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One-dimensional model for chemotaxis with hard-core interactions
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In this paper we consider a biased velocity jump process with excluded-volume interactions for chemotaxis,
where we account for the size of each particle. Starting with a system of N individual hard rod particles in one
dimension, we derive a nonlinear kinetic model using two different approaches. The first approach is a systematic
derivation for small occupied fraction of particles based on the method of matched asymptotic expansions. The
second approach, based on a compression method that exploits the single-file motion of hard core particles,
does not have the limitation of a small occupied fraction but requires constant tumbling rates. We validate
our nonlinear model with numerical simulations, comparing its solutions with the corresponding noninteracting
linear model as well as stochastic simulations of the underlying particle system.
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I. INTRODUCTION

Understanding collective dynamics and self-organization
in the biological sciences has been the subject of much re-
search interest for several decades [1,2]. Mathematical models
describing collective dynamics have been used in the context
of social insects like locusts [3], bacteria [4], cells [5-7],
migratory species [8], and robots [9].

Models for collective dynamics can be broadly classified
into three categories: particle-based models, kinetic models,
and macroscopic models. Particle-based models keep track
of each individual in the system explicitly, describing its
motion and interactions with the others with an equation or
a set of rules. When the number of individuals is large, their
behavior is generally best studied with continuum kinetic and
macroscopic models. Kinetic models consider the evolution
of the density distribution of individuals in the phase space
of position and velocity, whereas macroscopic models focus
on the evolution of the averaged density in position only.
A question of interest is how to connect the different levels
of description for a given system: starting from a particle-
based model, can we obtain the corresponding kinetic and/or
macroscopic model?

A large class of particle-based models in biology are the
so-called velocity-jump processes, consisting of a sequence of
runs and reorientations at randomly distributed times, when
a new velocity is chosen [5]. Velocity-jump processes are
commonly used to model the run-and-tumble dynamics of
flagellated bacteria such as Escherichia coli, which move in a
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more-or-less straight line (a run) interrupted by brief tumbles
[1]. Bacteria use this movement as a searching strategy: the
length of the run increases and the frequency of tumbles
decreases when they are moving in a favorable direction (e.g.,
towards food).

In its simplest form, a velocity-jump process assumes
that particles move at constant speed ¢ and that tumbles or
random changes in the velocity are instantaneous and dis-
tributed according to a Poisson process of constant intensity A.
This velocity-jump process can be described with the kinetic
equation [5]

dp

m +v-Vyp= —Ap+)»/v T(v,u)p(x,u,t)du, (1)
where p(x, v,t) is the total population density of particles
located at x € R? and moving with velocity veV = {v e
R?, ||v|| = c}. Here T (v, u) is the probability of turning from
velocity u to velocity v during a tumble. Several general-
izations of Eq. (1) have been discussed in the literature,
for example, to include resting times [5], account for the
time particles take to turn [9], or consider distributions other
than the Poisson for the random velocity changes [10]. See
also Ref. [11] for a review paper on the applications of (1)
and related random walks in biology. It is well known that,
under certain conditions on the turning kernel 7', a parabolic
scaling of space and time in (1) leads to a diffusion equation
[12]. In particular, if the turning kernel is unbiased (meaning
that outgoing velocities are uniformly distributed on the unit
sphere), the limit has isotropic diffusion with a coefficient
D = c*/(\d) [12].

Equation (1) can be used to describe the motion of a system
of biological organisms such as cells or bacteria if interactions
between them are ignored. However, a key factor that con-
tributes to the emergence of collective behavior in biological
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systems is precisely the interaction between organisms and
their environments [13,14]. In the case of the velocity-jump
process (1), interactions may materialize in the turning rate A
and/or the turning kernel 7. For example, Erban and Othmer
[4] derive a kinetic model for bacterial chemotaxis, where
A and T depend on a chemotactic signal. In the context of
animal aggregations, Carrillo et al. [8] consider velocity-jump
processes in one and two dimensions, with interactions arising
from different “social forces”: repulsion from nearby neigh-
bors, alignment with individuals at intermediate distances,
and attraction to far-away individuals. The result is kinetic
models of the form (1), but with reorientation terms A and
T being nonlocal functions of the density of individuals.
Another example of a velocity-jump process with interactions
is considered by Erban and Haskovec in Ref. [3], to model the
collective behavior of locusts. Their model is one-dimensional
and assumes that a locust switches its direction of movement
with a rate that depends on the local average velocity. If most
locusts nearby are moving in the opposite direction, the locust
is more likely to change its direction. In both studies [3,8],
interactions are nonlocal and a mean-field limit approximation
is used to obtain the kinetic models.

The mean-field approach used in Refs. [3,8] is not suitable
for excluded-volume or steric interactions, which are local
by nature. These arise when accounting for the finite size
of organisms and prevent them from overlapping each other.
Because of the challenges that the singular nature of the forces
associated with excluded-volume interactions pose, most of
the work in the literature concerns lattice-based models with
simple exclusion mechanisms. These assume that individ-
ual agents occupy positions on a regular lattice and allow
each lattice site to be occupied by at most a single agent.
Then the lattice spacing is thought of as representing the
diameter of the organism. For example, Treloar et al. [15]
consider a one-dimensional discrete-time unbiased velocity-
jump process where the move of an agent to a new position
is either aborted if it would involve stepping on other agents
or shortened to as far as it can move before colliding with
another agent. By assuming that the probabilities of neigh-
boring sites being occupied are independent and considering
an appropriate limit of the lattice spacing and time step, they
obtain a system of two nonlinear kinetic equations for left-
and right-moving particles. The nonlinearity appears in the
flux terms and is proportional to the free or available space.
Thus, in areas where agents are densely packed, the flux
is reduced. A similar lattice-based velocity-jump process is
considered in Ref. [16] for two hard-core interacting particles.
They obtain an exact expression for the stationary distribution
of the two particles comprising three components: jammed
(particles block each other), attractive (they move together),
and independent at large separations.

A notable exception is the work by Franz et al. [17],
which combines an unbiased off-lattice velocity-jump process
with excluded-volume interactions. In particular, the authors
consider a system of hard-core interacting particles evolving
according to (1), but with additional changes in velocity
whenever two particles collide. They assume collisions are
reflective so that the particles’ speeds remain constant. Start-
ing from the N-particle transport equation and the BBGKY
hierarchy, they derive effective transport equations for the

one-particle density, still of the form (1) but with a density-
dependent turning rate A. They consider two cases. For very
dilute systems, they use a dilute-gas approximation in which
collisions appear in the equation as a Boltzmann integral, and
for more crowded systems, they use an approximation of the
two-particle density adapted from the result for Brownian hard
sphere particles in Ref. [18]. They then obtain the diffusion
limit in both cases using a moment-closure approximation,
with a corresponding density-dependent collective diffusion
coefficient. Interestingly, they find that the diffusion coeffi-
cient decreases as a result of collisions in the dilute-gas case,
but that it increases in the crowded case for sufficiently large
excluded volumes. This is in agreement with the effective
diffusion coefficient derived for Brownian hard spheres in
Ref. [18].

In this paper we study a one-dimensional biased velocity-
jump process with excluded-volume interactions. As in
Ref. [17] we consider an off-lattice velocity-jump process and
hard-core interacting particles. However, the one-dimensional
problem requires a different analysis from that of the two-
dimensional case studied in Ref. [17] because hard-core in-
teractions in one dimension preserve the ordering of parti-
cles. In contrast with previous works on excluded volume
[15,17], here we consider an external bias on the motion
to model chemotaxis. This is achieved by allowing the
turning rates to depend on the direction of motion and an
external signal and results in a drift term in the diffusive
limit [19].

We present two approaches to coarse-grain the particle-
based model and obtain a kinetic model. The first approach
is based on the method of matched asymptotic expansions,
which was already used in Ref. [18] in the context of Brown-
ian particles. This approach is systematic in the limit of small
volume fraction and allows us to consider spatially dependent
turning rates. The second approach is based on a method
proposed by Rost [20] that exploits the fact that particles
preserve the order in which they were at the initial time and
is therefore heavily reliant on a one-dimensional domain. Its
limitation is that the turning rates must be constant in space.
This method was also used in Ref. [21] in the context of
Brownian particles with interacting potentials containing a
hard core and a repulsive part.

The result is a set of nonlinear hyperbolic equations gov-
erning the dynamics of left- and right-moving particles. We
consider the diffusion limit by taking the standard parabolic
scaling. In that limit, we recover the model for hard-core
Brownian particles in one dimension, known as single-file
diffusion [22]. In order to validate our kinetic model, we
compare it to simulations of the stochastic particle-based
system under different fixed biases, as well as to the diffusion
limit equation.

The article is structured as follows. Section II introduces
the particle-level model and the equivalent N-particle trans-
port equation. Section III is devoted to the derivation of the
population-level kinetic model using the two different ap-
proaches described above. The diffusion limit and stationary
solutions of the effective transport equation are presented in
Sec. IV. In Sec. V we present several numerical examples,
comparing the solutions of our model with stochastic simu-
lations of the particle system under different external signals
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and excluded volume regimes. We conclude in Sec. VI with a
summary and discussion of the results.

II. INDIVIDUAL-BASED MODEL

We begin by describing the individual-based model in
nondimensional form. We consider a group of N identical
hard-core particles with time-dependent positions X;(¢) and
velocities V;(t), i = 1, ..., N. The particles are hard rods of
length € <« 1 and move along a one-dimensional domain 2 =
[0, 1] with no-flux boundary conditions and move either to the
left or to the right with a fixed speed ¢ € R*:

Xi(t) € 2, Vie{-c,c}, %(1) =Vi(). (@)
We assume that the particles occupy a small volume fraction,
so that eN < 1.

The particles undergo a velocity-jump process, where
they switch their velocities to the opposite direction sponta-
neously based on N independent Poisson processes with rates
MX;, Vi) > 0, where

Ax, €)= AT (x), Ax, —c) = A~ (x). 3)
When At #£ A~ this leads to a biased motion to one side of the
domain.

Finally, our model includes hard-core interactions between
particles in the following way. We assume particles switch
their velocities due to collisions between each other. A particle
moving right at position X; with velocity ¢ collides with a
second particle at X; + € and velocity —c. After the collision,
their velocities are reflected: the first particle has velocity —c,
and the second particle moves at velocity c. Similar rules
apply with the domain walls. For example, a particle moving
left with velocity —c will collide with the wall at X; =0
and switch its velocity to ¢ after the collision. The collisions
considered are both momentum- and speed-preserving. This
would not be the case in higher dimensions, where there is a
distinction between elastic collisions, which preserve momen-
tum, and reflective collisions, which preserve speed [17].

We note that this is a simple model for chemotaxis with
steric interactions only, and that in general chemotactic cells
and organisms will interact with each other and obstacles in
their environment with a combination of mechanisms. For
example, in the context of bacterial chemotaxis recent exper-
imental studies have shown that cells do not always reverse
their velocities upon collision with each other and boundaries
(tumbling collisions) but can also experience a so-called for-
ward scattering [23]. Our velocity-reversal assumption would
correspond to the former case of tumbling collisions (we
point out that forward scattering is not possible for hard-core
particles in one dimension). An alternative interaction rule,
still accounting for the excluded volume, would have been
to assume that upon collision particles block each other and
remain jammed without moving, until eventually a random
velocity switch frees them. This leads to an effective attrac-
tion between otherwise repulsive particles that, according to
Ref. [16], could potentially explain the mechanism behind
motility-induced phase separation.

Equivalent PDE description

The aim of this paper is to obtain a population-level de-
scription of the system of N interacting particles. To do so, it is
convenient to first write the individual-based model described
above as a partial differential equation in terms of the joint
probability density P(X, U, t) in both space X = (x1, ..., xy) €
Q" and velocity o = (vy, ..., vy) € V¥, where V = {—c, ¢},
at time ¢. It satisfies the transport equation

N
el VeP + ) [Ax, v)P(E, .1)
a, V- Vx Xi, Ui X, U,
ot p
- A'(xi’ _vi)P()_éﬂ Siﬁ, t)] = 0’ (4)
where V; stands for the gradient with respect to the N-particle

position vector ¥ € QV, and s; is the operator that switches the
ith component of v,

3 UN)- (5)
Due to the hard-core interactions between particles, (4) is not
defined for ¥ € QV, but for ¥ € QY, where

QY = e Q" : |y —xj| > €, Vi#j} (6)

Equation (4) is complemented with boundary conditions on
dQY. The boundary condition corresponding to a collision
between particles i and j is

_>_
siv=1,..., =V, ..

P(%,v,t) = P(X, s;5;0,t), at |x; —x]|=e€andvyv; <0.

(7

The boundary condition with a wall reads

P, 0,1) = P(%,s;,1), at x;=0, 1. (8)

We suppose that the initial positions of the particles are
independent and identically distributed with initial condition

P(X,v,0) = Py(X, V). 9

This implies that Py is invariant to permutations of the particle
labels and, in turn, due to the form of (4), that P itself
is invariant to particle label permutations for all time. In
particular, this means that particles are indistinguishable and
their ordering (which is fixed by the initial condition due to
the hard-core interactions) is not accessible or available to
us. This is important in our subsequent analysis. Finally, P
satisfies the normalization condition

/ PX,0,t)dXdv = 1. (10)
QY xyN

III. DERIVATION OF THE KINETIC MODEL

Although linear, Eq. (4) is very high-dimensional (for N
large) and impractical to solve directly. For this reason, we
want to obtain a population-level description of the system,
based on the evolution of the marginal density p of one
particle, say, the first one, defined as

p(X1,U],t)=/ P()_f,ﬁ,l‘)dXQ-”dedUz"-dUN,
QN (x)x VN1

Y

where QY (x;) denotes the slice of configuration space QY in
(6) for x; fixed. Since all particles are identical, the particle
choice is not important. We note that, by integrating both sides
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of (11) with respect to x; and v; and using (10), we have that
p also has unit mass.

A. Noninteracting particles case

We first consider the simple case on noninteracting par-
ticles with € = 0, so that there are no interactions between
them. In one dimension one must distinguish between point
particles and noninteracting particles, since point particles
may still interact via hard-core interactions [24]. However,
as we will discuss in Sec. III C, this distinction is relevant
only for systems without invariance of collective properties
under particle relabeling (for example, when interested in
the dynamics of an individual particle or in systems with
nonidentical particles). Noninteracting particles traveling in
opposite directions can pass each other and exchange order,
unlike in the interacting case. Particles are therefore indepen-
dent, and the configuration domain has no holes. Then insert-
ing P(X,v,t) = ]_[fv=1 p(x;, v;, t) in (4) we find that p(x, v, t)
satisfies

ap ap

—+U—+)\.(.x, U)p_)\.(.x, _v)p(-xa_vat):ov (12)
ot dax

with x € Q and v € V, together with the boundary condition

px,v,t) = p(x, —v,t), x=0,1, (13)

and initial condition p(x, v, t) = po(x, v), where pg is defined
from Py using (11). We define the densities of going left
and right as p~ (x, 1) = p(x, —c,t) and p*(x,1) = p(x, c, 1),
respectively. They satisfy the following system of equations:

dpt dp™t

e Lt et — AT (p =0, (l4a)
ot ox

0o~ 0o~

L mp —At)pT =0, (14b)
ot ox

with x € €, boundary conditions p* = p~ at x =0, 1, and
initial conditions p*(x, 0) = pgt(x) := po(x, £c). Using the
normalization of p, we have that [ p*dx ([ p~dx) is the
probability that the particle is moving right (left).

We allow for the moment the motion of particles to be
subject to a constant turning rate, that is, At and A~ are
replaced with Ag in (14). The probability that a particle is at
(x,1)is p(x,1) = pT(x,1) + p~(x,t). By writing equations
for p and the flux j(x,t) = c(pt(x,t) — p~(x, 1)), it can be
shown that p(x, t) satisfies the second-order PDE

¥p _2rr

ar? ot ax?’
with initial conditions p(x,0) = ,05’ (x) + py (x) and
dp(x,0) = cdi[py (x) — ps (x)], and boundary conditions
dxp = 0onx =0, 1. Itis known as the telegrapher’s equation,
whose applications are discussed at length in Ref. [25], and
in the context of biological transport in Ref. [5].

B. Interacting particles case via matched asymptotics

When particles have a finite size € > 0, the internal bound-
aries in QY mean that particles are no longer independent. We
set about the process of deriving a partial differential equation
for the marginal density function p(xy, vy, ¢) (11). To this end,
we integrate (4) over the remaining N — 1 particles.

It is convenient to introduce the two-particle density

Pz(xl» X2, V1, U2, t)
=/ P(X,0,t)dxz---dxydvs---dvoy,
QN (x1,x2)xVN=2

5)

where Q¥ (x1, x,) is the configuration space available to par-
ticles 3,..., N when particles 1 and 2 are at x; and x,
respectively. Then we can write p as

p(x1,v1,t) = / Py(x1,x2,v1, —c,t)dx
Q(x1)

+ / P2(.X],.x2,v1,c,t)d.x2, (16)
Q(x1)

where Q(x;) the region available to a second particle at x;
when the first particle is at x;. Note that, since the ordering of
particles is unknown, it can be that x, < x; or x; > x1.

Integrating (4) over xp,...,xy and vp,...,vy Yyields
exactly
0=, vy p[eTite
=5, Tu o, +N-1) Z vib .
vy==c
-(N-1) Z U2P2|zzi: + A(x1, vi)p
vy==%c

— Axr, —v)plxg, —vg, 1), 17

for x; € [0, 1]. If x; is closer to the boundary than €, then the
corresponding P, terms are set to zero. The first term comes
from noting that the configuration domain is independent of
time. The second and third terms come from integrating the
transport term v;d,, P and using the Leibniz rule of integra-
tion and particle relabeling. The fourth term is obtained by
integrating the terms v;d,, P for i =2, ..., N after relabeling
and using the boundary condition (8) to cancel the boundary
terms at x, = 0, 1. Finally, the last two terms are the only ones
remaining from the spontaneous turning terms of (4) after
summing v; for i > 2 over {—c, c}. Further details are given
in the Appendix. Rearranging (17) we obtain

0 d
0="22 +v1—p + 2(N — D[P (x1, x1 + €, v1, —v1, 1)
ot 0x1
—Py(x1,x1 — €, v1, —vy, 1)]
+ A(x1, vi)p — A(xr, —v1)p(x1, —vg, 1). (18)

In Eq. (18) we see that the term involving the two-particle den-
sity P is localized at the collision between the two particles.
Below we use the method of matched asymptotic expansions
to evaluate it.

1. Matched asymptotic expansions

In the low-volume fraction regime under consideration
(Ne <« 1), three-particle (and higher) interactions are negligi-
ble compared to two-particle interactions. In particular, having
fixed the first particle at x, the volume in configuration space
occupied by configurations involving particle 1 being at an
order € distance (the range of the interaction) to another par-
ticle is O(Ne€), while the volume of three particles within the
range of interactions is O(N2€?). In addition, we could have

022419-4



ONE-DIMENSIONAL MODEL FOR CHEMOTAXIS WITH ...

PHYSICAL REVIEW E 101, 022419 (2020)

the first particle close to a wall and to a second particle, and the
volume of such configurations is O(Ne?). Since we consider
the asymptotic limit Ne < 1, the leading-order contributions
from the interactions are two-particle interactions, and the
latter two will appear at higher order in €. Mathematically,
this means that when evaluating the collision term in (18),
we consider x; to be far from the walls and the two-particle
probability density P»(xi, vy, X2, U2, t) to be governed by the
dynamics of particles 1 and 2 only, independent of the remain-
ing N — 2 particles. For this reason, in the derivation of this
section we assume that P, satisfies (4) with N = 2.

As discussed above, the domain €2(x;) has two disjoint
components, a left subinterval [0, x; — €) when x, < x; and
a right subinterval (x; + €, 1] when x, > x;. We divide each
subinterval into two regions: an inner region when two parti-
cles are close to each other |x; — x;| ~ € and an outer region
when particles are far apart |x; — x| > €. For ease of notation
we drop the subscript 2 in the two-particle density.

In the left and right outer regions, we define Pl(xy, x2, vy,
v, t) = P(x1,xp, 01, v2,t) and P"(xy, xp, vy, v2,t) = P(xy,
X2, V1, U2, t), respectively, and assume particles are indepen-
dent to leading order (omitting the time variable for ease of
notation),

Pl(x1, X2, v1, v2) = q(x1, v1)q(x2, v2)

+€P{(x1, X2, v1,v2) + -+, (192)
P(x1, X2, v1, v2) = q(x1, v1)g(x2, V2)
+€P[(x1, x2, v, v2) + -+, (19b)

for some functions g, Pf , and P[. Inserting the ansatz (19) into
(4) with N = 2 we find that, as in the interaction-free case, the
leading-order outer g(xy, vy, t) satisfies (12):

aq aq
—+v 1— + A(x1, v1)g — Axy, —v1)g(xy,

) =0.
ar o v )

(20)
In the inner region we introduce the following change to
ipner variables x; = X; and x, = X| + €X, and we define
P(X1, X, v, v2,t) = P(x1, X2, V1, U2, 1). Rewriting (4) with
N = 2 in terms of the inner coordinates gives
0 815 N )
= €V

“or T on
+ €[, v1) + AE) + €X, v)]P

— €A, —v)P (X1, X, —v1, v2)

— €M) + €X, —v)P (%, %, v1, —v2), (21)

ap
+ (v2 — Ul)_

where P is evaluated at (%, %, vy, v2, t) unless explicitly writ-
ten. The boundary condition (7) becomes
P(ilsiv vlsUZ):p(j‘lvis_vh_UZ)s at )’E::l:l (22)
The boundary condition at the walls (8) does not appear in the
inner region because it corresponds to a three-body interaction
as discussed above. Finally, the inner solution P must match

with the outer solution P! as ¥ — —oo and P" as ¥ — oo.
Expanding (19) in terms of the inner variables, the matching

conditions are

. B B o aq
P~ q(X,v1)q(F1, v2) + eXq(Xy, U1)§()€1, v2)
i

+€Pl (%), %1, v1, 12), ¥ — —00, (23a)

- ~ B o aq
P~ g1, v1)q(X1, v2) + €Xq(Xy, Ul)g(xls v2)
1

+eP[ (X, X1, v1,02), ¥ — o0. (23b)

We look for a solution of (21), (22), and (23) in the left (*x <
—1) and rlght (¥ > 1) subdomains in powers of €, P ~ Py +

€P, + - ... The leading-order problem is, in both subdomains,
)
(v2 — vl)— =0,
Py(®1, %, vy, v2) = Py(Fy, X, —v1, —12), at ¥ = +l1,
Py ~q(x1, v1)g(x1, v2), as |¥| — oo.
(24

Problem (24) is solved, regardless of the sign of vjv,, by

Py = q(&1, v1)q(x1, v2). (25)
The O(e¢) of (21) reads

aPo 3P0
0= E-i— 5% + (Uz—vl)— + [A(E, v1) + AL v2)]1B
X

— A, —v)Py (%1, X, —vy, 12)

— A, —v)Py(F1, X, v1, —v2).
Using that the leading-order inner solution (25) satisfies (20),
the equation above simplifies to

op aq
o—oa—m{gé—qahm%—uhmq (26)

Let us first focus on the solution of Py for ¥ > 1. Integrating
(26) and using the corresponding matching condition (23), we
find that

5 _ o o dq e =
Py =xq(x1,v1)£(x1,v2)+P, (X1, X, v, 02). (27)
1
Equation (27) already satisfies the first-order inner problem

when v; = v,. When v; # v,, the boundary condition (22)
requires that

- g .
q(xl,vl)g(xl,—U1)+P1'(X1,X1,U1,—v1)
1

d
= q(x1, —Ul)a—;()ﬁ, v) + P (%1, %1, —vi, v1). (28)

Combining (25) and (27), we find that the inner solution for
X > lis, to O(e¢),

- . B - _0q _
P~ q(F1, v1)q(X1, v2) + €q(Xy, Ul)xﬁ(xla v2)
|
+ €P{ (X1, %1, v1, v2), (29)

with P/ satisfying (28). Repeating the same argument when
X < —1, we find that the inner solution in the left subdomain
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is given by

- 0
P~ q(X, v1)q(F1, v2) + €q (%, Ul)fcﬁ(il, v2)
1
+eP{ (%), %1, vy, v2), (30)
with

Pl(%1, %1, —v1, v1)
= P| (%1, %1, v1, —v1) + q(F1, —v1)d;,q(F1, v1)

—q(X1, v1)0%,q(F1, —v1).

Finally, we can relate the left and right first-order outer
solutions, Pll and P[, respectively, using the fact that particles
are identical and indistinguishable. Suppose that we are in
the right outer region (defined as x, > x;) and the particles’
velocities are v; = —c and v, = c. Then the first order outer is
given by Py (x1, x2, —c, ¢). But this same configuration could
be described as a left outer region (so that x, < x;) with v; =
c and v, = —c, so that the first-order outer is Pll (x1, x2, ¢, —C).
More generally, we have the following relation:

P (x1, X2, V1, v2) = Pl (x1, %2, v2, V). (31

2. Evaluation of the collision terms

Now we go back to the integrated equation (18) and use
the inner solution to evaluate the collision terms, as these
correspond exactly to when the two particles are in contact
and thus in the inner region. We find

Py(x1, x1 + €, v, —v1) — Pa(x1, X1 — €, vy, —vp)

=P, 1, v, —v1) — PRy, =1, v1, —v1)

= €q(v1)0,q(—v1) + €P[ (&1, &1, vi, —v1)
+€q(v1)35,g(—v1) — €P{ (1, %1, vi, —v1)

= €q(v1)05,q(—v1) + €P (%1, X1, v1, —v1)
+€q(v1)0x, g(—v1) — €P[ (%1, ¥1, —v1, v1)

= €q(v1)dx,q(—v1) + €q(v1)d5, q(—v1)
+€q(—v1)dx5, q(v1) — €q(v1)dz,q(—v1)

= €0z, [g(—v1)g(v1)], (32)

where we have omitted the ¥, variable in g for ease of notation
and have written g(%;, v;) = ¢g(v;). In the second line we have
used the inner region solutions (29) and (30). In the third line
we have used (31) to write Pll in terms of Py, and in the fourth
line we have used (28).

Now we use the normalization condition on P, to determine
the outer function g. We find that g(x, vy, t) = p(xy, vy, t) +
O(¢). Writing (32) in terms of p and inserting it into (18) we
find that the density p(x, v, t) satisfies, to O(¢), the following
nonlinear kinetic equation:

ap ap a
ar TVa T ev(N )ax[pp(x, v, 1)]

+ A(x, v)p — Alx, —v)p(x, —v, 1), (33)

where p = p(x, v, t) unless explicitly given. Equation (33)
can also be written in terms of the left- and right-moving
densities p*(x, ¢) (as previously defined in Sec. IIL A):

+
0= 22 L O 26V — o1
at 0x
+A )T = AT ()p 7, (34a)
_opm 9 — Dot1o-
0= ” Cax{[1+2€(N Dp™lp™}
FAT @) —AT(x)pT. (34b)

In Eq. (34) we have included only the leading-order non-
linear term due to steric effects. There will be correction terms
of O(e2N) due to higher-order terms in the two particle inner
solution P ~ Py +€P, +€?P, +---, as well as new inner
regions where three particles O(e2N?), or two particles and
the boundary O(e2N), are close. The most important of these
corrections is that due to interactions between three (or more)
particles. Because our asymptotic expansion is systematic,
these correction terms could in principle be calculated.

We can compare (34) with the system considered in
Ref. [3], also for left- and right-moving interacting particles in
a one-dimensional domain. While in our system interactions
are due to direct collisions between particles, in Ref. [3]
interactions were introduced in the switching rates so that
particles tend to switch more in the direction of movement of
the ensemble of particles. Accordingly, the resulting system
of PDEs, obtained via a mean-field limit, is nonlinear in the
reaction terms, rather than in the transport term as in (34).
This is also the case of the system considered in Ref. [8].

Another interesting comparison is that of (34) with the
result of Ref. [15], also describing a one-dimensional velocity
jump process with excluded-volume interactions, but on a
lattice. They consider three different cases of interactions, all
of which ensure that a particle cannot move to a new lattice
site if it is already occupied (the particle either aborts the
move or shortens it to avoid other particles). A key difference
with our model is that interactions in Ref. [15] are one-sided:
the particle that attempted the move changes its behavior if
that would lead to a collision with a second particle, but
not vice versa. In contrast, in our model a collision leads to
both particles reversing their directions. The result of this mi-
croscopic difference in the macroscopic model is that, while
both models’ nonlinear flux terms depend on the densities,
in (34) they are increasing functions of the opposite-moving
density, whereas in Ref. [15] they are decreasing functions
of the total density. This is similar to what happens when
comparing lattice and off-lattice based models for diffusion
with excluded-volume interactions: In off-lattice models, the
collective diffusion of a group is enhanced with its density,
whereas self-diffusion (the behavior of a tagged particle)
reduces with density [26]. In the corresponding on-lattice
model (with particles undergoing a simple exclusion process),
the collective diffusion is proportional to the available space,
therefore decreasing with the total density [27].

C. Interacting particles case via compression

In this section we will use an idea by Rost [20] to re-
duce the problem for N hard-core interacting particles into
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X, X, X3 X,
- decompressed
[ ] [ ] | ]
¢ J ¢ L L Z J
0 B o - X
S compressed
voL &
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FIG. 1. Sketch showing the process of compression (35). Modi-
fied from Ref. [21].

a problem for point noninteracting particles. Rost’s method
was used for a system of Brownian hard-core particles in one
dimension by Bodnar and Velazquez [21]. In one dimension,
the ordering of the particles is fixed by the initial conditions
due to the hard-core collisions, that is, the particles cannot
change order in time (x; < x; at t = 0 implies that x; < x;
for all times). Without loss of generality, in this section we
assume that particles are labeled according to their ordering,
that is, x; < x, < --- < xy—1 < xy. The technique by Rost is
to use a coordinate change to eliminate the excluded regions
between the particles. The collision boundary conditions sim-
ply state that two colliding particles exchange their velocities
when they collide. Thus, a collision in the original system
corresponds to a “label swap” in the new system. Further,
the particles are indistinguishable, so the probability den-
sity functions are invariant with respect to label swaps. The
“compressed” system of particles thus can be modeled as a
system of noninteracting particles. Therefore the dynamics of
a system of identical diffusing hard-core interacting rods that
cannot pass each other (single-file diffusion) can be reduced
to that of a system of independent point particles [20]. We
note that this is not true if particles are distinguishable or if
we are interested in the dynamics of an individual or tagged
particle [24].

We will see that the same idea works for hard rods un-
dergoing a velocity-jump process. In order for this method
to work, we require the number of particles N to be large
(in contrast with the matched asymptotic expansions deriva-
tion in the previous section, where N can be a small quan-
tity), and the tumbling rates to be constants (independent
of space).

We begin by defining the change of variables to the new
system. Recall that 2 is the domain available to the centers
of the N particles of length €, x; € 2 = [0, 1]. Let us consider
the position x; of the ith particle in the original system. We
denote as y; the compressed position, which is related to x; by
(see Fig. 1)

yvi=xi—(@—1e, i=1,...,N. (35)
If x; =0, then y; =0, whileif xy =1, thenyy =1 — (N —
1)e. Therefore, the domain of the compressed system is
Q =10,1— (N — 1)e]. We denote time as 7 = ¢ and define
the joint probability density in the compressed system by
13@, v, 7). This density takes values in QN x V:note that there
are no “gaps” in this domain now. Inserting the transforma-
tion (35) into (4), and assuming that the switching rates (3) are
independent of the particle’s position, we find that P satisfies

the following equation:
A N
P - A A
— 40P+ Y MW)PG. 8. 1) — M(—v)PF, 5,8, )] =0.
ot P

(36)

We now look at how the boundary conditions due to collisions
between particles (7) and with the walls (8) change under the
compression transformation. At the walls we have

P#,0,1) =PH,s0,1), at y;=0,1—N —1e. (37)

For ease of exposition, we consider how the collision bound-
ary conditions change for N = 2. In the original coordinates,
we have

P(x1, v, x2, —v1) = P(x1, —v1, X2, V1),

at |x, — x;| = €. Under the transformation (35), the above
becomes

Py, v1,y2, —v1) = P(y1, —v1, y2, v1)
=P(y,, —vi,y1,v1) at y; =y, (38)

where the last equality comes from using that y; = y,. In
general, in the N-particle system, a collision in the original
system between two particles corresponds to swapping their
labels in the compressed system. In other words, the collision
boundary conditions disappear in the compressed system and
manifest instead as a label swap. In particular, this means that
the compressed system will be much easier to solve since it
is interaction-less, like the case we considered in Sec. III A.
Finally, the initial condition is

P(#,7,0) = P, 9, 0). (39)

The problem (36)—(39) is separable. As a result, we can write
its solution as

N
PG, 8,0 =[] p0i vir D), (40)
i=1
where p is the one-particle marginal density, defined analo-
gously to p in (11). Due to the independence of particles in
the compressed domain, p(y, v, f) satisfies the same kinetic
equation as in the interaction-free case (12),

ap ap . . A
o7 T U=+ AW)p = A(=v)p(y, —v, 1) =0, (41)
ot ay

with (y, v) € @ x {—c, c}, together with boundary conditions

PO, —c, D)= p(y,c,f),  xed (42)

As before, we can define the two subdensities ,?)i for the
probability of going left and right, p*(y,7) = p(y, £c, ©).
These satisfy the system of equations

At 9ot

)

N Ay Y (N 5 1)
ot ay

0= 0p-

P _ 2P ap—atpt =0, (43b)
ot ay

Finally, the total density of particles (moving either left or
right) is given by p = pT + p~ and satisfies

w8 . .
LreZpr—p)=0. 44
8t+Cay(p ) (44)
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Now we go back to the original variables and “decompress”
the system following a procedure similar to Ref. [21]. To this
end, it is convenient introduce the left- and right-moving num-
ber densities n* = Np*, it = Np*, and the total number
densities n = Np and i = Np, where p = (p* + p~). Since
the macroscopic Egs. (41) and (43) are linear, the number
densities 7 and A% satisfy exactly the same corresponding
equations. We note also that the number densities in the
compressed system, 7 and i+ are larger than the ones in the
uncompressed system, n and n*, because the same number
of particles fit in a smaller region. Let us consider a small
region of length dx < 1. Then assuming that N is large such
that dx < 1/N, the number of particles (moving either left
or right) in the original system in a region of size dx is
n(x,t)dx [21]. The length in the compressed system where
these particles are is given by

dy = (1 —en)dx. (45)
Therefore, using that idy = ndx, we find

ndx n

= = . 46
! dx —endx 1—en (46)
Arguing similarly, we have
+
S p—— 47)
1 —en

The idea now is to use (45) to transform the equations in
the compressed system to corresponding equations in the
decompressed system. The original variables are related to the
ones in the compressed system by

y
x:y+e/ iz, t')dz, t =1t. (48)
0

The variable change (48) induces a transformation of
derivatives

i (1+e€n) i (" ) (49)
— = en)—, == ——€cn —n )—,
ay dax at 0ot
where to compute d; above we have used
0x Y on At Al
— =c —dz = —ec(n™ —n").
ot o Ot

This relation is obtained from (44) and the boundary condition
At (0,1 =n(0,1).

Applying the transformation (49) to (43) and inserting (47),
we arrive at a system of equations for the uncompressed
densities n* of the form

ont ont nt\
A(a,n—) + B<8xn_ +C ) = 0, (50)
where A, B, and C are 2 x 2 matrices that depend on n*,
€, and A%, Inverting the matrix A (which is invertible for

en < 1), we obtain after some algebraic manipulation the
following:

amt B den~
D e+ 2t |+ atnt — A =0, (51a)
ot 0x 1—e€n

on~ d -
[ C—
ot 0x

In order to compare with the system obtained in the pre-
vious subsection for small volume fraction using matched
asymptotic expansions, we expand (51) for small € and
retain all terms up to first order. Recalling that n®(x,t) =
Np*(x, 1) = Np(x, ¢, t), we find

2en™

1—en

)n_] +1nm —Atnt =0.(51b)

9p" et + - +o+ =

— +c—(p " +2eNp"p )+ A"p" —A p =0, (52a)
ot ox

ap~ 9 _ o 4+

As expected, Eq. (52) derived using Rost’s method, which
assumes N large, agrees with the equation derived using
matched asymptotic expansions (34) in the limit of N large
and when the switching rate X is independent of position.

In the compressed system, we have seen that, due to the
particles being indistinguishable, they essentially pass through
each other. In the uncompressed system, the particles must
do the same, but each time a pair of particles with opposite
velocities do this they jump a distance €, the particle diameter.
This increases the probability flux. In particular, in the ab-
sence of any interaction, the probability flux of a right-moving
particle is cp™ (x, t) because such particles move with velocity
c. However a right-moving particle will pass through ap-
proximately 2cNp~(x, t) left-moving particles per unit time,
effectively increasing its speed by an amount 2ceNp~(x, ).
Thus the probability flux for right-moving particles is approx-
imately c¢(1 +2eNp~)p™, in agreement with (52a).

IV. DIFFUSION LIMIT

In this section we consider the long-time dynamics of the
model by taking the parabolic limit of (34). First, we rewrite
the system in terms of the total density p(x,) = p*(x,1) +
0~ (x,1) and the flux j(x,t) = c[pT(x,t) — p~(x, D]

ap 0
0= — + —, 53
ot + 0x (53a)
aj | ,0p 0 20 o
0= 4 2% Len—1)L(Pp -
8t+c ax-l-é( )ax(C,O )
Fet — AT+ OF +40)). (53b)

We suppose that the turning rates A* are of the form

=T o,

ox

where Agp(x) > 0 is the base-line turning frequency and S
represents an external field that affects the behavior of par-
ticles. A typical application is found in bacterial chemotaxis,
where S could represent an extracellular chemical concentra-
tion. Then (54) biases the random walk, so that a particle is
less likely to change direction when moving in a favorable
direction, that is, in the direction of increasing S. We assume

(54)
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that [3,S] < Ao ~ 1 so that A* > 0 for all x. Given the form
of (54), we see that Rost’s method in Sec. III C requires that
0,S is constant; that is, it is valid only for linear gradients in
the external field.

We now consider the parabolic scaling by rescaling space
and time as x = x*/8 and t = t*/8% with § <« 1 [8,12]. Then
(53) becomes (dropping the asterisks)

ap 9j
0=68—+ —=, 55
or T3 (552)
aj ap 9 .
0=28"—= 48> +8e(N — 1)—(c?p* — j?
or 7O gy TN = DT =)
EXY
—28¢—p + 2Xoj. (55b)
0x

We look for an asymptotic solution of (55) of the form p =

po+38p1+--- and j = jo+ 8j1 + ---. The leading order of
(55)is
i
0= 20 (56a)
dx
0 = 2Xx9Jo, (56b)

with trivial solution jy = 0. The order § problem is, using jo,

dpo  0ji
0= 20 9 57
or T ox (572)

d 0 as
0= eV = 1)=(2pd) — 2= po + 2hoj. (5Tb)
ox ox ax
Inserting (57b) into (57a) to eliminate j; we obtain the
following drift-diffusion equation for py:

900 B { c? 900 c 0S8

—[1+2e(N —1 _— . (58
2?»0[ + 2¢( )pol % 8x'00} (58)

3t ox

Identifying the diffusion coefficient as D = ¢?/(2X) and the
drift as f = (c/X0)0.S, Eq. (58) coincides with the nonlinear
diffusion equation for a set of N hard rods of length €
undergoing a Brownian motion with diffusion D under a bias
f(x) in the limit of a low occupied fraction [see Eq. (20)
in [22]].

The same calculation can be repeated starting from the
kinetic model (51) obtained via compression (setting A+ =
M), resulting in the diffusive limit

om 9 D 9
TS — (59)
ot Ox| (1 —en)?ox

where D = ¢?/(2X¢) again. This is exactly the equation ob-
tained in Ref. [21] for Brownian hard rods using the same
compression method [see their Eq. (30)] [28]. We note we
could still have considered a linear signal S in (54), leading
to a constant drift term in (59).

The steady-state p, of (58) can be found by solving

c? 0 c 08
S+ 26N — 1poe] 22
200

= — — Pxo- 60
0x Ao Bx'ooo (©0)

It is the same equation that we would find by setting 9, = 0
in the kinetic model (34). This is to be expected since the
diffusion model (58) is the long-time limit of the kinetic model
(34), and, in particular, their steady states should coincide.

The closed-form solution of (60) reads

Poo(X) = W[2€(N -

2¢(N — 1)

X exp (—%{/Ox[)ﬁ(s) — A (s)]ds —A}>:|,

(61)

where W (z) is the Lambert W function and A is the constant
for normalization. The turning frequencies A* (x) are given by
(54). The Lambert W function has an asymptotic power series
expansion about zero, and the W (z) of (61) can be represented
in powers of z. In the power series we let € — 0 giving the
stationary solution for noninteracting particles

" 1 [
Poo(x) = Aexp {——/ [A*(s) — A7 (5)] dS}, (62)
¢ Jo
where A is the constant for normalization.

V. NUMERICAL EXAMPLES

In order to assess the validity of our model, in this section
we compare it with stochastic simulations of the original
particle model. To test the importance of excluded-volume in-
teractions, we also compare with the corresponding solutions
for noninteracting particles. In all computations we consider
N = 100 individuals in the interval Q = [0, 1] moving with
unit speed ¢ = 1.

A. Stationary solutions

We begin by comparing the stationary solution of model
(60) (which is also the stationary solution of the diffusion
limit) with the solution of the microscopic process. We as-
sume the turning rates are of the form (54) and consider two
cases for the base rate A and signal function S:

Case 1: We take Aop = 2.5 and consider the signal [see
Fig. 2(a)]

Si(x)=1-2|x—0.5|. (63)

Case 2: We take Ao = 16 and the signal function [see
Fig. 2(b)]

Sy(x) = 4.77 ¢ 0057 _ 3 58, 25(=05)" (64)

This signal is a simple example of a simple domain where
toxins occupy the negative regions of S and nutrients are to be
found in the positive regions of S.

We compare the stationary densities p., predicted by (61)
and (62) with simulations of the particle system using the
Metropolis-Hastings (MH) algorithm [29]. This algorithm
allows us to sample directly from the N-dimensional micro-
scopic density, which is of the Boltzmann form C exp[—E (X)],
where C is the normalization constant and E is the energy,
which depends on the position of all the particles. In each step,
one particle i € {1, N} is chosen at random, and a local move
from its current position x; to a new position x; is attempted,
where x; = x; + 6§, & ~ N(0, 1), and § is tuned to optimize
the convergence to the equilibrium distribution. The move is
accepted with probability min[1, exp(—AFE)], where AE is

022419-9



RALPH, TAYLOR, AND BRUNA

PHYSICAL REVIEW E 101, 022419 (2020)

(a)

S1os} 1

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

X

1.5

(b)

FIG. 2. External signals S used in the numerical simulations: (a) S;(x) in (63), (b) S2(x) in (64).

the change in energy due to the attempted move:

€/ )8 (xi) — S(xp],
o0,

5 Ixi —x;l > €, j #i,

AEF, x)= { otlherw]ise.

In this way, a move is always accepted if it does not increase
the energy of the system, and always rejected if it leads to two
particles overlapping. We use 10° steps of the MH algorithm
for noninteracting particles and 107 steps for the hard rods to
generate histograms of the stationary densities. The domain is
divided into 40 bins to generate the histograms.

In Fig. 3 we show the results for both noninteracting
particles and hard-core particles with the turning rates of cases
1 and 2. In Fig. 3(a) the rods are of size ¢ = 0.002. With
N = 100 particles, this corresponds to an occupied fraction
of 20%. As expected, we observe that particles aggregate
around the maximum of the signal function in the center of the

2.5

(a) /

T

domain. The interaction-free solutions within Fig. 3 become
the points of reference in allowing one to see the competition
between the most favorable signal environment and the steric
repulsion in finite size particles. The particle density around
the peak of the signal functions is reduced for finite-size
particles in comparison to that of noninteracting particles.
This is because not all particles can be in and around the point
of the maximum signal, since they would overlap each other;
a redistribution occurs. In Fig. 3(b) we use instead rods of
size € = 0.001 (10% occupied fraction) with the parameters
of Case 2. We observe the same effect as in the previous
case, namely, that noninteracting particles aggregate in the
center of the domain where the maximum of the signal is,
and to a lesser extent in the case of hard rods. Despite having
only half of the occupied fraction in Fig. 3(b) relative to
Fig. 3(a), the difference between the density profiles between

(b) :

FIG. 3. Stationary solutions of the kinetic model for noninteracting particles (62) (dashed red lines) and for hard rods (61) (solid blue lines),
and results of the MH simulation for noninteracting particles (red triangles) and hard rod particles (blue circles). (a) N = 100 particles with
€ = 0.002 and signal S;. MH parameter § = 0.1. (b) N = 100 particles with € = 0.001 and signal S,. We used 10° MH steps for noninteracting
particles and 107 for hard rods, and steps of mean size § = 0.1 (a) and § = 0.2 (b).
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noninteracting particles and rods in Case 2 is greater than in
Case 1 in the central part of the domain. This is because the
gradients of S are steeper near the center than that of S, and
so in the absence of interactions particles tend to aggregate in
a smaller region. Finally, we note there is a good agreement
between the model predictions and the stochastic simulations
in Fig. 3.

B. Time-dependent simulations

For all the computations in this subsection, we consider a
set of N = 100 particles and the initial condition

pg (x) = (55/100)110.1287,0.3762) (X),
P (x) = (45/100)1 10 6238,0.87131 ().

All individual-based simulations are performed using
an event-based kinetic Monte Carlo (KMC) simulation of
velocity-jump processes [30,31]. The main idea of this al-
gorithm is that one can jump directly from one event to the
other without missing events. For the simulations we divide
the domain into 40 bins. At the start of each realization
we generate random initial positions for the two groups of
left- and right-moving particles in the corresponding intervals
given by (65). To avoid the overlap of finite-size particles we
exploit Rost’s idea of switching to the compressed domain
as seen in Fig. 1. We generate uniformly and independently
distributed initial conditions Y;(0) in the compressed intervals
and use (35) to establish the initial conditions X;(0) for the
hard rods in the decompressed state.

We solve the linear kinetic system (14) using the method of
characteristics on the transport part of the equations in tandem
with integrating the source terms via the midpoint rule. We
solve the nonlinear kinetic system (34) using the second-order
Nessyahu-Tadmor (NT) central scheme [32] with fixed time
step At = 0.0005 and domain divided into 404 computational
cells. Part of the central scheme developed in Ref. [32] uses
a generalized minmod limiter that includes a parameter 6,
which has the following range 1 < 8 < 2. This parameter
can be used to control the amount of numerical viscosity
present in the resulting scheme. In all the numerical examples
below, 6 = 1.9 is used. Comparisons against simulations on
finer grids and using the Chebfun PDE solver pde23t [33]
showed that the simulations were sufficiently well resolved to
accurately capture the wave propagation.

(65)

1. Transient solutions without tumbling and bias

We begin with a simple case where A* = 0, that is, no
random changes in the velocities of particles. This allows us to
validate the numerical methods. In particular, the solution of
(14) for noninteracting particles is simply p*(x, ) = pg—L(x F
ct), that is, waves traveling at constant speed right and left for
pt and p~, respectively. Since the only changes in velocity
are due to collisions, we expect the nonlinear system (34)
for hard rods to behave like the noninteracting particles linear
system up to the point when the two fronts collide.

It is also possible to obtain an exact solution of the
nonlinear kinetic model (51) that we derived using Rost’s
method for the case A* = 0. The system (51) was obtained
by decompressing the coordinate system from a compressed

system in which the model was linear. We exploit the same
transformation to solve the nonlinear system. To do this,
we start by using Eq. (45) and the initial number densities
ngt x)=N ,o(;: (x) to compress the coordinate system at time
t = 0. The initial data for the linear system are computed
using (46). After obtaining the exact solution of the linear
system, the solution-dependent coordinate system is decom-
pressed using (48), and the solution values are obtained by
inverting the relationships (46).

We plot the results of the simple nontumbling case in
Figs. 4 and 5 for 10% and 20% occupied fraction, respectively.
We run it up to time ¢ = 0.5 and plot the densities p™*, o~
and p corresponding to noninteracting and hard-core particles
attimest = 0,0.1,...,0.5. As expected, the solutions of the
linear system (14) are nondissipative and move at a constant
speed (as seen in the evolution of the means plotted in Fig 6).
The solutions of the nonlinear system via matched asymptotic
expansions (34) or Rost’s methods (51) are identical to the
linear case up to t = 0.1 (second row in Fig. 4), since the two
waves have just met. The collision of the waves occurs around
t = 0.2 (third row in Fig. 4), and we observe a deformation
of the waves corresponding to hard rods. Interestingly, after
the waves have bounced off each other (from ¢ = 0.3) they
recover the original shape and speed as precollision, albeit
they are shifted outwards by a small amount. We further
comment on this shift, due to the finite size of particles, in
the next section.

2. Wave velocities and shifts

To check the speed of the waves and the effect that
excluded-volume interactions have, we next compute the cen-
ter of mass (p*)(¢) of each wave at timesr = 0,0.1,...,0.5
and plot the results in Fig. 6. For the linear system (red dashed
lines) these are straight lines with slope ¢ = 1 as expected. In
the case of rods of length €, each collision causes a “shift”
of € (the distance between two particles at collision), so we
expect the left- and right-moving waves to shift (N — 1)e with
respect to the noninteracting case. This is confirmed when
computing the means from the KMC simulation data (see
blue circles in Fig. 6). We find that the Rost solution (yellow
dot-dashed lines) is in perfect agreement with the simulations,
even at the higher 20% occupied fraction [Fig. 6(b)]. As we
increase the occupied fraction from 10 to 20%, the model for
rods (34) via matched asymptotic expansions (blue solid lines)
does not agree so well with simulations, since it takes into
account only the first correction in volume fraction. Another
contributing factor may be numerical errors with the NT
scheme due to the discontinuities in the data [32].

We can also gain an understanding of these shifts by
considering wave speeds. For the case of A* = 0 under con-
sideration, all three kinetic models, noninteracting particles
(14), hard rods via matched asymptotic expansions (34), and
hard rods via Rost’s method (51) (using nT = N p*) can be
represented as a hyperbolic system

xeR, >0,

p(x,0) = po(x),
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FIG. 4. Transient solutions of the kinetic models for noninteracting particles (14) (dashed red lines) and hard rods via matched asymptotic
expansions (34) (solid blue lines) and Rost’s method (51) (dot-dashed yellow lines). Particle KMC simulations (blue circles) obtained from
2.5 x 10° realizations. We used the initial condition (65), A* = 0, N = 100, ¢ = 0.001, ¢ = 1.

where p = (p+, p~)" and M is a 2 x 2 matrix. For the
noninteracting case, M = diag(1, —1) and the equations are
uncoupled with traveling wave solutions p*(x,t) = ,03' (x—
ct) and p~(x,t) = p, (x + ct), each moving with speed c.
These traveling wave solutions are plotted in Fig. 4 as dashed
red lines.

The systems (34) and (51) do not decouple, but distur-
bances move along the characteristic curves of these equations
at speeds given by the eigenvalues of M [34]. For the model
obtained by matched asymptotic expansions (34),

Mo (1280 28p+
= —(1+28p%) )

—28p~
where 6§ = (N — 1)e. In this case, the eigenvalues of the
matrix M are

M@ =a+b > M(B)=a— b,
where

a=38(p" —p"), b=1+28p"+p ) +8(p" —p )

Expanding these in powers of §, we find that
Ai(p) ~ 1+28p™ =26%p7p™,
Ay(p) ~ —1—28p" +28%p p™.

(66a)
(66b)

Although the solutions obtained by the matched asymptotic
expansion are expected to be accurate up to first order in §,
we have included O(8?) terms in these expressions for com-
parison with the eigenvalues obtained with the Rost method
below. As expected, the O(§) terms in these equations indicate
that the speeds of particles moving to the right and to the
left are increased by the presence of particles moving in the
opposite direction.

For the model (51) obtained using Rost’s method, we

have that
1+ 22 HZ
_ P ap
M= ( _oz g _ oz
apt ap~
where
2NepTp~
7 PP
1 —Nep
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FIG. 5. Transient solutions of the kinetic models for noninteracting particles (14) (dashed red lines) and hard rods via matched asymptotic
expansions (34) (solid blue lines) and Rost’s method (51) (dot-dashed yellow lines). Particle KMC simulations (blue circles) obtained from
2.5 x 10° realizations. We used the initial condition (65), A* = 0, N = 100, ¢ = 0.002, ¢ = 1.

In this case, the eigenvalues take a remarkably simple form:

1+eNp~ —Nept

A (p) = I~ Nep
. 1+eNpt —Nep™
Ar(p) = — < T Nep . (67)

In order to compare with (66), we use e N ~ § (for large N)
in (67) and expand in powers of § to find that

A(B) ~1+28p +8%p p,
Ar(P) ~ =1 —=28p" — 8%p*p.

(68a)
(68b)

Thus the wave speeds (68) obtained by Rost’s method,
which was based on the assumption that N is large but
with no restrictions on 8, have both O(8) and O(8%) terms
that contribute to speeds greater than those of the linear
noninteracting particles system. The eigenvalues (66) of the
system obtained by matched asymptotic expansion were de-
rived on the assumption that § is small, and only terms up
to O(8) are valid. Indeed, the O(8%) contributions to (66)
cause a decrease in the predicted wave speeds, in contrast

to the effect predicted by (68). This is a further explanation
for the qualitative differences in wave shifts observed in
Fig. 6.

We note that, since Rost’s model (51) is exact for any § in
the limit of N — oo and space-independent turning rates A*,
we can use its solution and metrics derived from it, such as
the speed of the waves (67) as benchmarks to compare to our
matched asymptotics approximation. We know that the latter
is valid for § small, but how far can we push it? For example,
comparing (66) with (68) we can quantify the error in the
speed of the waves of the asymptotic approximation to be
38%p~ pT + O(8*). Although the benchmark Rost’s solution
is not valid for the general case of varying turning rates or
smaller population sizes, we expect these effects to be less
important than the occupancy 8.

3. Transient solutions with tumbling and bias

We now present two examples of transient solutions with
biased turning rates that depend on the spatial coordinate.
Since the kinetic model for rods via Rost’s method requires
constant turning rates, in this section we use only the nonlinear
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FIG. 6. Center of mass of p®(¢) as a function of time for the solutions in (a) Fig. 4 and (b) Fig. 5.

kinetic model via matched asymptotic expansions (34) to
compare with the particle system. Figure 7 shows the results
for Case 1 parameters in (63) with an excluded fraction of
10%, and Fig. 8 corresponds to Case 2 (64) with an excluded
fraction of 20%. In both figures we plot the right-moving,
left-moving, and total densities o™, p~, and p, respectively,
at three instances in time. As in the previous figures, we
compare the PDE solutions for noninteracting (red dashed
lines) and hard-core particles (solid blue lines), together with
the simulations of the particle system (blue circles).

In both examples we see a good match between the
nonlinear kinetic model (solid blue lines) and the particle
simulations (blue circles) even with a filled fraction of 20%
(see Fig. 8). A slight discrepancy between the two can be
seen in Fig. 8 for times ¢ > 0.3 in the center of the domain.
Here the signal gradient is high and that results in a local
occupied fraction much greater than 20%, and therefore the
kinetic model does not perform as well. In principle we could
go back to the method of matched asymptotic expansions
and consider higher order terms. This could lead to another
correction term being added to (34). The solutions of this
augmented kinetic model might come more into line with the
simulations apparent at time # = 0.8 [Fig. 8(i)]. Regarding the
effect of the interactions, we notice that in the noninteracting
particles case the solutions preserve the discontinuities of the
initial condition, whereas the solutions of the nonlinear model
appear to smoothed out in time (see in particular the middle
and right columns in Fig. 7). In other words, the excluded-
volume interactions seem to act as a diffusion term, which
also competes with the external bias (as seen with a reduced
peak around the maximum of the signal S).

We comment on the closeness of the PDE solutions for
noninteracting (red dashed lines) and finite-size particles (blue
solid lines) for the initial time ¢ = 0.1 in Figs. 7 and 8.
Considering that 10% and 20%, respectively, of the domain
is occupied by particles of a finite size one could expect
the difference to be greater. We can explain the closeness
in this manner: in the beginning there is a train of particles
coming in from the left and another train coming in from
the right. Whether the particle has a finite size or not they

are still subject to the same Poisson processes with rates
A(x;, v;). Before the two trains collide roughly at the center
of the domain this is the dominating process that dictates
the behavior of the particles. In addition to this there would
be a number of instances in time where a finite-size particle
after having previously jumped back independently may again
switch velocity only after colliding with a neighbor (since the
random walk is biased towards the center jump back collisions
are less likely to occur). Up until the two trains meet this can
be viewed like a secondary effect, the overall group velocities
would be close to ¢ and —c, respectively. Only after the
two trains meet at the center does the switching of velocities
due to collisions between finite-size particles become more
significant. The overall group velocities become disrupted and
the difference between the linear and nonlinear PDE solutions
become more noticeable (see, for example, the middle column
in Fig. 7).

In the second example, by time t = 0.3 the kinetic model
has already moved into the diffusion mode (middle column
in Fig. 8). This has come about because the relatively high
baseline turning frequency A9 = 16 is to a certain extent
mimicking Brownian motion. This is contrary to the first case,
where the relatively low Ao = 2.5 allows the kinetic waves
to continue for times # > 0.3 (see Fig. 7). Yet, by t = 0.5 in
the first example we observe that the kinetic model begins to
converge to the stationary solution [compare Fig. 7(i) with
Fig. 3(a)]. In the second example, in contrast to the linear
model, the nonlinear kinetic model is already very close to
the stationary solution at time ¢t = 0.3, since we see little
change in the solution between times t = 0.3 and t = 0.8 [see
Figs. 8(h) and 8(i)]. The reason for this is that the collisions
between hard-core particles accelerate the convergence to the
diffusive regime and the stationary solution, which is consis-
tent with the enhanced diffusion coefficient of the diffusion
limit (58).

VI. SUMMARY AND DISCUSSION

In this paper we have considered a velocity jump pro-
cess with excluded-volume interactions. In particular, starting
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FIG. 7. Transient marginal densities p(x, t) and p* at various times ¢ > 0, corresponding to S;. Dotted gray line the initial traveling bands
t = 0 with uniformly distributed initial data and N = 100 total. Dashed red line is solution p(x, t) and p* of (14) for noninteracting particles
(e = 0). Solid blue line is solution p(x,?) and p* of (34) for hard rod particles (¢ = 0.001). Blue circles for € = 0.001 computed from

2.5 x 10° realizations of the KMC method.

with a system of N hard-core rod particles that switch their
velocities with elastic collisions in one dimension while
the constant speed is always preserved, we have derived a
nonlinear kinetic model using two different approaches. The
first approach, based on matched asymptotic expansions, is
systematic and hence does not rely on a closure assumption.
It is valid in the limit of small but finite particle occupied
fraction and in the presence of external signals (leading to a
bias in the tumbling rates). The second method, based on a
compression method by Rost [20], does not have the limitation
of a small occupied fraction but assumes that the tumbling
rates are constant (independent of the spatial variable). There-
fore the latter can capture only linear chemical gradients.
By considering a parabolic scaling, we have obtained the
diffusive limit of the kinetic model and have seen it agrees
with the single-file diffusion model that one obtains starting
from a set of Brownian hard rods [22].

Excluded-volume interactions emerge in the kinetic model
as a nonlinear transport term, proportional to the density of
particles moving in the opposite direction. We have validated
our nonlinear model with numerical simulations, comparing
its solutions with the corresponding noninteracting linear
model as well as stochastic simulations of the underlying
particle system. We have considered transient and station-
ary solutions under different tumbling, external bias, and
excluded-volume scenarios.

The method of matched asymptotic expansions had pre-
viously been used in the context of Brownian particles or
parabolic PDEs. Here we have shown it also generalizes to
hyperbolic systems (we note that in Ref. [17] the method
had been quoted in the context of a velocity-jump process
for hard disks, but it was not actually used to solve the two-
particle density problem). It would be interesting to see if the
method can be used in higher dimensions to derive the kinetic
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FIG. 8. Transient marginal densities p(x, t) and p* at various times ¢ > 0, corresponding to S,. Dotted gray line the initial traveling bands
t = 0 with uniformly distributed initial data and N = 100 total. Dashed red line is solution p(x, t) and p* of (14) for noninteracting particles
(e = 0). Solid blue line is solution p(x, ) and p* of (34) for hard rod particles (¢ = 0.002). Blue circles for € = 0.002 computed from 102

realizations of the KMC method.

model in a systematic way and compare it with the results in
Ref. [17].

The method was implemented here in its simplest setting,
hard-core identical rods influenced by a fixed signal in the
domain similar to an external potential. If the signal is thought
of as a chemotactic signal, a natural extension would be
to consider a more realistic chemotaxis model to study the
interplay between the signal concentration and the finite-size
effects. In the context of Brownian hard-core particles, this
was considered in Ref. [35].

Another interesting direction would be to generalise the
interactions between particles and consider either a mixed
hard and soft interacting potential between particles (similar
to the ones considered in Ref. [21]), which may be more
realistic in the context of biological applications than a bare
hard-core interaction, or a softer interaction that allows parti-
cles to overlap each other.

Finally, an important aspect when modeling cell biology
is to allow for multiple subpopulations and/or changing
numbers of particles to account for processes such as cell
growth, proliferation, and phenotypic switching. Models for
cell growth incorporate the cell size as a variable, and the
total number of cells is also a variable due to death and birth
events (see, for example, Ref. [36] and references therein).
One could incorporate such ideas to include cell movement
in the context of our work, keeping in mind that cell growth
implies that the total excluded volume would also become
a variable. This makes the derivation more complicated but
also potentially more interesting, because keeping track of
excluded volume interactions explicitly would mean that at
some point growth and proliferation are not possible anymore
(in a similar way that models for cell chemotaxis that ignore
excluded volume can result in finite-time blow up, something
that can be prevented when incorporating excluded-volume

022419-16



ONE-DIMENSIONAL MODEL FOR CHEMOTAXIS WITH ...

PHYSICAL REVIEW E 101, 022419 (2020)

o

X

FIG. 9. Sketch of Q: (x1) and the excluded regions.

interactions into the model [37]). It would be also interesting
to see if the problems associated with lattice based models of
cell movement with proliferation [38] can be avoided with an
off-lattice approach.
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APPENDIX: INTEGRATED EQUATION

Here we detail the steps to arrive at the integrated equation
(17) from the original transport equation (4). We first assume
that N = 3, and so (4) reads

apP opP apP apP
v

3
+ Y [, v)PE, B, 1) — A(xi, —v)P(E, 50, 1)] = 0.
i=1

(AL)

To obtain an equation for the marginal density function
p(x1, vy, 1) (16), we need to integrate (Al) in the spatial
domain available for x, and x3 given that the first particle is
at position x;. This is given by (see Fig. 9)

Q1) = {02, x3) € Q%1 [x — x2

Z €, |x1 —x3| 2 €, |x2 — x3] > €}. (A2)
€3(x;) has six disconnected regions provided that 2¢ < x; <
1 — 2¢, four if x; is between € and 2¢ away from a wall, and
two if it is closer than € from a wall.

The integral of the first term in (A1) is 9, p(x;, t) from (16)
noting that ©3(x;) is independent of time. The only terms
remaining after integrating the fifth term in (A1) are those
corresponding to i = 1; the rest cancel out after summing v;
fori > 2 over {—c, c}.

The third and fourth terms in (A1) will give the same by
the symmetry of Qg(xl) with respect to x, and x3. Therefore
they give two copies of

oP
UVp—— dX2 de dJC3 dv3
Q3 (x)x V2 X2

aP
= / Z Uy —— dX2 dX3 dv3
QBexV . 0%

x=1 Xp=X|—€
/Sf(x X)XV Z vz[P|x2=X1+6 +P|xz=0 ]dX3 dvs
2 (x1,X2

vy=%c
% 1%) /
Q.

vy==%c

Xo=X|+€
- Z v2P2|x2:x1—e'

vy==%c

[-P

+P| ]dX3 dvs

Xo=X]|+€ Xp=X|—€

3 (x1,02)xV

In the last two lines we assume that € < x; < 1 — € so that
the red cross in Fig. 9 is inside Q2; otherwise the terms that
would evaluate x, ¢ €2 are dropped. The terms in the second
line above evaluated at x, = 0, 1 vanish using the boundary
condition (8). Finally, the last equality comes from using the
definition of P, (15).

We are left with the second term in (A1), which requires
care since the domain of integration does depend on x;. The
integrals of the regions above and below the diagonal x, = x3
are equal by symmetry, so we focus on the upper part. The
Leibniz rule reads

3xl / PdXQ dX3 = / 3lede dJC3
Q3 (x1) Q3 (x1)

+ / P(u-f)ds,
823 (x1)

where u is the “velocity” of the boundary with respect to
x; and @ is the unit outward normal vector to the bound-
ary BQS(xl) (these are two-dimensional vectors in the x;x3
plane). The only boundaries of Qg (x1) that move with x; are
the vertical and horizontal lines x, = x; =€ and x3 = x| * ¢
(depicted in red in Fig. 9), for whichu = (1, 0) andu = (0, 1)
respectively. Using this, for example, to integrate in the area
marked as « in Fig. 9,

X]—€
/P(u-ﬁ)ds:/ P(xi,x2,x1+€,0,1)(=1)dx,
da 0

1
o]
X1+€

X|1—€
=f P(x1, %1 + €, %3, 5, (1) dxs
0

P(x1,x1 —€,x3,0,t)(+1)dx3

1
+/ P(x1,x1 —€,x3,0,t)(+1)dxs,
X1+e€
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by relabeling invariance. The other two regions b and ¢ give

x1—2€
/ P(“'ﬁ)d5=/ P(xi,x2,x1 —€,0,1)(+1)dx,
ab 0
X172€
=/ PG — €,x3, 5.0+ dxs,
0

1
/ P(u~ﬁ)ds:/ P(x1,x1 +€,x3,0,t)(—1)dxs.
dc x1+2€

Again, some of these regions might be empty depending
on how close x; is to the boundary. As x; moves away
from the boundary the excluded area |Q§(x1)| increases as
“new boundary” is created, but the expressions above remain

J

valid as long as P is nonsingular in the vicinity of the new
boundaries. Combining these we have

1
— / P(u-i)ds
2 Joodan)

= / P(x1,x1 —€,x3,0,t)dx3
Q3 (xy,x1—€)

_/ P(x17x1+67x31ﬁ7t)d-x37
Q3 (x1,x14¢€)

where we recall that Qg(xl , Xp) is the interval in 2 available
to the third particle if the first and second particles are at x;
and x,, respectively. Therefore,

aP
/ vl—dxzdx3dv2dv3=v18xl/ dezdxgdvzdv3—v1f f P(u-ﬁ)dsdvzdv3
Q3(x))xV? 3)61 Q3 (x))x V2 V2 Joad(x)

vidgp—2v1 Y

Uziic Q;‘(xl WX 7€)><V

=x+
v10y, p + 201 Z Pﬂii;:;.

vy=x%c

Adding all the terms we obtain (17) with N = 3. The general
N case is obtained by noting that adding further dimensions

P(xy,x1 —€,x3,0,1)dxzdv; + 20, Z

P(x1,x1 +€,x3,0,t)dx3 dvs
— Q3 (xy,x1+€)xV

(

reduces to copies of the terms involving P, (by using the
invariance of label permutations to relabel).
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