36/201
https://doi.org/10.1103/PhysRevLett.112.200602
https://doi.org/10.1103/PhysRevLett.112.200602
https://doi.org/10.1103/PhysRevLett.112.200602
https://doi.org/10.1103/PhysRevLett.112.200602
https://doi.org/10.1007/s10955-015-1241-x
https://doi.org/10.1007/s10955-015-1241-x
https://doi.org/10.1007/s10955-015-1241-x
https://doi.org/10.1007/s10955-015-1241-x
https://doi.org/10.1088/1742-5468/aa50dd
https://doi.org/10.1088/1742-5468/aa50dd
https://doi.org/10.1088/1742-5468/aa50dd
https://doi.org/10.1103/PhysRevE.60.79
https://doi.org/10.1103/PhysRevE.60.79
https://doi.org/10.1103/PhysRevE.60.79
https://doi.org/10.1103/PhysRevE.60.79
https://doi.org/10.1088/0305-4470/29/4/011
https://doi.org/10.1088/0305-4470/29/4/011
https://doi.org/10.1088/0305-4470/29/4/011
https://doi.org/10.1088/0305-4470/29/4/011
https://doi.org/10.1088/0305-4470/38/19/R01
https://doi.org/10.1088/0305-4470/38/19/R01
https://doi.org/10.1088/0305-4470/38/19/R01
https://doi.org/10.1088/0305-4470/38/19/R01

